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ABSTRACT

Sustainable agriculture is essential for increasing land
use and food security by reducing the yield gap. This study
quantified yield gap components in integrated crop-forest
(ICF), no-tillage (NT), and conventional tillage (CT) systems
of soybean cultivated during the 2021/2022 and 2022/2023
growing seasons, in soil with 84 % of sand, over a degraded
pastureland. The actual yield, leaf nutrients, soil properties,
potential and attainable yields were estimated. The potential
yield averaged 10,560 kg ha', whereas the attainable yield
reached 6,401 kg ha' for NT. The actual yield averaged
5,065 kgha'inNT, 4,394 kgha' in ICF and 1,958 kg ha! in CT.
The agricultural efficiency reached 80 % in NT, 70 % in ICF, and
32 % in CT. In ICF, the total yield gap was 44 % (agricultural
management - 20 %; land allocation to trees - 14 %; interspecific
competition - 10 %). The climate efficiency ranged from 45 %,
in 2021/2022, under severe water deficit, to 81 %, in 2022/2023,
under a better rainfall distribution. The water availability was the
main factor driving the seasonal yield variability, with NT being
the most efficient system, whereas ICF showed an intermediate
performance, but with both improving the soil quality. ICF
achieved an agricultural efficiency comparable to the national
average for soybean, demonstrating its potential to a sustainable
grain and wood production in sandy soil.

RESUMO

Lacuna de produtividade para a soja
em sistemas de integracdo lavoura-floresta,
convencional e plantio direto em solo arenoso

A agricultura sustentavel ¢ essencial para ampliar o
uso da terra e a seguranca alimentar, reduzindo a lacuna de
produtividade. Este estudo quantificou os componentes da lacuna
de produtividade em sistemas de integragao lavoura-floresta (ILP),
plantio direto (PD) e preparo convencional (PC) de soja cultivada
nas safras 2021/2022 e 2022/2023, em solo com 84 % de areia,
sob pastagem degradada. Foram avaliados a produtividade real,
nutrientes foliares, propriedades do solo, produtividade potencial
e atingivel. A produtividade potencial média foi de 10.560 kg ha™',
enquanto a maior produtividade atingivel alcangou 6.401 kg ha!
no PD. A produtividade real média foi de 5.065 kg ha' no PD,
4.394kgha'noILPe 1.958 kgha' no PC. A eficiéncia agricola foi
de 80 % no PD, 70 % no ILP ¢ 32 % no PC. No ILP, a lacuna total
alcangou 44 % (manejo - 20 %; alocag@o de area para arvores - 14%;
competicdo interespecifica - 10%). A eficiéncia climética variou
de 45 %, em 2021/2022, sob severo déficit hidrico, a 81 %, em
2022/2023, com melhor distribui¢ao das chuvas. A disponibilidade
hidrica foi o principal fator determinante da variabilidade produtiva
entre as safras, sendo o PD o sistema mais eficiente, enquanto o ILP
apresentou desempenho intermediario, mas ambos promoveram
melhoria na qualidade do solo. O ILP alcangou eficiéncia agricola
comparavel a média nacional para a soja, demonstrando potencial
para produgdo de graos e madeira em solo arenoso.

KEYWORDS: Soil management, climate variability, degraded
pastureland.

INTRODUCTION

The integrated crop-forestry system (ICF) has
emerged as an approach for sustainable agricultural
intensification (van der Linden et al. 2018), particularly
in tropical regions, such as Brazil, being an alternative

PALAVRAS-CHAVES: Manejo de solo, variabilidade climatica,
pastagem degradada.

to the single crop production under tillage or no-
tillage systems. ICF is especially relevant in sandy
soils, as it presents substantial challenges such as low
water and nutrient retention capacity, which limit
agricultural productivity and compromise sustainable
land use (Diamantis et al. 2020, Gondek et al. 2020).
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Implementing ICF in sandy soils requires a
careful approach, due to the complex interactions
between plants and soil, which can mitigate
or exacerbate the limitations imposed by these
edaphic conditions (Lemos-Junior et al. 2016).
There is competition for resources, such as water
and nutrients, between trees and crops (Mesquita
et al. 2023), resulting in a significant yield gap
(Henderson et al. 2016, Barretto & Bonini Neto
2022). Competition is exacerbated during periods
of water stress, requiring management practices
to minimize losses and maximize the resource use
efficiency (Battisti & Sentelhas 2014, Donagemma
et al. 2016).

