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The conversion of forests to
agricultural croplands
significantly depletes soil organic
carbon reserves, total nitrogen,
and available potassium,
reaching critical thresholds
in the Peruvian Amazon
Richard Solórzano-Acosta1,2, Juancarlos Cruz-Luis1,
Rodolfo Chuchon-Remon3, Lorena Estefani Romero-Chávez4,
Andi Lozano5, Nery Gaona-Jimenez5

and Geomar Vallejos-Torres3,5*

1Dirección de Servicios Estratégicos Agrarios, Instituto Nacional de Innovación Agraria (INIA),
Lima, Peru, 2Facultad de Ciencias Ambientales, Universidad Cientı́fica del Sur (UCSUR), Lima, Peru,
3Dirección de Servicios Estratégicos Agrarios, Instituto Nacional de Innovación Agraria (INIA). Estación
Experimental Agraria El Porvenir, Juan Guerra, Peru, 4Dirección de Servicios Estratégicos Agrarios,
Instituto Nacional de Innovación Agraria (INIA), Estación Experimental Agraria Pichanaki,
Pichanaqui, Peru, 5Facultad de Ciencias Agrarias, Universidad Nacional de San Martı́n, Tarapoto, Peru
Introduction: Land-use change from primary forests to agricultural croplands

can degrade soil quality by depleting soil organic carbon (SOC), total nitrogen

(STN), and soil-available potassium (SAK). The magnitudes and thresholds of

these losses in the Peruvian Amazon remain insufficiently quantified.

Methods:Weassessed six land-use systems—two primary forests and four croplands

(coffee, cocoa, oil palm, camu camu)—collecting 72 surface soil samples (0–20 cm)

from 12 subplots per system using pit sampling. SOC, STN, and SAK were measured

with standard laboratory procedures and compared across land uses.

Results: The humid primary forest (WE–PF) had the highest nutrient status (SOC

118.99 t C ha⁻¹; STN 0.35%; SAK 181.83 mg kg⁻¹). The lowest values occurred in

croplands, especially camu camu (SOC 23.93 t C ha⁻¹; STN 0.08%). Forest-to-

cropland conversion was associated with average reductions of 58.98% (SOC),

59.49% (STN), and 59.66% (SAK). Among crops, coffee showed the smallest

deficit (18.04%), whereas camu camu showed the largest SOC deficit (30.92%).

Discussion:Converting forests to croplands critically depletes SOC, STN, and SAK,

indicating substantial nutrient losses and concomitant deterioration of soil quality.

These findings support conserving primary forests and promoting agroforestry

and soil-restorative practices to mitigate degradation in the Peruvian Amazon.
KEYWORDS

primary forest, agricultural crops, land use change, soil organic carbon reserves, total
nitrogen, available potassium, soil texture, Peruvian Amazon
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1 Introduction

Rapid urbanization, population migration, and ecological

restoration policies have deep impacts on human–land

relationships, and the intensity of land use (1). Between 2021 and

2023, Peru has lost more than 3 million ha of Amazonian and dry

forests as a result of deforestation (2). This represents a substantial

loss and contributes to increased ecosystem vulnerability (3). Eighty

percent of changes in forest cover worldwide are attributable to

agricultural expansion and intensification (4, 5). This makes food

production the main direct driver of global deforestation,

threatening the security of the ecological environment.

The conversion of forests to agricultural land has been shown to

deplete organic carbon and total nitrogen reserves (6), increase soil

erosion (7), and promote the loss of key nutrients such as

potassium. This problem stems from the type of land use, which

affects soil properties and plant community characteristics and

probably soil quality; therefore, the loss of forest cover is a global

problem that alters ecosystems and contributes to carbon dioxide

emissions (8, 9).

In forests, biogeochemical cycles are favored by the presence of

leaf litter and root development, which incorporate organic matter

above and below the soil surface (10). Therefore, organic carbon

and essential nutrients such as nitrogen and potassium depend on

soil cover (11). Carbon plays a fundamental role in the nitrogen

cycle, as its presence promotes the retention of this nutrient within

the ecosystem. According to Cantúy (12), soils that receive a

simultaneous input of carbon and nitrogen—from the recycling of

organic matter—tend to conserve nitrogen more efficiently. This is

because carbon stimulates microbial activity, which promotes

nitrogen immobilization and reduces losses through leaching or

denitrification (13).

Conversely, nitrogen is important in the soil and plant

nutrition, microbial growth, and organic matter degradation. (12).

Erosion is a serious problem on different spatial (from the pedon to

the watershed) and temporal scales. Soil erodibility is a factor of

concern worldwide due to the historical prevalence of crop

production involving plowing, harrowing, cultivation, and other

forms of soil disturbance through repeated tillage (14). Excessive

tillage can result in poor agro-environmental management, leading

to nutrient loss and soil degradation (15), with serious implications

for productivity, non-point source pollution, and carbon dynamics

(16). In addition, it significantly influences ecosystem and

agroecosystem functions, soil fertility, water availability, soil

organic matter content, microbial fauna presence, flood

intensification, and others (17–19).

