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Introduction: Soil degradation in tropical agricultural landscapes represents one
of the major challenges for sustainability and food security, particularly in the
Peruvian Amazon. In this region, the loss of vegetative cover alters carbon storage
and increases vulnerability to erosion. This study evaluated how gradients of
canopy structure in representative agroecosystems—cassava with no canopy
(CV-S), oil palm with intermediate canopy density (OP-S), cacao with medium-
density canopy (CC-S), and coffee with high-density canopy (CF-S)—influence
soil organic carbon density (SOCD) and erodibility (K factor).

Methods: A total of 1,049 soil samples (0—-20 cm) were collected across three
Amazonian regions and analyzed for their physical, chemical, and textural
properties, complemented by multivariate and geostatistical analyses using
ordinary kriging.

Results: Results showed that SOCD increased consistently with canopy density,
from 32.68 t C ha™ in CV-S to 82.64 t C ha™*in CF-S. The Factor K exhibited the
opposite pattern, decreasing from 0.31 to 0.16 as tree cover increased, indicating
greater resistance to erosion. Erodibility was primarily determined by soil texture,
with a strong positive correlation associated to silt content (r = 0.89) and a
negative with sand content (r = —0.74). Likewise, SOCD showed a very high
correlation with total nitrogen (r = 0.96), reflecting a tight coupling between
carbon accumulation and nutrient availability under denser canopies. Principal
component analysis further revealed that dense-canopy systems are related to
higher SOCD and total nitrogen, whereas canopy-free systems are linked to
higher bulk density and greater susceptibility to erosion.

Discussion: Spatial modeling showed that agroecosystems with more developed
canopies exhibit better spatial structure and predictive performance, indicating a
more stable edaphic organization under dense tree cover. Taken together, the
results demonstrate that canopy structure functions as a key ecological regulator
in Amazonian agroecosystems, with higher canopy cover promoting greater soil
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carbon accumulation while reducing soil erodibility. This highlights that dense-
canopy systems, such as coffee and cacao, represent effective strategies to
strengthen the sustainability and resilience of agricultural landscapes in the

Peruvian Amazon.

KEYWORDS

Amazonian agroecosystems, canopy structure, respect geostatistics, soil erodibility,
soil organic carbon density, spatial variability

1 Introduction

Soil constitutes the functional backbone of agroecosystems, and
its degradation represents one of the greatest challenges to global
agricultural sustainability, particularly in the face of the growing
demand for resilient and environmentally sound production
systems (De Corato et al., 2024). In humid tropical regions such
as the Amazon, this vulnerability is exacerbated by high rates of
organic matter mineralization, the strong erosivity of rainfall, and
agricultural practices that reduce vegetation cover—conditions that
increase soil susceptibility to physical degradation and carbon loss
(Rolo et al., 2023; Vallejos-Torres et al., 2023a). In this context, soil
organic carbon density (SOCD) and soil erodibility (K factor)
emerge as fundamental indicators for assessing soil resilience and
the capacity of agricultural systems to sustain stable long-term
production (Williams et al., 1984; Orton et al., 2014).

Numerous studies have shown that tree cover enhances soil
fertility and physical stability by increasing litter inputs, enhancing
soil organic carbon, and reducing aggregate breakdown (Zhu et al.,
2020). Likewise, agroecosystems with shade trees have been shown
to generate more favorable microclimatic conditions, enhance
nutrient retention, and reduce erosion, although the magnitude of
these effects strongly depends on canopy structure and crop type
(Cerda et al., 2020; Castellano-Hinojosa and Strauss, 2020). Despite
the general consensus on the benefits of canopy cover in perennial
systems, a critical knowledge gap remains: how variations in canopy
density simultaneously influence soil organic carbon density
(SOCD) and soil erodibility at the spatial scale in Amazonian
agricultural landscapes.

In addition, vegetation cover reduces erosion intensity,
significantly decreasing soil nutrient losses. These results illustrate
the relationships between changes in vegetation cover, soil erosion,
and nutrient export, which may provide a reference for
conservation efforts and for improving soil quality (Zhao
et al., 2020).

The Peruvian Amazon provides an ideal setting to evaluate these
relationships due to its strong heterogeneity in agricultural practices
and production systems, ranging from perennial crops such as coftee
and cacao associated with shade trees to systems with lower canopy
such as oil palm and cassava, characterized by greater soil exposure
(Vallejos-Torres et al., 2023b). In this study, we evaluated how different
canopy structures in representative agroecosystems of the Peruvian
Amazon influence soil organic carbon density and soil erodibility by
integrating physicochemical, statistical, and geostatistical analyses.

We hypothesized that agroecosystems with greater tree cover
exhibit higher soil carbon stocks and lower erodibility due to
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increased biomass inputs, the action of roots and microorganisms,
and enhanced stabilization of soil aggregates (Zeng et al., 2023;
Gyssels et al,, 2005). By addressing this knowledge gap, this
research provides key quantitative evidence to support the design
of soil management policies and sustainable agricultural practices in
tropical regions of the Peruvian Amazon.

