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ABSTRACT

The increase in global climate variability due to greenhouse gas (GHG) emissions, especially carbon dioxide
(CO,) has endangered both the environment and human health. In this context, it is important to quantify the
carbon balance of anthropogenic activities, in terms of both carbon emission and carbon fixation. The aim of this
study was to estimate the anthropogenic CO, emissions and aboveground carbon stocks in agroforestry systems of
cocoa (Theobroma cacao L.) in the southern Peruvian Amazon, specifically in Madre de Dios. Nine agroforestry
systems (AFS) of 47 years of age were selected, composed of 7. cacao in association with timber, non-timber and
fruit tree species. CO, emissions were estimates based on interviews with landowners, considering fuels, fertiliz-
ers, herbicides, and domestic use of firewood, charcoal, gas and electricity. To estimate carbon stocks, we calculate
aboveground biomass, litter biomass and biomass of annual cocoa bean production. The density of 7. cacao varied
between 530-1160 individuals/ha with ten other associated species at lower densities. The aboveground carbon
stock in AFS ranged from 7.7 to 13.7 Mg/ha and the carbon fixation rate ranged from 1.5 to 3 Mg/ha/year. Total
emissions ranged from 0.12-2.15 Mg CO,e/ha/yr, with fuel use being the main source of emissions (up to 98%).
Fixation rates ranged from 12.8-23.8 Mg CO,e/ha/year. Carbon dioxide emissions fixation rates were significantly
higher than emissions in every AFS. The results suggest that AFS did not have a negative impact on the environ-
ment. The study highlights the importance of AFS within the context of climate change and the increasing environ-
mental impact of conventional agricultural systems. The study shows that the assessed AFSs had a positive overall
aboveground carbon balance. Emission rates were low, and fuel use was present in all the AFS and represented
the largest source of CO, emissions. Therefore, by harboring tree species, the AFS would allow for climate change
adaptation and mitigation strategies.

Keywords: agroforestry, aboveground biomass, carbon dioxide emissions, carbon fixation, carbon emission,
Madre de Dios.

INTRODUCTION

The increase in global climatic variability
due to greenhouse gas (GHG) emissions (IPCC,
2003), especially carbon dioxide (CO,), has en-
dangered both the environment and human health.
This is because CO, is the primary GHG driving
global warming, due to its high annual emissions,
increased atmospheric concentration and longer
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persistence of the gas in the atmosphere. In addi-
tion, CO, is responsible for absorbing the thermal
radiation emitted by the earth’s surface and is con-
sidered the main driving factor that causes global
warming (50%) (Jobbagy and Jackson, 2000). In
the past, agriculture was the main source of CO,
emissions into the atmosphere (Hernandez et
al., 2014). At present, the densely populated ar-
eas of the planet are considered to be the main
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responsible for CO, emissions into the environ-
ment, due to the exorbitant use of petroleum de-
rivatives, deforestation and other anthropogenic
effects (Waongo et al., 2015). Although agricul-
tural activities and land use change also play an
important role, as they are globally responsible
for approximately 14% of GHG emissions (Bains
et al., 2024; Johnson et al., 2007).

Thus human activities generate many nega-
tive effects on ecosystems, such as soil erosion,
loss of biodiversity, deregulation of water flows
through burning, which releases large quantities
of CO, into the atmosphere (Clemente-Arenas,
2022; Lavelle et al., 2014). On a small scale, these
impacts are exacerbated by the lack of technical
and financial support available to smallholder
farmers (Clemente-Arenas, 2022). For example,
the agro-industrial cocoa sector is responsible for
CO, emissions related to fertilizer application,
production processes, plantation field operations,
machinery supply and other small sources (Di-
anawati et al., 2023).

In the context of climate change, it is necessary
to propose and implement initiatives to mitigate
GHG emissions without threatening the environ-
ment sustainability and quality of life in the popu-
lation (Johnson et al., 2007; Vallejos-Torres et al.,
2024; van Rikxoort et al., 2014). Here agrofor-
estry systems (AFS) emerge as a strategy to miti-
gate the effects of climate change, because they
can absorb and store large amounts of CO, from
the atmosphere through photosynthesis (Poveda
et al.,, 2013). Tree species, shrubs or fruit trees
in AFS are usually associated in the same area
(Wahidurromdloni et al., 2025), which becomes
a great strategy for productive, economic and en-
vironmentally friendly purposes and also helps to
mitigate the effects caused by anthropic activities
(Casanova-Lugo et al., 2011; Nair et al., 2009).
Likewise, different species in AFS can interact
and in this way achieve sustainable management,
consolidating the optimization and diversifica-
tion of production (Casanova-Lugo et al., 2011;
Morales-Ruiz et al., 2025). Therefore, AFS can
reduce GHG concentrations in the environment
because they fix carbon in the plants (Umafia and
Conde, 2013). Due to the AFS include shade trees
with perennial crops, such as cocoa and coffee,
which store carbon mainly in the woody compo-
nent, where they can store between 12 and 228
Mg C/ha (Tito et al., 2022). However, it is im-
portant consider that the carbon capture capacity
of AFS can be affected by species diversity, age,

structure of the tree component, and vegetation
density (Concha et al., 2007).

On the other hand, despite being a potential
approach for mitigating the effects of climate
change, AFS can also be a source of emissions
due to poor management. This highlights the im-
portance of assessing the balance of GHG emis-
sions in AFS. This information will allow us to
assess the impacts of AFS in the context of cli-
mate change and promote the use of this strategy
for biodiversity conservation (Caicedo-Vargas et
al., 2022; Nugroho et al., 2023). Moreover, con-
sidering that in the context of climate change, the
rising temperature, variations in rainfall and wa-
ter stress had a negative effect on ability of plants
to absorb CO, from atmosphere (Chaudhry and
Sidhu, 2022; Grosse-Heilmann et al., 2024; Vicca
et al., 2022). Because, rising temperatures affect
many physiological processes, including photo-
synthesis and respiration, and alter the nutritional
factor in plants and many nutrient cycles in nature
(Elbasiouny et al., 2022).

