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Soybean [Glycine max (L.) Merr.] production in the lowlands of Rio Grande do Sul,
Brazil, covers more than 50% of the area traditionally cropped with irrigated rice.
However, soybean yields in lowland fields average 3.0 Mg ha~!, which is well below
the potential yield (6.2 Mg ha~!) estimated for highland areas. This study examined
management practices affecting yield variability in 240 lowland fields over six grow-
ing seasons (2015-2016 to 2021-2022). Data were collected through on-farm surveys
and analyzed to evaluate the impact of key agronomic factors. The results show that
sowing date, crop rotation, liming, tillage, and fertilization are the main factors influ-
encing yield. Sowing between October 20 and November 17 resulted in the highest
yields (approximately 5 Mgha~!), while later sowing reduced yield by 4468 kg ha™!
per day, depending on the maturity group. Soybean monoculture yielded more than
soybean-rice (Oryza sativa L.) rotation, likely due to herbicide carryover and soil
compaction. Annual liming improved soil pH and increased yields compared to less
frequent applications. No-tillage systems increased yield by 339 kg ha~! compared
to conventional tillage, indicating benefits in soil structure and moisture retention.
Fertilizer use, especially P,O5 and K,O, was higher in the most productive fields,
although excessive application was less effective in compacted soils. These findings
provide practical strategies to reduce the yield gap in lowland soybean systems and
support more sustainable and cost-effective agriculture. Better management can align
yields with regional potential and reduce environmental impacts, contributing to the

advancement of lowland agriculture globally.

Abbreviations: HY, high yielding; LY, low yielding; MG, maturity group; RS, Rio Grande do Sul.
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1 | INTRODUCTION

Brazil is the world’s largest producer of soybeans [Glycine
max (L.)] and the top rice (Oryza sativa) producer in the
Americas (FAOSTAT, 2023). It also leads global soybean
exports. In southern Brazil, soybeans are grown on large,
mechanized farms in both highland and lowland areas. In the
lowlands, many farmers have started growing soybeans in
rotation with rice. This shift is mainly due to rising produc-
tion costs for rice and increased weed pressure (Agostinetto
et al., 2018). Today, about 60% of the rice-cultivated area
follows a rice—soybean rotation over 5 years (IRGA, 2023a;
Ribas et al., 2021). From 2010 to 2022, this change led to an
annual increase of around 29,000 ha of soybean in lowland
areas (Figure 1). Soybeans are attractive to farmers because
they have lower costs and higher prices compared to rice, and
yields have been increasing by an average of 107 kg ha=! per
year (IRGA, 2023b).
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FIGURE 1 Harvested area (solid lines with circle markers) and

actual yield (dashed lines with triangle markers) of soybean (green) and
rice (yellow—orange) in lowland regions of southern Brazil from 2010
to 2022. Source: IRGA (2023a, 2023b).

Plain Language Summary

Soybean is increasingly grown in southern Brazil’s lowland fields, but yields remain
low compared to the regional potential. This study examined 240 soybean fields over
6 years to identify the main management practices affecting yield. Results showed
that sowing date, crop rotation, lime application, tillage, and fertilization strongly
influenced productivity. Sowing between October 21 and November 17, applying
lime annually, and using no-tillage practices led to higher yields. Soybean mono-
culture performed better than soybean—rice rotation due to fewer soil and herbicide
issues. These findings offer practical solutions to help farmers close the yield gap
and improve sustainability in lowland soybean systems.

Even with this progress, average soybean yields in the low-
lands remain low, around 3.0 Mg ha~!, and water shortage is
one of the main factors contributing to this yield gap; however,
improving water supply alone is not sufficient (Tagliapietra
et al., 2021). Many other challenges in lowland areas affect
soybean yield and solving them requires a combination of
good management practices. For example, in the Brazilian
highlands, soybean yields have increased by 44% due to
better management, 42% from improved varieties, and 14%
from favorable weather (Winck et al., 2023). This shows the
importance of looking at multiple factors together.