Crops such as coffee (Coffea arabica L.), cocoa (Theobroma

cacao L.), oil palm tree (Elaeis guineensis), and camu camu

(Myrciaria dubia) are widely planted in the Peruvian Amazon,

causing forest loss. Coffee is one of Peru’s main export products

(20), with ever-increasing plantations, this crop is considered a

driver of deforestation (21). Cocoa is a strategic export crop and an

alternative to coca leaves, with 60% of the global genetic biodiversity

located in Peru. Camu camu is widely distributed in the Amazon

basin, mainly on the banks of rivers and lakes in Peru, and is a
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relatively new species as a crop. The first plantations were

established in 1995 for reforestation purposes (22). Oil palm is

part of migratory agriculture, with increasingly extensive

monoculture plantations (23).

Amazonian deforestation, meanwhile, is directly related to

economic activities (24), the main causes being migratory

agriculture, timber extraction, road construction, coca cultivation,

and illegal mining (25). These changes in land use have an impact

on soil SOC, N, and K. There is a striking contrast between primary

forests, which have higher SOC content and density, and

agricultural crops, which have a lower proportion of sequestered

SOC, contributing to the increase of CO2 in the atmosphere (9).

Consequently, the present study evaluated the nutritional impact on

the soil of the forestsconversion into agricultural production of

coffee, cocoa, oil palm, and camu camu in the Peruvian Amazon.
2 Materials and methods

2.1 Study area

The study was conducted in five provinces of the San Martıń

region and one province of the Loreto region in eastern Peru,

between August and December 2024 (Figure 1).

The San Martıń region covers an area of 51,253.31 km2, where a

subtropical and tropical climate predominates, with two distinct

seasons: a dry season from June to September and a rainy season

from October to May. The temperature varies between 23°C and 27°C,

and the average annual rainfall is 1,500 mm (add source). In San

Martıń, the province of Lamas is located at an altitude of between 310

and 814 m.a.s.l, with an average annual rainfall of 1,013 mm and an

average temperature of 32°C. August and December are the summer

months, andMarch to April are the wintermonths (8). This province is

home to two districts under study: Alonso de Alvarado-Roque and

Caynarachi. The province of Picota has an average temperature of 26°C

and annual precipitation of 1,164.4–1,433.3 mm (9, 26). The province

of Moyobamba is located between 635 and 1,113 m.a.s.l and has a

humid and warm climate, with an average annual maximum

temperature of 27 to 35°C and annual rainfall of 1,512 mm

(mentioned by 27). The province of Tocache is located at an altitude

of 483 m.a.s.l, with maximum and minimum temperatures of 31° and

21°C, respectively (28).

The Loreto region is one of the areas with the greatest species

richness within Peruvian territory (29). In Loreto, the province of

Alto Amazonas, and specifically the district of Yurimaguas, is

located in the northwest of the Peruvian Amazon, at an altitude

of 182 m.a.s.l. It has a warm climate, with a rainy season from

November to May, an average annual temperature of 26°C, and

annual precipitation between 3,000 and 4,000 mm (30). It is

estimated that 25,000 hectares of forest cover were lost in the

district of Yurimaguas between 2000 and 2015, with these areas

being used for commercial crops and grazing (31).

Table 1 details the background and management of each

production system for coffee, oil palm, camu camu, and cacao. It

includes information such as the age and prior land use before crop
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TABLE 1 Characteristics of productive systems and forests.

Crop/system
Crop age and prior land

use
Fertilization

Logging, burning, and
tillage

Shade trees

Coffee

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

Application of compost twice a
year.

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

Associated with Inga spp.,
Persea americana, Citrus spp.,
Mangifera indica, and
Calycophyllum spruceanum.

Oil palm tree
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).

No shade.

Camu camu

Age between 8–15 years. Before
crop establishment, the areas were
covered with shrub vegetation and
secondary forest.

Organic application once a year
using compost.

Vegetation burning and direct
sowing of the crop.

No shade.

Cacao

Age greater than 6 years. Before
crop establishment, the area was
covered with fallow (purma) and
forest.

With applications of island
guano and compost.

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

Associated with Albizia
falcataria, Inga spp., Guazuma
crinita, and Cordia sp.

Wet primary forest
Primary forest dominated by large tree species such as Myrcianthes rhopaloides, Nectandra sp., Pourouma cecropiifolia, and Croton matourensis are
areas allocated to agriculture and managed by local farmer.

Dry primary forest Primary forest under conservation with high presence of quinilla (Manilkara bidentata and Brosimum alicastrum.
F
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FIGURE 1

Location of the study area in the Peruvian Amazon: (A) country and region; (B) provincial boundaries; (C) district boundaries and sampling points.
WE-PF, wet primary forest; DR-PF, dry primary forest; CF-SI, coffee agroforestry system; CC-SI, cocoa agroforestry system; CM-SI, camu camu
system; OC-SI, oil palm tree system.
frontiersin.org

https://doi.org/10.3389/fsoil.2025.1662180
https://www.frontiersin.org/journals/soil-science
https://www.frontiersin.org
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establishment, fertilization practices, logging, burning, and tillage

activities, as well as whether the crop is grown under the shade of

tree species.
2.2 Sampling design

Six study areas were identified, distributed in four agricultural

plantation systems and two systems of primary forest. Of these, five

studies areas were located in the San Martin region and one in

Loreto region. The areas included: (1) wet primary forest (WE-PF)

in the district of Alonso de Alvarado-Roque, Lamas province; (2)

dry primary forest (DR-PF) in Pucacaca district, Picota province;

(3) coffee agroforestry system (CF-SI) in the district of Soritor,

Moyobamba province; (4) cocoa agroforestry system (CC-SI) in the

district of Pólvora, Tocache province; (5) oil palm tree system (OC-

SI) in the district of Caynarachi, Lamas province; and (6) camu

camu system (CM-SI) in the district of Yurimaguas, province of

Alto Amazonas, Loreto region.

