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ABSTRACT: Brazil is the largest soybean producer in the world, representing about 
40 % of world production. Soybean fields span all regions of the country, resulting in high 
environmental diversity for cultivation. The wide adoption of earlier-maturing cultivars and 
intensified cropping systems have thrown up challenges when selecting the best adapted 
cultivars for each region. In this study, we aimed to develop an updated geographic map of 
soybean yield adaptation, based on relative maturity (RM), in order to increase accuracy 
in cultivar development and recommendation. Data from yield trials of 175 locations were 
used, covering latitudes from 7 to 33° S. These trials were conducted over four crop seasons, 
from 2014/2015 to 2017/2018. Altogether, 160 cultivars with different RM were evaluated 
across locations. Grain yield (GY) was adjusted using the linear mixed model to identify the 
most adapted RM group in each location. Subsequently, the regression kriging method was 
adopted to spatialize this optimized RM, and consider the latitude, longitude and elevation 
as predictors. We concluded that under Brazilian soybean growing conditions, cultivars 
with RM from 5.5 to 6.4 are best adapted in the subtropical region, whereas cultivars with 
RM from 7.0 to 8.4 are best adapted in the tropical region. The adaptation of later-maturing 
cultivars with RM from 8.5 to 9.4 is restricted to the northernmost regions. There is a 
transitional tropical-subtropical zone where cultivars with RM from 6.0 to 6.9 are the best 
adapted. Latitude and elevation are key factors for soybean yield adapting, with elevation 
promoting slight deflections in adaptation zones, favoring earlier cultivars.
Keywords: agronomic mapping, adaptability, grain yield, cultivar recommendation, 
geospatial analysis
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Introduction

Brazil is the world’s largest soybean producer, 
representing approximately 40 % of global 
production. The area under cultivation in the country 
totals approximately 47 million hectares, increasing 
by more than 20 million hectares from 2010 to 
2024, according to reports from the United States 
Department of Agriculture (USDA, 2024). Currently, 
soybean fields cover practically all Brazilian regions, 
which results in high environmental diversity for 
cultivation, reaching territorial extensions in excess 
of 30° of latitude across uneven edaphoclimatic 
conditions.

Soybean is a photothermal-sensitive species. 
Thus, a cultivar adaptation is restricted to specific 
latitude ranges and edaphoclimatic regions (Lu et al., 
2017; Bu et al., 2021; Song et al., 2023; Vollmann and 
Škrabišová, 2023). However, the recent development 
and adoption of broadly adapted and earlier soybean 
cultivars has become increasingly common, especially 
in tropical regions (Li et al., 2024). The main purpose 
of reducing the soybean growth cycle is to enable the 
successful cultivation of a second crop within the 
same season. In this context, efforts have been made 
in breeding programs to select earlier, more stable 
and high-yielding cultivars. 

In the Brazilian seed market, early indeterminate 
soybean cultivars with branched architecture have 
been increasingly favored, primarily on account of their 
phenotypic plasticity under diverse environmental 
conditions (Balbinot Junior et al., 2018; Milioli et al., 
2022). These cultivars tend to exhibit greater adaptability 
in response to plant density and environmental 
variations, which contribute to stable yield performance. 
Concurrently, breeding programs have optimized key 
agronomic and adaptive traits (photoperiod response, 
relative maturity (RM), plant height, lodging, and 
yield components) to meet the demands of intensive 
production systems, and thereby reduce the crop cycle 
while maintaining or even increasing yield (Bezerra et 
al., 2022; Medeiros et al., 2024). 

Over the last few years, these changes in the 
development of new cultivars have likely influenced 
the adaptive amplitude of RM groups, shaping yield 
potential and redefining key aspects for cultivar 
recommendation (Mendonça et al., 2022; Souza et 
al., 2024; Wadt et al., 2025). This has been essential 
to the improvement of different soybean production 
systems, such as soybean–maize and soybean–
cotton rotations in tropical environments, in order 
to maximize profitability and mitigate cultivation 
risks (Nóia Júnior and Sentalhas, 2019; Oligini et 
al., 2023). In this study, we aimed to understand, 
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from an updated geographical perspective, the yield 
adaptation levels of soybean cultivars according to 
their RM across growing regions of Brazil, with the 
goal of enhancing accuracy in cultivar development 
and recommendation, as well as supporting breeding 
program strategies in these regions.

Materials and Methods

Experimental data

Grain yield (GY) data from trials conducted at 175 
locations, covering all Brazilian soybean-producing 
regions, were used. These trials were located 
predominantly in the most relevant regions for soybean 
production (Figure 1). They were conducted from 
the 2014/15 to 2017/18 growing seasons, covering all 
soybean macro-regions of Brazil, with latitudes ranging 
from 7 to 33° S and elevations from 9 to 1,188 m.

The experimental design adopted was 
randomized complete block, with three replications, 
and each plot was composed of four rows of 5.0 m 
each, spaced 0.5 m apart. On average, 60 soybean 
cultivars (commercial and pre-commercial inbred 
lines), with different RM were evaluated in each 
trial. In all, 160 cultivars were evaluated, which 
were distributed in the entry-lists of each location. 
GY data were the measurement of grain weight (kg 
ha–1), corrected to 13 % (wet basis) moisture, from 
two central rows of each plot. The maturity date was 
considered at the R8 stage of plants, with 95 % of the 
pods mature (Fehr et al., 1971). Crop management was 
conducted according to technical recommendations 
for soybean crop (Seixas et al., 2020). As for fertilizer 
use, all trials received at least 300 kg ha–1 of NPK 
formulation (00-20-20) or an equivalent. Pesticides 

were sprayed as needed, based on the crop sanitary 
condition. In general, the sowing was carried out 
under no-till conditions during the season appropriate 
to each region, as recommended in the agricultural 
zoning guide to climate risk for Brazil (MAPA, 2025).

Yield data analysis: relative maturity × location 
(RM × L)

Initially, the cultivars were grouped into RM ranges, 
then the groups were named from G1 to G10 (Table 
1). Cultivars maturing earlier than 4.5 and later than 
9.4 were not evaluated in the trials, due to adaptation 
restrictions in the main soybean-producing regions 
of Brazil. The GY data taking into account each RM 
group and location were adjusted using the following 
linear mixed model: 

y = Xb + Z1u1 + Z2u2 + Z3u3 + Z4u4+ Z5u5 + Z6u6 + 
      Z7u7 + e 	  (1)

Table 1 – Relative maturity (RM) groups of soybean cultivars 
assessed in Brazilian growing conditions from 2014 to 2018, 
and respective class midpoints and number of entries for each 
group (from G1 to G10).