2 Materials and methods
2.1 Study of the site

The study was conducted in three departments of Peru: Loreto,
San Martin, and Amazonas (Figure 1A). In the Loreto department,
the study area was located in the province of Alto Amazonas,
district of Yurimaguas, and corresponded to a cassava
agroecosystem with no canopy cover (CV-S), covering an area of
46.93 km®. In the San Martin department, the evaluated sites
included the province of Tocache, district of Polvora,
representative of an oil palm agroecosystem with intermediate
canopy cover (OP-S), encompassing an area of 122.93 km? as
well as the province of Moyobamba, district of Soritor,
corresponding to a cacao agroecosystem with medium-density
canopy cover (CC-S), with a surface area of 154.46 km”. In the
Amazonas department, the study area was located in the province of
Rodriguez de Mendoza and comprised a coffee agroecosystem
characterized by high-density canopy cover (CE-S), covering an
area of 86.81 km* (Figures 1B, C). The study was carried out
between August and December 2024.

The San Martin region exhibits a tropical-subtropical climate
with marked seasonality, mean annual temperatures ranging from
23 to 27 °C, and annual precipitation close to 1,500 mm
(SENAMHI, 2014). In contrast, Loreto is entirely located within
the humid Amazonian lowland and is characterized by an
equatorial climate without a dry season, mean annual
temperatures of 26-28 °C, and annual precipitation exceeding
2,500-3,000 mm. Meanwhile, Amazonas spans a gradient from
lowland rainforest to the eastern slope of the Andean mountain
range, exhibiting temperate-humid climates with temperatures
ranging from 18 to 24 °C and annual precipitation between 1,500
and 2,500 mm (SERNANP, 2017).

The evaluated agroecosystems are distributed along an
altitudinal gradient that conditions soil formation and the
dominant edaphic processes. The canopy-free system CV-S,
located in the low Amazonian plain (130-270 m a.s.l.), is mainly
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FIGURE 1

Location of the study areas in the Peruvian Amazon. (A) Evaluated regions: Amazonas, Loreto, and San Martin. (B) Provinces: Rodriguez de Mendoza,
Moyobamba, Tocache, and Alto Amazonas. (C) Corresponding districts—Vista Alegre, Soritor, Polvora, and Yurimaguas—and distribution of the
sampling points associated with the four agroecosystems: cassava without canopy (CV-S), oil palm with intermediate canopy (OP-S), cacao with
medium-density canopy (CC-S), and coffee with high-density canopy (CF-S).

associated with Dystric Cambisols and Haplic Acrisols (CMd-ACh)
(Figures 2A1, B1). The OP-S system, developed across intermediate
altitudinal ranges (450-900 m a.s.l.), exhibits greater edaphic
heterogeneity, dominated by Eutric Leptosols, Eutric Cambisols,
and Eutric Regosols (LPe-CMe-RGe) (Figures 2A2, B2). In
contrast, agroecosystems with greater tree cover, CC-S and CF-S,
located in colline and montane environments (800-2,200 m a.s.l.),
are predominantly characterized by Eutric Regosols and Eutric
Cambisols (RGe-CMe), as shown in Figures 2A3-B3, A4-B4,
respectively. Soil classes were interpreted according to the FAO/
WRB classification adopted by the National Institute of Natural
Resources of Peru (INRENA, 1996), whereas altitudinal ranges were
characterized using the Copernicus GLO-30 digital elevation model
(European Space Agency [ESA], 2021).

2.2 Sampling design

Four agricultural agroecosystems were identified across four study
zones: oil palm and cacao in the San Martin region, coffee in the
Amazonas region, and cassava in Loreto. The oil palm agroecosystem
with intermediate canopy cover (OP-S) consisted of plantations older
than 15 years and included a ground cover dominated by Pueraria
phaseoloides (Kudzu). Subsequently, 334 soil samples were collected in
this agroecosystem. The cacao agroecosystem with medium-density
canopy cover (CC-S) had plantation ages ranging from 8 to 10 years
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and was associated with shade trees, mainly Cedrela odorata, Inga sp.,
Citrus sinensis, Musa sp., among others; 601 soil samples were sampled
for this system. The coffee agroecosystem (CF-S), characterized by
high-density canopy cover and plantation ages between 9 and 12 years,
was associated primarily with Cedrela odorata, Inga sp., Calycophyllum
spruceanum, and Schizolobium amazonicum, among other species.
From this agroecosystem, 71 soil samples were collected. Finally, the
cassava agroecosystem without canopy cover (CV-S) or ground cover,
established as a mono-agroecosystem, yielded 43 soil samples (Table 1).
In total, 1,049 soil samples were collected at a depth of 0-20 cm using
soil pits. This sampling depth was selected since soil organic carbon
density (SOCD) is predominantly retained in the surface soil layer (~20
cm) and decreases with increasing soil depth (Hao et al,, 2015).

2.3 Calculation of soil edaphic and
nutritional parameters

The collected soil samples were analyzed at the accredited
laboratory of the National Institute of Agrarian Innovation
(INTA), Peru. Soil texture was determined using the hydrometer
method. Soil pH was measured with a potentiometer in a 1:2.5 soil-
water suspension. Soil organic matter (SOM) was determined
following the NOM-021-RECNAT-2000 (2002). Total nitrogen
was analyzed using the Kjeldahl method (Bremner, 1996),
available phosphorus by the Olsen method (Olsen and Sommers,
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FIGURE 2

Spatial distribution of elevation and soil classes across the evaluated agroecosystems. (A1—A4) show the altitudinal ranges (m a.s.l.) for the cassava
system without canopy cover (CV-S), oil palm with intermediate canopy cover (OP-S), cacao with medium-density canopy cover (CC-S), and coffee
with high-density canopy cover (CF-S), respectively. (B1-B4) display the dominant soil class associations interpreted for the same agroecosystems:
CMd-ACh, Dystric Cambisols—Haplic Acrisols LPe—CMe—-RGe, Eutric Leptosols—Eutric Cambisols—Eutric Regosols and Eutric RGe—-CMe, Regosols—

Eutric Cambisols. Black dots indicate soil sampling locations.