Soil samples were randomly collected at depths of 0–20 cm from

six study areas by digging test pits in each management system, with

12 subplots considered per system (for a total of 72 soil samples).

This depth was chosen because the majority of the SOC is retained

in the topsoil layer (approximately 20 cm), decreasing with

increasing soil depth (32).
2.3 Computation of edaphic and nutritional
parameters of the soil

The samples collected were analyzed at the Soil, Water, and

Foliar Laboratory (LABSAF) at the El Porvenir Agricultural

Experiment Station of the National Institute of Agrarian

Innovation (INIA) in Peru. Soil texture was measured by the

hydrometer texture method, pH was measured with a

potentiometer suspended in a 1:2.5 soil-water solution (33), and

soil organic matter (SOM) was measured by the NOM-021-

RECNAT-2002 method. Total nitrogen was analyzed by the

Kjeldahl method (34), available phosphorus by Olsen and

Sommers (35), and available potassium by NOM-021-RECNAT-

2000 (36).
2.4 Determination of organic carbon
density and saturated carbon deficit in soil

Soil organic carbon (SOC) was estimated in the laboratory

through the method developed by Walkley and Black (37), via

Equation 1:

SOC   (t  C   ha−1) = CO  �   Pf  �  DA (1)

where CO is the soil organic carbon content (%), Pf is the soil

sampling depth (cm) and DA is the bulk density (g/cm3).

The soil organic carbon density (SOCD) was computed by the

formule of Orton et al. (38), via Equation 2:
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SOCD =
Hh½DAh  �   SOCh  �   (1 − Ch)�

100
(2)

where DSOC is the density of SOC (t C ha-1), Hh is the thickness of

soil (cm), DAh is the bulk density of soil (g/cm3), SOC (SOCh) is in t C

ha-1 and volume percentage of the fraction is >2 mm (Ch).

Saturated carbon was estimated by the equation of Hassink (39)

(Equation 3). The value of C stable was compared to the C

measured in the soil and, from this, saturated C deficit was

estimated (40) (Equation 4).

C :   Saturated   ( % ) = 4:09 + 0:37   ( %  Clay + %   fine   silt) (3)

Saturated   carbon   deficit   (SCD)( % )

= Saturated :C − Actual :  C (4)
2.5 Calculation of soil erosion
susceptibility.

Soil erodibility was calculated using the model proposed by

Williams et al. (41), as shown in Equation 5:

K = 0:2 + 0:3
−0:0256SAN(1 − SIL)

100

� �� �

� SIL
(CLA + SIL)

� �0:3
� 1:0 − 0:25   SOC

(COS +   e(3:72−2:95   SOC))

� �

� 1:0 − (0:75  ½(SN)� _ 1)
(½(SN)� _ 1 +   e(−5:51+22:9  ½(SN)�−1))

� �
(5)

where SAN: sand presence (%); SIL: silt (%); CLA: clay (%);

SOC: soil organic carbon (%); ½(SN)� _ 1   =   1− SAN/100.
2.6 Statistical analyses

Boxplots were used to explore the distribution and variability of

the data. Univariate ANOVA was applied to determine significant

differences between the means of the groups classified according to

land use. This approach, verified the assumptions of normality and

homogeneity of variances using the Shapiro-Wilk and Bartlett tests,

respectively. In the case of significant differences (p < 0.05), Tukey

HSD identified distinct groups using grouping letters. In addition, a

Pearson correlation matrix was constructed to evaluate the linear

relationships between carbon indicators and soil physicochemical

parameters, including the respective p-values indicating the level of

statistical significance of each relationship. The figures were

generated in RStudio version 4.5.0 (42) using several specialized

libraries. Figures 2–4, associated with post hoc mean comparison

tests (Tukey HSD), were produced with the base stats package in

combination with ggplot2, dplyr, readxl, and patchwork for data

manipulation, analysis, and visualization. Figure 5, corresponding

to the USDA textural triangle, was created with the soiltexture

package. For Figure 6, which presents the correlation matrix, the

dplyr and corrplot packages were employed. Finally, Figure 7,
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related to the principal component analysis (PCA), was generated

using FactoMineR, factoextra, and patchwork, allowing for clear,

reproducible, and scientifically robust visualizations.
3 Results

3.1 Distribution of organic carbon, total
nitrogen, and available potassium
according to soil texture class

The stock level of SOC exhibited substatial variation across both

forests and diverse agricultural crops (p < 0.01). It attained the

maximum value of WE-PF (118.99 t C ha-1) and the minimum was

obtained in CM-SI (23.93 t C ha-1) (Figure 2A). The total nitrogen

value was significantly different between forest and agricultural

crops. The CF-SI and CC-SI values were found to be significantly

higher than those of the CM-SI and OC-SI (p < 0.01) (Figure 2B).

The highest value was observed in WE-PF (0.35%) and the lowest

content in CM-SI (0.08%). A similar trend was followed by available

potassium (Figure 2C). The highest value was found in WE-PF

(181.83 mg kg-1) and the lowest content was achieved CC-SI (45.06

mg kg-1).

