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Soil organic carbon (SOC) plays a crucial role in mitigating climate change and enhancing soil fertility. Its storage and dynamics
are particularly significant in agricultural ecosystems of the Peruvian Amazon, where the expansion of agriculture and livestock
farming may disrupt the regional carbon balance. This study aimed to analyze SOC variability and its relationship with edaphic
and nutritional properties in agricultural systems in Eastern Peru (San Martin and Loreto regions). Four representative cropping
systems were evaluated: coffee grown in agroforestry and polyculture systems; maize as a monoculture; and camu-camu and cocoa
cultivated in monoculture and agroforestry systems, respectively. The highest SOC content (80.70tha™'), phosphorus
(12.03 mgkg™"), and moisture (52.36%) were observed in coffee-growing soils, likely due to the presence of shade trees that
enhance organic matter inputs in soils at 0-20 cm depth. In contrast, soils under maize cultivation exhibited the highest levels of
nitrogen (0.19%), potassium (364.02 mg-kg™"), and pH (7.61), likely due to the frequent fertilization applied to this crop. The
lowest carbon saturation deficits were found in soils under camu-camu (31.67%), cocoa (26.88%), maize (24.80%), and coffee
(20.59%), with the most pronounced deficits occurring in camu-camu and cocoa soils in Yurimaguas (Loreto), indicating
a heightened vulnerability to carbon loss. These findings underscore the significant influence of crop type and management
practices on carbon and nutrient dynamics in tropical soils. Long-term studies are recommended to assess carbon sequestration
over extended periods, informing sustainable soil management policies in the Peruvian Amazon.
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1. Introduction food security, climate change, and biodiversity loss [1].

Numerous studies have demonstrated a significant re-
Land cover has been undergoing rapid transformation due  lationship between climate change and alterations in veg-
to intensive human activities for agricultural production.  etation cover in agricultural systems. Such changes directly
Consequently, quantifying land-use change dynamics is  influence soil structure; in fact, monoculture systems lacking
crucial for addressing global societal challenges, including  shade trees tend to exert a greater impact on soil conditions



than agroforestry systems that incorporate shade vegetation,
thereby contributing more strongly to climate change [2].
Between 1959 and 2019, approximately 19% of total net CO,
emissions resulted from land-use change, whereas terrestrial
ecosystems absorbed nearly 32% of global emissions during
the same period [3]. Agriculture plays a key role in ensuring
food security, one of the Sustainable Development Goals
outlined in the United Nations 2030 Agenda. However, if
poorly managed, it can significantly harm the environment
by reducing its environmental efficiency [4]. Indeed, agri-
cultural expansion has replaced natural ecosystems world-
wide, emerging as a major driver of carbon emissions,
biodiversity loss, and freshwater depletion [5].

The distribution of soil organic carbon (SOC) across
different soil types provides valuable insights into carbon (C)
dynamics within terrestrial ecosystems. It also plays a critical
role in understanding climate feedback mechanisms and
developing appropriate SOC management decisions at the
farm level [6]. In the Peruvian Amazon, significant forest
cover loss, driven primarily by land-use changes, particularly
for the cultivation of oil palm, maize, and rice, has increased
atmospheric CO, emissions, thereby exacerbating climate
change [7]. Additionally, this region has undergone sig-
nificant changes in land use, with forests being cleared for
silvopasture and agricultural crops, such as coffee and cocoa,
which have contributed to increased atmospheric CO, levels.

Peru contains a substantial portion of the South
American tropical rainforest. With an average deforestation
rate of 145,000 ha per year, it has become the country with
the largest source of greenhouse gas (GHG) emissions [8].
SOC sequestration has been promoted as a strategy to
mitigate climate change while enhancing soil fertility under
various land uses in the Peruvian Amazon. However, its
direct quantitative contribution to crop productivity re-
mains uncertain [9], particularly in key crops such as camu-
camu, coffee, cocoa, and maize. Moreover, poor extensive
agricultural practices have led to nutritional deficiencies,
erosion, and loss of soil moisture (SM) and carbon. These
soil limitations significantly impact agricultural productivity
and food security by affecting soil health and crop yields [10].

The concept of SOC saturation suggests that the amount
of stable SOC is limited and determined mainly by the
content of fine particles (clay and fine silt) in the soil [11].
Critical carbon (CC) refers to the minimum level of organic
carbon (OC) below which soil structure deteriorates and the
risk of degradation increases due to reduced structural
stability [12]. In contrast, the carbon saturation (CS) deficit
represents the remaining potential for stable SOC seques-
tration [13]. Several authors have reported important
findings regarding these carbon fractions. For example,
Merabtene et al. [14] estimated that the OC reserves of forest
soils on Mount Tessala, under current natural conditions,
are critically low, approaching the threshold at which
degradation becomes increasingly severe. Similarly,
Mendoza-Lopez et al. [15] reported that the SOC deficit in
the study area is highly concerning, approaching saturation
levels, particularly in deforested areas.