1982), and available potassium according to the NOMA-021-
RECNAT-2000 standard (2002).

2.4 Calculation of soil organic carbon

density

Soil organic carbon stock (SOCD) represents the amount of organic

SOCD = pxPxDx(1-5) (1)

where p is soil bulk density (g cm™), P is soil organic carbon content

coarse fragments (> 2 mm).

carbon stored in the soil per unit area down to a given depth. SOCD was

calculated following the mass-balance approach proposed by Batjes
(1996) and was expressed in t C ha™, according to Equation 1:

TABLE 1 Characteristics of the agroecosystems.

Agroecosystem

Crop age and prior land

use

Fertilization

Logging, burning, and
tillage

(%), D is soil layer thickness, and S is the volumetric fraction of

2.5 Calculation of soil erodibility

Soil erodibility (K) is a fundamental parameter that quantifies
the intrinsic resistance of soil to erosion as a function of its physical

Under the shade of
tree species

Oil palm tree (Elaeis
guineensis)

Coffee stands are 8-15 years old.
Before crop establishment, the areas
were covered with shrub vegetation.

Application of inorganic and
organic fertilizers, generally
potassium, dolomite, rock
phosphate, and compost.

Logging was carried out, but no
burning, for crop establishment.
Weed control was performed
manually (cultural control).

Pueraria sp

Cacao (Theobroma
cacao)

Coffee (Coffea
arabica)

Age greater than 8-10 years. Before
crop establishment, the area was
covered with fallow (purma) and

forest.

Coffee stands are divided into ages
of 7-12 years. Before crop
establishment, the areas were
covered with shrub vegetation.

With applications of island
guano and compost.

Application of compost twice a
year.

No burning was carried out; only
slashing and felling of vegetation.

Logging was carried out, but no
burning, for crop establishment.

Associated with trees of
Cedrela odorata, Inga spp.,
Guazuma crinita, and Cordia
sp. Citrus sinensis

Associated with trees of Inga
spp., Persea americana,
Cedrela odorata and
Calycophyllum spruceanum.

Yuca (Manihot
esculenta)

Annual crop. Before crop
establishment, the areas were
covered with shrub vegetation.

Without any fertilizer
application

No burning was carried out; only
slashing and felling of vegetation.

Weeds such as: Portulaca
oleracea, Setaria sp, Cyperus
rotundus, Bidens sp.
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properties and organic carbon content. In this study, the K factor
was estimated using the empirical formulation proposed by
Williams et al. (1984). The calculation of the K factor was
performed according to Equation 2:

K=[02 + 0.3 ¢ %025 SANUL - 5551 _ sk \¥ )
' ‘ CLA + SIL
0.25 C 0.7SN;

C+eB72-2%50

O |

donde SAN, SIL, CLA y C son los contenidos de arena, limo, arcilla

SN, + o551 + 229 SND)

y carbono organico del suelo (%), y SN; = 1 — SAN/100. Equation 2
allows K to vary approximately between 0.1 and 0.5. The first term
provides low K values for soils with high contents of coarse sand;
the second term reduces K values for soils exhibiting high clay-to-
silt ratios; the third term reduces K values for soils with high organic
carbon contents; and the fourth term further reduces K for soils
with extremely high sand contents (SAN > 70%).

2.6 Statistical and geostatistical analyses

Boxplots were used to explore the distribution and variability of
the data. A one-way analysis of variance (ANOVA) was applied to
determine significant differences among group means classified
according to land use in agroecosystems with different canopy
structures, based on their physicochemical and textural soil
properties. Prior to ANOVA, the assumptions of normality and
homogeneity of variances were verified using the Shapiro-Wilk and
Bartlett tests, respectively. When significant differences were
detected (p< 0.05), Tukey’s honestly significant difference (HSD)
test was applied to identify distinct groups using grouping letters.
Bivariate relationships among soil variables were explored using
Pearson correlation analysis, allowing the identification of direct
and inverse associations between soil organic carbon density
(SOCD), the soil erodibility factor (K), and the physicochemical

10.3389/fagro.2026.1769313

soil properties. In addition, a principal component analysis (PCA)
was performed to synthesize the multivariate variability across the
set of soil properties and to visualize clustering patterns associated
with each agroecosystem. All statistical analyses were conducted
using R (version 4.5.0; R Core Team, 2025) through the RStudio
development environment (version 2025.05.0 + 496; Posit Team,
2025). Figures 3, 4, and 5, corresponding to post hoc mean
comparison tests (Tukey HSD), were generated applying the
agricolae, ggplot2, dplyr, readxl, and patchwork packages for data
manipulation, analysis, and visualization. Figure 6, representing the
USDA soil textural triangle, was created using the soiltexture
package. Figure 7, showing the correlation matrix, was obtained
through the Hmisc, ggplot2, and reshape2 packages. Finally,
Figure 8, corresponding to the principal component analysis
(PCA), was produced by means of FactoMineR, factoextra, and
ggnewscale. This enables the generation of clear, reproducible, and
high-quality scientific visualizations.

