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ABSTRACT: In southern Bahia, Brazil, cocoa trees (Theobroma cacao L.) are grown in soils with
varied physical properties. As many orchards in the region have surpassed their productive
lifespan, renewal is crucial for increasing productivity. However, there is limited understanding
of how soil physical properties affect the productivity of renovated cocoa orchards. This study
aimed to assess the relationship between soil physical properties and cocoa productivity in no-till
renovated orchards. The research was conducted across 15 field trials on cocoa farms in southern
Bahia. Cocoa yield was monitored from 2019 to 2022 (4th to 7th year post-establishment),
while soil physical properties—granulometry, porosity, bulk density, soil penetration resistance,
and volumetric water content (at field capacity, permanent wilting point, and available
water)—were measured in 2019 as baseline in three soil layers: 0.00-0.10, 0.10-0.20, and
0.20-0.40 m. Data were subjected to univariate and multivariate statistical analyses. In all
layers, yield was significantly correlated (p<0.05) with silt content (r = —0.29 to —0.31),
silt/clay ratio (r = —0.23 to —0.27), field capacity (r = 0.24 to 0.34), permanent wilting point
(r = 0.23 to 0.26), and available water (r = 0.22 to 0.24). Principal Component Analysis
showed that yield was positively associated with field capacity and permanent wilting point,
and negatively related to soil resistance to penetration and bulk density in the surface layers.
Hierarchical cluster analysis grouped the 90 plots into four productivity classes: G1 (74 %,
2,758 kg hal), G2 (58 %, 1,878 kg ha), G3 (37 %, 1,557 kg hat), and G4 (17 %, 792 kg ha'!).
Tukey’s HSD test (p<0.05) revealed that the higher-yielding groups (G1 and G2) had significantly
lower silt content and silt/clay ratios compared to the lowest-yielding group (G4). Overall,
cocoa yield was constrained by excessive soil penetration resistance in surface layers and by
high silt content and silt/clay ratios across all layers, while balanced sandy-clay textures with
improved aeration and water retention favored higher productivity. These results corroborate
previous studies recommending cocoa cultivation in soils with lower silt content, due to its
association with compaction, drainage limitations, and reduced water retention. The findings
highlight the importance of considering soil physical properties, particularly granulometry, as
a criterion for selecting priority areas for orchard renewal, thereby contributing to high-yielding
and climate-resilient crops.
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INTRODUCTION

Globally, the cocoa supply chain faces the challenge of increasing bean supply through
the renewal of aging orchards and the adoption of good agricultural practices. In southern
Bahia, Brazil, as in West Africa (Wessel and Quist-Wessel, 2015; Saj et al., 2017; Asante
et al., 2022), many cocoa crops are depleted and low-yielding, exposing the raw material
supply to industry and farmers' incomes. This situation is primarily attributed to aging crops,
inadequate management practices such as insufficient pruning, inadequate fertilization,
and limited pest and disease control, as well as edaphic limitations and extreme weather
events (Gateau-Rey et al., 2018; Somarriba et al., 2021; Orozco-Aguilar et al., 2024).
Consequently, when renewing crops, priority should be given to areas with soil and climatic
conditions conducive to higher productivity and enhanced cocoa resilience to climate
change; for this, understanding the relationship between soil physical properties and crop
productivity is crucial.

In southern Bahia, some soils exhibit physical limitations that hinder root growth, including
poor aeration, inadequate drainage, low water retention capacity, and high resistance to
root penetration (Paiva et al., 2018; Arévalo-Hernandez et al., 2019). Cocoa tree root system
is predominantly concentrated (60-90 %) in the 0.00-0.30 m soil layer (Cadima, 1970;
Kummerow et al., 1982; Borden et al., 2020), although the taproot can reach depths of
approximately 2.00 m (Toxopeus, 2001). Since the cocoa tree is extremely sensitive to water
deficit (Carr and Lockwood, 2011; Gattward and Almeida, 2018), deep root development
is crucial for water absorption, thereby enhancing productivity and crop longevity under
rainfed conditions.

In recent decades, severe droughts in southern Bahia have reduced productivity and caused
cocoa tree mortality (Gateau-Rey et al., 2018; Souza Junior et al., 2023), particularly in
soils with low water retention capacity and physical impediments to root development
(Souza Junior et al., 1999, 2023). These impediments arise from both water saturation
in hydromorphic soils (e.g., Gleissolo - Entisols) and the presence of gravel and stones in
young soils (e.g., Cambissolo - Inceptsols). Additionally, physical impediments are caused
by cohesive layers in the subsurface horizons of certain soils (e.g., Latossolo Amarelo and
Argissolo Amarelo - Oxisol and Ultisol), which naturally occur in the coastal tablelands of
southern Bahia (Paiva et al., 2000).

Although some studies have addressed the influence of soil physical properties on cocoa
cultivation (e.g., Paiva et al., 2018; Arévalo-Hernandez et al., 2019), important knowledge
gaps remain regarding their direct effects on the productivity of clonal cultivars in renewal
areas under no-tillage, particularly concerning yield correlations with individual physical
variables across soil layers. Field-based studies under diverse soil conditions are scarce
yet essential for identifying soil physical indicators and supporting the selection of areas
with greater productive potential on farms.

This study hypothesizes that specific soil physical properties—such as granulometry,
porosity, bulk density, penetration resistance, and water retention—directly influence the
productivity of cocoa clones in renewal areas under no-tillage. This study aimed to analyze
the relationship between these properties and cocoa bean productivity within no-till systems,
based on 15 field trials conducted on cocoa-producing farms in southern Bahia, Brazil.

MATERIALS AND METHODS

Study site and experimental design

The study was conducted from January 2019 to December 2022 across 15 field trials
(FTs) on farms in 11 municipalities in southern Bahia, Brazil (latitudes 13° 11' 35" S to
15° 26' 00" S; longitudes 39° 06' 36" W to 39° 35' 18" W). The region is characterized
by significant edaphic variability, as shown in figure 1a. The field trials were selected to
capture this variability, ensuring a broad range of edaphic conditions for evaluating the
influence of soil physical properties on cocoa productivity.
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Soil Classes - SiBCS (2018)

Argissolo (Ultisols)
Argissolo/Latossolo {Ultisols/Oxisols)
Cambissolo {Inceptisols)
Chernossolo {Molisols)
Espodossolo {Spodosols)
Gleissolo {Entisols)
Latossolo (Oxisols)
Neossolo (Entisols)
Nitossolo {Alfisols)
Organossolo (Histosols)
Field trials {FTs)

(b) R2 R1
FAI3 X X X X X X X X X X §J02 X X X X X X X X X X
CP49 X X X X X X X X X X FAI3 X X X X X X X X X X
CCN51 X X X X X X X X X X PS1319 X X X X X X X X X X

PS1319 X X X X X X X X X X CP49 X X X X X X X X

§J02 X X X X X X X X X X CCN51 X X X X X X X X X X

R1 R3
PS1319 X X X X X X X X X X PS1319 X X X X X X X X X X
CCN51 X X X X X X X X X X CP49 X X X X X X X X X
SJ02 X X X X X X X X X X SJ02 X X X X X X X X X X
FAI3 X X X X X X X X X X CCN51 X X X X X X X X X X
CP49 X X X X X X X X X X FAI3 X X X X X X X X X X