Similar to several regions in the Peruvian
Amazon, Madre de Dios has large areas that have
been overexploited and abandoned due to defores-
tation for cattle ranching and shifting cultivation
(Clemente-Arenas, 2022; Perz et al., 2005). In this
context, AFS is an option for the rehabilitation,
management of these degraded areas, prevent de-
forestation and degradation of natural forests. Due
to AFS are similar to natural forests, they have
great potential as carbon sinks (Casanova-Lugo et
al., 2011; Poveda et al., 2013), promote the conser-
vation of biodiversity, reduce soil erosion, increase
soil organic matter uptake, and restore degraded
areas (Nair et al., 2009; Riignitz et al., 2009).

Despite the importance of AFS, there are few
studies analyzing carbon fixation and CO, emis-
sions of AFS in the Peruvian Amazon. Although,
there are studies that assess the sustainability and
above-ground and soil carbon reserves in AFS
(Arevalo et al., 2002; Concha et al., 2007; Lap-
eyre et al., 2004). The present study highlights
the importance of AFS in the context of climate
change by estimating their carbon stock and CO,
emissions in the southern Peruvian Amazon and
will serve as a baseline for future research. Since
AFS in Madre de Dios have the potential to offer
an alternative approach to development and con-
servation (Clemente-Arenas, 2022). The study
aimed to estimate the anthropogenic CO, emis-
sions and aboveground carbon stocks in agrofor-
estry systems of cocoa (Theobroma cacao L.) in
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the southern Peruvian Amazon, Inambari, Madre
de Dios. To this purpose, the sources of CO, emis-
sions and fixation during the production process
of 7. cacao have been quantified.

MATERIAL AND METHODS

Study area

The study was conducted in agroforestry sys-
tems (AFS) with Theobroma cacao L. (cocoa)
located in three sectors of the Inambari district,
in the southern Peruvian Amazon (Figure 1). The
study area is located 140 km from the city of
Puerto Maldonado, at an average altitude of 359
m a.s.l. The climate of the study area is hot and
humid, with temperatures ranging from 25 °C to
37 °C. Annual precipitation ranges from 1413 to
3734 mm (2257 mm average for the period 1970—
2023) (Aucahuasi-Almidon, et al., 2024).

Study design

Three sectors of the Inambari district were
selected from the list of Agrobosque cooperative
members (Nueva Generacion, Santa Rita Alta and

Puerto Trujillo). In each sector, three AFS were
selected (nine in total). The age of establishment
of the AFS ranged from 4 to 7 years, and farm
size varied from 1.5 to 9 ha (Table 1). Table 1 and
Figure 2 show all the species found in each AFS.

Vegetation sampling

In each AFS, a plot of 1000 m? (20 x 50 m)
was established. All trees, shrubs and fruit trees in
each plot were identified. The diameter and height
of each individual were measured using a diameter
tape and a clinometer, respectively. For cocoa and
small plants, diameter was measured at 30 cm above
ground, and for trees, diameter at breast height
(DBH) was measured at 1.30 m above ground.

Above ground biomass

The aboveground biomass of all the individu-
als recorded in the plots was estimated using spe-
cific and general allometric equations (Table 2).

Litter biomass

In each vegetation plot, litter was collected in
four subplots of 0.25 m? (50 x 50 cm) (Hernandez
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Figure 1. Map of the location of the agroforestry systems in the study area (d), with reference to Peru (a) and
Madre de Dios (b), (c) illustration of a plot implemented in each agroforestry system
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Table 1. The age, the area and species present in each agroforestry system

Agroforestry system (AFS) AFS age Area
Sector
Code Species (year) (ha)
AFS-1 Theobroma cacao L. [cocoa], Jacaranda copaia (Aubl.) D.Don [achihual,
Cedrela odorata L. [cedro], Averrhoa carambola L. [starfruit], Citrus 5 2
Nueva sinensis (L.) Osbeck [orange] y Citrus limon (L.) Osbeck [lemon]
Generacion AFS-2 Theobroma cacao L. [cocoa), Musa paradisiaca L. [banana), Jacaranda 7 5
copaia (Aubl.) D.Don [achihua] y Citrus limon (L.) Osbeck [lemon]
AFS-3 | Theobroma cacao L. [cocoa] y Jacaranda copaia (Aubl.) D.Don [achihua] 5 5
Theobroma cacao L. [cocoa], Musa paradisiaca L. [banana] y Solanum
AFS-4 P 4 1.5
Santa Rita sessiliflorum Dunal. [peach tomato]
Alta AFS-5 Theobroma cacao L. [cocoa]

AFS-6 | Theobroma cacao L. [cocoa] y Bertholletia excelsa Bonpl. [brazil-nut]

Theobroma cacao L. [cocoa], Musa paradisiaca L. [bananal, Citrus
AFS-7 | reticulata Blanco. [tangerine], Cedrela odorata L. [cedro] y Matisia cordata 5 5
Humb. [sapote]

Puerto Trujillo AFS-8 | Theobroma cacao L. [cocoa] y Musa paradisiaca L. [banana] 5 4

Theobroma cacao L. [cocoa), Artocarpus altilis (Parkinson) [breadfruit],

AFS-9 Musa paradisiaca L. [banana] y Citrus limon (L.) Osbeck [lemon]

Note: the common names for each species are given in square brackets.

Figure 2. Photographs of agroforestry systems with cacao (Theobroma cacao). (A) T. cacao + Averrhoa
carambola. (B) T. cacao + Cedrela odorata. (C) T. cacao + Citrus reticulata. (D) T. cacao + Citrus limon. (E)
T cacao + Musa paradisiaca. (F) T. cacao + Bertholletia excelsa
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et al., 2021). We stored each leaf litter sample in
appropriately coded paper bags and then dried it
inan oven at 70 °C to a constant weight. To obtain
total carbon, litter biomass had to be multiplied
by the carbon fraction (0.5) (Hernandez et al.,
2021; Poveda et al., 2013; Riignitz et al., 2009).

Determination of CO2 emissions

To determine the sources of CO, emissions,
semi-structured interviews were carried out with
the owners of the AFS (Canal and Andrade, 2019).
The quantity of product used in AFS was quanti-
fied in order to subsequently perform the transfor-
mations with the emission factors generated ac-
cording to different products. (IPCC, 2006). The
items included in the surveys were (1) fuel use, (2)
nitrogen fertilizer use, (3) herbicide use, (4) house-
hold resource use (firewood use, coal use, and gas
use), and (5) electricity (Marin, 2016). For the AFS
emissions, the sum of all reported emission sourc-
es has been considered in CO,e units (Equation 1).