These agricultural crops are essential to the livelihoods of
local communities and serve as key pillars of the regional
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economy in the Peruvian Amazon. Within this context, the
present exploratory study aimed to quantify the distribution
of SOC, saturated carbon (SC), CC, and saturated carbon
deficit (SCD) and to analyze their interactions with soil
properties and nutritional elements in agricultural soils
under camu-camu, cacao, coffee, and maize cultivation,
representing the main subsistence and production systems
in the region.

2. Materials and Methods

2.1. Study Area. The study was conducted between August
and December 2024 in two provinces of the San Martin
region and one province of the Loreto region, located in
Eastern Peru (Figure 1). The San Martin region spans an
area of 51,253.31km* It is characterized by a pre-
dominantly subtropical and tropical climate with two
distinct seasons: a dry season from June to September and
a rainy season from October to May. Temperatures range
from 23°C to 27°C, and average annual precipitation is
approximately 1,500 mm. In contrast, the Loreto region,
spanning 368,852 km?, boasts a tropical climate with av-
erage and minimum temperatures of 25.0°C and 23.0°C,
respectively, and an annual rainfall range of 2,000 to
3,000 mm. The study area extended geographically from
5°42'30.98"S to 7°2'38.47"S latitude and from
76°37'2.11"W to 76°4'54.19"W longitude, encompassing
elevations ranging from 145 to 1,400 m above sea level. In
the San Martin region, the studied agricultural systems
included coffee grown under agroforestry systems and
maize cultivated as a monoculture. In the Loreto region, the
focus was on camu-camu cultivated as a monoculture and
cacao cultivated within agroforestry systems.

2.2. Sampling Design. Four agricultural cropping systems
were identified across four study sites—two in the San
Martin region and two in the Loreto region. These included
(1) coffee cultivated within an agroforestry and polyculture
system in the district of San José de Sisa, province of El
Dorado; (2) maize grown as a monoculture in the district of
Leoncio Prado, province of Picota—both located in the San
Martin region; (3) camu-camu cultivated as a monoculture;
and (4) cacao grown in an agroforestry system—both located
in the district of Yurimaguas, province of Alto Amazonas,
within the Loreto region (Table 1). Soil samples were col-
lected from each of the four sites at 0-20 cm depth by ex-
cavating soil pits within each management system. Ten
subplots were established per system, yielding a total of 40
soil samples. The 0-20 cm depth was selected because the
majority of SOC is typically concentrated in the soil surface
layer and tends to decrease with soil depth [16].

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
(INIA), Peru. Soil texture was determined using the hydrometer
texture method, and pH was measured with a potentiometer in
a 1:2.5 soil-to-water suspension [17]. Soil organic matter (SOM)
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FIGURE 1: Location of study sites. (A) San Martin and Loreto regions in Eastern Peru. (B) Study plots with coffee, maize, camu-camu, and

cocoa crops.

was quantified following the method described by Porta et al.
[18]. Total nitrogen was determined using the Kjeldahl method
[19]. Available phosphorus and potassium were measured
according to standard procedures outlined in [20, 21],
respectively.

Soils under camu-camu cultivation were classified as
predominantly clayey (43%). In contrast, soils supporting
coffee cultivation were sandy, whereas soils under cocoa and
coffee cultivation exhibited uniform proportions of sand,
silt, and clay.

2.4. Calculation of OC, SC, CC, and SCD. SOC was de-
termined in the laboratory using the method developed by
Walkley and Black [22], applying the following formula:

SOC (tc-ha‘l) = OC x Sd x BD, (1)

where OC is the SOC content (%), Sd is the soil sampling
depth (cm), BD is the bulk density (g-cm_S), and tCha™!
represents tons of carbon per hectare.

SC was determined by applying the equation developed
by Hassink [23]:

Saturated C(%) = 4.09 + 0.37 (% Clay + % Fine Silt).  (2)
CC was calculated based on the clay and silt fractions,
using the formula proposed by Autfray et al. [24]:

132 (% Clay + % FineSSilt) + 0.
Critical C (%) = %3 (/OCaY+1/tE) ine Silt) + 0.87)

(3)

The SC value was compared with the measured C in the
soil, from which the SCD was then determined [14].

