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ABSTRACT 
 

The Peruvian Amazon has been significantly affected by land use and climate change, decreasing 

decomposition processes, which cause a significant depletion of soil C stocks. In this study, we estimated 

soil organic C (SOC) mediated by different plant covers in coffee (Coffea arabica L.) plantations and 

secondary forests in several districts of the San Martín Region, Peru. We calculated the critical threshold, 

saturation point, and the organic C deficit of these Amazonian soils. The association between geography, 

soil physical-chemical characteristics, and SOC was estimated through principal component analysis. 

Across all sites of the study, SOC stock had an average value of 69.19 t ha-1, with 48.95 t ha-1 constituting 

inorganic C. The highest SOC stock (225.28 t ha-1) was observed under secondary forest in the Jepelacio 

district. The SOC stocks were positively correlated with altitude and CaCO3 content only in secondary 

forests. The current measured amount of organic C within 15 cm soil depth was 28.5 g C kg-1, which is very 

low and close to the critical threshold (20.6 g C kg-1) -estimated based on its clay and silt contents. Our SOC 

stocks measurements indicated a worrisome situation, as they are close to the critical threshold, which 

exposes this area to a greater and stronger degradation. 

 

Key words: Coffea arabica, critical threshold, forestry soil, Peru, plant cover, saturation point, SOC deficit.  

 

INTRODUCTION 
 

Over the last decades, C sequestration in soils has been considered one of the fundamental solutions to 

mitigate the considerable global increases in CO2 levels -and its warming effects- in the atmosphere. 

Therefore, soils fulfill a fundamental global ecosystem function service, C storage (Baveye et al., 2020). 

For the period 2010-2019, the global CO2 budget in soils and permafrost was 1700 and 1200 PgC yr-1, 

respectively. The CO2 budget in soil is higher than the budget in the surface + dissolved organic C of the 

ocean (1600 PgC yr-1), and 3.8 and 2.9 times higher than the budgets from vegetation and the atmosphere, 

respectively (Canadell et al., 2021). Increasing soil organic C (SOC) stocks could become an important 

alternative towards the development of more sustainable agricultural systems, while addressing climate 

change, sustainable and safe food production, and poverty (Begum et al., 2022). 
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It is crucial to implement efficient management strategies for soils with permanent vegetation and 

plantations with shade trees. Thus, because plant functional traits mediate interspecific differences in 

productivity, they in turn influence the magnitude of belowground C stocks (Waring et al., 2022). 

Furthermore, on a global scale, elevated CO2 tends to increase plant biomass but decrease soil C (Terrer et 

al., 2021), implying that higher plant production may actually lead to underground C losses. Vegetation type 

plays a crucial role in determining SOC stocks and soil physical, chemical, and biological properties, 

especially in the upper layers (Zhang et al., 2021). 

In the Peruvian region of San Martín, agroforestry systems can play an important role in mitigating the 

effects of climate change, given their ability to increase tree diversity and store more C than conventional 

trees used in agriculture. The largest C stocks in different agroforestry systems with coffee trees (Coffea 

arabica L.) in the Amazon rainforest of Peru have been found in the soil (67%-96% of the total C stocks) 

(Solis et al., 2020), demonstrating that is fundamental to include trees in agricultural systems to improve 

soil properties and increase C stocks (Alegre et al., 2017; Dollinger and Jose, 2018). Therefore, secondary 

forests growing on previously cleared land could be a low-cost climate change mitigation strategy due to 

their high potential to sequester CO2 (Veldman et al., 2019; Elias et al., 2022). 

There are few detailed studies that provide precise SOC stock estimations in the San Martín region and 

in the Peruvian Amazon overall (Solis et al., 2020). Furthermore, few studies have investigated SOC balance 

(organic C, saturated C, C saturation deficit, current C, critical C, among others) in Amazonian ecosystems, 

accounting for geographical, plant, and soil physical-chemical characteristics. Previous studies in the 

Peruvian Amazon have investigated soil texture and total SOC contents, so, the next logical step is to 

understand the spatial distribution and balance of SOC, based on soil physical and chemical characteristics 

in coffee plantations and secondary forests. Based on this, we aimed to: 1) Quantify the SOC stocks in 

coffee plantations and secondary forests in the Peruvian Amazon; 2) analyze the effects of different 

agroforestry covers and soil physical-chemical properties on the SOC stocks; and 3) break down the general 

balance of SOC based on its critical threshold. 