There is still little information about which practices farm-
ers are using in lowland soybean systems and how these
practices affect yields. More research is needed to understand
what limits soybean productivity in these areas and what can
be done to improve it.

We hypothesized that management-related factors, rather
than environmental constraints alone, account for most of
the yield variability in lowland soybean systems. Specifically,
we expected that earlier sowing, appropriate maturity group
(MG) selection, frequent liming, and no-tillage practices
would be associated with higher yields.

Therefore, the goals of this study were to (1) identify the
key management factors explaining yield differences among
fields and (2) propose practical strategies to reduce the yield
gap in lowland soybean systems of southern Brazil.

2 | MATERIALS AND METHODS

2.1 | Study area

The study region is located in the state of Rio Grande do
Sul (RS), southern Brazil, where soybean is cultivated in
lowland areas (Figure 2). In this study, lowlands refer to
hydromorphic soils in flat areas with poor natural drainage,
traditionally used for irrigated rice and increasingly for rain-
fed soybean cultivation. In contrast, highlands correspond
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FIGURE 2 Map of Rio Grande do Sul (RS), Brazil, showing the
location of 240 fields (blue circles), all under a soybean-rice rotation
with annual sowing. The inset indicates the position of RS within
Brazil. Green areas represent the rice harvest area in RS. Source:
https://www.mapspam.info/.

to well-drained upland areas with gently undulating topog-
raphy, where soybean is typically grown in rotation with
maize (Zea mays L.) or wheat (Triticum aestivum L.) under
rainfed conditions. These contrasting environments differ
markedly in soil drainage, management history, and micro-
climate (Vieira et al., 2016; SOSBAI, 2022; Zanon et al.,
2016). According to Ribas et al. (2021), temperature and
solar radiation are generally lower in the southern part of RS,
whereas precipitation decreases along a northeast—southwest
gradient across the state. These climatic gradients define
the biophysical conditions for crop production in the region,
which, unlike tropical systems that allow multiple harvests
per year, support only a single annual crop cycle. In the low-
land areas of RS, soybean is typically cultivated either in
continuous soybean systems or, more recently, within a 2-
year soybean-rice rotation, in which the two crops alternate
annually.

No-till soybean sowing begins in mid-September and con-
tinues until early December. The crop is rainfed, relying on
stored soil moisture at sowing and seasonal rainfall to meet its
water requirements. Depending on location and year, plants
reach physiological maturity between February and April,
with mechanical harvest occurring about 2 weeks later. Early-
sown crops experience flowering and grain filling during
periods of peak solar radiation, resulting in higher yield poten-
tial, whereas late-sown crops tend to produce lower yields
due to reduced radiation and a lower photothermal quotient

Core Ideas

* Soybean yields in southern Brazil lowlands are
well below their estimated potential.

* On-farm data from 240 fields revealed key man-
agement factors affecting yield.

* Early sowing (October 21-November 17) com-
bined with maturity groups 6.0-6.4 maximized
yield.

* Annual liming and no-tillage systems were associ-
ated with higher productivity.

* Soybean monoculture outperformed soybean-rice
rotation in lowland systems.

(Zanon et al., 2016). In addition to a high likelihood of
excess water early in the season, water deficits frequently
occur during the reproductive stage, particularly during seed
filling.

Soybean cultivars grown in southern Brazil belong mostly
to MGs 5.0-7.0, which correspond to early- to medium-
late-maturing cultivars adapted to the region’s subtropical
photoperiod and temperature conditions (Zanon et al., 2015,
2016). The MG is a key management factor influencing the
sowing window, crop duration, and yield potential.

2.2 | On-farm database

Data on soybean yield and management practices were col-
lected over six growing seasons (2015-2016 to 2021-2022)
from fields under soybean-rice rotation systems in RS, south-
ern Brazil, with a focus on soybean management (Figure 2).
All surveyed fields were located in lowland areas, where
soybean is cultivated under rainfed conditions, relying on
stored soil moisture at sowing and rainfall during the growing
season.