R3 R2
CP49 X X X X X X X X X X CP49 X X X X X X X X X X
FA13 X X X X X X X X X X FAI3 X X X X X X X X X X
SJ02 X X X X X X X X X X PS1319 X X X X X X X X X X
PS1319 X X X X X X X X X X CCN51 X X X X X X X X X X
CCN51 X X X X X X X X X X SJ02 X X X X X X X X X X

Figure 1. Location of the 15 field trials (FTs) and soil classes in southern Bahia, Brazil (a), classified
under the Brazilian Soil Classification System (SiBCS) with their U.S. Soil Taxonomy equivalents;
(b) experimental layout of one representative field trial (identical across all 15), comprising two
blocks (Iand Il), three renovation methods (R1, R2, and R3), and five clonal cultivars (FA13, CCN51,
CP49, PS1319, and SJ02), totaling 90 plots across the study (2 blocks x 3 methods x 15 trials).
Source: Map based on Santana et al. (2002) and Santos (2018).
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Three renovation methods were applied: R1, grafting onto basal shoots of old cocoa trees;
R2, planting seedlings before removing old cocoa trees; and R3, planting seedlings after
removing old cocoa trees. For R2 and R3, seedlings derived from open-pollinated seeds
of clone TSH1188 were grafted in a nursery 60-90 days after sowing, using side grafting
above the cotyledon and below the first pair of leaves. For all renovation methods, the
plagiotropic branches of the five tested clonal cultivars were used as grafting material
and reapplied in case of failure. In R1 and R2, old cocoa trees were gradually removed
over 2 years through successive pruning until complete suppression, whereas in R3 they
were removed before seedling planting. All renovation methods were conducted under
no-till conditions.

As illustrated in figure 1b, each FT comprised six experimental units (three renovation
methods X two replications) arranged within two blocks, totaling 90 plots arranged in a
randomized block design. Each plot contained 50 cocoa trees, comprising 10 trees from
each of the five clonal cultivars used (CCN51, CP49, FA13, PS1319, and SJ02). Cocoa
bean yield was assessed using 25 productive cocoa trees, five from each clonal cultivar.

Soil tillage

In all treatments, soil was managed under no-tillage, with no disturbance from plowing
or harrowing. Cocoa seedlings were planted in cylindrical pits, 0.60 m deep and 0.20 m
in diameter, opened with a mechanical pit-drilling device (Stihl BT 121). To prevent root
penetration problems caused by smoothed pit walls, grooves were made along the inner
surfaces of the pits.

Fertilization was applied directly to each planting pit. During the first two years of orchard
establishment, young cocoa trees received fertilization within the crown projection area.
From the third year onward, production fertilization was carried out based on soil nutrient
content and estimated nutrient extraction and export from the orchards (Souza Junior
et al., 2018).

Calculation of relative cocoa bean productivity

Relative cocoa bean productivity was determined by setting the highest annual cocoa
bean yield (kg ha' yrt) for each clone, renovation method (R1, R2, R3), and analyzed
year (4th, 5th, 6th, and 7th) as 100 %. The relative productivity of all other plots was
then expressed as a percentage of this maximum. Subsequently, the average relative
productivity across the five clones was calculated. Finally, the four-year average relative
yield was calculated for each of the 90 plots.

Analysis of soil physical properties

Soil physical properties were determined from both undisturbed and disturbed samples
collected from the 0.00-0.10, 0.10-0.20, and 0.20-0.40 m layers at the 90 plots. For
each plot and soil layer, composite disturbed samples were created from 25 individual
subsamples collected with a probe in the crown projection area of the cocoa trees, while
undisturbed samples were collected in triplicate using cylinders (approx. 90 cm? volume).
Soil granulometry (clay: <0.002 mm; silt: 0.002-0.05 mm; sand: 0.05-2.0 mm) was
determined from disturbed soil samples, with sand fractions quantified by sieving,
clay determined by the pipette method, and silt calculated by difference, following
Donagemma et al. (2017).

Volumetric water content at field capacity (FC, -10 kPa for soils with =35 % clay and -33 kPa
for soils with >35 % clay), permanent wilting point (PWP, -1,500 kPa), and available water
(AW, calculated as the difference between FC and PWP) were determined from disturbed
soil samples, following Klein (2018). Undisturbed soil samples were used to determine
soil bulk density (BD) (Almeida et al., 2017a), and total porosity (TP) was obtained by the
indirect method using BD and a fixed particle density (Almeida et al., 2017b).
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Soil resistance to penetration (SRP) was measured in triplicate using a Planalsucar-Stolf impact
penetrometer (Stolf et al., 1983; Stolf, 1991). To account for soil moisture, undisturbed
samples from the three layers of each plot were collected in sealed aluminum containers
to prevent moisture loss during transport, and subsequently oven-dried at 105 °C to
constant mass for the determination of gravimetric water content (Viana et al., 2017).
Because no soil tillage or tractor traffic occurred in the FTs, little change in soil physical
quality was expected; thus, soil physical properties were collected only once in 2019
as a baseline.

Soil granulometry (clay: <0.002 mm; silt: 0.002-0.05 mm; sand: 0.05-2.0 mm) was
determined from disturbed soil samples, with sand fractions quantified by sieving,
clay determined by the pipette method, and silt calculated by difference, following
Donagemma et al. (2017). Volumetric water content at field capacity (FC, -10 kPa for
soils with =35 % clay and -33 kPa for soils with >35 % clay), permanent wilting point
(PWP, -1,500 kPa), and available water (AW, calculated as the difference between FC and
PWP) were determined from disturbed soil samples, following Klein (2018). Undisturbed
soil samples were used to determine soil bulk density (BD) (Almeida et al., 2017a) and
total porosity (TP) was obtained by the indirect method using BD and a fixed particle
density (Almeida et al., 2017b).

Soil resistance to penetration (SRP) was measured in triplicate using a Planalsucar-Stolf
impact penetrometer (Stolf et al., 1983; Stolf, 1991). To account for soil moisture,
undisturbed samples from the three layers of each plot were collected in sealed aluminum
containers to prevent moisture loss during transport, and subsequently oven-dried
at 105 °C to constant mass for the determination of gravimetric water content (Viana
et al., 2017). Because no soil tillage or tractor traffic occurred in the FTs, little change
in soil physical quality was expected; thus, soil physical properties were collected only
once in 2019 as a baseline.

Analysis of soil chemical properties susceptible to redox reactions

Iron (Fe) and manganese (Mn) are prone to oxidation-reduction, with their availability
strongly affected by soil aerobic or anaerobic conditions (Lindsay and Schwab, 1982).
Under excess soil moisture, these elements become more available regardless of total soil
content. Therefore, composite disturbed soil samples from the 0.00-0.10 and 0.10-0.20 m
layers were chemically analyzed for Fe and Mn using the Mehlich-1 method (Campos
and Teixeira, 2017).

Statistical analysis

All statistical analyses were performed using R software, version 4.0.5 (R Core Team, 2021).
Both descriptive and inferential statistical analyses through univariate and multivariate
procedures. Descriptive statistics were used to calculate measures of central tendency
(mean, median) and dispersion (minimum, maximum, coefficient of variation) for the data.