E(COe)=E,, .., tE +E. +

Herbicide Fuel
+E +E

Transport Firewood

+ ECoal + EGas (1)

where: E — Emissions of CO,e.

Determination of Co, fixations

For the estimation of CO, fixation, the aboveg-
round biomass, the litter biomass and the biomass
of the annual production of cocoa beans were
quantified. The aboveground biomass obtained
was multiplied by the carbon fraction 0.5 to cal-
culate the carbon stock stored by the vegetation
and litter in AFS (IPCC, 2003). Carbon storage in

total biomass was divided by the age of each AFS
to determine the carbon fixation rate for cocoa
trees, shrubs, timber forest trees, and fruit trees
(Marin, 2016). In order to quantify the rate of fixa-
tion in terms of CO,e, the carbon values obtained
have been multiplied by a constant of 3.67 (IPCC,
2006; Vallejos-Torres et al., 2024). To quantify the
carbon fixation of AFS, the sum of all reported
fixation sources was considered (Equation 2).
F(COe)=F, +F,. +F

boveground Litter eans—cocoa (2)

where: I — fixation of CO.e.

Data analysis

Analysis of variance (ANOVA) was used
to compare carbon fixation and CO, emissions
among the three sectors studied at a significance
level of 0.05. Pearson’s correlation coefficient was
used to analyze the relationship between the age of
the AFS, the carbon stock and the carbon fixation.
All analyses were performed using the SigmaPlot
16 statistical package and the GG Plot 2 package
of R version 2023.09 in an R-Studio environment.

RESULTS AND DISCUSSION

Table 3 shows all species recorded in the nine
AFS evaluated. In general, the density of plants
per AFS varied between 620 and 1170 individuals/
ha. T cacao (530-1160 plants/ha) was the most
abundant species in the AFS. Species other than
T. cacao were identified at low densities (10—180
plants/ha). Fruit plants such as M. paradisiaca
(10-80 plants/ha) and species of the genus Citrus

Table 2. Allometric equations for estimating aboveground biomass of species in the nine cacao agroforestry

systems in Inambari District, Madre de Dios, Peru

Species

Allometric equation

Source

Theobroma cacao L. (cocoa)

AGB = 3.3973 x D*8%1

(Brancher, 2010)

Tree species (DAP < 5 cm)

AGB = exp (-1,9968 + 2,4128 In(D))

(Nelson et al., 1999)

Tree species (DAP > 5 cm)

AGB = 0.0559(p x D?x H)

(Chave et al., 2014)

Shrub species

AGB=0.1184 x D?>%3

(Arevalo et al., 2002)

Musa paradisiaca L. (banana)

AGB = 0.0303 x D34

(Hairiah et al., 2010)

Citrus fruits

AGB =-6.64 + 0.279 x BA + 0.000514 x BA?

(Schroth et al., 2002)

Bertholletia excelsa Bonpl. (brazil-nut)

AGB =-18.1 + 0.663 x BA + 0.000384 x BA?

(Schroth et al., 2002)

Note: AGB (kg) — aboveground biomass; D (m) — diameter (1.30 m) (30 cm); H (m) — height; p (mg/cm?) — wood

density; BA (cm?) — basal area.
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Table 3. Abundance of species found in the agroforestry systems evaluated

Sector AFS Species Abundance (plants/ha) Total (plants/ha)
Jacaranda copaia 30
Theobroma cacao 810
Averrhoa carambola 20
AFS-1 900
Cedrela odorata 10
Citrus limon 10
Citrus sinensis 20
Nueva Generacion
Jacaranda copaia 10
Theobroma cacao 1060
AFS-2 1090
Citrus limon 10
Musa paradisiaca 10
Jacaranda copaia 10
AFS-3 890
Theobroma cacao 880
Theobroma cacao 530
AFS-4 Solanum sessiliflorum 10 620
Musa paradisiaca 80
Santa Rita Alta
AFS-5 Theobroma cacao 880 880
Theobroma cacao 1160
AFS-6 1170
Bertholletia excelsa 10
Theobroma cacao 780
Cedrela odorata 10
AFS-7 Citrus reticulata 60 1040
Musa paradisiaca 180
Matisia cordata 10
Puerto Trujillo Theobroma cacao 880
AFS-8 890
Musa paradisiaca 10
Theobroma cacao 770
Citrus limon 50
AFS-9 960
Artocarpus altilis 50
Musa paradisiaca 90

(C. reticulata, C. sinensis and C. limon, between
10-60 plants/ha) were the most abundant species.
While species with forestry potential (timber and
non-timber) were found at lower densities. J. co-
paia was the species with the highest density (30
trees/hectare), followed by other forest species at
lower densities (10 trees/ha, Cedrela odorata and
Bertholletia excelsa).

Above ground biomass

Table 4 shows the results of the carbon stock
and the estimated carbon fixation rate. The carbon
stock in the AFS varied between 7.7 and 13.7 Mg/
ha, and the carbon fixation rate varied between 1.5
and 3 Mg/ha/year. No significant differences were
found in AFS carbon stocks by sector (ANOVA,

p > 0.05). Low stock and carbon sequestration
values in AFS are associated with low 7. cacao
densities and the absence of forest species (e.g.,
AFS-5 and AFS-8). On the other hand, no signifi-
cant correlations were found between AFS age
and carbon stock (r = 0.45; p = 0.22) and carbon
fixation (r =-0.34; p = 0.37).