Group RM Midpoint Entries
G1 4.5-4.9 4.7 04
G2 5.0-5.4 5.2 08
G3 5.5-5.9 5.7 25
G4 6.0-6.4 6.2 21
G5 6.5-6.9 6.7 17
G6 7.0-7.4 7.2 20
G7 7.5-7.9 7.7 20
G8 8.0-8.4 8.2 24
G9 8.5-8.9 8.7 19
G10 9.0-9.4 9.2 02

Figure 1 – Yield trials locations (green dots) from 2014/2015 to 2017/2018 seasons. The background color (orange) indicates the total 
production of soybean throughout the Brazilian territory, based on Brazilian Institute of Geography and Statistic survey (IBGE, 2023).
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where: y is the vector of experimental observations, 
X and Zi (i = 1 to 7), the incidence matrices, b the 
vector of fixed effects (b' = [b0 ⋮ b1], in which b0 is 
the intercept, and b1 the vector of RM group effects), 
ui (i = 1 to 7) the vectors of random effects, with 
u Ni ui 0

2
,σ( )  associated to the effects of year, location, 

block within location, cultivar within RM group, 
interaction between RM group and year, interaction 
between RM group and location, and interaction 
between RM group, location, and year, respectively, 
and e is the vector of experimental errors, with  
e N e 0

2
,σ( ).

This model was fitted using the lme4 package 
in R software (version 4.4.1). Subsequently, the 
corresponding deviance was analysed to verify 
the significance of model effects (α = 0.05). The 
predictor of Xb + u6 (adjusted means for each 
combination of RM group and location), denoted as 

, was then adopted to define the best RM group 
adapted to each location (RMB). This final result was 
defined as in Eq. (2):

	  (2)

The results for RMB represent the RM group 
for each location with maximized grain yield. The 
midpoints of these groups were then considered the 
optimal RM values (RMop) of the different locations, 
and were subsequently used for spatialization by 
regression-kriging.

Geographic zoning of yield adaptation

The regression-kriging method (Hengl et al., 2004) 
was used to delineate the geographic yield adaptation 
zones of the soybean cultivars, based on their RM. 
In this method, initially, multiple linear regression 
(MLR) is plotted between the regionalized variable 
and predictors, using data from sampled locations, in 
order to extrapolate the RM predictions to unsampled 
locations. Additionally, the variation not explained by 
predictors through regression is interpolated using 
ordinary kriging, according to the following model:

	  (3)

where:  is the best RM in an unsampled location, 
b k

, the estimated regression coefficients associated to 
the predictors (k = 0, 1, 2, … p),  the kth predictor 
value at an unsampled location, where , λi

 , 
weights determined by covariance function, and e(si) 
corresponds to regression residuals.

For MLR fitting the predictors' latitude, 
longitude and elevation were considered, with 
elevation obtained from “Digital Elevation Model”-
SRTM (Farr et al., 2007). Next, a “backward” 
procedure was applied to select the most appropriate 
model, based on the values of adjusted coefficients 

of determination (Radj
2 ). An isotropic distribution of 

effects along the map was predefined. Following this, 
the exponential variogram model was considered as 
the best adjusted to the RMop spatial distribution. The 
minimum residual sum of squares was adopted as 
the model selection criterion. The regression-kriging 
procedure was carried out using the rsaga and gstat 
packages in R software version 4.4.1. Map creation 
was implemented using the Quantum GIS version 
3.4.4. A flowchart summarizing all the methodological 
steps for this study is shown in Figure 2.

Results

Deviance analysis for grain yield 

The differences observed (p < 0.05) between RM levels 
are due to the differential response of the cultivars, 
with different RM, across all the environments 
sampled (Table 2). This component explains 31.72 % 
of the total variation. The interaction between the 
RM groups and assessed locations (RM × L) was 
significant (p < 0.05), explaining 25.91 % of the total 
variation. This interaction corresponds directly to the 
specific adaptation of the cultivars, grouped by RMr, 
across sampled locations. 

The interaction between RM groups and 
growing seasons (RM × Year), which was also 
significant (p < 0.05), is attributed to environmental 
variations such as crop management, sowing time, 
and non-permanent soil and weather conditions. This 
component can be used as an indicator of stability once 
it measures the repeatability of results over seasons. 
Similarly, the “RM × L × Year” interaction (p < 0.05) 
suggests that the levels of specific adaptation of 
each RM group in each location varied slightly over 
time (only 2.40 % of total variation). Therefore, it 
is necessary to further investigate this temporal 
variation to understand and identify adaptive trends 
in soybean germplasm across the regions.

Table 2 – Analysis of deviance results, variance components and 
coefficients of determination (R2) of the multi-location trials for 
grain yield, considering 159 cultivars and 175 Brazilian locations, 
over four subsequent growing seasons (from 2014/2015 to 
2017/2018).

Source of 
variation Deviance LRT (χ2) AIC Variance Standard 

deviation R2

%
RM 618355 1334.49* 618383 634244 796.39 31.73
RM/Cultivar 615142 953.36* 615776 100309 316.72 12.62
RM × L 616695 1660.14* 616727 422829 650.25 25.91
RM × Year 614839 693.55* 614685 47943 218.96 2.94
RM × L × Year 614645 102.90* 614663 39125 197.80 2.40
Residual - - 388079 622.96 24.42
Model 619690 - - - - 100

*Significant values by the χ2 test at 5 % of significance. RM = relative 
maturity; L = location; LRT = likelihood ratio test; AIC = Akaike information 
criterion.
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Zoning the soybean adaptation according to RM

The highest optimal RM values (RMop) were estimated 
for lower latitude regions, with a maximum value of 
9.3 in northernmost locations, such as in the Brazilian 
states of Roraima and Amapá. Conversely, the lowest 
RMop values were estimated for higher latitude 

regions, presenting a minimum value of 5.3 in the 
states of Rio Grande do Sul and Santa Catarina. This 
indicates that in the different regions and cropping 
systems in Brazil, there is a current demand for 
cultivars with different RM levels, with an amplitude 
reaching 4.0 points on the soybean RM scale.

The results confirmed that the soybean 
yield adaptation according to the RM groups was 
significantly (p < 0.05) influenced by latitude and 
elevation (Table 3). However, the longitude did not 
influence (p > 0.05) the adaptation levels. There was 
strong negative correlation between the optimal RM 
values and latitude (r = –0.82; p < 0.05), indicating 
that for each degree reduction in latitude, there is 
an average increase of approximately 0.14 points in 
the RMop at a given position. There is also negative 
correlation (r = –0.16; p < 0.05) between elevation 
and RMop values. Next, an increase in elevation of 500 
m, corresponds to an approximate reduction of 0.2 
points (–0.0004 × 500) in RMop (Table 3).

The adaptation zones indicate that G3 (RM from 
5.5 to 5.9) are the best adapted to the southernmost 
locations, specifically covering the Brazilian states of 
Rio Grande do Sul, Santa Catarina and the southwest, 
southeast, and south of Paraná regions (Figure 3). 
Whereas G4 (with RM from 6.0 to 6.4) was the best 
adapted to Paraná state, covering its center, north, 
northwest and west, as well as southwest of Mato 
Grosso do Sul and São Paulo states. This group was 
also shown to be the best adapted to the north of 
Santa Catarina and central east of Rio Grande do Sul, 
mainly in the low-elevation locations of these states, 
close to the Atlantic Ocean coast. 