The yield gap is quantified using crop models
calibrated for high-yield reference environments
(Lobell et al. 2009), in which yield is primarily
determined by edaphoclimatic conditions and
management-related constraints are minimized
(Battisti et al. 2017a). Applying this framework to
single-crop systems, the yield gap by water deficit
and agricultural management were 18.5 and 44.7 %,
respectively, for soybean (Marin et al. 2022), and
37 and 36 %, respectively, for eucalyptus (Elli et al.
2019), the main annual and tree crops used in ICF.
However, to the best of our knowledge, quantitative
assessments of yield gap components remain scarce
for ICF.

The presence of trees in ICF reduces the
area available for annual crops, which reduces the
agricultural efficiency per hectare and affects the
economic viability of the system. This loss can be

offset by the additional production of forest biomass
and animals in advanced growing seasons (Pezzopane
et al. 2019) and improvements in soil quality and
carbon sequestration, which are fundamental for long-
term sustainability (Gondek et al. 2020, Barretto &
Bonini Neto 2022).

This study aimed to determine the amount
and partitioning of yield gaps using ICF, no-tillage,
and conventional tillage systems in two growing
seasons, as well as their impacts on soil properties.
This approach provides a deeper understanding of
the limitations and potential of integrated systems
in sandy soils, offering guidelines for optimizing
agricultural management practices in tropical regions.

MATERIAL AND METHODS

The study was carried out in Nova Andradina,
Mato Grosso do Sul state, Brazil (22°04°48”S,
53°28°14”W, and altitude of 345 m) (Figure la).
According to the Kdppen-Geiger classification
system, the climate is mesothermal type Cwa, with
dry winters and hot summers (Alvares et al. 2013).
The maximum and minimum mean temperatures
during the soybean growing seasons were 34.1 and
16.3 °C, respectively, and the average annual rainfall
was 1,460 mm.

The soil was classified as a sandy-textured
Typic Haplorthox, which corresponds to Oxisol
(USDA 2022). The soil granulometric analysis
indicated clay, silt, and sand proportions of 100,
60, and 840 g kg™, respectively. The soil chemical

Latitude

30°5 -

40°5 -

Experimental area
50°8 =

1
200W

1 1 1
30°W 40°W 30°W

W 60°W

Longitude

Figure 1. Location of the field experiment in Nova Andradina, Mato Grosso do Sul state, Brazil (a); field experiment landscape (b);
and overview of no-tillage (NT), conventional tillage (CT), and integrated crop-forest (ICF) (c) systems.
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properties were determined using the methodology
described by van Raij et al. (1997), as follows:
pH (CaCl2 0.01 M) = 4.6; P = 0.90 mg dm-
(Mehlich-1); B = 0.20 mg dm? (hot water); Cu =
0.10 mg dm3 (DTPA); Fe = 15.0 mg dm3 (DTPA);
Mn = 13.0 mg dm? (DTPA); Zn = 0.75 mg dm?
(DTPA); K = 0.50 mmol_ dm? (resin); Ca =
8.0 mmol dm™ (resin); Mg = 2.0 mmol_dm? (resin);
H + Al = 14.0 mmol_, dm® (SMP buffer); CEC =
24.5 mmol_dm”.