A total of 240 fields were surveyed across 6 years. Data
were obtained through in-person interviews conducted by
crop advisors and extension staff from the Instituto Rio
Grandense do Arroz (IRGA). The survey gathered informa-
tion on field location, average yield (standardized to 13%
seed moisture for both rice and soybean), management prac-
tices (e.g., sowing date, MG, previous crop, tillage, liming,
and weed control before sowing), and input use (e.g., fertil-
izers, biocides, and fungicides) (Table S1). Reported yields
were calculated based on harvested grain weights (measured
on-farm or at grain silos) and corresponding field area.

All data were compiled into a digital database and carefully
verified to remove incomplete or inconsistent entries before
analysis.
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2.3 | Data analysis

To evaluate the combined influence of multiple manage-
ment practices on soybean yield, we applied a regression
tree analysis, a nonparametric multivariate approach that
identifies hierarchical relationships among explanatory vari-
ables (Breiman et al., 1984; De’ath & Fabricius, 2000). This
method simultaneously accounts for interactions among man-
agement factors—such as sowing date, MG, tillage, liming,
fertilization, and crop rotation—without assuming linear rela-
tionships. The analysis recursively partitions the dataset into
homogeneous subgroups, ranking variables according to their
relative importance in explaining yield variability (Grassini
et al., 2015; Sileshi, 2012; Tagliapietra et al., 2021). This
approach enables the prioritization of management factors
that most strongly contribute to high-yield performance under
comparable environmental and soil conditions.

We focused on variables with more than two categorical
levels (e.g., lime application frequency, MG, preceding win-
ter crop, and plowing technique) to quantify their relative
contribution to yield variability and to identify key manage-
ment pathways leading to higher soybean yield. To further
evaluate how management practices influenced yield, fields
were stratified into high-yielding (HY) and low-yielding (LY)
groups according to the upper and lower terciles of the
yield distribution within each growing season. This within-
season classification accounts for interannual variability and
is widely used in yield gap studies (Grassini et al., 2015;
Van Ittersum et al., 2013; Winck et al., 2023), allowing
comparisons among farms exposed to similar environmental
conditions.

A correlation analysis was initially conducted to identify
relationships between field-level yield and reported manage-
ment variables (e.g., sowing date, weed control, and previous
crop). Differences between HY and LY fields were assessed
using the Student’s r-test at a 5% significance level (@ = 0.05),
and when normality assumptions were not met, the Wilcoxon
test (Wilcoxon, 1945) was applied. Associations between
categorical variables (e.g., fertilizer and fungicide use) and
yield groups were evaluated using the chi-square test. Fields
with extremely low yields caused by catastrophic events such
as hail or prolonged waterlogging were excluded from the
analysis.

Boxplots were used to illustrate the distribution of man-
agement practices, and Tukey’s test was employed to assess
statistical differences among cropping sequences, tillage sys-
tems, and liming frequencies. One-way analysis of variance
was used to evaluate the effect of liming intervals on soybean
yield. All statistical analyses were performed using InfoStat
software (Balzarini et al., 2001).
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FIGURE 3 Relationship between sowing date and soybean yield
in lowland areas of Rio Grande do Sul. (A) Yield response to sowing
date, with a fitted boundary function (black line). The equations
indicate yield losses of —95 and —68 kg ha™! per day, respectively,
before and after the optimal sowing window. (B) Cumulative
probability of achieving different yield levels according to sowing date.
The vertical dashed line indicates the average yield threshold of 3.0 Mg
ha~!. Data are based on 161 soybean fields.

3 | RESULTS AND DISCUSSION

3.1 | Assessing yield gap by management
practices

HY fields produced 54% more yield and were sown 12 days
earlier than LY fields (Table 1). The highest yields were
associated with MG 6.2 soybean varieties and a sowing den-
sity of 26 seeds m~2. The percentage in HY fields was
also higher in soybean monoculture (56%), no-tillage (59%),
and annual liming (+71%) compared to LY fields. Among
these factors, sowing date, MG, tillage method, and previ-
ous crop were identified as the main contributors to yield
variability.
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TABLE 1
Grande do Sul, Brazil.