These properties are under textural classes influences and the

soil type. Consequently, these results indicate that CF-SI and OC-SI

develop predominantly in sandy loam soils, with a sand content of

50–70%. CM-SI and DR-PF are predominantly found in clay soils

with a clay content of approximately 40-60%, while CC-SI is

predominant in sandy clay loam soils, with approximate

proportions of 45–65% sand, 15–25% silt and 20–35% clay.

Additionally, WE-PF is known to thrive in loamy soils, with a

balance close to 40% sand, 40% silt and 20% clay (Figure 5, Table 2).

SOC, STN and SAK exhibited a downward trend between forest

and agricultural crops. The conversion of forest to agricultural crops
Frontiers in Soil Science 05
resulted in the loss of soils nutrients, including total nitrogen and

available potasiumm. Aditionally, WE-PF showed higher values of

118.99 t C ha-1 and lower values in soils with camu camu

plantations in terms of SOC and STN with 23.83 t C ha-1 and

0.08% values each, and an SAK of 45.06 mg kg-1 for oil palm tree

plantation. Consequently, post-convertion, of primary forest to

agricultural crops, stratification rate of SOC, total nitrogen and

available potasiumm decreased by 58.98 59.49 and 59.66%

respectively, in soils between 0–20 cm deep.
3.2 Distribution of organic carbon density,
saturated carbon, and saturated carbon
deficit

Soil organic carbon (SOC) was lower in agricultural crops

compared to dry forest, and substantially lower than in wet forest,

with significant differences. This difference is due to the fact that

humid forests are located at higher altitudes. The organic matter

content in this study followed the same trend as SOC. The highest

SOCD was found in WE-PF with an average of 16.06 t ha-1, and the

lowest in camu camu cultivation with 2.82 t ha-1. These findings,

describe a progressive and significantly differentiated decrease

according to land use (p < 0.001, WE-PF > DR-PF > CF-SI > CC-

SI > OC-SI > CM-SI), from the average of the highest value recorded

in WE-PF (16.06 ± 2.56 t ha-¹), with decreases of 34.1%, 45.2%,

57.3%, 69.8%, and 82.4% for DR-PF, CF-SI, CC-SI, OC-SI, and CM-

SI, respectively (see Figure 3, Table 2). The highest saturated carbon

deficit in the soil was observed in the camu camu crop, with an

average of 30.92%, and the lowest content was obtained in the coffee

crop, with 18.04%. These variables, displayed significant differences

among three groups: the first group consisting of CM-SI; the second

group consisting of DR-PF, WE-PF, and CC-SI; and the third group

consisting of OC-SI and CF-SI.
FIGURE 2

Tukey test (p < 0.05) for (A) soil organic carbon (SOC); (B) total soil nitrogen (TSN); and (C) available soil potassium (SAK) across different land-use
types: WE–PF, wet primary forest; DR–PF, dry primary forest; CF–SI, coffee agroforestry system; CC–SI, cocoa agroforestry system; CM–SI, camu
camu system; OC–SI, oil palm system. Different letters above the bars indicate significant differences among land-use types.
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3.3 Distribution of erodibility with soil
texture

This study reveals that the camu camu management system

(CM-SI) exhibits greater erodibility and significant differences

compared to other systems. The lowest erosion values (K) were

found in the humid primary forest (WE-PF) and the dry primary

forest (DR-PF); however, there were no significant differences

compared to the agricultural management systems (see

Figure 4A). Similarly, higher silt and clay content was found in

camu camu cultivation, with significant differences compared to

other systems (Figures 4C, D), while the same cultivation system

presented lower sand content (Figure 4B). The average pH in forests
Frontiers in Soil Science 06
was 5.96, whereas in agricultural soils it was 4.57 (Figure 4E). The

average bulk density was 1.28 g cm-3 in forests and 1.32 g cm-3 in

agricultural crop soils (Figure 4F), displaying significant differences

between the two (Table 2).
3.4 Correlation between SOC and soil
physicochemical parameters

Soil erodibility (K) decreases as soil organic carbon (SOC)

increases, as does soil organic carbon density (-0.56) and sandy

soil fragments (-0.65). Conversely, erodibility increases with

saturated carbon deficit (0.76) and with an increase in silt (0.63).
FIGURE 3

Tukey test (p < 0.05) for (A) organic matter (OM); (B) soil organic carbon density (SOCD); (C) saturated carbon (SC); and (D) saturated carbon deficit
(SCD) under different land-use types: WE–PF, wet primary forest; DR–PF, dry primary forest; CF–SI, coffee agroforestry system; CC–SI, cocoa
agroforestry system; CM–SI, camu camu system; OC–SI, oil palm tree system. Different letters above the bars indicate significant differences among
land-use types.
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Overall, the results emphasise the pivotal role of soil texture, SOC

and SOCD in stabilising the soil structure and making it resistant to

erosion processes. In adittion, a positive and slight correlation of

SOC was observed between sand (0.05) and silt (0.04) while a

negative correlation was identified with clay (-0.10). In the present

study, positive correlations were detected between erodibility and

sand (0.65), and negative correlations with organic matter

(-0.47) (Figure 6).
Frontiers in Soil Science 07
3.5 Multivariate analysis of the physical and
chemical properties of soil under different
land uses