Traditional polycultures can have significant-
ly higher carbon reserves compared to monocul-
tures (Canal and Andrade, 2019). Agroforestry is
considered an important strategy for carbon se-
questration due to the storage potential of plant
species and soil. However, the storage capacity
can vary depending on the species used in the
AFS and the characteristics of the site (Gonas et
al., 2022). The carbon stocks found in the present
study were lower than those reported by previous

413



Journal of Ecological Engineering 2025, 26(8), 408-421

Table 4. Results of estimates of aboveground biomass and carbon fixation in agroforestry systems

Sector Aboveground biomass Carbon Carbon fixation Mean carbon fixation by
(Mg/ha) (Mg/ha) (Mg/halyear) sector (Mg/halyear)

255 12.7 2.5

Nueva Generacion 27.3 13.7 2.0 20a
15.4 7.7 1.5
16.8 8.4 2.1

Santa Rita Alta 21.9 11 2.2 24a
23.9 12 3.0
23.4 1.7 23

Puerto Trujillo 15.5 7.7 1.5 21a
23.3 11.6 2.3

Note: means within a column followed by the same letter are not significantly different according to ANOVA.

studies in AFS of the Peruvian Amazon (Concha
et al., 2007; Diaz Pablo et al., 2024; Goiias et al.,
2022; Tito et al., 2022; Vela Alvarado et al., 2024)
and in Madre de Dios (Clemente-Arenas, 2021,
2022; Surco-Huacachi and Garate-Quispe, 2022),
for AFS with similar ages. In Madre de Dios, car-
bon stocks of 20—116 Mg/ha have been reported
for AFS between 4 and 7 years of establishment
(Clemente-Arenas, 2021, 2022; Surco-Huacachi
and Garate-Quispe, 2022). These differences
with our study may be due to (1) higher density
of T cacao, (2) higher density of forest species
(J. copaia, C. odorata, B. excelsa, A. altilis and
Dipteryx species), and (3) better management of
AFS. Because the abandonment of AFS can have
a negative impact on the accumulation of carbon
in vegetation, and because cocoa AFS, which in-
clude forest, fruit, timber and industrial species,
are the most effective at sequestering carbon com-
pared to conventional land use systems (Concha
et al., 2007; Segura-Elizondo and Moya, 2021).
On the other hand, carbon stock in cocoa AFS
in the Peruvian Amazon can vary from 2.9-4.4
Mg/ha in the first year of establishment to 27—169
Mg/ha in AFS at age 10-20 years (Tito et al.,
2022; Vela Alvarado et al., 2024). This high vari-
ability in the carbon stock of the cacao AFS is
due to trees species (Tito et al., 2022), vegetation
structure (Hernandez et al., 2021; Ruiz-Russi et
al., 2023), soil physicochemical characteristics
that may affect AFS productivity (Culqui et al.,
2025), and the management of AFS (Silva-Parra,
2018). However, most studies report the presence
of tree species and their size as the main factors
influencing the variability of AFS carbon accu-
mulation (Clemente-Arenas, 2021). Because tree
vegetation can represent between 48—80% of the
carbon stored in AFS (Alexander et al., 2025;
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Gonias et al., 2022; Hernandez et al., 2021; Vela
Alvarado et al., 2024), and this proportion in-
creases as the age of the AFS increases (Gofias et
al., 2022; Kouadio et al., 2025).

Previous studies have demonstrated that AFS
increase carbon fixation rates and promote the
conservation of ecosystems degraded by anthro-
pogenic activities, which can be considered as a
strategy to mitigate climate change (Hernandez
et al., 2021; Morales-Ruiz et al., 2025). The car-
bon fixation rates found in this study were similar
to the mean values reported for AFS in the trop-
ics (2.1 Mg/ha/year) (Clemente-Arenas, 2021;
Mena-Mosquera and Andrade C, 2021; Singh et
al., 2024), which can vary between 0.29 and 17.6
Mg/ha/year (Poveda et al., 2013; Segura and An-
drade, 2012; Sow et al., 2024), due to site charac-
teristics, land use, species composition, age of the
AFS, and forest management practices (Chirwa
et al., 2022; Sow et al., 2024). Values found in
the study were also similar to those reported for
cacao AFS in the Peruvian Amazon (1.48 to 2.64
Mg/ha/year) (Rojas, 2022; Silva-Parra, 2018).
Our results demonstrate that AFS have the poten-
tial for carbon sequestration and climate change
mitigation (Chirwa et al., 2022).

Litter biomass

The carbon content in the litter of the AFS var-
ied between 9.6-20.3 Mg/ha (Table 5). The sec-
tors evaluated showed no differences in the carbon
content of the AFS’ litter (ANOVA, p > 0.05). Al-
though AFS in the Puerto Trujillo sector had the
highest average litter carbon content (Table 5).

Litter carbon stock assessment is important
because its nutrient-rich decomposition and in-
teraction with microorganisms promote more
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Table 5. Results of estimates of litter biomass and carbon fixation in agroforestry system

Sector AFS Biomass (Mg/ha) Carbon (Mg/ha) Mean litter carbon by sector (Mg/ha)
AFS-1 19.10 9.55
Nueva Generacién AFS-2 21.30 10.65 13.48 a
AFS-3 40.50 20.25
AFS-4 32.2 16.1
Santa Rita Alta AFS-5 18.9 9.45 13.15a
AFS-6 27.8 13.9
AFS-7 34.8 17.4
Puerto Trujillo AFS-8 33.6 16.8 1743 a
AFS-9 36.2 18.1
Mean 26.97 13.48 14.69

Note: means within a column followed by the same letter are not significantly different according to ANOVA.

efficient nutrient cycling in AFS (Nugroho et al.,
2023), creating conditions for vigorous and sus-
tained vegetation growth (Wahidurromdloni et
al., 2025), improving system productivity and
reducing dependence on external fertilizers, all
of which are critical to the sustainability of AFS
(Culqui et al., 2025; Segura-Elizondo and Moya,
2021). Our results for litter carbon were similar
to those reported for AFS in Madre de Dios (7.3—
22 Mg/ha) (Surco-Huacachi and Garate-Quispe,
2022). In addition, litter carbon levels were higher
than those reported for primary forests in Madre
de Dios (1.6-3.4 Mg/ha) (AIDER, 2012) and
those reported in cocoa AFS in Peru and the Ama-
zon (Concha et al., 2007; Diaz Pablo et al., 2024;
Leiva-Rojas and Ramirez-Pisco, 2021; Vallejos-
Torres et al., 2024). These differences may be
due to greater dynamics in litter decomposition
and greater input of carbon and nutrients to the
soil through mineralization in forests than in AFS
(Leal et al., 2023), since Amazonian forests have
high soil carbon stocks (2560 Mg/ha) (AIDER,
2012; Cardozo et al., 2022; Dalmo et al., 2016).
Other factors such as tree density, species compo-
sition, phenology, and land management practices
would also influence higher carbon content in lit-
ter (Ratna et al., 2022).