Geostatistical analysis was performed using the SmartMap
plugin of QGIS version 3.34.14 (Prizren), applying the ordinary
kriging method (QGIS Development Team, 2024; Pereira and
Valente, 2022). This method allows modeling the spatial
continuity of soil properties based on the dependence structure
among point observations (Coulibaly, 2024). The process began
with the construction of the experimental semivariogram from the
sampled data, followed by the fitting of the theoretical model
(spherical, exponential, or Gaussian) that best represented spatial
variability. From this model, the nugget (Cy), sill (Cy + C;), and
range (a) parameters were estimated, describing the magnitude and
spatial extent of autocorrelation of the variable. Subsequently,
ordinary kriging was applied to generate continuous maps of
predicted values and associated estimation errors, ensuring
accurate and consistent cartographic representation. Cross-
validation was used to evaluate model performance through
RMSE and R? indicators, thereby ensuring the reliability and
consistency of the spatial predictions (Zarychta, 2025).
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FIGURE 3
Comparison of four types of canopy structures: CV-S, OP-S, CC-S, and CF-S. (A) Soil organic carbon density (SOCD) increases from CV-S to CF-S.
(B) Soil erodibility (Factor K) decreases from CV-S to CF-S. The bars indicate the mean + standard deviation; letter annotations denote statistically
significant differences according to Tukey's test (p < 0.05).
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3 Results the soil erodibility factor (K) among land-use systems with different

canopy structures (Table 2; Figures 3A, B, respectively). SOCD
3.1 Soil organic carbon density and the soil showed a progressive increase from the system without canopy
erOdIbIlIty factor (CV-S: 32.68 + 7.51 t C ha™) to the high- density canopy system
(CF-S: 82.64 + 19.04 t C ha™), following the order CV-S< OP-S
Analysis of variance and Tukey’s test (p< 0.05) revealed  (46.59 + 14.38 t C ha™)< CC-S (60.66 + 10.85 t C ha™)< CF-S. The

significant differences in soil organic carbon density (SOCD) and aforementioned indicates greater organic carbon accumulation
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FIGURE 5
Comparison of four canopy structure types: CV-S, OP-S, CC-S, and CF-S. (A) sand content, (B) clay content, (C) silt content, (D) bulk density (BD),
(E) electrical conductivity (EC), and (F) hydrogen potential (pH). Bars indicate the mean + standard deviation; letter annotations denote statistically
significant differences according to Tukey's test (p < 0.05).
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Soil texture triangle showing the distribution of samples across the
different textural classes (USDA soil classification system).

under denser tree cover (Figure 3A). In contrast, the K
factor exhibited an inverse pattern, with the gradient CF-S (0.16
+ 0.04)< CC-S (0.21 + 0.04)< OP-S (0.26 + 0.04)< CV-S (0.31 +
0.05) (Figure 3B). This reflects a reduction in soil erodibility

10.3389/fagro.2026.1769313

associated with increasing canopy cover and higher soil organic
carbon content. These patterns may be partly associated with higher
total soil nitrogen (TSN) and organic matter (OM) contents in soils
of the CE-S system, as well as with differences in soil texture—
particularly silt content—among land-use systems with contrasting
canopy structures.

3.2 Soil nutrients under different canopy
structures

The analysis of variance, complemented by Tukey’s test (p< 0.05),
revealed significant differences in several nutrients and
physicochemical soil properties among systems with different
associated canopy structures (Figure 4, Table 2). Soil nutrients such
as available soil potassium (ASK) reached the highest values in the
high density canopy system (CF-S: 104.8 + 25.3 mg kg™") and in the
non-canopy system (CV-S: 106.1 + 23.9 mg kg™), with no significant
differences between them, whereas the intermediate canopy system
(OP-S: 69.2 + 4.6 mg kg™) exhibited the lowest value (Figure 4A).
Regarding total soil nitrogen TSN, the high density canopy system
(CF-S) showed a significantly higher content (0.31 + 0.07%)
compared with the medium density canopy (CC-S: 0.18 + 0.04%),
intermediate canopy (OP-S: 0.18 + 0.06%) and non-canopy systems
(CV-S: 0.16 + 0.03%) (Figure 4B). Total soil nitrogen (TSN) was
generally affected by the organic matter (OM) content present in the
CEF-S system. In contrast, available soil phosphorus ASP displayed a
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more pronounced variation among systems, with the highest value
recorded in the medium density canopy (CC-S: 10.69 + 3.54 mgkg™),
followed by the intermediate canopy (OP-S: 7.08 + 2.38 mg kg™).
Inthis sense, the lowest values occurred in the non-canopy (CV-S:
2.66 + 0.99 mg kg') and high density canopy systems (CF-S: 4.34 +
2.16 mg kg™) (Figure 4C).

Altogether, a positive trend of TSN associated with increasing
canopy cover was evident, with significantly higher values in the
CE-S system. This suggests that greater canopy density enhances
nitrogen retention and cycling in the soil. Conversely, ASK and ASP
did not exhibit a clear trend in relation to canopy cover.