The principal component analysis (PCA) jointly explained

78.9% of the total variance in two dimensions. Dimension 1

(44.8%) was dominated by saturated carbon deficit (SCD),

saturated carbon (SC), sand, clay, and erodibility (K), forming an
RE 4FIGU

Tukey test (p < 0.05) for (A) soil erodibility K.; (B–D) textural fractions: sand, silt, and clay, respectively; (E) hydrogen potential (pH); and (F) bulk
density (AD) under different land-use types: WE–PF, wet primary forest; DR–PF, dry primary forest; CF–SI, coffee agroforestry system; CC–SI, cocoa
agroforestry system; CM–SI, camu camu system; and OC–SI, oil palm tree system. Different letters above the bars indicate significant differences
among land-use types.
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edaphic gradient associated with carbon storage capacity, soil

texture, and susceptibility to erosion. Dimension 2 (34.1%) was

mainly associated with organic matter (OM), total soil nitrogen

(TSN), soil organic carbon (SOC), soil organic carbon density

(SOCD), and available potassium (SAK), reflecting a gradient of

chemical fertility and nutrient quality. In the factorial space,

primary forests (WE–PF and DR–PF) showed a strong

association with carbon and nutrient-related properties (SOC,

SOCD, OM, and TSN), confirming their role as soil reservoirs.

Agroforestry systems (CF–SI and CC–SI) exhibited a moderate

association, whereas oil palm (OC–SI) and camu camu (CM–SI)

systems showed a weak association (Figure 7).

The PCA revealed two clearly defined patterns of association.

The first corresponded to a strong positive relationship among

SOC, SOCD, OM, and TSN, reflecting the close link between soil

organic carbon and key indicators of soil chemical fertility. In

contrast, a marked negative association was observed between

sand and bulk density (AD) versus silt, clay, SC, and SCD,

indicating that sandier and denser soils tend to exhibit lower fine

fraction contents and a reduced capacity for carbon

storage (Figure 7).
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4 Discussion

4.1 Distribution of organic carbon, total
nitrogen, and available potassium
according to soil texture class

In the present study, 58.98% of soil organic carbon (SOC) and

59.49% of soil total nitrogen (STN) were lost across different

management systems, including agricultural crops and forest

systems, within the 0–20 cm soil depth. Magalhães et al. (6)

reported that deforestation of evergreen mountain forests for

crops such as bananas reduced soil organic carbon and total

nitrogen reserves to alarming levels. In that study, the authors

also mentioned that soils lost 18.56 t C ha-1 (37%) of SOC from the

top 20 cm, 2.98 (43%) of STN, and the SOC stratification rate

decreased by 49%, implying a decline in soil quality. These results

are consistent with Fartyal et al. (43), who indicated that the

conversion of natural forests to grasslands resulted in significant

losses of SOC and STN reserves that can be attributed to the

disturbance of natural forests. These findings emphasize the

potential of forests in these areas to retain nutrients and protect
FIGURE 5

Soil textural triangle (USDA classification system) showing the distribution of samples across different textural classes. Colored points represent the
evaluated land-use systems: WE–PF, wet primary forest; DR–PF, dry primary forest; CF–SI, coffee agroforestry system; CC–SI, cocoa agroforestry
system; CM–SI, camu camu system; OC–SI, oil palm tree system.
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the soil against runoff and erosion. Mbibueh et al. (44) observed a

significant decrease in total nitrogen and soil organic carbon (SOC)

concentrations in different land uses.

Sandy soils for coffee and oil palm tree crops are particularly

prone to potassium deficiency, weakening the plants’ ability to resist

drought stress (45). Potassium deficiency can limit plant growth

and production (46, 47). Moreover, sand concentration is the

complement of clay and silt, and represents a notable

characteristic for determining soil organic carbon and total

nitrogen (48). The relative losses of SOC and STN stocks in the

topsoil layer in the present research are within the range of losses

following the change in land use from forest to crops (49).

Following the conversion of forests to cropland, Montfort et al.

(49) reported a 43% decrease in SOC in the top 30 cm. de Blécourt

et al. (50) found that agricultural lands had between 20% and 39%

less SOC and STN in southern Africa. Touré et al. (51), Demessie

et al. (52), and Hounkpatin et al. (53) reported SOC and STN losses
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ranging from 12% to 52% following deforestation for agricultural

fields in Namibia, Ethiopia, and Burkina Faso. The study is also

consistent with global research and meta-analyses that show a

decrease in SOC and STN reserves subsequent to agricultural

deforestation (54, 55). Furthermore, the conversion of forests to

agricultural crops reduced the available potassium content by

59.66%. The relatively higher SAK in forest lands could be related

to the return of potassium to the soil through the decomposition of

leaves and other plant parts (56).

In addition, extensive trees and deep roots act as nutrient

pumps, extracting nutrients from deep subsoil horizons and

recycling them into the surface layer through leaf fall. Therefore,

it has been confirmed that forest soils had a higher available

potassium content than all commercial agricultural soils (57).