 

MATERIALS AND METHODS 
 

Study area 

Coffee (Coffea arabica L.) plantations and secondary forests were located in the Provinces of Moyobamba 

and Lamas in the districts of Soritor (977-1065 m a.s.l.), Jepelacio (1209-1332 m a.s.l.), and Tabalosos (704-

783 m a.s.l.), San Martín Region, Peru (Table 1, Figure 1). The San Martín Region presents a heterogeneous 

physiography, with two physiographic provinces, the Andean Mountain range and the Amazon plain, 

characterized by mountainous and flat relief, respectively. The average annual precipitation and temperature 

in these provinces is 1800 mm and 25 °C, respectively (Solis et al., 2020). 

 

Experimental design 

We investigated three Districts in the San Martín Region, Perú: Tabalosos (T), Soritor (S), and Jepelacio 

(J). Each District had a total of four sites: Three coffee plantation systems, namely coffee monoculture 

(CM), coffee with guaba (Inga spp.) (CG), and coffee with polycultures (CP), and a secondary forest 

(BS, by its initials in Spanish) (Table 1); overall we investigated 12 sites. On each site, three plots (5 

m × 20 m) were established (36 plots), and a composed sample was taken by plot (36 soil samples 

analyzed). For soil sampling, the technical guide for soil sampling of the Ministry of the Environment 

(MINAM, 2014) was followed. Soil samples were collected between September and November 2022 

at a depth of 0-15 cm. During the sampling period average monthly temperature and average monthly 

relative humidity were 26.4, 26.01, 25.83 ºC and 86.65%, 87.04%, 87.42% for T District; 22.91, 23.21, 

23.64 ºC and 82.16%, 81.43%, and 80.88% for S District; and 22.18, 23.13, 22.74 ºC and 82.83%, 

83.77%, and 82.68% for J District, respectively. Data were taken from the Peruvian SENAMHI (2022) 

database on each respective climatic station. 
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Table 1. Characteristics of the selected coffee plantations and secondary forests in the districts of 

Tabalosos, Soritor and Jepelacio in the San Martín region, Peru.  Abbreviations for first two 

letters: Coffee monoculture (CM), coffee with guaba (CG), coffee with polycultures (CP), and 

secondary forest (BS). Abbreviation for third letter: Tabalosos (T), Soritor (S), and Jepelacio (J) 

districts, San Martín Region, Peru.  

 
 

 

 

Figure 1. Map of the study area indicating the distribution of the sampled plots. 
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Soil analyses 

For the physical-chemical characterization of the soils, samples were taken to the laboratory of the Institute of 

Tropical Crops, San Martín, Peru. The cylinder method of 5.2 cm in diameter and 5 cm in height proposed by 

Blake and Hartge (1986) was used to calculate soil bulk density (BD), determined by the following formula: 

 
where BD is bulk density (g cm-3), Wd is weight of the oven-dried soil sample (g), and V is the volume of 

sampled soil (cm3). Therefore, SOC was determined using the method developed by Walkley and Black 

(1934) in the laboratory, using the formula: 

 
where OC is organic C content in soil (%), Sd is depth of soil sampling (cm), and BD is bulk density (g cm-

3). Soil texture was measured by the hydrometer texture method, pH and electrical conductivity were 

measured using a suspension potentiometer in a 1:2.5 soil-water solution, carbonates (CaCO3) -inorganic 

C- of soil was determined by the gas-volumetric method, soil organic matter (SOM) by the Walkley and 

Black method, cation exchange capacity (CEC) by potential acidity + sum of bases, and calcium carbonate 

by the volumetric gas method. Saturated C (SC) was determined by applying the Hassink (1997) equation: 

 
Stable C value was compared with the soil C measured, and from there, the saturated C deficit was 

measured (Angers et al., 2011): 

 
Critical C (%) was calculated considering the clay and silt fraction, applying the formula of Autfray et al. (2009):  

 
where Ccritical represents the minimum value of organic C in the soil that allows maintaining structural 

stability without risks of degradation (Merabtene et al., 2021). 

 

Statistical analyses 

The collected data were processed in R Studio (R Core Team, 2020). First, the existence of significant 

differences between canopy types was verified for the variables SOC, inorganic C, current C, critical 

threshold, and SOC deficit (Tukey, p < 0.05). Subsequently, two bivariate correlation tests were performed 

(Spearman, p < 0.05). The quantitative variables evaluated were CO (%), altitude, CaCO3, and SOC. 

Correlation was performed with the R base cor function and a linear regression model was also fitted with 

the R base lm function. A principal component analysis (PCA) was performed to determine if there is a 

correlation between the variables and their influence on the sites and cover types; a correlogram was also 

performed to check these correlations. The fviz_pca_biplot function of the Factoextra package of R 

(Kassambara and Mundt, 2020) was used to perform the PCA. 