Variable n
Yield (kg ha™") 164
Sowing date (DOY) 145
MG 153
Soil pH 31
P,0; (kg ha™!) 129
K,O (kg ha™!) 74
Lime (% fields) 1 year 14
2 years 30
3 years 21
>3 years 25
Fungicides (N° spray) 126
Soil preparation (% Tillage 59
fields) No-tillage 37
Prev. summer (% Rice 62
fields) Soybean 48
Prev. winter (% fields) Pasture 49
Fallow 32
Planter (% fields) Smooth disk 11
Double disc 18
Turbo disk 19
Furrow rod 33
Without 13

Note: Values represent the mean differences between groups (HY — LY).

Comparison of management factors between high yielding (HY) and low yielding (LY) across 240 lowland soybean fields in Rio

HY LY HY — LY
3902.1 1810.6 2091.4%%*
November 8 November 20 —12.1%%*
6.2 6.4 —0.2%*%*
5.7 5.4 0.3%*
71.8 64.4 7.3*%
100.8 94.4 6.4%
70.6 29.4 41.2%
55.8 442 11.6%
51.6 48.4 3.2%
51 49 2.0%*
3 2 "

46.4 53.6 =772k
59 41 18.0%%*
43 57 —14.0%%*
56 44 12.0%%*
494 50.7 — 1.3k
37.5 62.5 —25.0%%*
38.5 61.5 —23.1%
70.8 29.2 41.7*
38.7 61.3 —22.6%*
56.6 434 113705
42.1 57.9 —15.8%*

Abbreviations: K, O, potassium fertilization; P, Oy, phosphorus fertilization; DOY, day of the year; lime, lime application; planter, planting method; Prev. summer, previous

summer crop; Prev. winter, previous winter crop.

*##% *% and * denote statistical significance at p < 0.01, p < 0.05, and p < 0.1 levels, respectively.

The highest yield (5 Mg ha™!) was achieved with sow-
ing between October 21 and November 17 (Figure 3A). Early
sowing (before October 20) resulted in a yield loss of 95 kg
ha™! per day, while late sowing (after November 18) led to
a loss of 68 kg ha~! per day. A cumulative yield probabil-
ity function was generated for three sowing windows: before
October 20, October 21-November 17, and after November
18 (Figure 3B). Yield probability below or above 3 Mg ha™!
is indicated by a vertical black dashed line. The analysis shows
a 60% chance of reaching 3 Mg ha~! or more when sow-
ing before October 20, compared to 30% when sowing after
November 18 Previous studies in Brazil (Tagliapietra et al.,
2021; Winck et al., 2023; Zanon et al., 2016) have shown that
these yield losses are closely related to reductions in the pho-
tothermal quotient during key reproductive stages, especially
from pod formation (R3) to physiological maturity (R7).

A regression tree analysis of HY and LY fields identi-
fied MG as the primary factor influencing yield variability
(Figure 4A and 4C). For HY fields, the highest yields (4.3
Mg ha~!) were observed in 25% of fields using MG below
5.9, particularly when no soil compaction was present. For
fields with MG > 5.9, yield was further influenced by phos-

phorus fertilization (P,0O5), soil compaction, and sowing date,
with fields sown before November 14 achieving better yields
(4.1 Mg ha~!) than those sown later (3.8 Mg ha™!).

In LY fields, MG > 6.7 was associated with the lowest
yields (1.4 Mg ha~1!), while better performance was observed
in fields with MG < 6.7 combined with higher P,O5 appli-
cation and earlier sowing (>November 18: 2.1 Mg ha~!).
The most common sowing dates and MGs for HY and LY
fields were November 8 (MG 6.2) and November 20 (MG
6.4), resulting in average yields of 3.3 and 1.8 Mg ha~!,
respectively.