3.3 Soil textural and physicochemical
properties

The analysis of variance, complemented by Tukey’s post hoc test
(p< 0.05), revealed significant differences in soil textural
components and physicochemical properties among systems with
contrasting canopy structures (Figure 5, Table 2). Sand content was
significantly higher in CF-S (63.2 + 13.3) compared to the other
systems, which did not differ significantly from each other (CC-S:
50.3 + 13.4%; OP-S: 47.9 + 12.2%; CV-S: 52.3 £ 17.6%) (Figure 5A).
Clay content ranged between 19.2 + 8.3% and 25.3 + 9.9%, being
significantly lower in CF-S respect to CC-S, OP-S, and CV-S. These
systems formed a homogeneous group without statistical differences
among them (Figure 5B). Likewise, silt content showed significant
differences, with the highest values observed in OP-S (26.8 + 7.7%)
and the lowest in CF-S (17.6 + 7.2%) (Figure 5C). Systems with
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dense canopy cover (CF-S and CC-S) exhibited predominantly
sandy loam to sandy clay loam textures (SaLo-SaClLo). This
result reflects soils more balanced and structurally stable. The
intermediate canopy system (OP-S) presented a sandy clay loam
texture (SaClLo) marked by good aeration and moderate water
retention. In contrast, soils without canopy cover (CV-S) were
mainly classified as sandy loam (SaLo), with higher sand content
and lower cohesion. These findings indicate greater susceptibility to
water erosion (Figure 6). Regarding physicochemical properties,
bulk density (AD) differed significantly among systems, with CF-S
(1.37 £ 0.11 g cm™) revealing higher values than the other systems.
CC-S(1.30+£0.13 gcm™), CV-S (1.31 £ 0.14 g cm™) and OP-S (1.30
+0.09 g cm™®) did not differ significantly from each other, forming a
homogeneous group (Figure 5D). Electrical conductivity (EC) was
significantly lower in OP-S (5.2 £ 1.3 mS m™) and higher in CC-S,
CF-S and CV-S (10.1 + 2.6 to 11.8 + 3.0 mS m™), which exhibited
similar values (Figure 5E). Soil pH ranged from 4.5 to 5.1, with CF-S
(4.49 £ 0.59) being the only system that differed significantly from
the others (CC-S: 4.81 + 0.90; OP-S: 4.97 + 0.46; CV-S: 5.08 +
1.10) (Figure 5F).

3.4 Correlation of SOCD and the K factor
with soil physicochemical parameters

The Pearson correlation analysis (Figure 6) indicated that the
strongest associations of the K factor were linked to the textural
fractions, showing a very high positive correlation with silt (r = 0.89;
p< 0.001) and a marked negative correlation with sand (r = —0.74;
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TABLE 2 One-way ANOVA was used to evaluate the effect of land-use type, in agroecosystems with different canopy structures, on soil

physicochemical and textural properties.

Variable

Source of
variation

10.3389/fagro.2026.1769313

Land-use Type 3 0.0549 32.3256 <0.001
K Factor_
Error 1045 0.0017
Land-use Type 3 29748.2938 46.4779 <0.001
SOCD
Error 1045 640.0531
Land-use Type 3 40.7851 39.0363 <0.001
oC
Error 1045 1.0448
Land-use Type 3 633.3225 26.4957 <0.001
SC
Error 1045 23.9029
Land-use Type 3 4.7372 26.4957 <0.001
CcC
Error 1045 0.1788
Land-use Type 3 967.1059 38.5618 <0.001
SCD
Error 1045 25.0794
Land-use Type 3 0.1071 7.8134 <0.001
AD
Error 1045 0.0137
Land-use Type 3 5.8670 9.7492 <0.001
pH
Error 1045 0.6018
Land-use Type 3 2042.9126 42.0073 <0.001
EC
Error 1045 48.6324
Land-use Type 3 147.2344 39.0363 <0.001
OM
Error 1045 3.7717
Land-use Type 3 2054.8000 24.4400 <0.001
ASP
Error 1045 84.1000
Land-use Type 3 44192.3287 11.6176 <0.001
ASK
Error 1045 3803.9261
Land-use Type 3 0.3798 38.4352 <0.001
TSN
Error 1045 0.0099
Land-use Type 3 812.3614 10.0926 <0.001
Clay
Error 1045 80.4909
Land-use Type 3 1755.9833 19.6956 <0.001
Silt
Error 1045 89.1561
Land-use Type 3 4624.8945 26.4794 <0.001
Sand
Error 1045 174.6599

K Factor, erodibility; SOC, soil organic carbon; SOCD, soil organic carbon density; OC, organic carbon; SC, saturated carbon; CC, critical carbon; SCD, saturated carbon deficit; AD, bulk density;
pH, hydrogen potential; EC, electrical conductivity; OM, organic matter; ASP, available soil phosphorus; ASK, available soil potassium; TSN, total soil nitrogen; Sand, Silt, and Clay: textural

fractions (%)

p< 0.001). A weaker positive correlation was also observed with clay
(r = 0.16; p< 0.001). In contrast, correlations between the K factor
and physicochemical properties such as bulk density (BD), pH,
electrical conductivity (EC), available soil phosphorus (ASP), and
available soil potassium (ASK) were weak, with |r|< 0.18. SOCD
exhibited its strongest correlation with total soil nitrogen (TSN; r =
0.96). Conversely, it displayed weak relationships between the
textural fractions (sand, clay, and silt) and the physicochemical
variables, all with [r|< 0.20.