In the transitional zone between the Brazilian 
subtropical and tropical regions (23°27’ S), G4 (RM 
from 6.0 to 6.4) and G5 (RM from 6.5 to 6.9) groups 
were the best adapted. This zone includes the north 
and northwest of Paraná, central south and east 
of Mato Grosso do Sul, north and northwest of 
São Paulo, south and southwest of Minas Gerais, 
including its Triângulo Mineiro and Alto Paranaíba 
regions (Figure 3). 

In the central north of Mato Grosso do Sul, 
south and southwest of Goiás, in the Federal District, 
and in the central and northwest of Minas Gerais, as 
well as in areas around latitude 18°, G6 (RM from 7.0 
to 7.4) was the best adapted. This group also showed 
optimal adaptation in the border areas between the 
states of Goiás, Mato Grosso do Sul, and the southeast 
of Mato Grosso. G7 (RM from 7.5 to 7.9) showed 
the best adaptation to the north, northwest and east 
of Goiás, including the transition between Goiás 
and Mato Grosso, as well as to the southeast and 
northeast of Mato Grosso. This RM group also was 
the best adapted to the central south and southwest of 
Mato Grosso and in sub-regions around latitude 14°S 
to the north of this state. Additionally, cultivars in this 
group were also most adapted to the eastern region of 

Figure 2 – Flowchart summarizing the methodological steps to 
determine the yield adaptation zones for soybean cultivars in 
Brazil, according their relative maturity (RM). Trial data from 
175 locations, designed in randomized complete block (RCB), 
with three replicates (Reps) and ~60 cultivars per trial. The 
trials were evaluated for grain yield (GY) and RM were used for 
zoning, based on latitude, longitude and elevation (Lat, Lon and 
Elev). A linear mixed model (LMM) was used to estimate the 
best RM group for each location (RMB), incorporating both fixed 
(BLUE) and random (BLUP) effects. The RMB ranges were then 
converted into so-called optimum values (RMop) per location 
taking the ranges midpoints of each group (from G1 to G10), 
which were modeled using multiple linear regression (MLR) 
combined with kriging. Spatial interpolation was refined through 
variogram adjustment, generating the soybean adaptation 
zones based on the RM groups. w.b. = wet basis
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Rondônia, and to the central south of Bahia, as well as 
to other northern and northwestern Brazilian areas. 

In the mid-north and northwest of Mato 
Grosso — regions with the highest concentration of 
soybean cultivation in Brazil — as well as in other 
less prominent areas such as the south and central-
south of Tocantins, the west and central-north of 
Bahia (including the Vale do São Francisco region), 
and the southeast of Piauí, G8 (RM from 8.0 to 8.4) 
was the best adapted. This group was also the best 
adapted to agricultural frontier regions, covering the 
largest areas of the Madeira-Guaporé sub-region and 
parts of eastern Rondônia, as well as the transitional 
region between the states of Mato Grosso and Pará 
(Figure 3).

G9 (RM from 8.5 to 8.9) was shown to be the 
best adapted to regions positioned around latitude 6° 
S, including mainly the southeast and southwest of 
Pará, as well as to the west of Tocantins, east and south 
of Maranhão, central north and part of southwest of 
Piauí state, known as the “MAPITO” region (referring 
to the acronyms of Maranhão, Piauí and Tocantins 
states). At latitudes around 5° S, extending northward 
to the northernmost Brazilian regions, including 

the sub-regions of Marajó Island and northeast of 
Pará, east, west and areas of center and north of 
Maranhão, in addition to the whole states of Amapá 
and Roraima, G10 (RM from 9.0 to 9.4) was the best 
adapted (Figure 3). Cultivars with RM from 9.5 to 10 
were not considered because they do not compose the 
database used in this research.

The regression-kriging procedure provided 
predictions with good quality, resulting in a 
maximum standard error of 0.5 points on the 
soybean RM scale. However, standard errors 
were noticeably higher in regions with a lower 
density of sampled locations, suggesting the need 
to geographically expand test locations to provide 
more accurate estimates, especially in Brazilian 
agricultural frontiers, such as in the states of Pará, 
Amapá, and Roraima.

Discussion

As is well known, soybean cultivars with higher RM 
values are more adapted to lower latitudes, across 
tropical regions, but with different adaptation over 
latitude ranges, considering RM ≥ 7.0 cultivars. 

Table 3 – Predictors and coefficients from linear multiple regression analysis for relative maturity optimized.
Predictors Coefficients R R2 Radj

2 Standard-error t-test p-value

Latitude1 0.1407* –0.8203 0.6729 0.6691 0.0075 18.8612 < 0.0001
Elevation2 –0.0004* –0.1608 0.0258 0.0145 0.0002 –2.1466 0.0408
Longitude 0.0298 –0.0356 0.0013 0.0000 0.0232 –1.2927 0.1739
Intercept 9.9569 - - - 1.9321 51.8432 < 0.0001

1The latitude values must be considered negatives for the correct use of the model. 2Digital Elevation Model-SRTM. *Significant values at 5 % of significance.

Figure 3 – Soybean geographic adaptation according to relative maturity in Brazil, considering as predictors the latitude and elevation.
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In general, these cultivars have a longer juvenile 
period and higher thermal demand; therefore, even 
under critical photoperiod and higher temperature 
conditions, their cycle tends to be longer due to delay 
in flowering and, consequently, a longer reproductive 
stage (Harada et al., 2015; Wu et al., 2023; Mathur 
et al., 2024). Whereas cultivars with lower RM are 
adapted mainly to subtropical regions, generally have 
shorter juvenile periods and, consequently, flower 
earlier under short-day conditions. When submitted 
to low latitudes, cultivars, especially those with 
RM < 6.0, present reduced height, a low number of 
productive nodes, and, consequently, low adaptation 
(Lin et al., 2020; Dong et al., 2021; Staniak et al., 
2023). Cultivars with RM from 6.0 to 6.9 are most 
adapted to the transitional zone between tropical and 
subtropical regions.These cultivars, primarily those 
developed when targeting northern environments of 
subtropical region, are often introduced into tropical 
environments, mainly through adjustments in plant 
density and sowing seasons. As a result, according to 
the RM groups, the soybean cultivars tend to exhibit 
different levels of adaptation according to RM values, 
with adaptation restricted to specific latitude ranges 
and influenced by elevation (Figure 3). 