Although most studies claim that changes in SOC, SAK, and STN

resulting from land use change occur primarily at the soil surface

(54, 58). It is believed that the leading cause of SOC and STN losses,
FIGURE 6

Pearson correlation matrix between physicochemical and textural soil properties in the Peruvian Amazon. K, soil erodibility; SOC, soil organic
carbon; SOCD, soil organic carbon density; SC, saturated carbon; SCD, saturated carbon deficit; OM, organic matter; AD, bulk density; pH, hydrogen
potential; SAK, available soil potassium; TSN, total soil nitrogen; Sand, Silt, and Clay, textural fractions (%). The color gradient represents the
magnitude and direction of correlations (r), and asterisks indicate the levels of statistical significance associated with p-values (* p < 0.05; ** p <
0.01; *** p < 0.001).
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once forests are converted to agricultural fields, is the massive

export of nutrients by agricultural products (59). This is

exacerbated by the fact that fertilizer is generally not used to

replenish exported nutrients from cocoa, coffee, camu camu, and

oil palm tree crops in the Peruvian Amazon. In this context, the use

of organic or inorganic fertilizers increases SOC and STN

concentrations and reserves (60, 61).
4.2 Distribution of organic carbon density,
saturated carbon, and saturated carbon
deficit

Arunrat et al. (62) were able to show that land use types and

conversion time affected SOC stocks, with variations between soil

depths. These reports are also corroborated by Paramesha et al.

(63), who indicated that SOC reserves were higher in natural forest

soil and lower in agricultural crops such as pineapple (Ananas

comosus L.). In our research, the lowest SOC content was exhibited

in camu camu crops, with an average of 23.93 t C ha-1. The primary

forest contains abundant leaf litter and marked vegetation

stratification, generating a large amount of plant residue

decomposition, thus promoting SOC input (64). Khanal et al.

(65) showed high levels of SOC in high-altitude forests with an
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average of 125 t C ha-1, very close to the 118.99 t C ha-1 obtained in

the present study.

Meanwhile, SOC in dry forests stood at 86.73 t C ha-1, far from

the findings of Mendoza-Lopez et al. (9) for dry primary forests in

the Peruvian jungle (108.52 t C ha-1). The higher SOCD leves

registered in the humid primary forest is due to the increase in

altitude, where the temperature leads to a reduction in the rate of

decomposition of soil organic matter. This phenomenon facilitates

SOC accumulation and, thus, increases SOCD (66); these results are

similar to those noted by Mendoza-Lopez et al. (9).

The results for saturated carbon deficit are very close to those

found by Mendoza-López et al. (9) in soils with varying vegetation

cover in the province of Picota. Saturated carbon deficit is known to be

important indicator of SOC sequestration potential (67); therefore,

soils with C levels far from saturation will have a high C deficit (68).

The average saturation rate in the soils of the Picota dry forest was

26.54%. This means that it is possible to increase the average C content

to 1,455.50 t C ha-1. Soils with higher deficits, and therefore lower % C

saturation, can provide greater C sequestration efficiency through

higher C accumulation rates that can be maintained through years or

decades until a new steady state is reached (69). Consequently, C

sequestration efficiency, a ratio between C input to soils and stored C,

would be superior in soils with low SOC content, but inferior when

soils are close to saturation (69).
FIGURE 7

Biplot of the principal component analysis (PCA) based on soil variables: available potassium (K), soil organic carbon (SOC), soil organic carbon
density (SOCD), saturated carbon (SC), saturated carbon deficit (SCD), organic matter (OM), bulk density (AD), soil available potassium (SAK), total soil
nitrogen (TSN), textural fractions (sand, silt, and clay), and pH. Points represent observations grouped by land-use type: CF–SI, coffee agroforestry
system; CC–SI, cocoa agroforestry system; OC–SI, oil palm tree system; CM–SI, camu camu system; WE–PF, wet primary forest; and DR–PF, dry
primary forest. Arrows indicate the contribution and direction of the variables to the first two principal components.
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4.3 Distribution of erodibility with soil
texture

The agricultural land use system, K index values ranged from

0.08 to 0.41 with an average of 0.25 ± 0.02. In the case of forest and

uncultivated lands, these varied from 0.08 to 0.42 with an average of

0.20 ± 0.01; 0.09 to 0.40 with an average of 0.22 ± 0.02 and 0.10 to

0.34 with an average value of 0.23 ± 0.02, respectively (70). Our

results indicate that forest soils showed greater resistance to erosion

compared to cultivated soils. This is due to the decreasing trend in

erodibility as altitude increases (71). Similar values were achieved by

coffee and cocoa agroforestry systems, which benefit from reduced
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erosion and improved soil nutrient recycling as a result of the

association of trees and crops (72).

Although camu camu cultivation attained the lowest average sand

content in the soil, its silt content is one of the highest and also shows a

moderate positive correlation with soil erodibility (Figure 6). This is

because silt and medium sand lack adhesive properties and, when

moistened, break down and are easily transported, which has a greater

impact on soil erodibility (73), making them considered erodible soils

(74). Similar values were found by Vallejos-Torres et al. (8) in primary

forests with an erosion susceptibility of 0.065. The aforementioned

changes in the physicochemical properties of the soil, the root system,

and the litter, depending on the type of land use, will inevitably
TABLE 2 One-way ANOVA for the effect of land-use type on physicochemical and textural soil properties.

