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Agroforestry systems (AFS) in coffee plantations absorb carbon dioxide, thus contributing to climate change 

mitigation. Furthermore, payments for environmental services related to carbon sequestration and storage

represent an alternative way to generate added value for production, which will benefit coffee producers. The

purpose of this study was to quantify the carbon sequestered and stored in agroforestry systems for coffee

plantations. To analyze the extent to which AFS impacts environmental services in coffee cultivation, the Guide 

for Carbon Determination in Small Rural Properties, a methodology of the World Agroforestry Centre (ICRAF), 

was used. The study was conducted in the Bolognesi and Divisoria areas, located in Aucayacu, Huánuco region, 

where 10 soil samples and 10 samples of leaves and fruit were collected from each area to obtain carbon data. 

These samples were analyzed in the laboratories of the National Agrarian University of the Jungle and at

Servicios Analíticos Generales S.A.C., where carbon sequestration in soil, leaves, and fruit was estimated. The

economic value of each sample was also determined. The highest carbon sequestration for the Bolognesi area

was 33.4g, and for the Divisoria area, it was 34.6g, resulting in a maximum economic value of 9 and 8.8 soles, 

respectively. The results indicate that the agroforestry system (SAF) does not significantly impact

"environmental services" with regard to carbon sequestration capacity in coffee cultivation, as other factors such 

as shade percentage, nutrients, fertilizer, etc., are involved. 

1. Introduction

Climate change is a global threat, with carbon dioxide a greenhouse gas, being one of the main contributing 

factors.Agroforestry systems contribute to carbon sequestration in biomass(through photosynthesis) and

soils(through the accumulation of organic matter).If managed properly, thses systems can mitigate the effects

of climate change, particularly on microclimates, whinch vary depending on location, geography, anda altitude.

An agroforestry sytem is considered a land-use method where trees or shrubs interact strattegically, biologically

within a cultivated area to achieve sustainable development. They must meet three conditions: the presence of

at least  two interacting species, the inclusion of at least one evergreen tree, and the management of at least 

two components with the same productive purpose. (Serfor et al., 2021). The importance and benefits of an

agroforestry system (AFS) lie in its ability to foster multifunctional agriculture, diversifying production and 

increasing yields. The percentage of shade must be carefully considered, as inadequate shade can negatively 

impact the provision of multiple ecosystem services. Shade levels play a crucial role; excessive levels can lead 

to increased competition for light, water, and soil nutrients, resulting in decreased productivity (Zuidema et al.,
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2005). Furthermore, it may require more labor and increase the risk of insect or pathogen infestations, 

depending on the composition and management of each tree species. Coffee agroforestry systems can achieve 

more sustainable production by employing spacing between species within the same agricultural area that 

allows for compatibility in water, soil, and sunlight use. These should be interspersed with shade trees to 

increase nutrient availability, biodiversity, and carbon storage. The amount of carbon that can be stored in the 

soil depends on its characteristics, the inputs and outputs of organic carbon from plant and animal sources, 

system management, tree structure, diversity and density, tree age, and their diameter and height in each 

stratum, all of which are determined by social, economic, and climatic factors (Madountsap Tagnang et al., 

2019; Salgado-Mora et al., 2018). Carbon stocks in agroforestry systems can range from 20 to 204 tons of 

carbon per hectare (t C ha⁻¹), stored in the soil and potentially increasing annually by 1.8 to 5.2 t C ha⁻¹. Carbon 

storage occurs during photosynthesis. Methodologies such as those of the Intergovernmental Panel on Climate 