Latitude is crucial to defining the soybean 
yield adaptation and, consequently, to supporting 
the recommendation and use of cultivars in Brazilian 
growing conditions, once it can intensely affect the 
growth dynamics, especially through correlated 
variations in photoperiod and temperature (Corbellini 
et al., 2024). Thus, as the growing location approaches 
latitude 0° (Equator), cultivars with higher RM and 
late flowering tend to show better adaptation (Gupta 
et al., 2021; Tang et al., 2023). Other studies have 
also observed similar behavior when investigating 
the adaptation of cultivars with different RM across 
regions at varying latitudes (Alliprandini et al., 2009; 
Zdziarski et al., 2018; Zhang et al., 2007; Mourtzinis 
and Conley, 2017). However, cultivars with different 
RM do not present regular adaptation within the 
latitude ranges, as has been suggested in some of 
these studies, and are mainly the result of interacting 
effects of elevation and edaphoclimatic variations 
(Figure 3). 

In general, lower elevations present higher 
temperatures, which favor higher RM cultivars due 
to their higher thermal demand, whereas lower RM 
cultivars are favored by higher elevations. Cultivars of 
the different RM groups present a shorter growth cycle 
as the temperature rises in the growing environment 
(Battisti et al., 2018). This condition indirectly favors 
higher RM cultivars due to their longer reproductive 
stages, especially in the grain-filling period, and 
generally results in a higher number of pods, grain 
weight and yield in comparison to those with lower 
RM (Kumagai and Sameshima, 2014; Kumagai et 
al., 2020; Wen et al., 2022). This effect can be easily 

observed in Brazilian coastal regions (e.g., in the state 
of Rio Grande do Sul), where the elevation tends to be 
lower and the most adapted cultivars have higher RM 
values than those in adjacent higher-elevation areas, 
even at higher latitudes (Figure 3).

Overall, the results of this study are partially 
convergent with the recommendations of other 
authors (Alliprandini et al., 2009; Zdziarski et al., 
2018), although with relevant differences in certain 
regions. Where the latitude is higher than 30° S, 
Zdziarski et al. (2018) noted that cultivars with RM 
5.3 and 5.4 were the best adapted. Although these 
cultivars were evaluated in this study and performed 
best in specific locations across this region, they 
were not the best adapted. In contrast, Bubans et 
al. (2021) evaluating cultivars with RM from 4.8 to 
7.8, in varying plant dates, indicated later cultivars, 
particularly those with RM 6.3, as being the most 
productive. In this case, the later sowing dates likely 
favored later-maturing cultivars. 

In the main soybean-producing regions of 
southern Paraná, northern Rio Grande do Sul and 
Santa Catarina, within the latitude range of 30 
to 25° S, the results differ considerably from the 
recommendations of Alliprandini et al. (2009), but 
are partially similar to those reported by Zdziarski et 
al. (2018), which included RM cultivars below 6.0 for 
the northern Rio Grande do Sul and Santa Catarina. 
Likewise, Vilas-Boas et al. (2024) suggested, for this 
range of latitude, cultivars whose RM are under 6.0, 
but specifically for western Paraná.

Between latitudes 25 and 20° S, which include 
part of the tropical-subtropical transitional zone, 
the recommendations of Zdziarski et al. (2018) are 
similar to the results of the present study. However, 
Alliprandini et al. (2009) also recommended RM 
7.0 cultivars for the tropical-subtropical transitional 
zone, in northern Paraná and even RM 8.0 in the 
states of Mato Grosso do Sul, São Paulo, and Minas 
Gerais. Matsuo et al. (2022), evaluating cultivars with 
different RM in the Alto Paranaíba — a subregion of 
Minas Gerais — identified cultivars with RM ranging 
from 5.9 to 7.3 as the best adapted. Probably, this 
wider RM range is due to the restricted number of 
environments evaluated. 

In the 20 to 10° S band, the differences between 
studies are more significant. Zdziarski et al. (2018) 
pointed out that cultivars with RM from 7.7 to 7.9 
are the most adapted for southwestern Goiás and 
northern and northeastern Mato Grosso, but cultivars 
with RM from 8.0 to 8.4 were not evaluated, in this 
study. Alliprandini et al. (2009) also included RM 8.0 
cultivars for the southwestern Goiás and RM 9.0 for 
northern Mato Grosso. In the 0 to 10°S band, the 
same authors recommended cultivars with RM of 9.0 
and 10 for southern Pará and “MAPITO”. Zdziarski et 
al. (2018) did not make recommendations for these 
regions.
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Considering that cultivars in the studies 
of Alliprandini et al. (2009) were released 
approximately 20 years ago, the differences between 
the results in relation to the current study may 
be due to the adaptive potential of commercial 
cultivars and changes that soybean production 
systems have undergone in the last two decades in 
Brazil. Changes in the agronomic profile of soybean 
cultivars, which may explain these differences, have 
been reported in several studies, mainly associated 
with yield potential, grain composition, growth type, 
plant height and lodging level (Specht et al., 2014; 
Umburanas et al., 2022). 

In general, especially in tropical regions, still 
considering the results of Alliprandini et al. (2009) in 
comparison to the current study, a trend towards a 
reduction in optimal RM values for each region has 
been observed over the years, especially in tropical 
areas. This trend may have resulted from scaled 
genetic breeding efforts, aimed at obtaining earlier 
cultivars adapted to lower latitudes, as well as from 
environmental improvements such as soil correction 
in agricultural frontiers, enhanced crop management, 
optimized sowing time, and adjusted plant density. 
Differently, the cultivars evaluated by Zdziarski et 
al. (2018) are contemporary, so the discrepancies 
between the results may be due to the germplasm 
evaluated, representativeness of the dataset, or even 
the analytical approach used.

The widespread adoption of the second 
cropping (“safrinha” in Portuguese), in large areas of 
the Cerrado region (Brazilian savannah), over the last 
few years, has required the use of earlier cultivars 
in order to better exploit the rainy season (Cattelan 
and Dall’Agnol, 2018; Parvej and Holshouser, 2025). 
Additionally, this may reduce the crop exposure to 
weather deteriorating factors and mitigate risks to the 
subsequent crop by sowing at a proper time, which 
also reduces the demand for fungicide and insecticide 
spraying. The adoption of no-tillage system and high-
input management, with a consequent increase in 
soil fertility level, adjustment in plant density, and 
planting season also favored the northward adaptation 
of earlier cultivars, mainly those with indeterminate 
growth.

All these improvements in the soybean 
production system, especially in relation to reduction 
in RM, earlier sowing seasons, and plant density 
adjustments, have made the soybean production more 
intensive. This has driven significant changes in the 
soybean cultivar traits necessary to meet demands of 
the seed market in recent years. Therefore, new high-
yield cultivars with broader geographic adaptation 
and flexibility to different sowing seasons, which 
suggests a lower environmental interaction, have 
become the preference. In this context, especially 
in earlier-maturing cultivars, high branched, with 
indeterminate growth type, low-lodging, short 

internodes, erect growth habit and leaf insertion are 
currently predominant in the seed market. Cultivars 
with these traits are part of a genetic base that has 
recently been exploited in Brazil, whose adoption has 
led to high yield levels in the Cerrado region (Silva et 
al., 2025). 