CO2 emissions

The total CO, emissions in the AFS varied
between 0.12 to 2.15 Mg CO e/ha/year (Table 6),
and they had a high variability (95% coefficient
of variation). Fuel consumption was present in all
AFS and was the largest source of CO, emissions
(up to 98%). The use of gas, firewood and fertil-
izer contributed less to CO, emissions (0.4-29%).

Gas and coal were the least frequent sources of
emissions, being present in only two AFS. No sig-
nificant differences in CO,e emissions were found
among sectors (ANOVA, p > 0.05). While AFS in
Puerto Trujillo had the lowest average emissions
(0.44 Mg CO,e/hal/year), while the Santa Rita
Alta sector had the highest average and variabil-
ity of emissions (0.94 Mg CO e/ha/year) (Figure
3). This high variability in emissions is due to dif-
ferences in the use of fuel and coal for domestic
use and fuel for transport according to AFS.

The characterization of each resource use and
its emissions in the AFS allows us to quantify their
impacts (Dianawati et al., 2023). Our results are
consistent with previous studies reporting that fuel
use is the main source of CO, emissions in AFS
(Umana and Conde, 2013). Therefore, CO, emis-
sions would play an important role in maintaining
the environmental benefits of the cocoa production
process (Pérez-Neira et al., 2020). However, our
emissions results are lower than those found by
the AFS for coffee and cocoa (0.5-1.3 Mg CO,¢/
ha) in the Amazon region of Colombia and Bra-
zil (Ortiz-Rodriguez et al., 2016; Segura and An-
drade, 2012). On the other hand, the proportion of
emissions from fertilizer use in our study was low
(between 3.8-28%), which is different from what
was reported by a study in the Amazon, which
found that fertilizer use (30-35%) and transport
(45-57%) were the main sources of emissions
(Ortiz-Rodriguez et al., 2016; Pérez-Neira et al.,
2020; van Rikxoort et al., 2014).

Co, fixations

The fixation rates of the AFS in the study var-
ied between 12.8 to 23.8 Mg CO e/ha/year. At the
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Table 6. Results of the estimation of CO, emissions in the agroforestry system

Sector
Source of emission Nueva Generacion Santa Rita Alta Puerto Trujillo

AFS-1 | AFS-2 | AFS-3 | AFS-4 | AFS-5 | AFS-6 | AFS-7 | AFS-8 | AFS-9
Fertilizers (Mg CO,/halyear) - 0.146 - 0.083 | 0.029 - 0.042 - 0.214
Herbicides (Mg CO,/halyear) 0.046 | 0.138 - - 0.348 - 0.017 - -
Fuel (Mg CO,/halyear) 0.196 | 0.342 | 0.098 | 0.978 | 0.109 | 0.078 | 0.196 | 0.196 | 0.391
Fuel for transportation (Mg CO,/ha/year)| 0.098 | 0.196 | 0.039 | 0.196 | 0.065 | 0.039 | 0.059 | 0.049 | 0.130
Firewood (Mg CO,/halyear) - 0.038 - 0.008 - - 0.018 | 0.018 | 0.002
Coal (Mg CO,/halyear) 0.470 - - 0.882 - - - - -
Gas (Mg CO,/halyear) - - 0.002 - 0.001 - - - -
Total emissions (Mg CO,e/ha/year) 0.81 0.86 0.14 2.15 0.55 0.12 0.33 0.26 0.74
Mean (Mg CO,e/halyear) 0.60 a 0.94 a 0.44 a

sector level, no significant differences were found
in the average CO, fixation in the AFS (ANOVA,
p > 0.05). Although the highest CO, fixation val-
ues were found in Santa Rita Alta and Puerto Tru-
jillo, this is due to a balance between carbon stor-
age in aboveground biomass and leaf litter. The
high rate of CO, fixation in the AFS is consistent

with previous studies, which suggest that cocoa
AFS can store a large quantity of carbon (Umafia
and Conde, 2013). On the other hand, the CO, fix-
ation results are consistent with those reported in
previous studies on AFS with 7. cacao (14-22 Mg
CO,e/ha/year) (Cabezas-Andrade et al., 2024,
Canal and Andrade, 2019). Our results show

Sector — Nueva generacion |$| Puerto Trujillo * Santa Rita Alta

(A) Aboveground

(B) Litter

(C) Cacao beans

a a
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Figure 3. Box plots comparing stored carbon (aboveground, litter and cacao beans), emissions and fixations of
CO,e by agroforestry system sector in the Peruvian Amazon. The gray cross (+) represents the average. Lower-
case letters above boxplots indicate non-significant differences among sectors
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that AFS can be considered in a climate change
mitigation strategy due to their great potential
to reduce GHG emissions, promote strategies to
conserve native biodiversity, and also provide
socio-economic benefits to local populations (Ca-
nal and Andrade, 2019; Silva-Parra, 2018), un-
like monocultures (Cabezas-Andrade et al., 2024;
Pérez-Neira et al., 2020).

Our results show that all AFS in the study had
a positive carbon balance (12-23.5 Mg CO,e/ha/
year) (Figure 3F), because the CO, fixation rates
(Figure 3E) were much higher than the emission
rates (Figure 3D). Agricultural production has a
significant impact on the environment and is con-
sidered one of the main sources of GHG emis-
sions (Bains et al., 2024). In this context, agrofor-
estry is emerging as an alternative to traditional
agriculture in the Amazon, as a dynamic and eco-
logical natural resource management system that
provides greater social, economic and environ-
mental benefits than agriculture and plantations
(Dianawati et al., 2023; Ruiz-Russi et al., 2023).
Since we found a positive net carbon sequestra-
tion, our results suggest that AFS did not have
a negative impact on the environment (Nguyen-
Duy et al., 2018). This is consistent with previ-
ous studies on AFS with 7. cacao, Coffea arabica
and Cordia alliodora in the Colombian Amazon
(Canal and Andrade, 2019; Umana and Conde,
2013). Therefore, our results show that cocoa pro-
duction management can be environmentally sus-
tainable (Pérez-Neira et al., 2020; Ruiz-Russi et
al., 2023), have less environmental impact, can be
economically viable in terms of return on invest-
ment, energy or GHG intensity (Caicedo-Vargas
et al., 2022). Our results highlight the importance
of AFS in the context of climate change (Canal
and Andrade, 2019) and the increasing environ-
mental impacts of traditional agricultural systems
(Pérez-Neira et al., 2020). Considering the tree
structure and how AFS are managed, they tend to
store more carbon. Furthermore, AFS can harbor
several tree species and can promote strategies for
climate change adaptation and mitigation. There-
fore, it is clear that AFS can be useful in address-
ing climate change (Canal and Andrade, 2019).