Saturated C deficit (SCD) (%) = C.,~C. current> (4)

sat™

where Critical C represents the minimum value of OC in the
soil required to maintain structural stability without the risk
of degradation [14].

2.5. Statistical Analyses. Statistical analyses were performed
using R Studio [25]. To assess the effect of the crop factor on
the response variables, including carbon content and soil
properties (physical and chemical), the nonparametric
Mann-Whitney test was applied to compare medians be-
tween crops at a 5% probability of error. Additionally, the
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relationships among SOC, soil texture, pH, and organic
matter (OM) were examined using linear regressions. Fi-
nally, a correlogram was constructed using the Pearson
correlation coefficient (p<0.05), utilizing the ggpairs
function from the GGally package in R [26].

3. Results and Discussion

3.1. Distribution of SOC, SC, CC, and SCD in Soils. The
distribution of SOC content among the different studied
crops revealed significant differences. The highest SOC
content was observed in soils under coffee cultivation, av-
eraging 80.70 tha™", followed by maize at 76.87 t-ha™". These
values were considerably higher than those recorded for
camu-camu and cocoa crops, which had average SOC
contents of 35.30 and 31.59 t-ha™", respectively (Figure 2).
The maximum CS was observed in soils under camu-camu
cultivation, with an average of 32.69%, significantly higher
than the values found in soils under cocoa (27.75%), maize
(26.70%), and coffee (22.66%) cultivation (Figure 2). A
similar trend was observed for CC, with camu-camu crops
recording the highest average value (2.56%), followed by
cocoa (2.13%), maize (2.04%), and coffee (1.69%), as shown
in Figure 2. The nearest SCD was 31.67%, 26.88%, 24.80%,
and 20.59% for soils under camu-camu, cocoa, maize, and
coffee cultivation, respectively. The highest SCD values were
observed in soils from camu-camu and cocoa crops in the
Yurimaguas province of the Loreto region. In contrast, the
lowest SCD values were recorded in soils from maize and
coffee crops in the El Dorado and Picota provinces of the San
Martin region.

The higher SOC content observed in coffee-growing soils
can be attributed to the association of this crop with various
shade trees, forming an agroforestry system. Numerous
studies have reported elevated SOC contents in coffee-
growing soils. For example, Niguse et al. [27] reported an
average SOC stock of 91.5t-C-ha™" at 0-30 cm depth, while
another study documented an SOC content of 91.0 t-ha™" in
shaded coffee agroforestry systems [28]. These high SOC
stocks found in coffee ecosystems may result from the di-
versity of shade trees, which contribute substantial amounts
of organic debris to the soil, thereby enhancing surface OM
[29]. Furthermore, coffee plants in agroforestry systems
sequester significant amounts of carbon, which, in turn, is
influenced by the compatibility of the trees present in the
management system [30]. Similarly, the elevated SOC
content found in maize cultivation areas may be due to the
historical use of these lands, which were often previously
forested. The study area likely had a high forest density in the
past, and given that soils can retain carbon for up to
500 years, this legacy may explain the current high SOC
levels [31]. This is particularly evident in the province of
Picota, where seasonally dry forests have been replaced by
maize [15].

The CS results obtained in this study are consistent with
those reported by Mendoza-Lopez et al. [15], who observed
an average CS of 28.84% in forest soils. Similarly, Zhang et al.
[32] recorded the highest CS value in the Maolan grassland
system (83.34%). Comparable findings were reported by

Siddique et al. [33] for rice soils, which exhibited an average
CS of 76%. Notably, both rice and camu-camu crops require
substantial water availability for their development and
productivity.

Regarding CC, the values obtained in this study are also
in line with those reported by Mendoza-Lopez et al. [15],
who recorded values of 1.96% and 2.73%, with an average
critical threshold of 2.23%. Comparable results were ob-
served in Tunisia under nearly identical conditions by
Hassine et al. [34], who reported a critical threshold of
1.79%-2.70%, which is very close to our findings. The SCD
values in this study closely resemble those reported by
Mendoza-Lopez et al. [15] for soils under different vege-
tation coverage in the province of Picota. Dinakaran et al.
[35] also found that mean SCD values in soil ranged from
25% to 36%. It is well established that SCD is a key indicator
of the SOC sequestration potential [32]. Soils with carbon
levels far below saturation tend to exhibit a high SCD, in-
dicating a greater capacity for carbon stabilization [36].