Frontiers in Agronomy

3.5 Multivariate analysis of soil physical and
chemical properties under different canopy
structures

The principal component analysis (PCA) illustrated in Figure 8
jointly explained 50.5% of the total variance across two dimensions.
Dimension 1 (31.2%) was dominated by Sand and BD, in contrast to
the opposite loadings of Clay, Silt, and the K factor. Dimension 2
(19.3%) was primarily driven by SOCD and TSN. The different canopy
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structures were associated with distinctive patterns in soil physical and
chemical properties. CV-S showed a strong association with Sand, BD,
and the K factor, indicating more erodible, sandy, and compact soils
under limited vegetation cover. OP-S exhibited a moderate association
with pH, ASK, and Silt, reflecting affinity with chemical and textural
attributes characteristic of an intermediate canopy. CC-S displayed a
moderate-to-strong association with Silt and Clay, suggesting affinity
with soils dominated by fine fractions. In contrast, CF-S showed a
strong association with SOCD and TSN, indicating correspondence
with organic-matter-rich conditions under a dense canopy. The PCA
revealed two clearly defined relational patterns. The first corresponded
to a strong positive relationship between silt and the K factor, as well as
between TSN and SOCD, indicating that silt fractions are associated
with greater susceptibility to erosion, whereas soil organic matter and
total nitrogen follow a shared gradient of edaphic enrichment. In
contrast, a marked negative association was observed between the
TSN-SOCD pair and the silt-K factor group, along with the opposition
of clay, pH, and ASK against ASP, sand, and bulk density. This pattern
reflects opposing edaphic gradients where soils enriched in organic
matter and nutrients contrast with those exhibiting higher
susceptibility to erosion.

3.6 Spatial variability of soil organic carbon
density and soil erodibility estimated by
ordinary kriging

The spatial distribution of soil organic carbon density (SOCD)
and the erodibility factor (K factor), obtained through ordinary

10.3389/fagro.2026.1769313

kriging, is presented for four canopy systems located in different
districts of the Peruvian Amazon (Figure 9A1-B4): CV-S (cassava,
no canopy; Yurimaguas district, A1 and B1), OP-S (oil palm,
intermediate canopy; Polvora district, A2 and B2), CC-S (cacao,
medium-density canopy; Soritor district, A3 and B3), and CF-S
(coffee, high-density canopy; Rodriguez de Mendoza district, A4
and B4).

The spatial distribution of SOCD showed that the CC-S and CF-
S canopy structures exhibited significant spatial autocorrelation,
with Moran’s I values of 0.30 and 0.49, respectively (p< 0.05). These
systems also demonstrated the best cross-validation performance
between observed and predicted values, with RMSE = 19.18, R? =
0.42 for CC-S and RMSE = 19.38, R* = 0.48 for CF-S. In contrast,
the remaining canopy structures displayed low spatial
autocorrelation (Moran’s I< 0.2; p > 0.05) and low predictive
capacity (R*< 0.30), suggesting that their spatial variation is
predominantly random and does not exhibit distance-dependent
patterns. Regarding the spatial distribution of the K factor, CV-S
and CF-S exhibited significant spatial autocorrelation, both with
Moran’s I values of 0.47 (p< 0.05), and recorded the highest cross-
validation performance, with RMSE = 0.04, R? = 0.48 for CV-S and
RMSE = 0.03, R* = 0.40 for CF-S. By contrast, the other canopy
structures showed low spatial autocorrelation (Moran’s I< 0.2; p >
0.05) and limited predictive capacity (R’< 0.21), indicating
predominantly random spatial variation.

The prediction surfaces of SOCD generated through ordinary
kriging showed that the CF-S system (Figure 9A4 exhibited
the highest concentrations, with extensive areas ranging from 60
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the K factor for the same agroecosystems.
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to >80 t C ha™. This was followed by CC-S (Figure 9A3), where
intermediate-to-high values (45-65 t C ha™) predominated. In OP-
S (Figure 9A2), moderate levels were observed, mainly between 35-
50 t C ha, Finally, CV-S (Figure 9A1) recorded the lowest
concentrations, dominated by ranges of 31-45 t C ha™'.In general,
these values indicate that higher canopy structure is associated with
increased SOCD concentrations. With respect to the K factor, the
CV-S system (Figure 9B1 showed the highest values, corresponding
to high-to-moderate erodibility, with predominant ranges between
0.21-0.32. In OP-S (Figure 9B5), values clustered within the 0.20-
0.27 interval, classifying this system as having moderate erodibility.
In CC-S (Figure 9B3) ranges between 0.17-0.22 prevailed, reflecting
low-to-moderate erodibility. Lastly, CF-S (Figure 9B4)
predominantly exhibited the lowest values (<0.17), placing it
within the low-erodibility category according to the USDA
reference framework (U.S. Department of Agriculture) (Sharpley
and Williams, 1990).