Change (IPCC) are used for reforestation and afforestation projects, and those of TÜV SÜD Industrie for 

emissions reduction production   projects. Both methodologies can be used to quantify carbon stocks for 

projects. Carbon storage or sequestration can offer the benefit of payment for environmental services. Carbon 

storage provides a resource for biodiversity conservation and adds value to farmers' production. It also 

contributes to forest conservation and restoration, which is a significant benefit to local communities. These 

mechanisms provide economic compensation to individuals who provide environmental services. Environmental 

services (ES) generated by natural ecosystems and environmentally friendly land uses are characterized as 

positive externalities. That is, environmental services are positive side effects of an agent's land use and 

management decisions, without the agent receiving economic compensation from those benefiting from the ES 

provided. Therefore, the alteration and destruction of ecosystems that provide ES is primarily due to the fact 

that ES providers lack an economic incentive to consider the ES generated by their land when deciding how to 

use it. Implementing agroforestry management systems for coffee to increase productivity without jeopardizing 

plantations will allow coffee growers to integrate into the global economy by selling specialty coffees grown at 

high altitudes and to compete in these markets using sustainability criteria. Agroforestry systems will allow for 

higher production and, in addition, represent an alternative for coffee growers by reducing their dependence on 

a single crop, generally increasing farm profitability. (Recalde, 2023). This research aims to generate technical 

and scientific information to determine the amount of carbon stored in the soil of Aucayacu anda another area 

with similar conditions. To this end, 10 samples were taken fom the Bolognesi and Divisoria zones, each 

representing different altitudinal grandients Simultaneously, it is possible to propose options for improving soil 

management and assigning economic value to carbon sequestration in coffee crops; identify adaptations to 

potencial harmful climate changes; and provide a foundation for future scientific research. 

2. Materials and methods 

Data collection took place in the province of Aucallacu over 7 days. Two populations were considered: 

Population 01: Cultivation with application of agroforestry system (Bolognesi area) at 650 m.s.n.m. I has an area 

of 0.5 ha (1000 m²) and is divided into five plots. Population 02: Cultivation without the application of an 

agroforestry or conventional system (Divisoria area) at 500 m.s.n.m. It has an approximate area of 0.5 ha (1000 

m²) and is divided into fiva plots. Both populations were located in coffee-producing areas in Aucayacu, José 

Crespo district, and Castilla, Leoncio Prado province, Huánuco region. Ten soil samples wewre taken from 

agroforestry systems in the Bolognesi area and ten soil samples form conventional farming systems in the 

Divisoria area. The samples were collected using a non-probabilistic sampling method. The technique used to 

collect samples from pltos of both crops for measuring carbon in leaf litter and roots was the “Guide for the 

determination of carbon in small rural properties” for the collection of samples for the measurement of carbon 

in leaf litter, roots and for the determination of carbon in soil samples the Walkey and Black method was used. 

Comprising 06 stages: 

Determination of coverage area: The sampling spaces were delimited with five temporary plots of 1000 m², each 

divided into two subplots of 50x10m, one of the subplots used for leaf sampling, which was divided into ten 

equal parts, in the second subplot of 50x10m two plots of 25x10m were established for soil and root sampling; 

in each of the plots and was located in an area of 1m². Soil sample collection: Four test pits measuring 0.30m x 

0.30m x 0.30m were used for sampling depth. Our sample weighed 0.5kg, was then dried in the shade, and 

subsequently taken to the laboratory for quantification of organic carbon in the soil, where texture and pH were 

measured. Obtaining the sample for the calculation of apparent density: A sample of 92.25 cm³ volume was 

extracted containing soil (earth, stones, roots), this was placed in plastic bags, to be taken to the laboratory for 

analysis, drying in an oven at 75°C until a constant weight was obtained. Leaf litter sampling: all leaf litter, seeds, 

and branches were collected and placed in plastic bags, coded the sample, and weighed on a digital scale. 