Pearson linear correlation analysis was conducted between average relative yield and
soil physical properties. Correlation coefficients were tested for significance at p<0.05
using a t-test and visualized with the ggcorrplot package (Kassambara, 2017). Data were
also subjected to principal component analysis (PCA), considering soil physical properties
by layer (0.00-0.10, 0.10-0.20, and 0.20-0.40 m). The analyses were performed with
the FactoMineR package (Lé et al., 2008) and visualized with factoextra (Kassambara
and Mundt, 2020).

The 90 plots were grouped based on productivity similarity using hierarchical cluster
analysis. Euclidean Distance matrices were generated with the vegan package (Oksanen
etal., 2020), and clusters were produced using Ward's linkage method as the agglomerative
criterion. Group means of soil physical properties were compared using Tukey HSD
test (p<0.05), performed with the agricolae package (Mendiburu, 2023).

Rev Bras Cienc Solo 2026;50:e0250116 )
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RESULTS

Descriptive statistics for soil physical properties from the 90 plots are summarized in table
1. Across the three analyzed layers (0.00-0.10, 0.10-0.20, and 0.20-0.40 m), considerable
variability was observed, particularly in soil granulometry. This variability is evidenced by
high coefficients of variation (CV) and wide ranges (maximum - minimum values) for silt
content and the silt/clay ratio. Coefficients of variation below 12 % indicate low variability,
between 12 and 60 % indicate moderate variability, and values above 60 % indicate high
variability (Warrick and Nielsen, 1980). Most other properties exhibited CVs within the
moderate variability range. Generally, the means and medians of physical properties were
similar, indicating that the mean was a suitable measure of central tendency.

In all three layers, average SRP exceeded 2.0 MPa, a threshold considered restrictive for
root growth in most crops, with maximum values reaching 4.32, 5.14, and 7.25 MPa in
the 0.00-0.10, 0.10-0.20, and 0.20-0.40 m layers, respectively. Average BD across the
three layers ranged from 1.32 to 1.43 kg dm-3. Total porosity averaged below 0.50 m3* m-3
across the three analyzed layers. Average FC ranged from 0.35 to 0.42 cm3® cm3, PWP
from 0.21 to 0.26 cm® cm3, and AW from 0.14 to 0.16 cm3 cm3.

Table 1. Descriptive statistics of soil physical properties across three soil layers (0.00-0.10, 0.10-0.20, and 0.20-0.40 m) in 90
experimental plots from renovated cocoa orchards in southern Bahia, Brazil

Soil layer Physical properties Unit Minimum Maximum Mean Median Ccv
%
Sand g kgt 41.00 781.00 475.34 479.00 34.95
Silt g kg 0.00 456.00 95,57 72.00 102.08
Clay g kgt 122.00 709.00 429.15 445.00 36.13
Silt/Clay Ratio 0.00 1.77 0.29 0.16 117.12
SRP MPa 1.27 4.32 2.42 2.65 30.36
0.00-0.10m BD Mg m3 0.93 1.73 1.32 1.33 10.81
TP m3 m-3 0.36 0.62 0.48 0.48 10.74
FC cm3 cm3 0.18 0.53 0.35 0.35 20.87
PWP cm?3 cm3 0.08 0.32 0.21 0.22 27.88
AW cm?3 cm- 0.07 0.23 0.14 0.13 27.21
Sand g kg? 23.00 786.00 435.42 424.00 37.93
Silt g kgt 0.00 475.00 93.50 67.00 110.64
Clay g kg? 119.00 800.00 471.02 490.50 35.24
Silt/Clay Ratio 0.00 1.55 0.28 0.13 130.60
SRP MPa 1.10 5.14 2.81 2.80 31.65
0.10-0.20m BD Mg m 1.16 1.8 1.42 1.42 9.82
TP m3 m3 0.33 0.55 0.45 0.45 11.11
FC cm3 cm3 0.19 0.56 0.39 0.40 19.95
PWP cm?3 cm3 0.07 0.32 0.24 0.25 27.43
AW cm3 cm-3 0.09 0.25 0.15 0.14 26.17
Sand g kg? 28.00 745.00 395.43 371.00 40.00
Silt g kgt 2.00 444.00 88.07 66.50 106.82
Clay g kg 154.00 778.00 516.47 540.50 31.78
Silt/Clay Ratio 0.00 1.44 0.23 0.12 126.72
SRP MPa 1.24 7.25 3.32 3.04 32.04
0.20-0.40m BD Mg m?3 1.12 1.77 1.43 141 11.42
TP m3 m3 0.32 0.56 0.44 0.44 13.18
FC cm3 cm-3 0.19 0.68 0.41 0.42 20.86
PWP cm?3 cm3 0.08 0.36 0.26 0.27 25.87
AW cm?3 cm3 0.08 0.33 0.16 0.15 29.75

SRP: soil Resistance to penetration; BD: bulk density; TP: total porosity; FP: field capacity; PWP: permanent wilting point; AW: available water; CV:
coefficient of variation. n = 90 plots.
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Pearson linear correlation results (Figure 2) indicated a significant correlation (p<0.05)
between yield and both silt content (r; g0-0.10m = -0.29; ro.10-0.20m = -0.31; ro20.0.40m = -0.31) and
silt/clay ratio (rggo.0.10m = -0.23; ro10-020m = -0.27; Ig20.0.40m = -0.31). Conversely, yield was
positive correlated (p<0.05) with FC (ry.g.0.10m = 0.24; r5.10-0.20m = 0.34; Ig.20.0.40m = 0.29), PWP
(ro.000.10m = 0.19; 1g10.0.20m = 0.26; Ig20.0.40m = 0.23), and AW (1 o.0.10m = 0.17; 510.0.20m = 0.24).
Additionally, Fe content in the 0.00-0.10 m layer showed a significant positive correlation
with silt (r = 0.44).

The PCA (Figure 3) illustrated the variability of physical properties across the 90 plots.
Regardless of soil layer, PCA vectors confirmed a positive correlation between FC and
yield. Conversely, yield showed a negative correlation with sand content in all analyzed
layers. The PCA also indicated a negative relationship between yield and SRP in the surface
layers (0.00-0.10 and 0.10-0.20 m). In the 0.20-0.40 m layer, a positive relationship
was observed between SRP, BD, and the silt/clay ratio, while these properties showed
a negative correlation with TP.

Cluster analysis grouped the 90 plots into four productivity groups (Figure 4): Group 1
(G1, blue, high productivity), Group 2 (G2, green, medium-high productivity), Group 3
(G3, yellow, medium-low productivity), and Group 4 (G4, red, low productivity). The G1
comprised 12 plots (mean yield = 74 %, equivalent to 2,758 kg ha), G2 included 26 plots
(58 %, 1,878 kg hat), G3 comprised 37 plots (37 %, 1,557 kg ha'), and G4 contained
15 plots (17 %, 792 kg hat).