Considering the historical timeline of soybean 
breeding historical in Brazil, the genetic progress in 
soybean tends to be different among maturity groups, 
taking into account the priority given to this new 
cultivar profile over the last few years. In addition, 
the dynamics of cropping systems has favored 
cultivars of specific RM, which indirectly promotes 
differential genetic gains across maturity groups. 
Differences in genetic gain rates have been reported 
between maturity groups, involving not only yield, 
but also adaptive, physiological, and other agronomic 
traits in Brazil (Todeschini et al., 2019; Umburanas 
et al., 2022; Campos et al., 2023). All these authors 
identified considerable genetic progress characterized 
by a reduction in RM or cycle length over the years, 
combined with an increase in yield. Similar trends 
have been observed in the USA (Rincker et al., 2014; 
Boehm Jr et al., 2019) and Argentina (De Felipe et al., 
2016), where contemporary cultivars generally have 
higher yield potential, shorter plant height, lower 
lodging level, and, in the main, lower RM. However, 
unlike in the USA and Argentina, in Brazil there 
is low genetic divergence between cultivars from 
maturity groups (Santos et al., 2022), which indicates 
a more intensive exploiting of germplasm, principally 
based on wide crossing between parents from 
distinct maturity groups. Most likely, this approach 
has been the main strategy adopted in Brazil for 
soybean tropicalization, in order to adapt subtropical 
germplasm towards low latitudes.

The introduction and development of 
indeterminate growth cultivars began in the Brazilian 
South region, with cultivars from Argentina and 
North America, in the early 2000s (Umburanas et 
al., 2022). Since then, indeterminate growth cultivars 
have adapted to the Brazilian Center West, North and 
Northeast regions — initially developed mainly by 
Nidera (currently Syngenta) and later by GDM Seeds 
(Don Mario Group) — and have been quickly replaced  
by later determinate cultivars (Abdala et al., 2024). 
These cultivars have shown a higher amplitude of 
adaptation and adherence to diverse cropping systems 
and, currently, correspond to more than 70 % of the 
cultivars released in the last ten years (MAPA, 2024).

The analytical approach used in this study 
provided valuable information for supporting 
professionals involved in seed market and agronomic 
consulting, especially in the technical development 
and recommendation of new cultivars. It also supports 
farmers about choosing the most suitable cultivar for 
each location, considering that cultivar selection is 
one of the main factors contributing to yield losses 
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(Winck et al., 2023). Additionally, the results of this 
study can help to guide soybean breeding programs, 
not only in terms of selection strategy aimed at 
obtaining commercial cultivars adapted to each zone, 
but also in the positioning of multi-environment trials 
in order to optimize  experimentation. Furthermore, 
since latitude and elevation are the main geographic 
variables that predefine the adaptation of soybean, 
once they are strictly correlated to other relevant 
environmental variables (i.e., growing degree days, 
temperature regime and precipitation patterns), 
these results can support and guide the germplasm 
exchange and cultivar introduction processes based 
mainly on RM, especially across countries in South 
America or Africa (Araújo et al., 2025).

Soybean production in low-latitude regions 
accounts for approximately half of the total 
production worldwide (Dong et al., 2021). Therefore, 
understanding the genetic and genomic basis, as well 
as the complexity behind environmental factors, 
which primarily influence soybean adaptation, is 
essential to continuing to develop new adapted 
cultivars and improving yield levels, especially in 
the face of uncertainties about climatic changes. 
In this study, despite the large dataset used, only 
phenotypic and geographic data were explored. As 
an opportunity of improvement and future research, 
edaphoclimatic variables and genome data could be 
incorporated into new geoestatistical and genomic 
prediction models, in order to increase the accuracy 
of genotype selection and cultivar recommendation 
for target regions.

In conclusion, we found evidence that although 
latitude is the main variable affecting soybean 
adaptation, elevation also makes an important 
contribution causing slight deflections in adaptation 
zones. In contrast, longitude does not show any 
significant effect on soybean adaptation. Therefore, 
soybean cultivars, classified according to RM, exhibit 
different levels of geographic adaptation across 
cropping regions in Brazil, over varying and irregular 
latitude ranges. In recent years, earlier-maturing 
cultivars have been developed for lower-latitude 
regions, which has promoted a general reduction in 
RM in tropical areas. In subtropical regions, there has 
been a slight trend towards RM reduction compared 
to findings from previous studies. Cultivars with 
RM from 5.5 to 5.9 are best adapted particularly 
to subtropical regions. In tropical regions, cultivars 
with RM from 7.0 to 8.4 are predominantly the best 
adapted. There is a transitional tropical-subtropical 
zone, which exhibits environmental similarities to 
both regions, where cultivars with RM from 6.0 to 
6.9 are the best adapted. The adaptation of later-
maturing cultivars with RM from 8.5 to 9.4 has 
been retracted to the northernmost regions, where 
soybean production is still limited representing the 
next agricultural frontier in the coming years.

Acknowledgments

The authors would like to thank the BASF soybean 
breeding team for providing the dataset used in this 
research, especially Gustavo Capato Herrera, Adriano 
Marino, Aguida Morales, Mario Sigrist, Danilo 
Oliveira, Daniel Lage and Claudiomir Abatti, including 
Franco R. Silva Muniz and Cleiton Steckling, who are 
also co-authors, and all the field collaborators who 
contributed directly to the conduction and evaluation 
of the yield trials.

Authors’ Contributions

Conceptualization: Ferreira LU, Duarte JB. 
Data curation: Ferreira LU. Formal analysis: 
Ferreira LU. Funding acquisition: Ferreira LU, 
Muniz FRS, Steckling C. Investigation: Ferreira 
LU, Muniz FRS, Steckling C. Methodology: 
Ferreira LU, Resende RT, Trevisan BA, Duarte JB. 
Project administration: Ferreira LU, Muniz FRS, 
Steckling C. Resources: Ferreira LU, Muniz FRS. 
Supervision: Ferreira LU, Muniz FRS, Steckling 
C, Duarte JB. Writing-original draft: Ferreira LU, 
Muniz FRS, Steckling C, Resende RT, Trevisan BA, 
Duarte JB. Writing-review & editing: Ferreira LU, 
Duarte JB.

Conflict of interest

The authors have no conflicts of interest to declare.

Data availability statement

Data will be made available upon reasonable request, 
excluding any business-sensitive information.

Declaration of use of AI technologies

AI technologies were not used in the present study.