 

RESULTS AND DISCUSSION 
 

Variation of SOC stock under different vegetation covers 

The highest OC values were obtained under secondary forest vegetation covers located in the districts of 

Jepelacio and Soritor (which had higher altitude), with rates of 8.54% and 4.06%, respectively (Table 1). 

Among coffee plantation plots, the one with Inga shade trees in Jepelacio presented the highest OC with 

3.18%. The lowest percentages were registered under covers of secondary forest and coffee without shade 

located in the district of Tabalosos, with 1.40% and 1.02%, respectively. At the same time, among coffee 

plantations, coffee cultivars with polyculture in the Jepelacio district presented the highest C content with 

72.51 t ha-1. The maximum value of SOC stocks was found in the secondary forest of Jepelacio district with 

a value of 225.28 t ha-1 (p < 0.05). The soils with coffee establishment as a monoculture and secondary 

forest of the district of Tabalosos presented the lowest C contents with 28.02 and 35.80 t ha-1 (p < 0.05), 

respectively (Table 2). 
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Table 2. Variation of soil organic C (SOC) stocks, soil inorganic C (SIC), current C content, 

C critical threshold and SOC saturation deficit of soils under the selected vegetation covers 

in coffee plantations and secondary forest of Moyobamba and Lamas, San Martín region. 

Coffee monoculture (CM), coffee with guaba (CG), coffee with polycultures (CP), and 

secondary forest (BS). Abbreviation for third letter: Tabalosos (T), Soritor (S), and Jepelacio 

(J) districts, San Martín Region, Peru. Avg-SD: Average-standard deviation. Groups 

according to a Tukey test. 

 
 

 

The OC measured at 15 cm soil depth in the Moyobamba and Lamas districts registered an average 

of 30.21 g kg-1, with the highest and lowest recorded in the secondary forest in Jepelacio  and in the 

soils with coffee plantations without shade trees located in the district of Tabalosos with 85.40 and 

10.2 g kg-1 (p < 0.05), respectively (Table 2). These results are close to those obtained by Merabtene 

et al. (2021), where they estimated organic C stocks of the forest floor of Mount Tessala in northwest 

Algeria with reliefs from 500 to 1000 m a.s.l. Bounouara et al. (2017) recorded 100 and 168 t ha -1 of 

SOC stocks in the Skikda region, Algeria, at altitudes ranging from 13 m to 140 m a.s.l. Similarly, 

Solis et al. (2020) found that SOC stocks in coffee plantations represented 67%, 82%, and 96% of 

the total C reserve. 

Regarding coffee growing with shade trees, Solis et al. (2020) found SOC stocks in the shaded 

coffee polyculture system of 189 t C ha-1, while coffee with shade (Inga) and without shade was 146 

and 113 t C ha-1, respectively. In our study, coffee with shade trees had 72.51 t ha -1. Balaba and 

Byakagaba (2016) found that there was a higher SOC stock under coffee with agroforestry sys tems 

than under coffee monocultures; likewise, they found a higher C content between 0 and 15 cm soil 

depth, than on deeper soils. Higher C content can clearly be noted in a Jepelacio secondary forest at 

higher elevations, followed by the secondary forest of the Soritor. These results are similar to those 

shown by França et al. (2022), where SOC concentrations decreased under coffee at a soil depth of 0 

to 5 cm, but increased below 10 cm soil depth at 1260 m a.s.l., compared to a native forest control. 

Wallwork et al. (2022) reported a strong association between the functional composition of the forest 

mass and the C reserves of the soil between 0 and 10 cm of depth, therefore, the C reserves increased 

due to the effect of tree species that demand light. 

 

Relationship between SOC and altitude 

In the secondary forest, altitude and SOC showed a significant positive correlation (R 2 = 0.979, p 

< 0.001) (Figure 2). The Jepelacio soils under secondary forest showed an average SOC stock of 

225.28 t ha-1 at an altitude of 1332 m a.s.l., while the soils with the lowest C content were located 
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in the Tabalosos district under coffee monoculture without shade trees, with an average of 28.02 

t ha-1 at an altitude of 772 m a.s.l. (Figure 3). Many authors have presented similar patterns, such 

as Okello et al. (2022), who revealed that along the altitudinal gradient, soil organic C increased 

six times from 2.6% at 1.250-1.300 m a.s.l. to 16.0% at 2700-3000 m a.s.l. Likewise, Dieleman et 

al. (2013) found that SOC in tropical forests varied in a predictable manner with altitude, ranging 

from 4.8 to 19.4 kg C m -2 and increasing by 5.1 kg C m -2 for every 1000 m increase in altitude. 