Three cultivation systems were installed
in October 2021, over a degraded pastureland
(Figure 1b): no-tillage (NT), conventional tillage
(CT), and integrated crop-forest (ICF). The treatments
were arranged in a systematic layout along the slope
gradient, selected based on the homogeneous soil
conditions and the nature of the applied treatments.
Each treatment was established in an experimental
area of 1.2 ha. Data collection was performed
using four experimental units of 0.06 ha, with each
composed of 3 subsamples. In ICF, subsampling
points were distributed along the tree gradient line,
capturing the spatial variability between trees rows. A
description of the management practices is presented
in Table 1.

Soybean (TMG 7062 IPRO cultivar) was
sown on 15 Nov. 2021 and 01 Dec. 2022 and
harvested on 15 Mar. 2022 and 21 Mar. 2023.
The soybean seeds were treated with fungicides
(carboxin + thiram at 100 g + 100 g a.i. 100 kg
of seeds) before the inoculation and sowing. Seed
inoculation was performed 1 h before sowing
by evenly coating the seeds with an appropriate
amount of inoculant containing SEMIA 5079

(Bradyrhizobium japonicum) and SEMIA 5080
(Bradyrhizobium diazoefficiens). Phytosanitary
treatments were carried out based on the needs and
recommendations for soybean (Seixas et al. 2020).
At the beginning of the soybean sowing, carbonate
was applied to raise the base saturation to 70 % (van
Raij et al. 1997). Soybean fertilization is described
in Table 1.

Soil samples were collected at the soybean
harvest in both growing seasons, to evaluate the soil
physical properties, using an undisturbed structure at
a soil depth of 0.0-0.10 m, with 100-cm? volumetric
cores 0f 0.05 m in height x 0.05 m in diameter. These
samples were saturated with water by capillarity for
48 h. After saturation, the weight of each sample was
measured, and the samples were subjected to matric
potentials of -1 and -10 kPa, using a tension table.
Once equilibrium was reached, as indicated by the
cessation of water drainage, the sample masses were
measured again. The samples were subsequently
oven-dried at approximately 105 °C, for 24 h, and
the final sample weight was recorded. Soil porosity
in the macropore domain, soil water storage, and
air storage capacity were determined following the
methodology of Reynolds et al. (2009), and soil bulk
density was calculated as described by Grossman &
Reinsch (2002).

Nutrient concentrations were analyzed in
soybean leaves at full flowering (R2 soybean
phenological stage) (Fehr & Caviness 1977). The
third fully expanded leaf from the shoot apex was
sampled. Leaves were dried in an oven at 65 °C to
a constant weight, and then ground in a Willey-type
mill with I-mm screen for macro- and micronutrient

Table 1. Description of management practices for integrated crop-forest (ICF), no-tillage (NT), and conventional tillage (CT) systems.

System

Management

For soybean production, 26 kg ha' of phosphorus and 36 kg ha! of potassium fertilizer were applied at sowing plus

60 kg ha! applied by broadcast when the cover crop was present, with sowing over millet (Pennisetum glaucum L.)

mulch, which was broadcast at seeding at 90 days before the soybean sowing. Eucalyptus clone A217 (Eucalyptus

ICF grandis x E. urophylla) was previously planted as a tree component before the soybean sowing. Eucalyptus planting was
carried out in simple rows, with a spacing of 3.0 m between plants and 7 m between rows. Between the eucalyptus rows,
14 soybean rows were sown with a spacing of 0.40 m. The eucalyptus clones had an initial height of 0.30 m and reached
an average of 1.50 m in the second year.

NT Soybean was sown with a row spacing of 0.40 m over millet (Pennisetum glaucum L.) mulch, which was broadcast at

seeding at 90 days before the soybean sowing. Fertilization was the same as that for ICF.