These results confirm that early sowing combined with
appropriate MGs and effective soil and nutrient management
are critical to achieving high yields. Previous studies in Brazil
(Tagliapietra et al., 2021; Winck et al., 2023; Zanon et al.,
2016) have shown that yield losses with MGs above 5.6 and
sowing dates after November 18 are linked to lower photother-
mal quotients during key reproductive stages (R3—R7). While
farmers often choose sowing dates and MGs based on eco-
nomic and operational efficiency, these practices may limit
full yield potential, as noted by Winck et al. (2023). Further
research is needed to refine risk assessments and better quan-
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FIGURE 4

Regression tree analysis showing the main factors explaining soybean yield variability. Each terminal node displays the average

yield (Mg ha~!) and the percentage of field observations it represents. Panels (A) and (C) show the classification of high-yielding (HY) and

low-yielding (LY) groups, while panels (B) and (D) present the relative importance of each variable in explaining yield variation. DOY, day of the

year.
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tify the climatic impacts on yield potential in lowland soybean
systems of southern Brazil.

Understanding these risks, combined with core principles
of crop physiology and plant nutrition, provides valuable
guidance for reducing the yield gap between HY and LY
fields (Ribas et al., 2021). For instance, the regression tree
analysis (Figure 4) reinforces the critical role of selecting
appropriate MGs and sowing dates, along with effective soil
and nutrient management, to achieve higher yields. Addition-
ally, optimizing seed density is essential: HY fields had, on
average, higher sowing densities (26.4 seeds m~?) compared
to LY fields (24.6 seeds m~2), highlighting plant population
per unit area as a key determinant of yield (Table 1). Inade-
quate seed density, especially when combined with sowing
and establishment challenges, can reduce plant stands and
cause irreversible yield losses (Santachiara et al., 2017). This
issue is particularly severe in lowland areas, where hydro-
morphic soils and periods of excess or deficit moisture can
lead to seed rot or surface crusting, hindering emergence.
These findings demonstrate that management practices inter-
act strongly with environmental conditions to determine yield
formation. The combination of early sowing and appropriately
selected MGs optimizes the overlap between reproductive
stages and periods of high solar radiation, enhancing the pho-
tothermal quotient and potential pod number per unit area.
Conversely, delayed sowing shortens the critical grain-filling
window, reducing radiation interception and biomass accu-
mulation, which directly limits yield (Winck et al., 2023;
Zanon et al., 2016). The higher sowing densities observed in
HY fields likely contributed to improved canopy closure and
light capture, increasing radiation-use efficiency, as reported
by Santachiara et al. (2017). Together, these results confirm
that fine-tuning sowing date, plant population, and cultivar
cycle can close a large share of the yield gap observed between
HY and LY fields.

In terms of disease management, HY fields received
more fungicide applications than LY fields (three vs. two).
Fungicide effectiveness tends to be greater under favorable
conditions for pathogen development and depends on factors
such as cultivar susceptibility, sowing date (with earlier sow-
ing generally facing lower disease pressure), and prevailing
weather patterns (Del Ponte et al., 2006). Large-scale climate
phenomena such as El Nifio and La Nifia further influence
rainfall and temperature dynamics, thereby affecting both the
need for and performance of fungicide applications (Meus et
al., 2020).

Higher yield responses to fungicide application were
observed mainly in early-sown fields with medium to late
MGs, where longer crop duration coincided with favorable
conditions for disease development. In contrast, late-sown or
short-cycle cultivars showed limited response to fungicides
due to shorter canopy duration and lower disease pressure.
These patterns suggest that LY fields, often characterized by
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suboptimal management and soil fertility, have considerable
potential to increase yield through improved practices such as
regular liming, balanced fertilization, adequate MG selection,
and well-timed fungicide use.

3.2 | Soil fertility and acidity management

Soil acidity management emerged as a key factor distinguish-
ing HY and LY fields. Farmers in HY fields applied lime
more frequently than those in LY fields (Table 1). On aver-
age, liming increased soybean yield by 150 kg ha~! compared
to fields without lime application (Figure 5A). These gains
are attributed to improved soil chemical conditions, as liming
neutralizes acidity, reduces aluminum toxicity, and enhances
nutrient availability (Neina, 2019). In Brazil, Winck et al.
(2023) reported a yield loss of 151 kg ha™! for every 0.1-unit
decrease in soil pH below 5.5 in soybean highland areas.