CONCLUSIONS

Our results show that the AFS in the study had
a positive carbon balance. The aboveground carbon
stock in the AFS varied between 7.7 and 13.7 Mg/

ha. The emission CO, rates were low. However, fuel
use emerged as the primary source of CO, emis-
sions across all AFS. Therefore, by providing habi-
tat for diverse species, AFS would enable strategies
to adapt to and mitigate climate change. These find-
ings are valuable for informing sustainable public
policies and aligning them with low-carbon objec-
tives, enhancing the economic and environmental
resilience of areas degraded or abandoned by tradi-
tional agricultural practices in the Amazon.

Acknowledgements

The authors would like to thank the Tam-
bopata National Reserve, the Association for Re-
search and Integrated Development (AIDER) and
the National Service of Protected Natural Areas
(SERNANP) for their support in the development
of the study. We are grateful to thank Doris Fuen-
tes Holanda, General Manager of the Agrobosque
cooperative, and the members of the Agrobosque
association, specially: Porfirio Huaman, Grego-
ria Castro, Edwin Cayo, Yessica Ccarita, Leonor
Paricela, Jonny Condori, Juan Villagaray, Lidia
Vizcarra and Pepe Villareal for facilitating access
to their agroforestry systems. We appreciated the
collaboration of Silvana Gregorini Cebreros, spe-
cialist from the AIDER research department, for
the logistical support provided, to Marco Antonio
Flores Gutiérrez and Jhon Bradon Quico Quispe
for their assistance in the field. Y.-L. Ramos-
Quispe would like to thank her mother, Lisbeth
Quispe Rafaele, for her support during the devel-
opment of this study.

The authors would like to express their grati-
tude to Tambopata National Reserve, the Asso-
ciation for Research and Integrated Development
(AIDER) and AGROBOSQUE cooperative for
funding this research.

REFERENCES

1. AIDER. (2012). Sustainable Forest Management
and Exploitation of Ecosystem Services in Forests
Administered by the Ese Eja Native Community of
Infierno, Peru. ITTO-MINAG (in Spanish).

2. Alexander, L., Manson, S., Jain, V., Setiawan, 1.
M., Sadnyana, M. D., Syirazi, M., Wibowo, Z. A.,
Sukmadewi, D. K. T., and Campera, M. (2025). The
interplay between carbon storage, productivity, and
native tree density of agroforestry systems. Land,
14(2), 344. https://doi.org/10.3390/land 14020344

417



Journal of Ecological Engineering 2025, 26(8), 408-421

3. Arevalo, L., Alegre, J., and Vilcahuaman, L.
(2002). Methodology for estimating carbon stocks
in different land use systems. Embrapa Florestas (in
Portuguese).

4. Aucahuasi-Almidon, A., Cabrera-Carranza, C.,
and Garate-Quispe, J. (2024). Trend analysis and
change-point detection of temperature and rainfall
in southern Peruvian Amazon and its relation to de-
forestation. Journal of Agrometeorology, 1665(26),
425-430. https://doi.org/10.54386/jam.v26i4.2687

5. Bains, A., Sridhar, K., Dhull, S. B., Chawla, P.,
Sharma, M., Sarangi, P. K., and Gupta, V. K. (2024).
Circular bioeconomy in carbon footprint compo-
nents of nonthermal processing technologies to-
wards sustainable food system: A review. Trends in
Food Science & Technology, 149, 104520. https://
doi.org/10.1016/j.tif5.2024.104520

6. Brancher, T. (2010). Carbon stock and cycling of
agroforestry systems in Tomé-Agu, Eastern Amazo-
nia. Universidade Federal do Para (in Portuguese).

7. Cabezas-Andrade, D., Jiménez-Gutiérrez, M. Y.,
Torres-Castillo, R. M., and Bustamante Cuenca, J.
C. (2024). Carbon footprint in post-harvest waste
of Theobroma cacao L. and the circular economy.
Agroecologia Global. Revista Electronica de Cien-
cias Del Agro y Mar, 6(11), 30—46 (in spanish).
https://doi.org/10.35381/a.g.v6i11.4143

8. Caicedo-Vargas, C., Pérez-Neira, D., Abad-
Gonzélez, J., and Gallar, D. (2022). Assessment
of the environmental impact and economic perfor-
mance of cacao agroforestry systems in the Ecua-
dorian Amazon region: An LCA approach. Science
of the Total Environment, 849(June). https://doi.
org/10.1016/j.scitotenv.2022.157795

9. Canal, D. S., and Andrade, H. J. (2019). Synergies
mitigation - adaptation to climate change in coffee
production systems (Coffea arabica), from Tolima,
Colombia. Revista de Biologia Tropical, 67(1),
36-46 (in Spanish). https://doi.org/10.15517/RBT.
V6711.32537

10. Cardozo, E. G., Celentano, D., Rousseau, G. X.,
Silva, H. R. e., Muchavisoy, H. M., and Gehring,
C. (2022). Agroforestry systems recover tree carbon
stock faster than natural succession in Eastern Ama-
zon, Brazil. Agroforestry Systems, 96(5), 941-956.
https://doi.org/10.1007/s10457-022-00754-7

11. Casanova-Lugo, F., Petit-Aldana, J., and Solorio-
Sanchez, J. (2011). Agroforestry systems as an al-
ternative to carbon capture in the MeXican tropics.
Revista Chapingo Serie Ciencias Forestales y Del
Ambiente, XVII(1), 133-143 (in Spanish). https://
doi.org/10.5154/r.rchscfa.2010.08.047