Tillage was completed by heavy disk harrowing followed by light disk harrowing to prepare the soil for sowing. Soybean
CT was sown with a row spacing of 0.40 m, and fertilization was as described for ICF during sowing, and 60 kg ha' of
potassium were applied by broadcast at 15 days before the soybean sowing.
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analyses. Nitrogen was extracted by sulfuric acid
digestion, and the content was determined using
the Kjeldahl method (Santos et al. 2015). P, K, Ca,
Mg, and S were extracted using nitroperchloric
acid digestion and determined by atomic absorption
spectroscopy (Santos et al. 2017). At harvest, the
grain yield was evaluated based on the mass of grains
with a standard water content of 130 g kg™! obtained
from 3 subsamples (5.4 m?) in each experimental unit.

The potential and attainable yields were
obtained using the FAO-Agroecological model
adapted and calibrated for soybean across Brazilian
growing conditions with higher management
efficiency. The calibration used for the crop model
had a relatively mean absolute error of 17 % and
Willmott index of 0.91 (Battisti et al. 2017b, 2018).
The daily weather data, including solar radiation, air
temperature, wind speed, and relative humidity, for the
field experiment were obtained from NASAPOWER
(Stackhouse 2024) and validated by Battisti et al.
(2024), whereas rainfall was obtained from Agritempo
(2024). The water balance proposed by Thornthwaite
and Mather was used to quantify the water deficit and
surplus throughout the growing season.

The simulation was performed for three
land-use systems (ICF, NT, and CT), considering
two growing seasons (2021/2022 and 2022/2023).
The total water available to the crop in the soil was
obtained using the pedotransfer function described
by Medrado & Lima (2014), based on the soil bulk
density and clay, sand, silt, and organic matter
contents in each land-use system and growing season,
and input in the crop model. The maximum root depth
was defined as 60 cm, based on local observations,
and was used to calculate the total water available to
the crop.

The potential, attainable, and actual yields
were used to estimate the yield gap (Battisti et
al. 2018). The difference between potential and
attainable yield defined the yield gap by water
deficit, and the difference between attainable and
actual yield defined the yield gap by management.
The relationship between attainable and potential
yield and between actual and attainable yield defined
the climate efficiency and agricultural management
efficiency, respectively. The land-use systems were
compared by quantifying the absolute and relative
yield gap by management using the maximum
attainable yield across systems as the reference and
ranking systems according to the actual yield.

In ICF, the yield gap associated with area
reduction due to tree occupation was quantified
by comparing the total land area with the effective
available area for soybean cultivation, resulting
in the area-adjusted agricultural management
efficiency. The yield gap attributed to intercropping
competition was estimated as the difference in actual
yield between NT and ICF, without considering the
yield gap associated with area reduction. The yield
gap attributed to intercropping competition was
considered a component of yield gap by management
in ICF, and yield gap associated with area reduction
was an additional yield gap, since the actual yield
in ICF was normalized to exclude area losses for
comparative purposes.

Statistical analysis followed the randomized
block design, due to the adopted systematic
experimental layout (Alvarez & Alvarez 2013).
Analysis of variance (Anova) and the Scott-Knott
mean test (5 %) were applied to evaluate the effects
of the production system and growing seasons on
field data, including the actual yield, leaf nutrient
concentration, soil bulk density, macroporosity, soil
water storage capacity, and soil air storage capacity.
Statistical analyses were performed using the R
software (R Core Team 2024), with the ‘ExpDes’
package (Ferreira 2014).

RESULTS AND DISCUSSION

The potential yield averaged 10,560 kg
ha' across the growing seasons, with 12,060 kg
ha' in 2021/2022 and 9,060 kg ha' in 2022/2023
(Table 2). Potential yield represents the interaction
among air temperature, solar radiation, and growth
cycle length linked to different sowing dates and
climate conditions between growing seasons
(Sampaio et al. 2020). The attainable yield was 6,392;
6,401; and 6,264 for ICF, NT and CT, respectively,
after penalizing the potential yield by water deficit
(Table 2). The water deficit led to a yield reduction
greater than 6,625 kg ha! in the 2021/2022 growing
season and lower than 1,707 kg ha in the 2022/2023
season. This aligns with Hatfield & Dold (2018),
who identified water availability as one of the main
determinants of yield variation in agriculture.