Variable
Source of
variation

df MSE F p

SOCD
Land-use type 5 263.434359 43.32374 <0.001

Error 66 6.0806004

SC
Land-use type 5 271.00623 19.51295 <0.001

Error 66 13.888531

SCD
Land-use type 5 276.622221 19.05675 <0.001

Error 66 14.5157112

OM
Land-use type 5 64.0713374 68.78063 <0.001

Error 66 0.93153169

SOC
Land-use type 5 14927.8938 55.93608 <0.001

Error 66 266.87414

SAK
Land-use type 5 47400.0335 15.09404 <0.001

Error 66 3140.31519

STN
Land-use type 5 0.13248333 61.32484 <0.001

Error 66 0.00216035

K
Land-use type 5 0.00106789 16.91604 <0.001

Error 66 6.31E-05

AD
Land-use type 5 0.10388889 7.356281 <0.001

Error 66 0.01412248

pH
Land-use type 5 20.6466233 41.60054 <0.001

Error 66 0.49630657

AP
Land-use type 5 894.00314 3.566658 <0.01

Error 66 250.655728

Sand
Land-use type 5 1973.55637 19.50672 <0.001

Error 66 101.173139

Silt
Land-use type 5 258.717363 7.64527 <0.001

Error 66 33.8401875

Clay
Land-use type 5 1122.44803 22.38342 <0.001

Error 66 50.1464105
SOCD, soil organic carbon density; SC, saturated carbon; SCD, soil saturated carbon deficit; OM, organic matter; SOC, soil organic carbon; SAK, available soil potassium; TSN, total soil nitrogen;
K, soil erodibility; AD, bulk density; pH, hydrogen potential; Sand, Silt, and Clay, textural fractions; df, degrees of freedom; MSE, mean square error; F, Fisher statistic; p-value.
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influence the erodibility or erosion resistance of the soil (75).

Numerous studies have shown that land use type significantly affects

soil erodibility under various conditions (76, 77). Wang et al. (78)

selected five typical land use types to assess the variation in soil

erodibility on the Loess plateau in China, finding that the soil

erodibility of shrublands was the lowest, followed by orchards,

grasslands, forests, and croplands (78). Some other studies have also

indirectly confirmed that the intensity of soil erosion is strongly

influenced by land use type (79–81).
4.4 Correlation between SOC and soil
physicochemical parameters

SOC content results from a net balance between the rate of organic

matter input and the rate of organic carbon mineralization (82), the

former being predominantly determined by vegetation cover and plant

roots (83). A change in vegetation type can significantly affect the

balance between carbon input and output from the soil, changing the

SOC content (84). Yao et al. (85) showed that soil organic carbon

content was significantly and positively correlated with TSN and SAK

in the soil; confirming the results of the present study. Based on the fact

that most of the nitrogen in the soil is stored in organic matter (86), and

that an increase in nitrogen improves the microbial activity that

promotes decomposition. This increases the organic carbon content

and its active carbon fraction (87, 88). This explains the significant

positive correlation between the soil organic carbon fraction and the

total nitrogen content in the different land use changes. Meanwhile, the

SOC content was significantly and positively correlated with the SAK

content (89), influenced by the type of land use.

Mendoza-Lopez et al. (9) reported that SOC exhibited a significant

positive correlation with sand (0.528), whereas it showed significant

negative correlations with SC (−0.814), SCD (−0.856), silt (−0.543), and

clay (−0.636). Similarly, Schapel et al. (90) observed a positive

correlation between SOC and clay stocks. In the present study,

however, SOC did not show a significant correlation with soil textural

fractions, suggesting that other factors, such as soil structure, degree of

aggregation, and agricultural management practices, may exert greater

influence on its variability (91). Nevertheless, sand exhibited significant

negative correlations with SCD (−0.97), silt (−0.73), and clay (−0.90).

SCD is a level indicator of the future C sequestration potential of SOC or

the amount of space available for sequestration (92). The higher the

SCD, the greater the potential for future SOC sequestration (93). The

positive correlation between sand and negative correlations with organic

matter were corroborated by Othmani et al. (94), where statistical

evaluation using Pearson’s correlation revealed positive correlations

between erodibility and silt (0.63%) and negative correlations with

organic matter (−0.32%), in addition to erodibility being negatively

correlated with STN (-0.49). The mean soil pH values observed in this

study varied considerably, with pH 4.35 in humid forests, 7.58 in dry

forests, and 4.57 in agricultural systems. These results suggest that both

climatic conditions and anthropogenic activities shape the spatial

distribution of soil pH (95). Similarly, bulk density values resulting

from changes in land use, such as the conversion of forests and intensive

cropland, increase the soil bulk density (96).
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4.5 Multivariate analysis of the physical and
chemical properties of soil under different
land uses

In the factorial space, primary forests (WE–PF and DR–PF) were

strongly associated with SOC, SOCD, OM, and TSN, confirming their

role as soil reservoirs of carbon and nutrients. In contrast, agroforestry

systems (CF–SI and CC–SI) showed intermediate associations, whereas

oil palm tree (OC–SI) and camu camu (CM–SI) exhibited weak

relationships with carbon properties. This pattern is consistent with

the findings of Beillouin et al. (97), who highlighted the importance of

forests in maintaining carbon stocks compared to agricultural systems,

and with the study of Azevedo et al. (98), which demonstrated how

agricultural expansion in the Amazon ‘deforestation arc’ significantly

reduces soil carbon and nitrogen stocks.

The PCA revealed that edaphic fertility is strongly conditioned by

carbon dynamics and soil texture. The positive association among

SOC, SOCD, OM, and TSN confirms the close relationship between

soil organic carbon and the main indicators of mineral fertility, as the

increase in organic matter not only enhances nitrogen availability but

also contributes to the stabilization of carbon in soils (99). Sand and

bulk density (AD) were positively associated with each other, forming a

group opposite to that of silt, clay, SC, and SCD, which also showed

positive associations among themselves. The negative relationship

between these two groups indicates that sandier soils with higher

bulk density tend to exhibit a lower proportion offine fractions, thereby

limiting carbon stabilization and reducing the capacity for storage in

the form of saturated carbon. This result is consistent with Zhang et al.