They were then wrapped in newspaper and dried in an oven at 75°C until a constant weight was obtained. 
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Obtaining the fine root sample: It was carried out from the same test pit established for the apparent density 

sampling, obtaining a sample of 0.10 x 0.10 taken to the laboratory performing a washing and sieving, dried in 

an oven at 75 °C until obtaining a constant weight of the roots. Calculations for obtaining carbon stored in the 

soil: The formula proposed by Walkley and Black was used: 

𝐶𝐴 = 𝑃𝐶. 𝐷𝐴. 𝑃                                                                                                                                                  (1)    

Where: CA: Stored carbon, PC: Carbon in the soil (%), DA: Bulk density (g/ 𝑐𝑚3), P: Soil depth (cm) 

Calculations for obtaining carbon stored in leaf litter and roots: The formula proposed by ICRAF was used. 

To establish carbon deposited in the leaf litter 

𝐵ℎ (
𝑡

ℎ𝑎
) = ((

𝑃𝑆𝑀

𝑃𝐹𝑀
)𝑋𝑃𝐹𝑇) ∗ 40                                                                                                                            (2) 

Where: Bh= Litter biomass, dry matter (t/ha), PSM= Dry weight of the collected sample (Kg), PFM=Fresh weight 

of the collected sample (Kg), PFT = Total fresh weight (kg/0.25𝑚2), Factor 40: Conversión of units to t/ha. 

𝐶𝐻 = 𝐵𝑖𝑜𝑚𝑎𝑠𝑎
𝑡

ℎ𝑎
𝑥0.50                                                                                                                                     (3)  

Where: CH= Carbon in leaf litter, 0.50: Value proposed by IPCC                                          

To establish Carbon deposited in roots 

𝐶𝑅 = (𝐵𝑖𝑜𝑚𝑎𝑠𝑎. 1.25)0.5                                                                                                                                  (4) 

Where: CR= Root carbon, 1.25: Correction factor for root volume, 0.50: Value proposed by the IPCC 

Estimation of the economic value of the Environmental Service: The information presented by climate 

researchers Brent Sohngen and Robert H. was taken as a reference, who indicate that $27.25 is a fair price 

value an ecosystem service worldwide, multiplied by the fixed ton of carbon obtained. This procedure was 

performed for both cultivation areas. Validation was carried out at the Laboratory of the National Agrarian 

University of the Jungle and the Analytical Services Laboratory. 

3. Results and Discussion 

In the Bolognesi area, 10 units of analysis were taken, where a minimum of 10 g of carbon and a maximum of 

33 g of carbon were obtained in their storage capacity in the crop (carbon stored in fruits and leaves was 

considered); likewise, an average of 26.49 g of carbon captured and stored in the samples from the Bolognesi 

area was obtained. The standard deviation was 7.09 (SD= 7.09). It should be noted that the 10 samples have 

a median of 26.91 g of carbon, meaning that 50% of the 10 samples have carbon captured and stored in the 

crop in quantities less than 26.91 g, and the other 50% of the samples have values greater than 26.91 g of 

carbon captured and stored in the crop.  

Table 1: Organic carbon capture capacity(g) in the crop-Bolognesi and the Divisoria 

Sample Location  Descriptive Results    Statistical  

 

  

Bolognesi 

 

 

 

 

The Divisoria  

Median                               

Standard deviation                                    

Mínimum                                 

Máximum 

 

Median                               

Standard deviation                                  

Mínimum                                 

Máximum 

       26.95 

       7.099 

       10 

       33 

 

       24.96 

       6.647 

       11 

       35 

 

  

On the other hand, using the 10 samples from the La Divisoria area as units of analysis, a minimum of 11 g of 

carbon captured and stored and a maximum of 35 g of carbon were obtained in the crop's storage capacity 

(considering carbon from fruits and leaves); likewise, an average of 24.75 g of carbon captured and stored was 

obtained in the samples from the La Divisoria area. The standard deviation was 6.64. It should be noted that 

the 10 samples have a median of 24.96 g of carbon, meaning that of the 10 samples, 50% of them have carbon 

captured and stored in the crop with amounts less than 24.96 g, and the other 50% of the samples have values 

greater than 26.96 g of carbon captured and stored in the crop. 
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Table 2: Organic carbon (g) in the soil – Bolognesi and the Divisoria      