References

Abdala LJ, Otegui ME, Di Mauro G. 2024. On-farm soybean 
genetic progress and yield stability during the early 21st 
century: A case study of a commercial breeding program in 
Argentina and Brazil. Field Crops Research 308: 109277. https://
doi.org/10.1016/j.fcr.2024.109277

Alliprandini LF, Abatti C, Bertagnolli PF, Cavassim JE, Gabe 
HL, Kurek A, et al. 2009. Understanding Soybean Maturity 
Groups in Brazil: Environment, Cultivar Classification, and 
Stability. Crop Science 49: 801-808. https://doi.org/10.2135/
cropsci2008.07.0390

Araújo MS, Pavan JPS, Stella AA, Fregonezi BF, Lima NF, Leles 
EP, et al. 2025. Optimizing soybean variety selection for the 
Pan-African Trial network using factor analytic models and 
envirotyping. Frontiers in Plant Science 16: 1594736. https://
doi.org/10.3389/fpls.2025.1594736

https://doi.org/10.1016/j.fcr.2024.109277
https://doi.org/10.1016/j.fcr.2024.109277
https://doi.org/10.2135/cropsci2008.07.0390
https://doi.org/10.2135/cropsci2008.07.0390
https://doi.org/10.3389/fpls.2025.1594736
https://doi.org/10.3389/fpls.2025.1594736


9

Ferreira et al. Geographical zoning of soybean

Sci. Agric. v.83, e20250084, 2026

Balbinot Junior AA, Oliveira MCN, Franchini JC, Debiasi H, 
Zucareli C, Ferreira AS, et al. 2018. Phenotypic plasticity 
in a soybean cultivar with indeterminate growth type. 
Pesquisa Agropecuária Brasileira 53: 1038-1044. https://doi.
org/10.1590/S0100-204X2018000900007

Battisti R, Sentelhas PC, Parker PS, Nendel C, Gil MDS, Farias 
JRF, et al. 2018. Assessment of crop-management strategies 
to improve soybean resilience to climate change in Southern 
Brazil. Crop and Pasture Science 69: 154-162. https://doi.
org/10.1071/CP17293

Bezerra ARG, Sediyama T, Silva FL, Cruz CD, Silva AF, Silva 
FCS, et al. 2022. Complementarity between parents for 
earliness and grain yield in soybean. Pesquisa Agropecuária 
Brasileira 57: e02657.

Boehm Jr JD, Abdel-Haleem H, Schapaugh Jr WT, Rainey 
K, Pantalone VR, Shannon G, et al. 2019. Genetic 
Improvement of US Soybean in Maturity Groups V, VI, and 
VII. Crop Science 59: 1838-1852. https://doi.org/10.2135/
cropsci2018.10.0627

Bu T, Lu S, Wang K, Dong L, Li S, Xie Q, et al. 2021. A critical 
role of the soybean evening complex in the control of 
photoperiod sensitivity and adaptation.  Proceedings of the 
National Academy of Sciences 118: e2010241118.  https://doi.
org/10.1073/pnas.2010241118

Bubans VE, Carvalho IR, Ceolin C, Moura NB, Lautenchleger 
F, Conceição GM, et al. 2021. Relative maturity group and 
its relationships with the non preferential sowing season 
of soybean. Agronomy Science and Biotechnology 7: 1-14. 
https://doi.org/10.33158/ASB.r121.v7.2021

Campos LHR, Cabral PDS, Silva FHL, Castoldi G, Marques RP. 
2023. Genetic progress of 18 years of a soybean breeding 
program for the Brazilian Central-West. Revista Ciência 
Agronômica 54: e20217833. https://doi.org/10.5935/1806-
6690.20230016

Cattelan AJ, Dall’Agnol A. 2018. The rapid soybean growth in 
Brazil. Oilseeds and fats, Crops and Lipids 25: D102. https://
doi.org/10.1051/ocl/2017058

Corbellini M, Bobek DV, Toledo JFF, Ferreira LU, Santana 
DC, Gilio TAS, et al. 2024. Geographical adaptability for 
optimizing the recommendation of soybean cultivars in the 
Brazilian Cerrado. Scientific Reports 14: 13076. https://doi.
org/10.1038/s41598-024-63809-y

De Felipe M, Gerde JA, Rotundo JL. 2016. Soybean Genetic 
Gain in Maturity Groups III to V in Argentina from 1980 to 
2015. Crop Science 56: 3066-3077. https://doi.org/10.2135/
cropsci2016.04.0214

Dong L, Fang C, Cheng Q, Su T, Kou K, Kong L, et al. 2021. 
Genetic basis and adaptation trajectory of soybean from its 
temperate origin to tropics. Nature Communications 12: 
5445. https://doi.org/10.1038/s41467-021-25800-3

Farr TG, Rosen PA, Caro E, Crippen R, Duren R, Hensley 
S, et al. 2007. The Shuttle Radar Topography Mission. 
Reviews of Geophysics 45: RG2004. https://doi.
org/10.1029/2005RG000183

Fehr WR, Caviness CE, Burmood DT, Pennington JS. 1971. Stage 
of Development Descriptions for Soybeans, Glycine max (L.) 
Merrill. Crop Science 11: 929-931. https://doi.org/10.2135/cro
psci1971.0011183X001100060051x

Gupta S, Agrawal N, Tripathi R, Kumawat G, Nataraj V, Maranna 
S, et al. 2021. Long juvenility trait: A vehicle for commercial 
utilization of soybean (Glycine max) in lower latitudes. Plant 
Breeding 140: 543-560. https://doi.org/10.1111/pbr.12926

Harada A, Gonçalves LSA, Kiihl RAS, Destro D. 2015. Flowering 
under short days: juvenile period and inductive phase estimates 
in soybean genotypes. Agronomy Science and Biotechnology 
1: 10. https://doi.org/10.33158/ASB.2015v1i1p10

Hengl T, Heuvelink GBM, Stein A. 2004. A generic framework 
for spatial prediction of soil variables based on regression-
kriging. Geoderma. 120: 75-93. https://doi.org/10.1016/j.
geoderma.2003.08.018

Instituto Brasileiro de Geografia e Estatística [IBGE]. 2023. 
PAM: Produção Agrícola Municipal (in Portuguese). Available 
at: https://sidra.ibge.gov.br/pesquisa/pam/tabelas [Accessed 
June 15, 2024]

Kumagai E, Sameshima R. 2014. Genotypic differences in 
soybean yield responses to increasing temperature in a cool 
climate are related to maturity group. Agricultural and Forest 
Meteorology 198-199: 265-272.  https://doi.org/10.1016/j.
agrformet.2014.08.016

Kumagai E, Yamada T, Hasegawa T. 2020. Is the yield change 
due to warming affected by photoperiod sensitivity? Effects 
of the soybean E4 locus. Food and Energy Security 9: e186. 
https://doi.org/10.1002/fes3.186

Li J, Li Y, Agyenim-Boateng KG, Shaibu AS, Liu Y, Feng Y, et 
al. 2024. Natural variation of domestication-related genes 
contributed to latitudinal expansion and adaptation in 
soybean. BMC Plant Biology 24: 651. https://doi.org/10.1186/
s12870-024-05382-0

Lin X, Liu B, Weller JL, Abe J, Kong F. 2021. Molecular 
mechanisms for the photoperiodic regulation of flowering 
in soybean. Journal of Integrative Plant Biology 63: 981-994. 
https://doi.org/10.1111/jipb.13021