3.2. Nutritional Characteristics, pH, and Moisture of Soils in
Different Agricultural Crops. The distribution of phosphorus
(P) content among the different studied crops showed
significant differences. The highest P content was found in
coffee soils, averaging 12.03 mgkg ', followed by camu-
camu, maize, and cocoa crops, averaging 7.62, 6.33, and
3.45mgkg ", respectively (Figure 3). Similarly, potassium
(K) content differed significantly among crop soils, with the
highest value recorded in maize (364.02 mg-kg™"), followed
by coffee (110.41 mg-kg '), cocoa (100.21 mgkg '), and
camu-camu (73.65 mg-kg™") (Figure 3). Total nitrogen (N)
content also varied significantly among the crops. Soils
under maize and coffee cultivation in the San Martin region
exhibited the highest nitrogen levels, averaging 0.19% and
0.18%, respectively. In contrast, soils under camu-camu and
cocoa cultivation in the Loreto region had lower averages of
0.10% and 0.08%, respectively. The distribution of
pH between the different studied crops showed significant
differences. The highest pH was observed in maize soils, with
an average of 7.61, followed by camu-camu (5.49), cocoa
(5.23), and coffee (4.29) (Figure 3). OM content also showed
significant differences. The highest OM levels were recorded
in coffee and maize soils in the San Martin region, with
averages of 3.56% and 3.27%, respectively. In contrast, lower
OM contents were found in the soils of camu-camu (1.76%)
and cocoa (1.50%) from the Loreto region. The highest SM
was observed in coffee soils, averaging 52.36%, while the
lowest values were observed in maize (37.44%), cocoa
(29.57%), and camu-camu (28.45%) soils.

The phosphorus (P) values found in this study were
higher than those reported by Vallejos-Torres et al. [30], who
recorded P concentrations ranging from 1.32 to
3.22mgkg™" in coffee agroforestry systems. Similarly,
Vallejos-Torres et al. [37] reported P contents of 6.77-
8.65mg-kg™' in cocoa plantation soils with tree cover and
higher levels of 13.40-19.18 mg-kg™" in cocoa plantations
without tree cover. Regarding potassium (K), the same re-
searchers found concentrations ranging from 43 to
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FIGURE 2: Soil carbon contents in different agricultural crops. SOC: soil organic carbon; CS: saturated carbon; CC: critical carbon; SCD:
saturated carbon deficit. Mann-Whitney test: * for p<0.05, ** for p<0.01, *** for p<0.001, and NS (not significant) for p>0.05.

327 mg-kgf1 in cocoa-growing soils in the San Martin region
of Peru, which fall within the range observed in this study
across different crops. The highest average K content was
observed in maize soils, likely due to site background and the
chemical and organic fertilizers applied by the producers of
this cereal. Potassium is a key nutrient for plant physio-
logical processes and is essential for optimal maize (Zea
mays L.) production [38]. A similar trend was observed for
nitrogen (N), with higher contents recorded in maize soils.
Wang et al. [39] suggested that an optimal nitrogen ap-
plication rate for maximum maize yield is approximately
289kgha™', regardless of inherent soil fertility. Likewise,
Zou et al. [40] recommended appropriate N fertilization
rates of 170-235kg-ha™" for maize. The elevated nitrogen
content in coffee soils can be attributed to coffee agroforestry
systems, which are effective strategies for enhancing soil
nitrogen sequestration following forest conversion [41]. Soil
pH values in this study ranged from 5.55 to 6.71. In com-
parison, rice cultivation soils exhibited
pH values ranging from 6.16 to 7.57 [42], which are similar
to those observed in maize soils. The pH levels observed in

the soils of camu-camu, cocoa, and coffee fall within the
normal range. However, when the pH exceeds 6.5, the ab-
sorption of phosphorus, iron, zinc, and copper is blocked,
resulting in a lower availability of these nutrients, particu-
larly in coffee crops [43]. Regarding OM content, Vallejos-
Torres et al. [30] reported an average of 3.90% in coffee
ecosystems. Regional analyses and global data syntheses
have demonstrated that higher soil OM content generally
enhances crop yields, although this benefit tends to plateau
at approximately 4% [44, 45]. Thus, the OM levels observed
in coffee and maize soils in this study are considered ade-
quate to support crop growth and development. SM
exhibited similar variability across crop types. Zhao et al.
[46], for example, found SM levels ranging from approxi-
mately 10% to 50% in a forest ecosystem undergoing res-
toration. In this study, the higher moisture content in coffee
soils is likely due to shade cover in agroforestry systems,
which helps reduce evaporation and transpiration, thereby
enhancing SM retention [47]. Understanding SM dynamics
during different stages of agricultural production is essential
for effective water resource management [48].
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The availability of plant-accessible phosphorus, as well as
total soil phosphorus content, is enhanced by the presence of
nitrogen-fixing shade tree species [49], such as guava,
a species commonly associated with coffee farms in the
Peruvian Amazon. In soils under maize cultivation, high
fertilizer application rates are typically used, which often
result in elevated K concentrations [50].