Sample Location  Descriptive Results    Statistical  

 

  

Bolognesi 

 

 

 

 

The Divisoria  

Median                               

Standard deviation                                    

Mínimum                                 

Máximum 

 

Median                               

Standard deviation                                  

Mínimum                                 

Máximum 

       11.4580 

       1.13576 

       10.28 

       14.32 

 

       12.1320 

       0.302020 

       11.63 

       12.47 

 

  

In the Bolognesi area, a minimum of 10.28 g of carbon and a maximum of 14.32 g of organic carbon were 

obtained in the soil; likewise, an average of 11.60 g of organic carbon was obtained in the Bolognesi samples. 

The standard deviation was 1.13. It should be noted that the median of the 10 samples was 11.45 g of carbon, 

meaning that of the 10 samples, 50% of them had less than 26.91 g of organic carbon in the soil, and the other 

50% had values greater than 26.91 g of organic carbon in the soil.  

At La Divisoria, a minimum of 11.63 g of carbon and a maximum of 12.47 g of organic carbon were obtained in 

the soil; likewise, an average of 12.04 g of organic carbon was obtained in the Bolognesi samples. The standard 

deviation was 0.32. It should be noted that the median of the 10 samples was 12.13 g of carbon, meaning that 

50% of the 10 samples had less than 12.13 g of organic carbon in the soil, and the other 50% had values greater 

than 12.13 g of organic carbon in the soil. 

Table 3: Carbon storage in leaves, root and fruit (g) - Bolognesi and the Divisoria 

Sample Location  Carbon 

Stored in 

leaves % 

   Carbon stored  

 in fruit% 

      Sample       o   

weight(g) 

Carbon storage in 

the crop(g) 

Bolognesi 

 

The Divisoria 

   33.49      

 

   33.49                                                                                                                          

 25.18 

 

25.18 

      57 

 

      59 

33.4419 

 

34.6153 

Of the 10 samples taken, the highest percentage of carbon storage of carbon storage in the leaves ad roots of 

the Bolognesi and Divisoria area was 33.49, while the highest percentage of carbon stored in the fruits for 

Bolognesi and The Divisoria was 25.18. Therefore, the carbon storage achieved in the crop for the Bolognesi 

area was 33.4g and for Divisoria it was 34.6g. 

Additional analysis indicates that carbon sequestration variability between the two cultivation systems may also 

be associated with microclimatic conditions, soil moisture retention, and differences in organic matter turnover. 

The agroforestry plots presented greater stability in soil humidity and litter accumulation, which contributes to 

long-term carbon retention. Similar findings have been reported in tropical coffee systems where diversified 

shade structures improve ecological resilience and promote gradual increases in soil organic carbon. 

Furthermore, the incorporation of shade trees may indirectly improve nutrient cycling and microbial activity, 

which are key factors for sustainable carbon storage in coffee plantations. 

From an economic perspective, the valuation of environmental services demonstrates the potential of 

agroforestry systems to contribute to sustainable rural development. Although the monetary value obtained in 

this study was limited, the implementation of carbon credit mechanisms and environmental compensation 

programs could generate additional income opportunities for small coffee producers. Future studies should 

include larger sampling areas, longer monitoring periods, and additional variables such as tree density, canopy 

cover, and biomass accumulation to improve the precision of carbon sequestration estimates and strengthen 

the economic assessment of ecosystem services. 