Lu S, Zhao X, Hu Y, Liu S, Nan H, Li X, et al. 2017. Natural 
variation at the soybean J locus improves adaptation to the 
tropics and enhances yield. Nature Genetics 49: 773-779. 
https://doi.org/10.1038/ng.3819

Mathur S, Seo B, Reddy KR, Reddy VR. 2024. Morpho-
phenological responses of early and late soybean maturity 
groups to diverse day lengths and temperature regimes. 
Industrial Crops and Products 221: 119362. https://doi.
org/10.1016/j.indcrop.2024.119362

Matsuo E, Dezordi LR, Nascimento M, Cruz CD. 2022. 
Adaptability and stability of soybean genotypes 
recommended for Alto Paranaíba in Minas Gerais. Scientia 
Agraria Paranaensis 21: 169-177. https://doi.org/10.18188/sap.
v21i2.29514 

Medeiros GS, Cabral PDS, Silva FHL, Freitas JCO, Campos LHR, 
Carrijo AMMF. 2024. Agronomic performance and estimated 
genetic diversity among soybean inbred lines based on 
quantitative traits. Revista Brasileira de Engenharia Agrícola 
e Ambiental 28: e272048. https://doi.org/10.1590/1807-1929/
agriambi.v28n3e272048

Mendonça HC, Pereira LFP, Santos JVM, Meda AR, Sant’Ana 
GC. 2022. Genetic Diversity and Selection Footprints in the 
Genome of Brazilian Soybean Cultivars. Frontiers in Plant 
Science 13: 842571. https://doi.org/10.3389/fpls.2022.842571

https://doi.org/10.1590/S0100-204X2018000900007
https://doi.org/10.1590/S0100-204X2018000900007
https://doi.org/10.1071/CP17293
https://doi.org/10.1071/CP17293
https://doi.org/10.2135/cropsci2018.10.0627
https://doi.org/10.2135/cropsci2018.10.0627
https://doi.org/10.1073/pnas.2010241118
https://doi.org/10.1073/pnas.2010241118
https://doi.org/10.33158/ASB.r121.v7.2021
https://doi.org/10.5935/1806-6690.20230016
https://doi.org/10.5935/1806-6690.20230016
https://doi.org/10.1051/ocl/2017058
https://doi.org/10.1051/ocl/2017058
https://doi.org/10.1038/s41598-024-63809-y
https://doi.org/10.1038/s41598-024-63809-y
https://doi.org/10.2135/cropsci2016.04.0214
https://doi.org/10.2135/cropsci2016.04.0214
https://doi.org/10.1038/s41467-021-25800-3
https://doi.org/10.1029/2005RG000183
https://doi.org/10.1029/2005RG000183
https://doi.org/10.2135/cropsci1971.0011183X001100060051x
https://doi.org/10.2135/cropsci1971.0011183X001100060051x
https://doi.org/10.1111/pbr.12926
https://doi.org/10.33158/ASB.2015v1i1p10
https://doi.org/10.1016/j.geoderma.2003.08.018
https://doi.org/10.1016/j.geoderma.2003.08.018
https://sidra.ibge.gov.br/pesquisa/pam/tabelas
https://doi.org/10.1016/j.agrformet.2014.08.016
https://doi.org/10.1016/j.agrformet.2014.08.016
https://doi.org/10.1002/fes3.186
https://doi.org/10.1186/s12870-024-05382-0
https://doi.org/10.1186/s12870-024-05382-0
https://doi.org/10.1111/jipb.13021
https://doi.org/10.1038/ng.3819
https://doi.org/10.1016/j.indcrop.2024.119362
https://doi.org/10.1016/j.indcrop.2024.119362
https://doi.org/10.18188/sap.v21i2.29514
https://doi.org/10.18188/sap.v21i2.29514
https://doi.org/10.1590/1807-1929/agriambi.v28n3e272048
https://doi.org/10.1590/1807-1929/agriambi.v28n3e272048
https://doi.org/10.3389/fpls.2022.842571


10

Ferreira et al. Geographical zoning of soybean

Sci. Agric. v.83, e20250084, 2026

Milioli AS, Meira D, Panho MC, Madella LA, Woyann LG, 
Todeschini MH, et al. 2022. Genetic improvement of soybeans 
in Brazil: South and Midwest regions. Crop Science 62: 2276-
2293. https://doi.org/10.1002/csc2.20820

Ministério da Agricultura, Pecuária e Abastecimento [MAPA]. 
2024. Serviço Nacional de Proteção de Cultivares – SNPC (in 
Portuguese). Available at: https://sistemas.agricultura.gov.br/
snpc/cultivarweb/cultivares_protegidas.php [Accessed July 15, 
2024] 

Ministério da Agricultura, Pecuária e Abastecimento [MAPA]. 2025. 
Sistema de Zoneamento Agrícola e Risco Climático - SISZARC (in 
Portuguese). Available at: https://sistemas.agricultura.gov.br/snpc/
cultivarweb/cultivares_protegidas.php [Accessed Jan 10, 2025]

Mourtzinis S, Conley SP. 2017. Delineating Soybean Maturity 
Groups across the United States. Agronomy Journal 109: 1397-
1403. https://doi.org/10.2134/agronj2016.10.0581

Nóia Júnior RS, Sentelhas PC. 2019. Soybean-maize succession in 
Brazil: Impacts of sowing dates on climate variability, yields and 
economic profitability. European Journal of Agronomy 103: 140-
151. https://doi.org/10.1016/j.eja.2018.12.008

Oligini KF, Adami PF, Bahry CA, Batista VV, Sartor LR, Balbinot 
Júnior AA. 2023. Sowing date and soybean maturity group 
effects on soybean-corn succession. Revista em Agronegócio 
e Meio Ambiente 16: 1-13. https://doi.org/10.17765/2176-
9168.2023v16n2e10012

Parvej MR, Holshouser DL. 2025. Soybean relative maturity 
group choices may not be related to latitude only. Crop, Forage 
& Turfgrass Management 11: e70042. https://doi.org/10.1002/
cft2.70042 

Rincker K, Nelson LR, Specht J, Sleper D, Cary T, Cianzio SR, et 
al. 2014. Genetic Improvement of U.S. Soybean in Maturity 
Groups II, III, and IV. Crop Science 54: 1419-1432. https://doi.
org/10.2135/cropsci2013.10.0665

Santos JVM, Sant’ Ana GC, Wysmierski PT, Todeschini MH, Garcia 
A, Meda AR. 2022. Genetic relationships and genome selection 
signatures between soybean cultivars from Brazil and United 
States after decades of breeding. Scientific Reports 12: 10663. 
https://doi.org/10.1038/s41598-022-15022-y

Seixas CDS, Neumaier N, Balbinot Júnior AA, Krzyzanowski FC, 
Leite RMVBC. 2020. Tecnologias de produção de soja. Embrapa 
Soja, Londrina, PR, Brazil (in Portuguese).