3.3. Relationship Between SOC and Edaphic Factors in Soils
Under Different Agricultural Crops. Significant regressions
and correlations were observed between SOC and various
edaphic factors (p<0.05). In the cocoa crop, significant
negative regression and correlation were found for soil sand
content, with coefficients of determination and correlation
of 0.649 and -0.805, respectively (Figure 4). Similarly, sig-
nificant positive regression and correlation were recorded
between SOC and silt content in cocoa soils, with coefficients
of determination and correlation of 0.510 and 0.715, re-
spectively. However, no significant association was detected
for clay content at the crop level (Figure 4). A strong negative
regression (p < 0.001) was identified between SOC and pH in
camu-camu soils, with an R* of 0.520 (Figure 4). In contrast,
a significant positive regression was observed between SOC

and soil OM for camu-camu, cocoa, and coffee crops, with
coefficients of determination of 0.98, 0.94, and 0.76,
respectively.

In contrast, Gabarron-Galeote et al. [51] reported that
SOC tends to be concentrated primarily in the silt and clay
size fractions. Vegetation characteristics can locally modify
clay content, even under similar climatic conditions. Thus,
the observed correlations between SOC concentration and
sand content in coffee, maize, and camu-camu soils may
reflect localized, climate-dependent dynamics, modulated by
substantial differences in SM. Moisture plays a critical role in
driving the significant positive correlation observed between
SOC and the sand fraction [52]. Comparable results have
been documented in other studies. Ghimire et al. [6] re-
ported a significant correlation (p < 0.001) between SOC and
clay content, while Merabtene et al. [14] noted a correlation
with silt content in cocoa soils. A negative correlation be-
tween SOC and soil pH was also reported by Wang et al.
[53]. This inverse relationship can be attributed to the effect
of pH on SOC decomposition and dynamics, which are
governed by physical, chemical, and biological processes.
For instance, acidic soils with low pH often suppress mi-
crobial activity, thereby reducing SOC levels [6]. Addi-
tionally, low pH reduces the solubility of SOC, thereby
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limiting its adsorption onto soil particles [54]. Conversely,
Sajjad et al. [55] found a positive correlation between soil
pH and SOC, suggesting that higher pH levels may enhance
nutrient availability, such as phosphorus and nitrogen,
which is consistent with observations in coftee soils. Fur-
thermore, significant positive correlations between SOC and
OM were observed in the soils of camu-camu, cocoa, and
coftee. This relationship reflects the net balance between OM
inputs and SOC mineralization rates [56], with OM input
largely determined by vegetation cover and root biomass
[57]. Therefore, changes in vegetation type can substantially
influence the dynamics of soil carbon inputs and outputs,
ultimately altering SOC content [58]. In contrast, a signifi-
cant positive correlation was observed between total N and
SOC for coffee, cocoa, and maize crops, whereas a non-
significant negative correlation was found between soil
pH and SOC.

4. Conclusions

Coffee cultivation, when integrated into agroforestry sys-
tems with shade trees, exhibited the highest levels of SOC,
phosphorus (P), OM, and moisture. This suggests a greater
input and accumulation of organic residues. However,
a concerning deficit in SC was observed, particularly in soils
under camu-camu and cacao cultivation in the Loreto

region, potentially indicating a progressive decline in the
soil’s capacity to retain carbon in these systems.

Agricultural soils under maize cultivation exhibited the
highest concentrations of potassium (K) and total nitrogen
(N), likely reflecting the crop’s high nutritional demand and
the frequent application of fertilizers. Meanwhile, the low
pH observed in coftee soils indicates slightly acidic condi-
tions, which may be attributed to continuous cultivation
without adequate soil management practices. A significant
positive correlation between SOC and OM was identified in
the soils of camu-camu, cacao, and coffee, underscoring the
pivotal role of OM in regulating soil carbon content.

Taken together, these findings highlight the need for
crop-specific soil management strategies and caution against
simplistic interpretations that favor one crop over others.
However, since the data reflect a single time-point mea-
surement, future studies should aim to establish continuous
monitoring over multiple years, incorporating estimates of
carbon dioxide (CO,) emissions and land-use change as-
sessments to provide a more robust understanding of carbon
dynamics in these tropical agricultural systems.

Data Availability Statement
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