The actual yield for ICF, NT, and CT was
4,185; 4,824; and 1,865 kg ha!, respectively, in the
2021/2022 growing season, and 4,604; 5,306; and
2,051 kg ha'', respectively, in the 2022/2023 growing
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Table 2. Potential (PPy), attainable (ATy), and actual yield (ACy) and yield gap (YG) by water deficit (WD), management (MG),
area reduction (AR), and intercropping competition (IC) for soybean under integrated crop-forest (ICF), no-tillage (NT),
and conventional tillage (CT) systems, during the 2021/2022 and 2022/2023 growing seasons.

YG
System PPy ATy ACY! YGuo YGyo YGal? YG
kg ha'!

2021/2022 growing season
ICF 12,060 5,415 4,185'bB 6,633 1,230 837 639
NT 12,060 5,423 4,824 bA 6,625 5,990 - -
CT 12,060 5,300 1,865 bC 6,748 3,435 - -

2022/2023 growing season
ICF 9,060 7,369 4,604' aB 1,716 2,765 921 703
NT 9,060 7,378 5,306 aA 1,707 2,072 - -
CT 9,060 7,229 2,051 aC 1,856 5,177 - -

Average of both growing seasons

ICF 10,560 6,392 4,394' B 4,174 1,998 879 671
NT 10,560 6,401 5,065 A 4,166 1,335 - -
CT 10,560 6,264 1,958 C 4,302 4,306 - -

! Adjusted to 100 % of the area with soybean; > YG,, was obtained by reducing the actual yield by 14 %, due to land use by trees; * YG,. was the difference between the
actual yield from NT and ICF, as a component of YG,; * distinct lowercase letters in ACy differ between growing seasons in each land-use system. Distinct uppercase
letters in ACy differ in land-use systems within each growing season based on the Scott-Knott test at 5 % of significance.

season (Table 2). The actual yield was statistically
different between the growing seasons in the same
land-use system, and NT was superior to ICF,
whereas CT had the worst performance. NT and ICF
had advantages over CT, because these systems had
a no-tillage soil management. Management affects
the total water available to the crop calculated as
input in the model, which was 67.62 and 67.29 mm
in NT, 67.05 and 66.71 mm in ICF, and 58.68 and
58.62 mm in CT, in the 2021/2022 and 2022/2023
growing seasons, respectively. Compared to CT, the
difference in the total water available to the crop
was 15 and 14 % higher in the 0-10-cm layer for NT
and ICF, respectively. This result is similar to the
17-25 % increase observed by Assis et al. (2015) in
areas with clay soil under ICF, when compared to
degraded pasture.

The higher available water under NT and
ICF showed an improvement in the soil physical
properties. A greater macroporosity, water retention,
and air storage capacity have been observed in the
NT system (Moraes et al. 2020, Mulazzani et al.
2024), even with a short implementation period.
These characteristics contribute to an enhanced soil
structure, promoting a better water infiltration, root
development, and soil health (Salton et al. 2014).

The yield gap by management had a mean
of 1,998; 1,335; and 4,306 kg ha! for ICF, NT, and
CT, respectively, when considering the use of 100 %

of the area by soybean in ICF (Table 2). The yield
gap by management for ICF includes yield gap by
intercropping competition, which was quantified
as 671 kg ha’', representing a reduction of 13 % in
relation to NT. Additionally, ICF had a yield gap of
14 %, due to the reduction of the growing area for
soybean by tree growth, reducing the absolute yield in
879 kg ha'!, totalizing a yield gap by management of
2,877 kg ha'', which represents 44 % of the attainable
yield.