Figure 2. Simple linear correlations between soil physical properties (0.00-0.10, 0.10-0.20,
and 0.20-0.40 m) and relative cocoa bean productivity (average from the 4th to 7th year post-
establishment, 2019-2022) across 15 field trials (FTs) in renovated cocoa orchards in southern
Bahia, Brazil. Color scale represents Pearson correlation coefficient (r), ranging from -1 (red, strong
negative) to +1 (blue, strong positive). Absence of 'X' indicates significance by Pearson correlation
(p<0.05). Average relative cocoa bean yield (Yield); Soil physical properties: Sand, Silt, Clay,
Silt/Clay ratio, Soil Resistance to Penetration (SRP), Bulk Density (BD), Total Porosity (TP), Field
Capacity (FC), Permanent Wilting Point (PWP), Available Water (AW). Subscripts: 1 = 0.00-0.10 m
layer; 2 = 0.10-0.20 m layer; 3 = 0.20-0.40 m layer. n = 90 plots.

Rev Bras Cienc Solo 2026;50:e0250116 7
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Figure 3. Principal component analysis (PCA) scatter plot of soil physical properties in (a) 0.00-0.10, (b) 0.10-0.20, and (c) 0.20-0.40 m
layers and relative cocoa bean productivity (average from 4th to 7th year post-establishment, 2019-2022) across 15 field trials (FTs)
in renovated cocoa orchards in southern Bahia, Brazil. Colors represent the different field trials (FTO1 to FT15), while numbers and
shapes correspond to the plots within each FT. Variables: Average relative cocoa bean yield (4th to 7th year, 2019-2022); Soil physical
properties: Sand, Silt, Clay, Silt/Clay ratio, Soil Resistance to Penetration (SRP), Bulk Density (BD), Total Porosity (TP), Field Capacity
(FC), Permanent Wilting Point (PWP), and Available Water (AW). n = 90 plots.

Tukey HSD test revealed significant differences (p<0.05) in soil granulometry among the
productivity groups (G1, G2, G3, and G4) (Table 2). Across all layers, the higher-productivity
groups (G1 and G2) had significantly lower silt content and silt/clay ratios (p<0.05)
than the lowest-productivity group (G4). In the 0.00-0.10 m layer, the high-productivity
group (G1) had significantly higher average sand content (p<0.05) and significantly
lower average clay content (p<0.05) compared to G4. Furthermore, in the surface layer
(0.00-0.10 m), group G1 had significantly lower (p<0.05) average TP, FC, and AW than
group G4.

Overall, these results emphasize the agronomic importance of soil physical conditions
for cocoa cultivation. Cocoa yield was primarily associated with soil granulometry, with
high silt/clay ratios limiting productivity. The positive correlation between silt and Fe
indicated poor aeration and reinforced the negative impact of high silt content on yield.
Yield was also constrained by excessive penetration resistance.

Rev Bras Cienc Solo 2026;50:e0250116 8
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Figure 4. Dendrogram from hierarchical cluster analysis of relative cocoa bean productivity for 90 plots over four years (4th to
7th year post-establishment, 2019-2022) in renovated cocoa orchards in southern Bahia, Brazil, using Euclidean distance and Ward
agglomerative method, showing four groups: G1 (blue, high productivity), G2 (green, medium-high productivity), G3 (yellow, medium-
low productivity), and G4 (red, low productivity).

DISCUSSION

Cocoa productivity in the studied areas was directly related to soil physical properties
influencing water retention, drainage, aeration, and deep rooting. Among the evaluated
properties across the three soil layers (0.00-0.10, 0.10-0.20, and 0.20-0.40 m), soil
granulometry was most strongly associated with cocoa productivity (Figures 2 and 3;
Table 2). Soil granulometry is closely related to other physical properties, such as TP,
BD, SRP, drainage, and water retention capacity (Arshad et al., 1996; Lal and Shukla,
2004). Thus, it serves as a key indicator of soil physical quality for cocoa cultivation.

The average soil granulometry of the four productivity groups (G1, G2, G3, and G4) ranged
from sandy clay to clay textures (Santos et al., 2005; SSDS, 2018). Soil clay content
showed a positive correlation with average relative yield; however, the high-productivity
group (G1) had a sandy clay texture in all layers, while the low-productivity group (G4)
had a clay texture. This apparent contradiction suggests that productivity depends not
only on water retention but also on the balance between retention and drainage.

In general, sandy loam soils are recommended for cocoa in regions with well-distributed
rainfall, while clayey to clay loam soils are preferred in regions with pronounced dry
seasons (Paiva et al., 2018). Clay soils tend to have greater microporosity and higher water
retention capacity, along with a lower proportion of macropores, which can potentially
limit drainage and soil aeration. As a result, the cocoa tree biochemical, physiological,
and nutritional processes may be compromised (Almeida et al., 2016; Branco et al.,
2017; Gattward and Almeida, 2018), affecting root respiration, nutrient absorption, and
the availability of nutrients susceptible to oxidation-reduction (e.g., N, Mn, Fe, and S).

Our results confirmed an inverse relationship between silt content and cocoa productivity
(Souza Junior et al., 1999). Both silt content and the silt/clay ratio were negatively
correlated with yield. Silt, a variably shaped particle (0.002-0.05 mm diameter) composed
predominantly of quartz and kaolinite, is often associated with soil compaction and
reduced permeability (Lal and Shukla, 2004; Brady and Weil, 2017). Soils with high silt
content tend to be less productive and exhibit higher cocoa tree mortality rates, as they
are generally younger and present physical impediments to root penetration (Souza
Janior et al., 1999, 2023).
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Table 2. Grouping of 90 plots by relative dry cocoa bean yield (4th to 7th year post-establishment, 2019-2022) in renovated
cocoa orchards in southern Bahia, Brazil, and mean comparison (Tukey HSD, p<0.05) of soil physical properties across three layers
(0.00-0.10, 0.10-0.20, and 0.20-0.40 m)

. Physical . : : -Groups :
Soil layer properties Unit G1 - High G2 - Medium-high  G3 - Medium-low G4 - Low
productivity productivity productivity productivity
Sand g kg 509.77a 387.83ab 471.71a 368.77b
Clay g kg? 433.25b 566.73a 412.67b 486.44a
Silt g kg 56.86b 45.44b 115.64a 144.80a
Silt/Clay 0.14b 0.12b 0.38a 0.35a
0.00-0.10 m SRP MPa 2.78ab 2.78ab 3.08a 2.44b
BD Mg m?3 1.39ab 1.39ab 1.41a 1.32b
TP m3 m-3 0.45b 0.46b 0.45b 0.48a
FC cm?3 cm3 0.31b 0.36ab 0.34ab 0.39%a
PWP cm3cm3 0.19a 0.24a 0.20a 0.22a
AW cm3 cm3 0.12b 0.13b 0.14ab 0.16a
Sand g kgt 494.66a 377.50a 484.83a 366.53a
Clay g kgt 447.08b 579.31a 399.38b 479.20ab
Silt g kg 57.92b 43.00b 115.78ab 154.53a
Silt/Clay 0.14ab 0.11b 0.41a 0.38ab
0.10-0.20 m SRP MPa 2.80a 2.67a 3.06a 2.41a
BD Mg m3 1.42a 1.44a 1.44a 1.33a
TP m3 m-3 0.45a 0.44a 0.44a 0.48a
FC cm3 cm3 0.38ab 0.40ab 0.37b 0.44a
PWP cm3 cm3 0.24a 0.26a 0.22a 0.26a
AW cm3 cm3 0.15ab 0.14b 0.15ab 0.18a
Sand g kgt 451.92a 369.31a 423.97a 325.13a
Clay g kg? 493.92a 588.31a 464.65a 537.87a
Silt g kgt 54.08b 42.38b 111.41ab 136.87a
Silt/Clay 0.11a 0.12a 0.32a 0.32a
SRP MPa 3.12a 3.23a 3.60a 2.90a
0.20-0.40 m
BD Mg m?3 1.44a 1.42a 1.46a 1.35a
TP m3 m3 0.43a 0.44a 0.43a 0.47a
FC cm?3 cm3 0.41a 0.40a 0.42a 0.47a
PWP cm3 cm3 0.26a 0.27a 0.25a 0.29a
AW cm?3 cm3 0.15ab 0.13b 0.17ab 0.18a