4 Discussions

4.1 Soil organic carbon density and the soil
erodibility factor

The results showed a significant increase in SOCD across the four
agroecosystems (Figures 2a, b). The coffee-based agroecosystem (CF-S)
exhibited the highest SOCD levels. Soil organic carbon density (SOCD)
is an important indicator of soil organic carbon (SOC and a key
parameter in agricultural soils, providing valuable information for
improving environmental quality and agricultural productivity (Liu
et al., 2022). The CF-S system showed elevated SOC content, likely due
to abundant litterfall and pronounced vegetation stratification, where
the decomposition of large amounts of litter contributes substantially to
SOC inputs (Cao et al, 2020). Moreover, vegetation roots and soil
microorganisms are abundant, and the soil’s self-fertilization capacity is
high. Increased root exudates and residues accelerate nutrient cycling
and improve the efficiency of organic matter formation, promoting
SOC accumulation per unit area (Zeng et al., 2023). However, the
cassava agroecosystem, being a monoculture, exhibits limited
secondary plant cover and reduced litter deposition, resulting in a
shallow humus layer in the study area (Lechleitner et al., 2017), This
condition led to significant differences compared with the other
agroecosystems and contributed to lower SOCD availability
(Sokolowska et al, 2020). Moreover, cassava-based ecosystems are
temporary systems, and their soils undergo continuous disturbance due
to the annual planting cycles. This recurrent soil turnover makes SOCD
more vulnerable to external factors (Gaitan et al., 2019; Li et al., 2022),
such as climate change, vegetation growth dynamics, environmental
shifts, and human activities.

4.2 Soil nutrients under different canopy
structures

This study aligns with the findings who observed 0.31%

nitrogen in soils from coffee systems associated with shade tree.
The higher nitrogen contents in this agroecosystem are likely
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attributable to the greater organic matter inputs found in the
coffee plantations, as documented by Vallejos-Torres et al. (2024).
This is translated into increased nitrogen availability. Shade-tree
species can influence soil nutritional status both directly (e.g.,
through litter deposition and nitrogen fixation) and indirectly
(e.g., by modifying decomposition rates due to temperature
differences beneath the canopy) (Liu et al.,, 2021; Strukelj et al.,
2021). Similarly, total soil nitrogen (N) concentrations in shaded
coffee system have been reported to be significantly higher (P< 0.05)
in the upper soil layer compared with unshaded coffee systems
(Xiao et al.,, 2020). Thus, agroecosystems with shade tres supply
biomass to the soil that is decomposed by microfauna, contributing
substantially to nitrogen inputs. Regarding available potassium, no
significant differences were observed among the coffee, cacao, and
cassava agroecosystems. In contrast, available phosphorus was
highest in the cacao system. Shade trees are key components of
cacao agroforestry systems because they influence yield and soil
fertility (Asitoakor et al., 2024). The presence of neighboring shade
trees has been shown to increase nitrogen, phosphorus, and pH in
the rhizosphere of nearby cacao trees without reducing yield. Over
longer time scales, these increases in rhizosphere soil fertility are
likely to enhance cacao productivity and shape microbial
communities. Theses regression models indicate that nitrogen and
phosphorus, in particular, are key predictors of cacao yields and of
microbiome diversity and composition (Schmidt et al., 2022).

4.3 Soil textural and physicochemical
properties

Egeta et al. (2023) reported an average sand content of 56.93%;
and a mean bulk density of 1.49 g cm™ in their forest ecosystem
study. These results are comparable to those obtained in the present
study, where the coffee agroecosystem exhibited the highest sand
content and bulk density. Sand content has been shown to better
predict SOC distribution than silt and clay fractions (Saiz et al.,
2012). Carbon decomposition is slower in finer-textured soils,
contributing to greater chemical stabilization of SOC through
adsorption onto soil clay minerals (Krull et al., 2003). Regarding
bulk density, the coffee agroecosystem showed the highest values;
likely because CF-S represents a permanent and relatively stable
agroecosystem over time. This pattern is consistent with findings by
Arthur et al. (2022) who reported significantly (P< 0.05) lower bulk
density in a 23-year-old plantation and higher values in an 18-year-
old plantation. In terms of soil pH, the cassava agroecosystem
exhibited the highest values, whereas the coffee agroecosystem
presented the lowest. These results suggest that both climatic
conditions and anthropogenic activities influence the spatial
distribution of soil pH (Sun et al., 2023). Moreover, soil pH plays
a central role in regulating multiple soil properties. Variations in
soil pH may be associated with changes in climate, soil buffering
capacity, nitrogen deposition, and vegetation (Hong et al., 2019).

4.4 Correlation of SOCD and the K factor
with soil physicochemical parameters

Soil organic carbon (SOC) content results from a net balance
between the rate of organic matter input and the rate of organic
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carbon mineralization (Sheng et al., 2015), with the former being
primarily determined by plant cover and root plant (Zhang et al,,
2021). The present study shows a highly significant and positive
correlation between total soil nitrogen (TSN) and both SOC and
SOCD; that is, as SOC increases, TSN also tends to increase.
Because most soil nitrogen is stored in organic matter (Xie et al.,
2020), and because increased nitrogen availability enhances
microbial activity that promotes decomposition, this process
elevates SOC content and its active carbon fraction (Liu et al,
2021; Xu et al, 2020). Likewise, SOC also exhibited a positive
correlation with sand (0.21), whereas it showed negative
correlations with silt (-0.12) and clay (-0.19). Our findings
provide empirical evidence that conservation-oriented agricultural
systems such as coffee and cacao agroecosystems enhance and
increase the accumulation and persistence of SOC and total soil
nitrogen under projected climate-warming scenarios (Tian et al.,
2024). Statistical evaluation using Pearson correlation revealed
positive correlations between soil erodibility and silt (0.63%), and
negative correlations with sand (-0.16%) and organic matter
(-0.32%) (Othmani et al., 2023). In addition, Solorzano-Acosta
et al. (2025) reported a strong association between SOCD-related
properties and organic matter (OM) and total soil nitrogen (TSN)
across different vegetation covers.