Silva AC, Silva DCG, Ferreira EGC, Abdelnoor RV, Borém A, Arias 
CA, et al. 2025. Genetic diversity, population structure in a 
historical panel of Brazilian soybean cultivars. PLoS ONE 20: 
e0313151. https://doi.org/10.1371/journal.pone.0313151

Song W, Liu L, Sun S, Wu T, Zeng H, Tian S, et al. 2023. Precise 
classification and regional delineation of maturity groups in 
soybean cultivars across China. European Journal of Agronomy 
151: 126982. https://doi.org/10.1016/j.eja.2023.126982

Souza MF, Paiva Filho SV, Rosa VCS, Braz GBP, Menezes JFS, 
Silva DV. 2024. Morphological and phenotypical traits and their 
relationship with soybean grain yield: a multivariate analysis 
approach. Euphytica 220: 26. https://doi.org/10.1007/s10681-
023-03283-1 

Staniak M, Szpunar-Krok E, Kocira A. 2023. Responses of Soybean 
to Selected Abiotic Stresses – Photoperiod, Temperature 
and Water. Agriculture 13: 146. https://doi.org/10.3390/
agriculture13010146

Specht JE, Diers BW, Nelson RL, Toledo JFF, Torrion JA, Grassini P. 
2014. Soybean. p. 311-355. In: Smith S, Diers B, Specht J, Carver 
B. eds. Yield Gains in Major U.S. Field Crops. American Society 
of Agronomy Inc., Madison, WI, USA. https://doi.org/10.2135/
cssaspecpub33.c12

Tang Y, Lu S, Fang C, Liu H, Dong L, Li H, et al. 2023. Diverse 
flowering responses subjecting to ambient high temperature 
in soybean under short-day conditions. Plant Biotechnology 
Journal 21: 782-791. https://doi.org/10.1111/pbi.13996 

Todeschini MH, Milioli AS, Rosa AC, Dallacorte LV, Panho MC, 
Marchese JA, et al. 2019. Soybean genetic progress in South 
Brazil: physiological, phenological and agronomic traits. 
Euphytica 215:124. https://doi.org/10.1007/s10681-019-2439-9

Umburanas RC, Kawakami J, Ainsworth EA, Favarin JL, Anderle 
LZ, Dourado-Neto D, et al. 2022. Changes in soybean cultivars 
released over the past 50  years in southern Brazil. Scientific 
Reports 12: 508. https://doi.org/10.1038/s41598-021-04043-8

United States Department of Agriculture [USDA]. 2024. World 
agricultural production: global market analysis. Foreign Agricultural 
Service. Available at: https://apps.fas.usda.gov/psdonline/app/index.
html#/app/downloads [Accessed Jan 21, 2025]

Vilas-Boas ME, Miranda GV, Lunkes LL, Rocha DM. 2024. Diversity 
and productive potential of segregating soybean populations for 
low altitude and high temperature regions. Concilium 24: 450-
465 (in Portuguese, with abstract in English). 

Vollmann J, Škrabišová M. 2023. Going north: adaptation of 
soybean to long-day environments. Journal of Experimental 
Botany 74: 2933-2936. https://doi.org/10.1093/jxb/erad105

Wadt L, Brunetti HB, Silva EHMF, Melo MLA, Marin FR. 2025. Key 
Factors for Closing the Soybean Yield Gap in Brazil’s Leading 
Producing Region. International Journal of Plant Production 19: 
281-294. https://doi.org/10.1007/s42106-025-00333-7

Wen H, Wu T, Jia H, Song W, Xu C, Han T, et al. 2022. Analysis 
of Relationship between Soybean Relative Maturity Group, 
Crop Heat Units and ≥ 10°C Active Accumulated Temperature. 
Agronomy 12: 1444. https://doi.org/10.3390/agronomy12061444

Winck JEM, Tagliapietra EL, Schneider RA, Inklman VB, Nora 
MD, Savegnago C, et al. 2023. Decomposition of yield gap of 
soybean in environment×genetics×management in Southern 
Brazil. European Journal of Agronomy 145: 126795. https://doi.
org/10.1016/j.eja.2023.126795

Wu T, Wen H, Zhang X, Jia H, Xu C, Song W, et al. 2023. Genome-
wide association study for temperature response and photo-
thermal interaction of flowering time in soybean using a panel of 
cultivars with diverse maturity groups. Theoretical and Applied 
Genetics 136: 245. https://doi.org/10.1007/s00122-023-04496-7 

Zdziarski AD, Todeschini MH, Milioli AS, Woyann LG, Madureira 
A, Stoco MG, et al. 2018. Key Soybean Maturity Groups to 
Increase Grain Yield in Brazil. Crop Science 58: 1155-1165. 
https://doi.org/10.2135/cropsci2017.09.0581

Zhang LX, Kyei-Boahen S, Zhang J, Zhang MH, Freeland TB, Watson 
Jr CE, et al. 2007. Modifications of Optimum Adaptation Zones 
for Soybean Maturity Groups in the USA. Crop Management 6: 
1-11. https://doi.org/10.1094/CM-2007-0927-01-RS

https://doi.org/10.1002/csc2.20820
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_protegidas.php
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_protegidas.php
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_protegidas.php
https://sistemas.agricultura.gov.br/snpc/cultivarweb/cultivares_protegidas.php
https://doi.org/10.2134/agronj2016.10.0581
https://doi.org/10.1016/j.eja.2018.12.008
https://doi.org/10.17765/2176-9168.2023v16n2e10012
https://doi.org/10.17765/2176-9168.2023v16n2e10012
https://doi.org/10.1002/cft2.70042
https://doi.org/10.1002/cft2.70042
https://doi.org/10.2135/cropsci2013.10.0665
https://doi.org/10.2135/cropsci2013.10.0665
https://doi.org/10.1038/s41598-022-15022-y
https://doi.org/10.1371/journal.pone.0313151
https://doi.org/10.1016/j.eja.2023.126982
https://doi.org/10.1007/s10681-023-03283-1
https://doi.org/10.1007/s10681-023-03283-1
https://doi.org/10.3390/agriculture13010146
https://doi.org/10.3390/agriculture13010146
https://doi.org/10.2135/cssaspecpub33.c12
https://doi.org/10.2135/cssaspecpub33.c12
https://doi.org/10.1111/pbi.13996
https://doi.org/10.1007/s10681-019-2439-9
https://doi.org/10.1038/s41598-021-04043-8
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads
https://doi.org/10.1093/jxb/erad105
https://doi.org/10.1007/s42106-025-00333-7
https://doi.org/10.3390/agronomy12061444
https://doi.org/10.1016/j.eja.2023.126795
https://doi.org/10.1016/j.eja.2023.126795
https://doi.org/10.1007/s00122-023-04496-7
https://doi.org/10.1094/CM-2007-0927-01-RS