SRP: Soil Resistance to Penetration; BD: Bulk Density; TP: Total Porosity; FC: Field Capacity; PWP: Permanent Wilting Point; and AW: Available Water.
Plot grouping by relative cocoa bean productivity (4th to 7th year post-establishment, 2019-2022), using Ward method and Euclidean distance: G1
(high productivity), G2 (medium-high productivity), G3 (medium-low productivity), G4 (low productivity). Different lowercase letters indicate significant
differences between group means for each property, according to Tukey HSD test (p<0.05). n = 90 plots.

The literature presents divergent recommendations on optimal silt content and silt/clay
ratios for cocoa cultivation (Wood, 2001; Chepote et al., 2012; Souza Janior et al., 2023).
Some studies recommend cultivating cocoa in soils with silt contents of 200-300 g kg
(Chepote et al., 2012), while others suggest 100-200 g kg! and a silt/clay ratio of 0.25-0.67
(Wood, 2001). Since soils with high silt content generally exhibit anaerobic conditions
due to lower drainage capacity, Fe3* is commonly reduced to the more soluble Fe?* (Lal
and Shukla, 2004), which can reach plant-toxic levels (Zahra et al., 2021; Li et al., 2024).
Accordingly, the positive correlation between silt content and available Fe is expected,
as observed in this study. Furthermore, given the lower water retention capacity of silty
soils, a silt/clay ratio below 0.36 in the surface layer (0.00-0.20 m) and a maximum
of 0.24 in the subsurface (0.30-0.50 m) is recommended for regions prone to drought
(Souza Junior et al., 2023).
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The silt/clay ratio is also an indicator of the weathering stage of tropical soils, with values
below 0.70 (medium texture) and 0.60 (clayey to very clayey texture) in most of the B
horizon, indicating advanced weathering (Santos, 2018). In this study, the groups with
the highest average yields (G1 and G2) exhibited average silt/clay ratios ranging from
0.11 to 0.14 for G1 and 0.11 to 0.12 for G2. In contrast, the least productive groups
(G3 and G4) showed values ranging from 0.38 to 0.41 for G3 and 0.35 to 0.38 for G4.
Maximum silt/clay ratio values in G1 remained below 0.30 across all layers, indicating
highly weathered soils, whereas G3 and G4 exceeded 1.00, indicating the presence of
younger soils. Although these results indicate a clear association between the silt/clay
ratio and cocoa productivity, further validation in different soil and climatic conditions is
required before using this attribute as a stand-alone criterion for site selection.

The positive correlations (p<0.05) between yield and FC, PWP, and AW were expected,
as these properties estimate soil water retention capacity (Silva et al., 2014). Moreover,
numerous studies have reported a positive relationship between water supply and cocoa
yield (Alvim, 1960, 1977; Wood, 2001; Carr and Lockwood, 2011; Gattward and Almeida,
2018). For cocoa trees, maintaining soil moisture above 60 % of AW is recommended
(Alvim, 1960). However, although individual correlations supported this trend, Tukey test
showed higher FC and AW in G4. This suggests that finer-textured soils, despite retaining
more water, may restrict aeration and rooting, thereby limiting yield.

Total Porosity was inversely related to BD and SRP (Santos and Reichert, 2022).
This relationship was confirmed in the Pearson correlations (Figure 2), where TP
showed significant negative correlation with BD (ryg0.0.10m = -0.90; rg10.020m = -0.76;
l0.20-0.40m = -0.90) and SRP (g o0.0.10m = -0.50; rg.10.020m = -0.31; I550.0.40m = -0.56). Because TP
is calculated from BD and particle density, the strong TP-BD correlation is algebraically
expected and should not be interpreted as an independent effect. Although SRP is
simultaneously related to several factors and, in some cases, does not show a significant
correlation with soil physical variables (Arévalo-Hernandez et al., 2019), our results
indicated a significant positive correlation between BD and SRP across all three layers
(ro.00-010m = 0.56; g10.020m = 0.35; rg20.0.40m = 0.67).

The PCA showed that SRP was positively correlated with sand content in the surface
layers (0.00-0.10 and 0.10-0.20 m), whereas in the 0.20-0.40 m layer (Figure 3c) it
was positively associated with the silt/clay ratio. Although PCA indicated a negative
relationship between sand content and yield, this contrasted with group comparisons,
in which the highest-yielding plots (G1) were characterized by sandy clay-textures. This
apparent inconsistency reflects the multivariate nature of PCA, which integrates the
joint effects of soil properties. The positive association between SRP and sand likely
reflects sand's greater frictional strength and faster drying relative to finer-textured soils
(Souza et al., 2021; Kumi et al., 2023). Conversely, coarser textures tend to enhance
drainage and aeration. Thus, excessively fine-textured soils with high silt/clay ratios
constrain yield, whereas balanced sandy-clay textures can support higher productivity
under adequate water supply.

Accordingly, recent research on sugarcane cultivation has suggested considering soil
granulometry when defining SRP thresholds, recommending values of 1.5 MPa for sandy
soils and 2.5 MPa for clayey soils (Barbosa et al., 2018). The mean SRP values across
the three soil layers (Table 1) exceeded the 2.0 MPa threshold generally regarded as
restrictive for root growth in most agricultural crops, including cocoa (Arshad et al.,
1996; Imhoff et al., 2000; Paiva et al., 2018). According to Canarache (1990), SRP values
up to 2.5 MPa are considered non-limiting, values between 2.6 and 10.0 MPa indicate
moderate restriction, and values above 10.1 MPa prevent root growth. However, root
system architecture and sensitivity to mechanical impedance differ among crops; thus,
these thresholds should be interpreted with caution when applied to cocoa.
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In this study, most plots exhibited SRP within the 2.6-10.0 MPa range, which likely
restricted root growth and, by reducing the volume of soil explored by the root system,
limited access to water and nutrients, thereby decreasing cocoa yield. Consistent
with this interpretation, PCA (Figure 3) revealed a negative relationship between SRP
and productivity in the 0.00-0.10 and 0.10-0.20 m layers. Early studies by Cadima
and Alvim (1973) identified SRP as the edaphic property most closely associated with
cocoa productivity. More recent evaluations of cocoa farms in southern Bahia have also
reported high average SRP values, despite generally favorable soil physical conditions,
corroborating our findings (Arévalo-Herndndez et al., 2019).