12. Chaudhry, S., and Sidhu, G. P. S. (2022). Climate
change regulated abiotic stress mechanisms in plants:
a comprehensive review. Plant Cell Reports, 41(1),
1-31. https://doi.org/10.1007/s00299-021-02759-5

418

13. Chave, J., R¢jou-Méchain, M., Burquez, A., Chidu-
mayo, E., Colgan, M. S., Delitti, W. B. C., Duque,
A.,Eid, T., Fearnside, P. M., Goodman, R. C., Henry,
M., Martinez-Yrizar, A., Mugasha, W. A., Muller-
Landau, H. C., Mencuccini, M., Nelson, B. W., Ngo-
manda, A., Nogueira, E. M., Ortiz-Malavassi, E., ...
Vieilledent, G. (2014). Improved allometric models
to estimate the aboveground biomass of tropical
trees. Global Change Biology, 20(10), 3177-3190.
https://doi.org/10.1111/gcb.12629

14. Chirwa, P. W., Musokwa, M., Mwale, S. E., and
Handavu, F. (2022). Agroforestry systems for miti-
gating climate change and reducing Carbon Foot-
prints of land-use systems in Southern Africa. Car-
bon Footprints, 2(1), 1. https://doi.org/10.20517/
¢f.2022.081601

15. Clemente-Arenas, E. (2021). Carbon capture in
agroforestry systems in Peru. Revista Forestal
Del Perui, 36(2), 180—196 (in Spanish). https://doi.
org/10.21704/rfp.v36i2.1797

16. Clemente-Arenas, E. (2022). Carbon stored in
above-ground biomass and its economic valuation
in agroforestry systems at the San Bernardo Experi-
mental Station, Madre de Dios, Peru. Revista For-
estal Del Peru, 37(1), 5468 (in Spanish). https://
doi.org/10.21704/rfp.v37i11.1593

17.Concha, J. Y., Alegre, J. C., and Pocomucha, V.
(2007). Determination of carbon reservoirs in the
aerial biomass of Theobroma cacao L. agroforest-
ry systems in the department of San Martin, Peru.
Ecologia Aplicada, 6(1), 75-82 (in Spanish).

18. Culqui, L., Huaman-Pilco, A. F., Pariente, E., Quil-
cate Pérez, P. A., Leiva Tafur, D., Juarez-Contreras,
L., Haro, N., and Oliva-Cruz, M. (2025). Influence
of'the tree species on soil parameters and carbon se-
questration in silvopastoral systems, Molinopampa
district, Amazonas region, Peru. Trees, Forests and
People, 19(December 2024), 100748. https://doi.
org/10.1016/j.tfp.2024.100748

19. Dalmo, J., Marques, D. O., Luizdo, F. J., Teixeira,
W. G., and Marie, C. (2016). Soil organic carbon,
carbon stock and their relationships to physical attri-
butes under forest soils in central Amazon. Revista
Arvore, 40(2), 197-208.

20. Dianawati, Indrasti, N. S., Ismayana, A., Yuli-
asi, 1., and Djatna, T. (2023). Carbon footprint
analysis of cocoa product indonesia using life
cycle assessment methods. Journal of Ecologi-
cal Engineering, 24(7), 187-197. https://doi.
org/10.12911/22998993/164750

21.Diaz Pablo, M. E., Alegre Orihuela, J. C., Gémez
Bravo, C. A., Mendoza Tamani, P., and Arévalo-
Hernandez, C. O. (2024). Carbon stocks in three
silvopastoral systems in the Peruvian Amazon.
Manglar, 21(3),305-311. https://doi.org/10.57188/
manglar.2024.033



Journal of Ecological Engineering 2025, 26(8) 408-421

22. Elbasiouny, H., El-Ramady, H., Elbehiry, F., Rajput,
V. D., Minkina, T., and Mandzhieva, S. (2022). Plant
nutrition under climate change and soil carbon se-
questration. Sustainability, 14(2), 914. https://doi.
org/10.3390/su14020914

23. Epquin Rojas, M. L. (2022). Environmental impacts
on cocoa farms through the balance of carbon and
nutrients, Amazon region. Revista Cientifica UN-
TRM: Ciencias Naturales e Ingenieria, 4(3), 70-74
(in Spanish). https://doi.org/10.25127/ucni.v4i3.811

24. Gonas, M., Rojas-bricefio, N. B., Culqui-gaslac,
C., Arce-inga, M., Marlo, G., and Oliva-cruz, M.
(2022). Carbon Sequestration in Fine Aroma Cocoa
Agroforestry Systems in Amazonas, Peru. 1-12.

25. Grosse-Heilmann, M., Cristiano, E., Deidda, R., and
Viola, F. (2024). Durum wheat productivity today
and tomorrow: A review of influencing factors and
climate change effects. Resources, Environment and
Sustainability, 17(September), 100170. https://doi.
org/10.1016/j.resenv.2024.100170

26. Hairiah, K., Dewi, S., Agus, F., Velarde, S., Eka-
dinata, A., Rahayu, S., and Van, N. (2010). Mea-
suring carbon stocks across land use systems: A
Manual, Bogor, Indonesia. World Agroforestry
Centre (ICRAF).

27.Hernandez, H., Andrade, H., Sudrez Salazar, J., San-
chez A., J., Gutiérrez S., D., Gutiérrez Garcia, G.,
Trujillo Trujillo, E., and Casanoves, F. (2021). Car-
bon storage in agroforestry systems in Colombia’s
Eastern Plains. Revista de Biologia Tropical, 69(1),
352-368 (in Spanish). https://doi.org/10.15517/rbt.
v69i1.42959

28.Hernandez, J., Tirado Torres, D., and Beltran
Hernandez, R. I. (2014). Carbon capture in the soil.
PADI Boletin Cientifico de Ciencias Bdsicas e In-
genierias Del ICBI, 1(2), 506 (in Spanish). https://
doi.org/10.29057/icbi.v1i2.506

29.1PCC, 2003. (2003). Good practice guidance for
land use, land-use change and forestry. Ipcc, 590.