(2022), who demonstrated that silt and clay contribute to the

stabilization of soil organic carbon through its incorporation into

microaggregates, significantly reducing losses through mineralization.

Taken together, these findings highlight that soil texture and bulk

density are key determinants of the capacity of Amazonian soils to

conserve carbon stocks and sustain fertility, emphasizing the

importance of preserving fine fractions and mitigating erosive

processes as essential management strategies.

The results of the Tukey test showed that the conversion of primary

forests to agricultural systems leads to a significant potential losses of soil

organic carbon (SOC), total soil nitrogen (TSN), and available soil

potassium (ASK), with reductions exceeding 50%. These patterns are

consistent with the multivariate analysis (PCA), where primary forests

(WE–PF and DR–PF) were closely associated with SOC, SOCD, OM,

and TSN, confirming their role as nutrient and carbon reservoirs in

loam-textured soils that facilitate carbon stabilization inmicroaggregates

and its association with fine fractions. In contrast, agricultural systems,

particularly CM–SI and OC–SI, exhibited lower SOC, TSN, and SAK

contents and were associated with sandier and denser soils, where the

lower proportion of silt and clay limits carbon and nutrient retention,

thereby increasing vulnerability to loss through erosion and

mineralization. Taken together, both analyses confirm that edaphic

degradation driven by land-use change is strongly conditioned by soil

texture and structure, which determine both the decline in carbon and

the reduction of essential nutrients for fertility.

These findings highlight the influence of land-use change on the

edaphic properties of the Amazon. Likewise, wet forests (WE–PF) and
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dry forests (DR–PF) showed significant differences (Tukey’s test, p <

0.05) in seven evaluated edaphic properties. Compared with dry forests

(DR–PF), wet forests (WE–PF) exhibited higher values of SOC, STN,

SAK, OM, and SOCD, as well as lower values of clay content and pH,

thus providing contrasting edaphic references between both forest

types. Although this study gathered relevant information on

plantation age, fertilization practices, and soil texture, the

observational, non-experimental, and cross-sectional nature of the

research did not allow for the systematic control of these variables,

which limited their inclusion as covariates in the statistical models.

These factors, which likely influence SOC, STN, and SAK levels, should

be incorporated in future studies using designs that enable a more

precise isolation of the effects of management practices and edaphic

characteristics on nutrient dynamics in Amazonian soils.
5 Conclusions

Following the conversion of primary forests to agricultural

crops, the stratification rate of SOC, total nitrogen, and available

potassium decreased significantly by 58.98%, 59.49%, and 59.66%,

respectively. Likewise, erodibility was reduced by 10.76% in soils

between 0–20 cm deep. The notable findings with marked statistical

differences show an alarming loss of nutrients with negative impacts

on soil quality. The conservation management of these areas of

Amazonian Forest in the Peruvian jungle can be considered an

important sink for soil organic carbon mitigation. These findings

emphasize the value of maintaining natural vegetation (primary

forests) in these areas to retain nutrients and protect the soil from

runoff and erosion. Additional research is needed to assess the

extent to which land use change from primary forests to agricultural

crops such as oil palm tree, camu camu, cocoa, and coffee, affects

soil erodibility and saturated carbon deficit, and how these in turn

contribute to losses of organic carbon, nitrogen, and potassium. The

multivariate analysis revealed that primary forests are closely

associated with SOC, SOCD, OM, and TSN, confirming their

importance as major reservoirs of carbon and nutrients, whereas

agricultural systems—particularly OC-SI and CM-SI—showed

weak links with these edaphic properties. Two contrasting groups

were identified: on the one hand, sand and bulk density (AD), and

on the other, silt, clay, SC, and SCD. The negative association

between these groups indicates that an increase in sandy and dense

soils is linked to the loss of fine fractions, thereby reducing carbon

stabilization and nutrient retention, and ultimately compromising

the fertility and resilience of Amazonian soils. Some practical

considerations regarding potential solutions to mitigate negative

impacts on soil ecosystems are grounded in the sustainability of soil

quality and health, with direct implications for agricultural

production and food security. This requires integrating scientific,

environmental, and socioeconomic dimensions to achieve

sustainable agricultural systems. In addition, it is essential to

incorporate detailed knowledge of soil formation processes and

their evolution, biodiversity, and the functional analysis of key

biological traits of edaphic communities. Another relevant aspect is

the rotation of agricultural crops, the use of green manures, and the
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continuous application of organic amendments and/or biofertilizers

—produced from crop residues and enriched with efficient

microorganisms—in nutrient-poor soils, thereby contributing to

improvements in soil quality and health.
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Áncash, San Martıń, Cajamarca, Lambayeque, Junıń, Ayacucho,
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áreas protegidas durante las últimas dos décadas (2001-2019) y modelado de la posible
deforestación futura mediante computación en la nube y el enfoque MaxEnt. J Nat
Conserv. (2021) 64. doi: 10.1016/j.jnc.2021.126081

25. Giraldo-Malca UF, Dunin-Borkowski A, Facho-Bustamante N, Mori-Reaño MJ,
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