Therefore, although cocoa can adapt to a range of soil physical conditions, excessive
penetration resistance remains a critical constraint on yield. In the current climate change
scenario, promoting deeper rooting could enhance subsurface water uptake and help
buffer yield variability, although direct testing of this mechanism was beyond the scope
of this study. A limitation is that soil physical data were measured only once in 2019;
however, little variation is expected throughout the study period in non-mechanized
cocoa orchards under no-tillage management.

CONCLUSION

Cocoa productivity is strongly related to soil granulometry, an intrinsic property that
directly influences water retention and availability, drainage, aeration, and resistance
to penetration. Soils with a sandy clay texture and a low silt/clay ratio exhibited the
highest cocoa bean yields, attributed to their superior physical quality, greater aeration,
and enhanced water-supply capacity for cocoa trees. Conversely, more clayey soils with
high silt content and high resistance to root penetration exhibited physical limitations
and reduced chemical conditions, thereby compromising cocoa productivity. This study
is limited to a single assessment of soil physical properties, and the results should be
interpreted in the context of southern Bahia agroecological conditions. Analyzing soil
physical properties, particularly soil granulometry, is essential for identifying production
areas more suitable for crop renewal, cocoa farming expansion, and enhancing productivity
and resilience to climate change. Future studies should assess how different renovation
methods influence soil physical quality and cocoa yield.

DATA AVAILABILITY

The data will be provided upon request.

FUNDING

This study was supported by the Mondelez International, Centro de Inovacao do Cacau
(CIC) and Universidade Estadual de Santa Cruz (UESC), based on agreement RD-18216.

ACKNOWLEDGMENTS

We would like to express our gratitude to the farmers who hosted the field trials and to
all the personnel involved in the Renova Cacau Project.

AUTHOR CONTRIBUTIONS

Conceptualization: Dario Ahnert (equal) and José Olimpio de Souza Junior
(equal).

Data curation: Bruno Henrique Crespo Porto (lead).

Rev Bras Cienc Solo 2026;50:e0250116 12



https://orcid.org/0000-0002-0891-2763
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0001-8844-3268

’r-
‘
Y\

Porto et al. Relationship between soil physical properties and cocoa yield in no-til...

Formal analysis: Bruno Henrique Crespo Porto (supporting) and José Olimpio
de Souza Junior (lead).

Funding acquisition: Dério Ahnert (lead).

Investigation: Bruno Henrique Crespo Porto (equal), Dério Ahnert (equal) and
José Olimpio de Souza Junior (lead).

Methodology: Arlicélio de Queiroz Paiva (equal), Bruno Henrique Crespo Porto
(equal) and  José Olimpio de Souza Junior (lead).

Project administration: Dario Ahnert (lead).
Resources: Dario Ahnert (lead).
Supervision: José Olimpio de Souza Junior (lead).

Validation: Bruno Henrique Crespo Porto (supporting) and  José Olimpio de Souza
Janior (lead).

Visualization: Bruno Henrique Crespo Porto (supporting) and José Olimpio de
Souza Junior (lead).

Writing - original draft: Bruno Henrique Crespo Porto (lead).

Writing - review & editing: Arlicélio de Queiroz Paiva (equal), Bruno Henrique
Crespo Porto (equal), Dério Ahnert (equal), José Olimpio de Souza Junior (lead)
and  Jdlio César Lima Neves (equal).

REFERENCES

Almeida BG, Freitas PL, Teixeira WG, Viana JHM, Donagemma GK. Porosidade. In: Teixeira PC,
Donagemma GK, Fontana A, Teixeira WG, editors. Manual de métodos de andlise de solo. 3. ed.
rev e ampl. Brasilia, DF: Embrapa; 2017b. p. 82-94.

Almeida BG, Viana JHM, Teixeira WG, Donagemma GK. Densidade do solo. In: Teixeira PC,
Donagemma GK, Fontana A, Teixeira WG, editors. Manual de métodos de andlise de solo. 3. ed.
rev e ampl. Brasilia, DF: Embrapa; 2017a. p. 65-75.

Almeida ], Tezara W, Herrera A. Physiological responses to drought and experimental water
deficit and waterlogging of four clones of cacao (Theobroma cacao L.) selected for cultivation in
Venezuela. Agric Water Manag. 2016;171:80-8. https://doi.org/10.1016/j.agwat.2016.03.012

Alvim PT. Cacao. In: Alvim PT, Kozlowski TT, editors. Ecophysiology of tropical crops. New York:
Academic Press; 1977. p. 279-313. https://doi.org/10.1016/B978-0-12-055650-2.50015-0

Alvim PT. Las necesidades de agua del cacao. Turrialba. 1960;10:6-16.

Arévalo-Hernandez CO, Pinto FC, Souza Junior JO, Paiva AQ, Baligar VC. Variability and correlation
of physical attributes of soils cultivated with cacao trees in two climate zones in Southern Bahia,
Brazil. Agrofor Syst. 2019;93:793-802. https://doi.org/10.1007/s10457-017-0176-4

Arshad MA, Lowery B, Grossman B. Physical tests for monitoring soil quality. In: Doran JW, Jones
AJ, editors. Methods for assessing soil quality. Madison: SSSA Special Publications; 1996. v. 49.
p. 123-41. https://doi.org/10.2136/sssaspecpub49.c7

Asante PA, Rahn E, Zuidema PA, Rozendaal MA, Asare R, Cryer NC, van der Baan MEG, Peter L,
Anten NPR. The cocoa yield gap in Ghana: A quantification and an analysis of factors that could
narrow the gap. Agric Syst. 2022;201:103473. https://doi.org/10.1016/j.agsy.2022.103473

Barbosa LC, Souza ZM, Franco HCJ, Otto R, Rossi Neto |, Garside AL, Carvalho JLN. Soil texture
affects root penetration in Oxisols under sugarcane in Brazil. Geoderma Reg. 2018;13:15-25.
https://doi.org/10.1016/j.geodrs.2018.03.002

Rev Bras Cienc Solo 2026;50:e0250116 13


https://orcid.org/0000-0001-8844-3268
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0002-0891-2763
https://orcid.org/0000-0001-8844-3268
https://orcid.org/0000-0002-0891-2763
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0002-6853-5875
https://orcid.org/0000-0001-8844-3268
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0002-0891-2763
https://orcid.org/0000-0002-0891-2763
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0001-8844-3268
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0001-8844-3268
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0001-8844-3268
https://orcid.org/0000-0002-6853-5875
https://orcid.org/0000-0001-8844-3268
https://orcid.org/0000-0002-0891-2763
https://orcid.org/0000-0003-4637-2515
https://orcid.org/0000-0001-8356-5100
https://doi.org/10.1016/j.agwat.2016.03.012
https://doi.org/10.1016/B978-0-12-055650-2.50015-0
https://doi.org/10.1007/s10457-017-0176-4
https://doi.org/10.2136/sssaspecpub49.c7
https://doi.org/10.1016/j.agsy.2022.103473
https://doi.org/10.1016/j.geodrs.2018.03.002

’r-
‘
Y\

Porto et al. Relationship between soil physical properties and cocoa yield in no-til...