The 2021/2022 and 2022/2023 growing seasons
had different conditions to water availability, showing,
respectively, a climate management (attainable yield/
potential yield) of 45 % (5,379/12,060 kg ha') and
81 % (7,325/9,060 kg ha') (Tables 2 and 3). The
2022/2023 growing season had a better rainfall
distribution during the critical crop phase (Figure 2b),
resulting in an optimal climate efficiency above
80 % (Battisti et al. 2018). The variability in water
availability during the two growing seasons reflects
the sensitivity of the cropping systems, as soil
management is crucial for mitigating water deficits
(Hatfield & Dold 2018).

The water deficit occurred during the
soybean’s critical period in the 2021/2022 growing
season (Figure 2a), resulting in a total water
deficit of 367 mm. The soybean had a potential
evapotranspiration of 730 mm, and only 362 mm
were supplied. The 2022/2023 growing season
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Table 3. Climate (CE), agricultural management (AE), and agricultural management adjusted (AE ) efficiencies for soybean under
integrated crop-forest (ICF), no-tillage (NT), and conventional tillage (CT) systems, in the 2021/2022 and 2022/2023

growing seasons.

CE AE AE,'! CE AE AE,! CE AE AE,'!
Land use Growing season
2021/2022 2022/2023 Average
%
ICF 45 77 62 81 62 50 63 70 56
NT 45 89 - 81 72 - 63 80 -
CT 44 35 - 80 25 - 62 32 -

! Obtained by reducing the actual yield by 14 %, due to land use by trees.
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Figure 2. Water deficit and surplus obtained from the water balance for the 2021/2022 (a) and 2022/2023 (b) soybean growing
seasons. The critical period was defined as the period between the start of flowering (R1) and the end of grain filling (R6).

showed a lower water deficit (Figure 2b), in which
the crop had an actual evapotranspiration of 468 mm
from a potential of 584 mm, showing a water deficit
of 115 mm and water surplus of 689 mm, when
compared to 162 mm in the previous season.

The agricultural management efficiency was
77, 89, and 35 % for ICF, NT, and CT, respectively,
in the 2021/2022 growing season (Table 3). However,
when the land lost to trees was included in ICF, the
area-adjusted agricultural management efficiency
dropped to 62 %. The agricultural management
efficiency was lower in 2022/2023 than in 2021/2022,
even with better climate conditions, leading to an
agricultural management efficiency of 62, 72, and
25 % for ICF, NT, and CT, respectively, and an
area-adjusted agricultural management efficiency
of 50 % for ICF (Table 3). The reduction in
agricultural management efficiency under conditions
of greater water availability is associated with
a higher attainable yield, which demands more

precise management to fully exploit the increased
yield (Battisti et al. 2018). Moreover, improved
water availability is often linked to higher rainfall,
which intensifies management challenges, including
increased disease and pest pressure, and constraints
related to planting and harvesting operations (Santos
etal. 2021).

On average, the area-adjusted agricultural
management efficiency was 56 % for ICF, with
a difference of 24 % from NT. NT reached an
agricultural management efficiency of 80 %, whereas
CT had an agricultural management efficiency
of 32 %. The mean agricultural management
efficiency was 70 % for ICF and 80 % for NT
(Table 3). This shows that the competition between
soybean and eucalyptus in ICF resulted in an
agricultural management efficiency reduction of
10 %. The competition was 2 % higher in the drier
growing season (2021/2022) than in the wet season
(2022/2023). The presence of trees can, in some
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contexts, improve the water-use efficiency due to
their ability to access deeper water resources (Ong et
al. 2002, Sanz et al. 2020). However, in sandy soil,
competition between the shallow roots of annual
crops and trees can be detrimental, significantly
reducing yield (Garcia et al. 2022).