4.5 Multivariate analysis of soil
physicochemical properties under different
canopy structures

The PCA confirmed the patterns already observed in the
correlation analysis, showing that texture and erodibility
constitute the main gradient of edaphic variation, while soil
carbon and nitrogen content define a second axis associated with
soil fertility. CV-S clustered with sand, bulk density and the K
Factor, consistent with its greater erodibility and low carbon
content. This result agrees with earlier observation, notably the
strong positive relationships between silt, the K factor, and low
SOCD values in soils with reduced canopy cover (Gyssels et al.,
2005; Sharmeen and Willgoose, 2006; Solorzano-Acosta et al.,
2025). In contrast, CF-S was clearly associated with SOCD and
TSN, reinforcing the previously described pattern that dense-
canopy systems accumulate higher organic matter and nitrogen,
in line with the SOCD-TSN coupling identified in the correlation
matrix and with findings reported for tropical soils (Cotrufo
et al,, 2013).

4.6 Spatial distribution of soil organic
carbon density and soil erodibility based on
ordinary kriging

The spatial analysis using ordinary kriging showed that canopy
structure clearly influences the distribution of soil organic carbon
density (SOCD) and erodibility (K factor). Agroecosystems with
denser canopies, particularly CF-S and CC-S, exhibited the highest
SOCD concentrations, with averages of 82.64 t Cha™ and 60.66 t C
ha™, respectively. This pattern is in line with studies indicating that
well-developed vegetation cover enhances soil carbon accumulation
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due to increased residue inputs and greater surface stability
provided by vegetation (Vallejos-Torres et al., 2024). Additionally,
the contribution of roots and stable aggregates—widely recognized
as mechanisms promoting carbon retention in tropical soils—
further supports this pattern (Mustafa et al., 2020; Srivastava and
Yetgin, 2024). Conversely, agroecosystems with reduced canopy
cover, such as OP-S and CV-S, recorded the lowest SOCD values,
with averages of 46.59 t C ha™* and 32.68 t C ha™, respectively. In
humid forests, strong biomass recovery and growth largely
compensated for carbon losses caused by deforestation and
degradation; moreover, as observed in African forests and woody
savannas, these ecosystems have historically acted as carbon sinks
by removing atmospheric carbon and storing it as biomass (Zhao
et al,, 2024; Rodriguez-Veiga et al,, 2025). Regarding the K factor,
the highest values were concentrated in CV-S (0.21-0.32),
confirming that low-cover soils are more susceptible to erosion.
OP-S exhibited moderate erodibility (0.20-0.27), whereas CC-S
presented lower values (0.17-0.22). The lowest erodibility was
observed in CF-S (< 0.17), indicating reduced vulnerability
to detachment.

From a methodological perspective, the variable performance of
the geostatistical models employed should be acknowledged as a
limitation. Although ordinary kriging allowed the identification of
general spatial trends, semivariogram analyses revealed low spatial
autocorrelation of soil organic carbon density and the soil
erodibility factor across the evaluated agroecosystems, indicating
that values are randomly distributed in space and exhibit a spatial
pattern compatible with randomness. This condition limits the
ability of the model to generate robust local estimates and
indicates that, at the sampling scale considered, no sufficiently
well-defined spatial structure is detected to support high-precision
point predictions.

5 Conclusions

Along the evaluated gradient, agroecosystems with greater tree
canopy cover exhibited a substantially higher accumulation of soil
organic carbon. This response indicates that dense agroecosystems
enhance biomass inputs, maintain more stable microclimates, and
promote organic matter stabilization processes. Consequently, they
consolidate their role as remarkable components for carbon storage
in Amazonian agricultural landscapes. In a complementary
manner, the erodibility factor (K) showed an inverse pattern,
consistently decreasing from 0.31 in CV-S to 0.16 in CF-S. The
combined behavior of SOCD and the K factor reveals a functional
gradient in which canopy development simultaneously enhances
soil fertility and resistance to erosive processes. On the other hand,
soil erodibility was mainly driven by texture, as evidenced by its

strong positive correlation with silt (r = 0.89) and negative
—0.74). This demonstrates that fine
fractions favor soil disaggregation under conditions of limited

correlation with sand (r
vegetation cover. Multivariate analyses corroborated these trends,

showing that agroecosystems without canopy cover are associated
with higher erodibility, greater bulk density, and sandier textures,
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whereas dense canopy systems cluster with elevated SOCD and TSN
values, representing soils that are more fertile, stable, and resilient.
Taken together, these findings highlight that canopy-covered
agroecosystems act as a central ecological regulator in the
Peruvian Amazon; therefore, integrating agricultural crops with
dense tree cover emerges as an effective strategy to enhance carbon
sequestration, reduce soil erodibility, and improve soil stability and
sustainability, thereby contributing to the resilient management of
Amazonian agricultural landscapes.
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