Borden KA, Thomas SC, Isaac ME. Variation in fine root traits reveals nutrient-specific acquisition
strategies in agroforestry systems. Plant Soil. 2020;453:139-51.
https://doi.org/10.1007/s11104-019-04003-2

Brady NC, Weil RR. The nature and properties of soils. 15th ed. New York: Pearson; 2017.

Branco MCS, Almeida AAF, Dalmolin AC, Ahnert D, Baligar VC. Influence of low light intensity
and soil flooding on cacao physiology. Sci Hortic. 2017;217:243-57.
https://doi.org/10.1016/j.scienta.2017.01.038

Cadima A, Alvim PT. Algunos factores del suelo associados con la productividad del cacaotero
en Bahia, Brazil. Rev Theobroma. 1973;3:13-26.

Cadima A. Estudo do sistema radicular do cacaueiro em alguns tipos de solos da regiao
cacaueira do sul da Bahia. Ilhéus: CEPEC/CEPLAC; 1970.

Campos DVB, Teixeira PC. Microelementos. In: Teixeira PC, Donagemma GK, Fontana A, Teixeira
WG, editors. Manual de métodos de analise de solo. 3. ed. rev e ampl. Brasilia, DF: Embrapa;
2017. p. 328-33.

Canarache A. PENETR — a generalized semi-empirical model estimating soil resistance to
penetration. Soil Till Res. 1990;16:51-70. https://doi.org/10.1016/0167-1987(90)90021-5

Carr MKV, Lockwood G. The water relations and irrigation requirements of cocoa (Theobroma
cacao L.): A review. Exp Agric. 2011;47:653-76. https://doi.org/10.1017/S0014479711000421

Chepote RE, Santana SO, Araujo QR, Sodré GA, Reis EL, Pacheco RG, Marrocos PCL, Serbdio
MHCF, Valle RR. Aptidao agricola e fertilidade de solos para a cultura do cacaueiro. In: Valle
RRM, editor. Ciéncia, tecnologia e manejo do cacaueiro. 2nd ed. Brasilia, DF: CEPEC/CEPLAC;
2012. p. 67-113.

Donagemma GK, Viana JHM, Almeida BG, Ruiz HA, Klein VA, Dechen SCF, Fernandes RBA. Analise
granulométrica. In: Teixeira PC, Donagemma GK, Fontana A, Teixeira WG, editors. Manual de
métodos de andlise de solo. 3. ed. rev e ampl. Brasilia, DF: Embrapa; 2017. p. 95-116.

Gateau-Rey L, Tanner EVJ, Rapidel B, Marelli JP, Royaert S. Climate change could threaten cocoa
production: Effects of 2015-16 El Nifio-related drought on cocoa agroforests in Bahia, Brazil.
PLoS One. 2018;13:e0208525. https://doi.org/10.1371/journal.pone.0208525

Gattward JN, Almeida AAF. Respostas do cacaueiro a variacdo da disponibilidade de agua. In:
Souza Junior JO, editor. Cacau: cultivo, pesquisa e inovacdo. llhéus: Editus; 2018. p. 59-84.
https://doi.org/10.7476/9786586213188

Imhoff S, Silva AP, Tormena CA. Aplica¢des da curva de resisténcia no controle da qualidade
fisica de um solo sob pastagem. Pesq Agropec Bras. 2000;35:1493-500.
https://doi.org/10.1590/S0100-204X2000000700025

Kassambara A, Mundt F. factoextra: Extract and visualize the results of multivariate data
analyses. CRAN: Package factoextra; 2020. https://doi.org/10.32614/CRAN.package.factoextra

Kassambara A. Multivariate analysis I: Practical guide to cluster analysis in R. unsupervised
machine learning. STHDA; 2017. Available from: http://www.sthda.com.

Klein VA. Retengao de dgua no solo pelo método do psicrometro. In: Teixeira PC, Donagemma
GK, Fontana A, Teixeira WG, editors. Manual de métodos de analise de solo. 3. ed. rev e ampl.
Brasilia, DF: Embrapa; 2017. p. 47-52.

Kumi F, Obour PB, Arthur E, Moore SE, Asare PA, Asiedu ], Angnuureng DB, Atiah K, Amoah

KK, Amponsah SK, Dorvlo SY, Banafo S, Adu MO. Quantifying root-induced soil strength,
measured as soil penetration resistance, from different crop plants and soil types. Soil Till Res.
2023;233:105811. https://doi.org/10.1016/j.still.2023.105811

Kummerow J, Kummerow M, Silva WS. Fine-root growth dynamics in cacao (Theobroma cacao).
Plant Soil. 1982;65:193-201. https://doi.org/10.1007/BF02374650

Lal R, Shukla MK. Principles of soil physics. New York: Taylor & Francis; 2004.
https://doi.org/10.4324/9780203021231-20

Lé S, Josse ], Husson F. FactoMineR: An R package for multivariate analysis. ] Stat Softw.
2008;25:1-18. https://doi.org/10.18637/jss.v025.i01

Rev Bras Cienc Solo 2026;50:€0250116 14


https://doi.org/10.1007/s11104-019-04003-2
https://doi.org/10.1016/j.scienta.2017.01.038
https://doi.org/10.1016/0167-1987(90)90021-5
https://doi.org/10.1017/S0014479711000421
https://doi.org/10.1371/journal.pone.0208525
https://doi.org/10.7476/9786586213188
https://doi.org/10.1590/S0100-204X2000000700025
https://doi.org/10.32614/CRAN.package.factoextra
http://www.sthda.com
https://doi.org/10.1016/j.still.2023.105811
https://doi.org/10.1007/BF02374650
https://doi.org/10.4324/9780203021231-20
https://doi.org/10.18637/jss.v025.i01

’r-
‘
Y\

Porto et al. Relationship between soil physical properties and cocoa yield in no-til...

Li G, Wu J, Kronzucker HJ, Li B, Shi W. Physiological and molecular mechanisms of plant-
root responses to iron toxicity. ] Plant Physiol. 2024;297:154257. https://doi.org/10.1016/].
jplph.2024.154257

Lindsay WL, Schwab AP. The chemistry of iron in soils and its availability to plants. ] Plant Nutr.
1982;5:821-40. https://doi.org/10.1080/01904168209363012

Mendiburu F. agricolae: Statistical procedures for agricultural research. CiNii; 2023.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community
Ecology Package. CRAN: Package vegan; 2020.

Orozco-Aguilar L, Lopez-Sampson A, Cerda RH, Casanoves F, Ramirez-Argueta O, Diaz Matute
J, et al. CacaoFIT: The network of cacao field trials in Latin America and its contribution to
sustainable cacao farming in the region. Front Sustain Food Syst. 2024;8:1370275.
https://doi.org/10.3389/fsufs.2024.1370275

Paiva AQ, Arévalo-Hernandez CO, Baligar VC, Fernandes RBA. Atributos fisicos do solo para a
cultura do cacaueiro. In: Souza Junior JO, editor. Cacau: cultivo, pesquisa e inovacao. Ilhéus:
Editus; 2018 p. 215-34. https://doi.org/10.7476/9786586213188

Paiva ADQ, Souza LDS, Ribeiro AC, Costa LM. Propriedades fisico-hidricas de solos de uma
topossequéncia de tabuleiro do Estado da Bahia. Pesq Agropec Bras. 2000;35:2295-302.
https://doi.org/10.1590/S0100-204X2000001100023

Saj S, Jagoret P, Etoa LE, Fonkeng EE, Tarla JN, Nieboukaho JDE, Sakouma KM. Lessons learned
from the long-term analysis of cacao yield and stand structure in central Cameroonian
agroforestry systems. Agric Syst. 2017;156:95-104. https://doi.org/10.1016/j.agsy.2017.06.002

Santana SO, Santos RD, Gomes IA, Jesus RM, Araujo QR, Mendonca JR, Calderano SB, Faria
Filho AF. Solos da regido Sudeste da Bahia: atualizacao da legenda de acordo com o Sistema
Brasileiro de Classificacdo de Solos. Ilhéus: CEPLAC; Rio de Janeiro: Embrapa Solos; 2002.
(Boletim de Pesquisa e Desenvolvimento, 16).