The maximum yield simulated for soybean was
6,401 kg ha'!, when considering the average attainable
yield across growing season in the NT (Figure 3a).
NT was the best land-use system, resulting in a
yield gap by management of 1,320 kg ha' and
actual yield of 5,040 kg ha!'. ICF had an actual
yield of 3,540 kg ha’', leading to a difference of
1,500 kg ha! from NT, of which 840 kg ha! were
due to land-area loss by tree establishment and
660 kg ha! due to interspecific species competition
(Figure 3a). A higher yield difference was observed
between NT and CT, as CT had an actual yield of
1,980 kg ha'!, showing a difference of 3,060 kg ha™!
from NT (Figure 3a).

The yield gap was decomposed by ranking the
land-use systems from best to worst performance,
from NT to CT. NT was limited by a yield gap by
management of 21 %, based on the crop model
reference yield (Figure 3b), which was near the
maximum acceptable value of 20 % (Lobell et
al. 2009). ICF showed a yield gap of 24 %, when
compared to NT, 10 % of which were due to
interspecific competition and 14 % due to land loss by
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trees. Behling et al. (2023) observed a yield reduction
between 14 and 26 % in soybean, when it was grown
with eucalyptus, at 7 years after planting. CT had
a yield gap of 24 %, if compared to ICF, resulting
in a final agricultural management efficiency of
31 % (Figure 3b), which was lower than the national
agricultural management efficiency of 56 % (Marin
etal. 2022). Under ICF, the agricultural management
efficiency was 55 %, when considering a yield gap of
10 % for intercrop competition, of which 14 % were
due to the area lost for tree growth and 21 % due to
agricultural management. This was still comparable
to the national average yield gap of 44 % for soybean
(Marin et al. 2022).

The agricultural management efficiency is in
line with the soil properties measured in the land
systems, in which the bulk density was significantly
higher in CT (1.7275 Mg m™), in comparison to
ICF (1.5895 Mg m?) and NT (1.5740 Mg m™), in
the 2021/2022 growing season, indicating a greater
soil compaction (Table 4). In contrast, the porosity
in the soil macropore domain was higher under
ICF (0.02750 m®* m?) and NT (0.02685 m* m?),
when compared to CT (0.01895 m* m?). Likewise,
both the soil water storage capacity and soil air
storage capacity were higher in ICF (0.7905 and
0.2125 m?® m3, respectively) and NT (0.7750 and
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§ 50 A
S 40
> YG
2 30 1 MG (ICLF x CT)
5 20 A
[}
=2 10

0

NT ICLFS CT

Yield gap relation source

Figure 3. Maximum soybean yield (max yield; stronger green; obtained from the crop model considering soil properties from the
no-tillage system - NT), actual yield, yield gap (YG) by agricultural management (MG) for no-tillage (NT) compared to
maximum yield, and YG by MG due to the reduction in the area for tree growth (AR) and intercropping competition (IC)
under integrated crop-forest (ICF) and conventional tillage (CT) systems compared to NT (a); and relative YG for the
land-use system under NT to lower agricultural management efficiency (ME) under CT (b), based on the mean difference

between growing seasons.
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Table 4. Soil bulk density, porosity in the soil macropore domain, soil water storage capacity, and soil air storage capacity under
integrated crop-forest (ICF), no-tillage (NT), and conventional tillage (CT) systems, in the 2021/2022 and 2022/2023

growing seasons.

Soil bulk density  Porosity in the soil macropore domain

Soil water storage capacity  Soil air storage capacity

System Mg m* o m
2021/2022 growing season
ICF 1.5895b 0.0275 a 0.7905 a 0.2125b
NT 1.5740 b 0.0268 a 0.7750 a 0.1970 b
CT 1.7275 a 0.0189 b 0.5985 b 0.4405 a
2022/2023 growing season
ICF 1.5905 b 0.0285 a 0.8005 a 0.2135b
NT 1.5750 b 0.0278 a 0.7850 a 0.1980 b
CT 1.7267 a 0.0192 b 0.5892 b 0.4390 a

!'The value in each column and growing season followed by the same letter does not differ based on the Scott-Knott test at 5 % of significance.