Also, it has been shown that SOC and the stability of recalcitrant and labile soil aggregates 

increased with altitude (Abalori et al., 2022). Tashi et al. (2016) indicated that C content was 

similarly correlated with altitude, with temperature apparently being the driver of soil C content 

along the altitudinal gradient. The accumulation of SOC along the altitudinal gradient occurs due 

to slower decomposition activities under cooler conditions at higher elevations compared to lower 

elevations (Luo et al., 2006), resulting in an accumulation of organic matter (Spehn et al., 2012). 

Elevation changes are known to create gradients in factors that in turn affect soil erosion and C 

cycling (Guangyu et al., 2022). 

 

 

 
Figure 2. Correlation between altitude and soil organic C (OC) on different plant covers. Coffee 

monoculture (CM), coffee with guaba (CG), coffee with polycultures (CP), and secondary forest 

(BS). Abbreviation for third letter: Tabalosos (T), Soritor (S), and Jepelacio (J) districts, San 

Martín Region, Peru.  
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Figure 3. Soil organic C (SOC) stock variation according to soil inorganic C (SIC) (CaCO3) and 

altitude. in the different types of vegetation cover. CM: Coffee monoculture; CG: coffee with 

guaba; CP: coffee with polycultures; BS: secondary forest. Abbreviation for third letter: 

Tabalosos (T), Soritor (S), and Jepelacio (J) districts, San Martín Region, Peru. 

 

 

Soil inorganic C stocks 

The highest average soil inorganic C (SIC) was obtained in the secondary forest in the Jepelacio district, 

with 189 t ha-1 (BSJ), evaluated at a depth of 0-15 cm, followed by the coffee system associated with various 

agricultural crops (polyculture) in the same district with 175.77 t ha-1, while the lowest values were found 

in the monoculture coffee system in the district of Soritor, followed by the coffee with guaba in the Jepelacio 

district with values of 6.8 and 5.44 t ha-1, respectively (Table 2). Our results indicated that CaCO3 has a 

significant positive correlation with SOC contents (p < 0.05) under secondary forests (Figure 4), with the 

highest values recorded in the secondary forest of the Jepelacio district. Additionally, soil with higher SIC 

values exhibited lower SOC accumulation and vice versa, for example, at a SIC of 0.3%, a maximum value 

of SOC stock of 28.02 t ha-1 was obtained, while the soil with 7.22% of the total carbonate content registered 

225.28 t ha-1 of SOC stocks. These results are in accordance with those by Rowley et al. (2020), who found 

that SOC was approximately double on the site with CaCO3 (5.2%) compared to CaCO3-free soils (2.5%). 

Likewise, Shi et al. (2017) and Guo et al. (2016) stated that total inorganic C is positively correlated with 

total organic C content in arid and semi-arid zones and in irrigated crops. This is probably because the SIC 

has a positive effect on the stabilization of soil organic matter and soil structure (Shi et al., 2017; Quijano 

et al., 2020). However, the exact mechanisms behind this relationship and the actual consequences on SOC 

stocks remain unclear, as many factors, such as soil texture, pH, organic inputs, and distribution, can 

interfere with these mechanisms (Merabtene et al., 2021). 

 

Relationships between geography, soil properties, and SOC 

Altitude had a positive correlation with EC, CaCO3, OC, pH, and saturated C deficit (Figure 5A); being the 

plots located in the Jepelacio sector that were located at the highest altitude those that presented the highest 

SOC stocks. Such SOC stocks were influenced by plant cover, being more marked the effects of the 

secondary forest (BSJ). Soil pH was significantly correlated with CaCO3. Likewise, soil texture presented 

significant correlations with saturated and critical C, being positive for clay and silt and negative for sand 

(Figure 5B). It has been observed that, in addition to the soil physical and chemical properties of the studied 

sites, geographical/environmental factors also affect SOC stocks, such as topography, warming, and the 

various types of forest cover evaluated (Zhang et al., 2018). Climatic conditions had a strong influence on 

OC, such that the climates of the districts of Soritor and Jepelacio (the coldest one) are strongly distanced 

from those of the Tabalosos district (the warmest one). Therefore, SOC stocks in the provinces of 

Moyobamba and Lamas were affected by the type of vegetation, the topographic characteristics, and the 

physicochemical characteristics of the soil as mentioned by Merabtene et al. (2021). 
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Figure 4. Correlation between soil carbonates (CaCO3) and soil inorganic C (SOC) stocks in the 

different types of vegetation cover. CM: Coffee monoculture; CG: coffee with guaba; CP: coffee 

with polycultures; BS: secondary forest. Abbreviation for third letter: Tabalosos (T), Soritor (S), 

and Jepelacio (J) districts, San Martín Region, Peru.  