Santos HG, Jacomine PKT, Anjos LHC, Oliveira VA, Lumbreras JF, Coelho MR, Almeida JA, Arauljo
Filho JC, Oliveira JB, Cunha TJF. Sistema brasileiro de classificacao de solos. 5. ed. rev. ampl.
Brasilia, DF: Embrapa; 2018.

Santos KF, Reichert JM. Best tillage practices for eucalyptus growth and productivity: A review
on the Brazilian experience. Rev Bras Cienc Solo. 2022;46:€0210091.
https://doi.org/10.36783/18069657rbcs20210091

Santos RD, Lemos RC, Santos HG, Ker JC, Anjos LHC. Manual de descricao e coleta de solo no
campo. 5. ed. Vicosa, MG: Sociedade Brasileira de Ciéncia do Solo; 2005.

Silva BM, Silva EA, Oliveira GC, Ferreira MM, Serafim ME. Plant-available soil water capacity:
Estimation methods and implications. Rev Bras Cienc Solo. 2014;38:464-75.
https://doi.org/10.1590/50100-06832014000200011

Soil Survey Division Staff - SSDS. Soil Survey Manual. ] Farm Econ. 2018;34:603.
https://doi.org/10.2307/1233734

Somarriba E, Peguero F, Cerda R, Orozco-Aguilar L, Lépez-Sampson A, Leandro-Mufioz ME,
Jagoret P, Sinclair FL. Rehabilitation and renovation of cocoa (Theobroma cacao L.) agroforestry
systems: A review. Agron Sustain Dev. 2021;41:38. https://doi.org/10.1007/s13593-021-00717-9

Souza Junior JO, Ker JC, Mello JWV, Cruz CD. Produtividade do cacaueiro em fun¢ao de caracteristicas
do solo: Il. Caracteristicas fisico-morfolégicas e alguns elementos extraidos pelo ataque sulfurico.
Rev Bras Cienc Solo. 1999;23:873-80. https://doi.org/10.1590/S0100-06831999000400014

Souza Junior JO, Silveira FGF, Pereira BLS, Mateus-Rodriguez JF, Baligar VC, Ahnert D.
Edaphic and physiographic attributes and death of cacao trees in drought years. Agron J.
2023;115:1069-84. https://doi.org/10.1002/agj2.21215

Souza Junior JO, Sodré GA, Neves JCL. Fertilidade do solo, correcao da acidez e recomendacdo
de adubacdo para o cacaueiro. In: Souza Junior JO, editor. Cacau: cultivo, pesquisa e inovacdo.
[Ihéus: Editus; 2018 p. 333-77. https://doi.org/10.7476/9786586213188

Rev Bras Cienc Solo 2026;50:€0250116 15



https://doi.org/10.1016/j.jplph.2024.154257
https://doi.org/10.1016/j.jplph.2024.154257
https://doi.org/10.1080/01904168209363012
https://doi.org/10.3389/fsufs.2024.1370275
https://doi.org/10.7476/9786586213188
https://doi.org/10.1590/S0100-204X2000001100023
https://doi.org/10.1016/j.agsy.2017.06.002
https://doi.org/10.36783/18069657rbcs20210091
https://doi.org/10.1590/S0100-06832014000200011
https://doi.org/10.2307/1233734
https://doi.org/10.1007/s13593-021-00717-9
https://doi.org/10.1590/S0100-06831999000400014
https://doi.org/10.1002/agj2.21215
https://doi.org/10.7476/9786586213188

’r-
‘
Y\

Porto et al. Relationship between soil physical properties and cocoa yield in no-til...

Souza R, Hartzell S, Freire Ferraz AP, Almeida AQ, Lima JRS, Antonino ACD, Souza ES. Dynamics
of soil penetration resistance in water-controlled environments. Soil Till Res. 2021;205:104768.
https://doi.org/10.1016/j.still.2020.104768

Stolf R, Fernandes J, Furlani Neto VL. Recomendacdo para o uso do penetrometro de impacto
modelo IAA/Planalsucar-Stolf. Piracicaba: IAA/Planalsucar; 1983 [cited 2020 Sep 14]. Available
from: http://www.servidores.ufscar.br/hprubismar/hprubismar.htm.

Stolf R. Teoria e testes experimentais de férmulas de transformacao dos dados de penetrémetro
de impacto em resisténcia do solo. Rev Bras Cienc Solo. 1991;15:229-35.

R Development Core Team. R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical Computing; 2021. Available from: http://www.R-project.org/.

Toxopeus H. Botany, types and populations. In: Wood GAR, Lass RA, editors. Cocoa. Chichester:
John Wiley & Sons; 2001. p. 11-37. https://doi.org/10.1002/9780470698983.ch2

Viana JHM, Teixeira WG, Donagemma GK. Umidade atual. In: Teixeira PC, Donagemma GK,
Fontana A, Teixeira WG, editors. Manual de métodos de andlise de solo. 3. ed. rev e ampl.
Brasilia, DF: Embrapa; 2017. p. 33-46.

Warrick AW, Nielsen DR. Spatial variability of soil physical properties in the field. In: Hillel D,
editor. Applications of soil physics. New York: Academic Press; 1980. p. 319-44.
https://doi.org/10.1016/B978-0-12-348580-9.50018-3

Wessel M, Quist-Wessel PMF. Cocoa production in West Africa: A review and analysis of recent
developments. NJAS - Wageningen | Life Sci. 2015;74-75:1-7.
https://doi.org/10.1016/j.njas.2015.09.001

Wood GAR. Environment. In: Wood GAR, Lass RA, editors. Cocoa. 4th ed. London: Longman;
2001. p. 38-80. https://doi.org/10.1002/9780470698983

Zahra N, Hafeez MB, Shaukat K, Wahid A, Hasanuzzaman M. Fe toxicity in plants: Impacts and
remediation. Physiol Plant. 2021;173:201-22. https://doi.org/10.1111/ppl.13361

Rev Bras Cienc Solo 2026;50:e0250116 16


https://doi.org/10.1016/j.still.2020.104768
http://www.servidores.ufscar.br/hprubismar/hprubismar.htm
http://www.R-project.org/
https://doi.org/10.1002/9780470698983.ch2
https://doi.org/10.1016/B978-0-12-348580-9.50018-3
https://doi.org/10.1016/j.njas.2015.09.001
https://doi.org/10.1002/9780470698983
https://doi.org/10.1111/ppl.13361