The soil properties showed similar trends in
the 2022/2023 growing season. The bulk density
remained highest under CT (1.7267 Mg m™),
whereas porosity in the soil macropore domain,
soil water storage capacity, and soil air storage
capacity were consistently higher under ICF (0.0285,
0.8005, and 0.2135 m?® m™, respectively) and NT
(0.0278, 0.7850, and 0.1980 m* m™, respectively),
when compared to CT (0.0192, 0.5892, and
0.4390 m*> m?, respectively). These results show that
ICF and NT created a favorable environment for root
growth and water infiltration due to soil structure
improvement (Moraes et al. 2020). The comparison
between NT and CT reinforces the superiority and
benefits of NT, in terms of soil conservation and
moisture retention, critical aspects in sandy soils
(Licker et al. 2010).

The determination of nutrient concentrations
in soybean leaves revealed differences in nutrient
uptake (Table 5). In both growing seasons, the

N, Ca, and Mg concentrations were consistently
higher under ICF and NT, if compared to CT. In the
2021/2022 season, N concentrations were 57.2 and
57.6 g kg under ICF and NT, respectively, whereas
CT exhibited a significantly lower concentration
of 49.7 g kg!. Similar trends were observed for
Ca and Mg, with ICF and NT showing higher
concentrations (Ca: 8.36 and 8.45 g kg!'; Mg: 3.93
and 4.43 g kg'!, respectively), in comparison to
CT (Ca: 5.72 g kg'; Mg: 2.19 g kg™). This pattern
persisted in the 2022/2023 season, as the N, Ca,
and Mg concentrations in the ICF and NT systems
remained superior to CT. Inacio et al. (2025) reported
an increased soil organic matter content, N content,
and enzymatic activity in sandy tropical soil under
NT and ICF, improving soybean photosynthetic
parameters, when compared to CT.

Therefore, implementing the ICF system is
justified, as it maintains soybean production levels
and provides additional tree production, offsetting

Table 5. Nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) contents in soybean leaves in
integrated crop-forest (ICF), no-tillage (NT), and conventional tillage (CT) systems, in the 2021/22 and 2022/23 growing

seasons.
Land use N P - Ca Mg S
gkg!
2021/2022 growing season
ICF 572 a 345a 228 a 8.36a 393 a 329a
NT 57.6a 352a 224a 8.45a 443 a 353a
CT 49.7b 2.89a 203 a 572b 2.19b 3.01a
2022/2023 growing season
ICF 629a 3.80a 25.0a 920 a 432a 3.62a
NT 633 a 3.87a 246a 930a 4.87a 3.88a
CT 54.6b 320a 203 a 630Db 241D 2.99 a

! The value in each column and growing season followed by the same letter does not differ based on the Scott-Knott test at 5 % of significance.
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the soybean yield difference. These findings are
consistent with recent literature, which points to
the need for an integrated approach to closing the
yield gap and increasing crop resilience in the face
of climate change (Gil et al. 2015, Sanz et al. 2020,
Garcia et al. 2022, Inacio et al. 2025), considering
ICF in areas less favorable to annual crops for
improving system resilience.

CONCLUSIONS

1. No-tillage was the most efficient land-use system,
showing superior agronomic performance and
smaller yield gaps due to better soil physical
conditions, greater water availability, and enhanced
nutrient uptake, when compared to conventional
tillage;

2. The integrated crop-forestry system demonstrated
an intermediate performance, with yield reductions
associated with interspecific competition and
land area allocated to trees. It improved the soil
structure and nutrient status, if compared to
conventional tillage, indicating a greater potential
for system resilience, particularly under water-
limited conditions;

3. Water availability was the main driver of yield
variability between the evaluated growing seasons,
reinforcing the importance of soil management
strategies that enhance water retention in sandy soils.
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