Our results also show a clear relationship between lime
application frequency and yield: annual applications resulted
in significantly higher yields than longer intervals applica-
tions (Figure 5B). This supports findings by Li et al. (2018),
who noted that soil pH improvements are most effective
within the first few years after liming. Maintaining annual
applications helps sustain optimal soil pH, fostering bet-
ter growing conditions over time. Without regular liming,
soil acidity tends to reaccumulate, limiting nutrient avail-
ability and negatively impacting crop growth (Kassel, 2009;
Li et al., 2018; Rippy et al., 2007; Woodard & Bly, 2010).
The consistent yield advantage observed with frequent liming
reinforces the cumulative effect of long-term soil management
on lowland productivity. In these hydromorphic environ-
ments, maintaining a balanced pH not only enhances nutrient
availability but also stimulates microbial activity and root
development (Neina et al., 2019). As a result, crops can sus-
tain higher nutrient uptake efficiency even under variable
moisture conditions. This is particularly relevant for lowland
systems, where acidification tends to progress faster due to
intensive rice—soybean rotations and the use of acidifying fer-
tilizers (Li et al., 2018). Therefore, combining annual liming
with strategic phosphorus and potassium fertilization repre-
sents a practical pathway to sustain soil fertility and improve
resilience in these areas.

Beyond soybean, soil pH correction is also crucial for
rice production. The positive response observed in rice yield
(Figure 5C) highlights the critical role of pH management:
yields decline sharply when pH drops below 5.5, with esti-
mated losses of 197 kg ha~! for every 0.1-unit decrease.
According to Yoshida (1981), the ideal soil pH range for irri-
gated rice is 5.5-6.5. Fageria and Baligar (2003) reported
more than 20% yield reductions when soil pH falls below
this threshold, due to nutrient uptake and negative effects on
microbial activity and phosphorus availability.
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Li et al. (2019) emphasized that soil pH directly affects
nutrient availability, and that fertilizer efficiency can be
improved by increasing soil organic matter. Consistent with
this, our data show that HY fields applied higher rates of P,O5
and K,O (72 kg ha=! and 101 kg ha~!, respectively) com-
pared to LY fields (64 kg ha~! and 94 kg ha~!). This suggests
a common practice among farmers of increasing phospho-
rus and potassium fertilization to boost yields. However, in
highly productive fields, this strategy alone was insufficient
to fully meet crop demands or sustainably improve soil fertil-
ity. As Menezes et al. (2012) observed, nutrient use efficiency
declines in compacted soils, and increased fertilization with-
out addressing compaction does not improve productivity a
pattern also evident in our data (Figure 4B,D).

These findings emphasize the importance of combining
soil fertility management with soil structure improvements.
The use of no-tillage—which enhances soil health—was

associated with a 339 kg ha~! yield increase compared to con-
ventional tillage (Table 1). No-tillage preserves soil porosity,
improves water infiltration, and gradually reduces compaction
(Haruna & Nkongolo, 2019; Neupane et al., 2021). Our results
align with Giacomeli et al. (2021), who reported lower soy-
bean yields under conventional tillage due to increased soil
resistance to penetration in Brazil. Furthermore, herbicide
carryover combined with soil degradation from tillage can fur-
ther reduce productivity in lowland systems, underscoring the
need for integrated management strategies.

3.3 | Soil structural quality and crop
sequence

The results highlight the importance of sustainable soil man-
agement, particularly the adoption of no-tillage and strategic
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crop sequencing. A higher proportion of soybean—pasture
rotation was observed in HY fields compared to LY fields
(Table 1), suggesting that using pasture as a preceding crop
can improve soil structure and fertility, contributing to higher
yields. Marin et al. (2022) demonstrated the potential for
expanding soybean cultivation in pasture-based livestock
areas in Brazil without increasing deforestation.