 

 

 
Figure 5. Multivariate distribution of variables. A) Multivariate analysis of edaphic variables 

measured for the sample localities and the different vegetation covers (PCA). B) Correlogram of 

edaphic variables: Clay, silt, sand, bulk density (BD), OC: organic C stock, soil inorganic C (SIC) 

(CaCO3), electrical conductivity (EC). CM: Coffee monoculture; CG: coffee with guaba; CP: 

coffee with polycultures; BS: secondary forest. Abbreviation for third letter: Tabalosos (T), 

Soritor (S), and Jepelacio (J) districts, San Martín Region, Peru.  
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In our study, soils had particularly large amounts of SOM associated with the coarser soil fraction (Martí-

Roura et al., 2019). The SOC saturation suggests that the amount of stable SOC is limited and determined by 

the content of fine particles (clay and fine silt) (Hassink, 1997; Angers et al., 2011; Ben Hassine et al., 2012). 

In our study there is an increase in the flux of SOC with greater vegetation cover; in turn due to the increase 

in precipitation and temperature conditions that accelerate C mineralization (Novara et al., 2018). Other 

factors, such as clay content, have the same impact on SOC regardless of climate (Takoutsing et al., 2016). 

 

Soil carbon saturation rate and critical thresholds 

Calculation of soil saturated C levels has made it possible to estimate the SOC stocks in the soil. Based on 

Table 2 (values are presented in g kg-1), we show that the maximum SOC stock is observed under coffee 

with guaba in Jepelacio with 32.78%, followed by the secondary forest in Soritor and coffee with polyculture 

in Jepelacio with a similar value of 32.22% SOC stock. The lowest saturated C was obtained in soils with 

secondary forest, coffee without shade trees, and coffee with polycultures in the district of Tabalosos, with 

values of 23.9%, 24.64%, and 25.38%, respectively. The critical C threshold varied between 1.52% and 

2.57%. The average SOC concentration rate in the study area was 28.5 g C kg-1, and the average critical 

threshold was 20.6 g kg-1 (Table 2). The average saturation rate was 249.8 g C kg-1. In the Tessala mountains 

of Algeria in altitudes between 500 to 1000 m a.s.l. and semi-arid climatic characteristics (i.e., a distinct dry 

and wet season; Merabtene et al., 2021), a critical threshold was recorded varying from 0.7% to 1.7% (7.6 

to 17.3 g C kg-1). While Tunisia, under conditions almost similar to those of Algeria (Ben Hassine et al., 

2012), registered a critical threshold that varied between 1.79% to 2.70% (17.9 to 27.0 g C kg-1), very close 

to our study. The lowest registered deficit of 148 g C kg-1 was for the soils under secondary forest present 

in the Jepelacio district, located at a higher altitude (1332 m a.s.l.) As described in this study, smaller C 

deficits occur at higher altitudes, probably due to the combined effect of cooler temperature and the presence 

of slopes. Table 2 shows that the current C content (28.5 g kg-1) of the soils of the Jepelacio, Soritor, and 

Tabalosos districts in the San Martín region of Peru is very low and closer to the critical threshold (20.6 g 

kg-1), which is the maximum storage capacity represented by the critical C threshold. The C deficit (249.8 

g kg-1) in the soils of the study area is very alarming because it is very close to saturation levels (278.3 g kg-

1), as similarly found by Merabtene et al. (2021). 

 

CONCLUSIONS 
 

Our study showed that coffee plantations would sequester more C if intercropped with fruit trees and much 

more if secondary forests are preserved next to them. Vegetation cover with tree species had a positive 

impact on soil organic C (SOC) stocks in the soil. Altitude and SOC showed a significant positive correlation 

in secondary forests; thus, temperature apparently is a driving factor for SOC content along the altitudinal 

gradient, due to slower decomposition activities. Furthermore, only in secondary forests there were 

significant differences in SOC among the different districts (Tabalosos, Soritor, and Jepelacio). In contrast, 

in the coffee plantations under different systems (monoculture, with guaba shade, with polyculture shade) 

there were -mostly- nonsignificant differences across districts, neither effect of altitude. In this study, the 

highest SOC stock was found in secondary forests, followed by coffee plantations with guaba and 

polyculture. In general, we found that coffee growing with shade trees contributed the greatest SOC stocks 

and, that soils from the Jepelacio district had the greatest SOC stock retention capacity due to the physical 

protection of SOM induced by fine-particle aggregation, like clay and silt. Finally, our SOC stocks 

measurements indicated a critical C threshold, which exposes this area to greater and more degradation. 
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