The economic value of the environmental services in the Bolognesi area was obtained with a minimum value of 

1,425 soles and a maximum of 4,474 soles in the value of the environmental service, obtaining an average of 

3,598,650 soles, while in the Divisoria area, a minimum value of 1,503 soles and a maximum of 4,725 soles 

were obtained in the value of the environmental service, obtaining an average of 3,378,800 soles. According to 

Table 3, the values were established based on the criterion of multiplying the amount of carbon in the crop (fruits 

and leaves) by the price of carbon in soles (S/.27.3). 
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Table 4: Economic value of environmental services in soles (S/.) - Bolognesi and the Divisoria 

Sample Location Minimum Maximum Mean  

Economic value of 

Bolognesi 

environmental 

services 

1.425 4.474 3.59865  

Economic value of 

The Divisoria 

environmental 

services 

1.503 4.725 3.37880  

The findings also suggest the importance of implementing standardized agroforestry management practices, 

including optimized shade regulation, periodic soil monitoring, and the use of organic amendments to improve 

carbon capture efficiency. These practices could strengthen the environmental sustainability of coffee 

production systems and support future environmental certification processes for export-oriented coffee 

producers. 

Extended Discussion 

The comparison between agroforestry and conventional coffee systems demonstrated that environmental 

variables influence carbon sequestration processes in different ways. Agroforestry systems provide additional 

ecological functions such as biodiversity conservation, soil protection, and improved water retention, which may 

contribute indirectly to greater carbon stability over time. These benefits are particularly important in tropical 

agricultural systems exposed to climatic variability and soil degradation. 

The presence of shade trees in coffee plantations contributes to the regulation of temperature and relative 

humidity, reducing environmental stress on crops. In addition, the accumulation of leaf litter and organic residues 

enhances microbial activity and promotes nutrient recycling processes. These interactions generate favorable 

conditions for long-term soil fertility and sustainable agricultural productivity. Therefore, even though the 

differences in carbon capture observed in this study were not statistically significant, agroforestry systems 

continue to represent an environmentally sustainable alternative for coffee production. 

Another important aspect identified during field observations was the variability in agronomic management 

among producers. Some plantations implemented periodic organic fertilization and pruning practices, while 

others relied mainly on traditional management without continuous technical monitoring. This variability may 

have influenced the heterogeneity of the results obtained for soil organic carbon and biomass accumulation. 

Consequently, future research should include standardized agronomic protocols and larger experimental areas 

to reduce uncertainty in carbon quantification. 

Likewise, the integration of carbon sequestration programs into agricultural policies could strengthen the 

economic viability of agroforestry systems. International carbon markets and environmental certification 

schemes increasingly recognize sustainable coffee production as an important strategy for climate change 

mitigation. In this context, agroforestry coffee systems may provide additional economic opportunities for 

producers through ecosystem service compensation mechanisms. 

The implementation of monitoring technologies, including geographic information systems, remote sensing, and 

periodic laboratory analysis, may improve the accuracy of carbon estimation in agricultural systems. These tools 

would also facilitate long-term monitoring of environmental indicators related to soil quality, vegetation cover, 

and biomass productivity. The incorporation of digital technologies into agroforestry management could 

therefore contribute to more efficient decision-making processes and sustainable resource management. 

Finally, the results obtained in this research reinforce the importance of promoting sustainable agricultural 

models in coffee-producing regions of Peru. Agroforestry systems represent a practical strategy to balance 

agricultural productivity, environmental conservation, and climate change adaptation. Continued research and 

technical support for producers are essential to optimize these systems and maximize their ecological and 

economic benefits. 

4. Conclusions 

The agroforestry system does not significantly impact environmental services with reference to carbon 

sequestration capacity. This could be explained by the fact that the agroforestry system was not uniform in terms 

of shade percentage, and the crop taken as a sample did not have continuous monitoring that would allow for 

its optimal care. The agroforestry system does not significantly affect environmental services with reference to 

the amount of organic carbon in the soil because it was sampled at a depth of 0-10 cm. In addition, it was found 

that the traditional system in the Divisoria area had biofertilizer that improves drainage, retains moisture and 

aerates the substrate. The agroforestry system does not significantly impact environmental services with 
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reference to the economic value of environmental services, since the stored carbon was minimal, generating a 

limited profit margin icarbon payments. Since there are factors such as the age of the crop, the distance between 

associated crops, humidity, among others that can affect the validity of the results. 
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