In contrast, soybean-rice rotation did not enhance soybean
yields compared to soybean monoculture; in fact, monocul-
ture yielded 515 kg ha~! more on average (Figure 6A). This
may be related to soil chemical conditions and residual her-
bicides like imazapyr and imazapic, commonly applied in
lowland rice systems. These residues can cause phytotoxic-
ity in soybean, particularly in fields with a long history of
rice cultivation (Oliveira et al., 2019; Santos et al., 2022).
These findings underscore the importance of considering
cropping history and soil conditions when planning rotations,
especially in no-tillage systems where soil health and struc-
ture are essential for productivity. Accumulated herbicide
residues and soil compaction can significantly hinder crop
performance, reinforcing the need for careful management to
maintain sustainable and productive rotation systems.

In addition to rotation, tillage practices also had a notable
impact. Figure 6B shows that no-tillage was associated with
higher soybean yields compared to conventional tillage, with
an average gain of 339 kg ha™!. No-tillage systems improve
soil porosity, water infiltration, and gradually reduce com-
paction (Haruna & Nkongolo, 2019; Neupane et al., 2021),
contributing to better growing conditions. These results align
with Giacomeli et al. (2021), who reported that conventional
tillage increases soil resistance to penetration, negatively
affecting soybean yield.These findings highlight that soil
structure and crop sequence interact to determine long-term
productivity in lowland systems. The adoption of no-tillage
combined with pasture phases helps rebuild soil physical
quality, reducing compaction and improving water infiltra-
tion and aeration (Haruna & Nkongolo, 2019; Neupane
et al., 2021). Additionally, integrating cover crops or pasture

legumes between rice—soybean cycles could further enhance
soil carbon sequestration and nutrient cycling, as suggested by
Giacomeli et al. (2021) and Marin et al. (2022). Such practices
contribute not only to yield stability but also to greater system
sustainability—key goals for modern lowland agriculture.

Building on these findings, this study identified key factors
contributing to yield variability in lowland soybean pro-
duction. The results offer practical guidance for farmers to
optimize management with minimal or no added cost. For
instance, our data indicate that soybean in HY fields was
sown, on average, 12 days earlier than in LY fields. Given
the documented yield loss of 44 kg ha~! per day of delayed
sowing in Brazil (Winck et al., 2023), this earlier sowing rep-
resents an estimated gain of 528 kg ha~! approximately 25%
of the yield gap between HY and LY fields (2091 kg ha™';
Table 1).

To reduce yield variability in lowland soybean systems,
farmers can focus on the following practices: (1) sow-
ing between October 21 and November 17, (2) managing
herbicides and soil compaction in rotation systems, (3) apply-
ing lime regularly, (4) adopting no-tillage systems, and (5)
improving fertilizer efficiency through targeted management.

The results of this study provide guidance for reducing
yield gaps in lowland soybean systems. High-yield fields pro-
duced 54% more than low-yield fields and were sown, on
average, 12 days earlier, indicating that sowing date is a
decisive and low-cost management lever. Maximum yields
(5 Mg ha~!) were concentrated within the sowing window
from October 21 to November 17, showing that avoiding
sowing before October 20 can reduce yield penalties in low-
land environments. In addition, phosphorus and potassium
availability explained a larger share of yield variation in low-
yield fields, highlighting nutrient management as a priority
for closing yield gaps. These findings suggest that farmers
can improve soybean yield by aligning sowing dates with
the identified optimal window, maintaining adequate soil P
and K levels through regular soil testing and fertilization,
and prioritizing fertility correction over changes in cultivar
MG. Together, these practices provide a practical and scal-
able pathway to reduce yield variability and increase soybean
yields in lowland systems of southern Brazil.

4 | CONCLUSION

This study identifies key management practices that help
reduce yield variability in lowland soybean systems in RS.
Practices such as sowing within the optimal time window,
regular lime application, adopting no-tillage systems, and
implementing strategic crop rotations, especially soybean
monoculture, were associated with higher productivity. In
contrast, soybean-rice rotations may limit yields due to resid-
ual herbicide effects and soil compaction. The results empha-
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size the importance of maintaining soil health and applying
site-specific management strategies to close the yield gap
between high- and low-performing fields. These findings
provide practical guidance for farmers and inform policies
that support sustainable, high-yielding soybean production
in lowland areas, balancing productivity with environmental
responsibility.
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