30.IPCC, 2006. (2006). IPCC Guidelines for National
Greenhouse Gas Inventories, Intergovernmental
Panel on Climate Change National Greenhouse Gas
Inventories Programme. Intergovernmental Panel
on Climate Change.

31. Jobbagy, E. G., and Jackson, R. B. (2000). The verti-
cal distribution of soil organic carbon and its relation
to climate and vegetation. Ecological Applications,
10(2), 423. https://doi.org/10.2307/2641104

32.Johnson, J., Franzluebbers, A. J., Weyers, S. L.,
and Reicosky, D. C. (2007). Agricultural opportu-
nities to mitigate greenhouse gas emissions. Envi-
ronmental Pollution, 150(1), 107-124. https://doi.
org/10.1016/j.envpol.2007.06.030

33.Kouadio, K. A. L., Kouakou, A. T. M., Zanh, G.
G., Jagoret, P., Bastin, J.-F., and Barima, Y. S.
S. (2025). Floristic structure, potential carbon

stocks, and dynamics in cocoa-based agroforestry
systems in Cote d’Ivoire (West Africa). Agrofor-
estry Systems, 99(1), 12. https://doi.org/10.1007/
$10457-024-01103-6

34.Lapeyre, T., Alegre, J., and Arévalo, L. (2004).
Determination of carbon reservoirs in above-
ground biomass in different land use systems in
San Martin, Peru. Ecologia Aplicada, 3(703),
35-44 (in Spanish).

35.Lavelle, P., Rodriguez, N., Arguello, O., Bernal,
J., Botero, C., Chaparro, P., Gomez, Y., Gutiérrez,
A., Hurtado, M. del P., Loaiza, S., Pullido, S. X.,
Rodriguez, E., Sanabria, C., Velasquez, E., and
Fonte, S. J. (2014). Soil ecosystem services and
land use in the rapidly changing orinoco river ba-
sin of colombia. Agriculture, Ecosystems and En-
vironment, 185, 106—117. https://doi.org/10.1016/].
agee.2013.12.020

36. Leal, F., Aburto, F., Aguilera, N., Echeverria, C.,
and Gatica-Saavedra, P. (2023). Forest degrada-
tion modifies litter production, quality, and decom-
position dynamics in Southern temperate forests.
Frontiers in Soil Science, 3, 1111694. https://doi.
org/10.3389/f5011.2023.1111694

37.Leiva-Rojas, E. 1., and Ramirez-Pisco, R. (2021).
Carbon stored in cacao trees and soils in agrofor-
estry systems. Brazilian Journal of Animal and En-
vironmental Research, 4(4), 5331-5346. https://doi.
org/10.34188/bjaerv4n4-036

38. Marin, M. del P. (2016). Strategies for Reducing the
Carbon Footprint in the Life Cycle of Cocoa (Theo-
broma cacao) Production and Industrial Chocolate
Processing in Colombia. Universidad de Tolima (in
Spanish).

39. Mena-Mosquera, V. E., and Andrade C, H. J. (2021).
Potential for reducing emissions and carbon seques-
tration in forests and cocoa agroforestry systems in
the Colombian Pacific. Revista de Biologia Tropi-
cal, 69(4), 1252-1263 (in Spanish). https://doi.
org/10.15517/rbt.v69i4.45927

40. Morales-Ruiz, D. E., Aryal, D. R., Villanueva-
Loépez, G., Casanova-Lugo, F., Venegas-Venegas,
J. A., Pinto-Ruiz, R., Martinez-Zurimendi, P., Gue-
vara-Hernandez, F., Reyes-Sosa, M. B., and La O-
Arias, M. A. (2025). Tree structure, species compo-
sition, and carbon storage in tropical silvopastoral

systems. Tropical and Subtropical Agroecosystems,
28(1), 1-19. https://doi.org/10.56369/tsaes.5622
41. Nair, P. K. R., Kumar, B. M., and Nair, V. D. (2009).
Agroforestry as a strategy for carbon sequestration.
Journal of Plant Nutrition and Soil Science, 172(1),
10-23. https://doi.org/10.1002/jpIn.200800030
42.Nelson, B. W., Mesquita, R., Pereira, J. L. G., Gar-
cia Aquino De Souza, S., Teixeira Batista, G., and
Bovino Couto, L. (1999). Allometric regressions for
improved estimate of secondary forest biomass in

419



Journal of Ecological Engineering 2025, 26(8), 408-421

the central Amazon. Forest Ecology and Manage-
ment, 117(1-3), 149-167. https://doi.org/10.1016/
S0378-1127(98)00475-7

43.Nguyen-Duy, N., Talsma, T., Tri Nguyen, K., Quang
Nguyen, T., and Laderach, P. (2018). Carbon assess-
ment for cocoa (Theobroma cacao L.) cropping sys-
tems in Lampung, Indonesia. International Center
for Tropical Agriculture.

44 Nugroho, R. M. Y. A. P, Ustiatik, R., Prasetya,
B., and Kurniawan, S. (2023). Response of dif-
ferent coffee-based agroforestry management on
microbial respiration and density. Journal of Eco-
logical Engineering, 24(9), 158—170. https://doi.
org/10.12911/22998993/169179

45. Ortiz-Rodriguez, O. O., Villamizar-Gallardo, R. A.,
Naranjo-Merino, C. A., Garcia-Caceres, R. G., and
Castafieda-Galvis, M. T. (2016). Carbon footprint of
the colombian cocoa production. Engenharia Agri-
cola, 36(2),260-270. https://doi.org/10.1590/1809-
4430-Eng.Agric.v36n2p260-270/2016

46.Pérez-Neira, D., Copena, D., Armengot, L., and
Simoén, X. (2020). Transportation can cancel out
the ecological advantages of producing organic
cacao: The carbon footprint of the globalized ag-
rifood system of ecuadorian chocolate. Journal of
Environmental Management, 276(May). https://doi.
org/10.1016/j.jenvman.2020.111306

47.Perz, S. G., Aramburq, C., and Bremner, J. (2005).
Population, land use and deforestation in the Pan
Amazon Basin: A comparison of Brazil, Bolivia,
Colombia, Ecuador, Perti and Venezuela. Environ-
ment, Development and Sustainability, 7(1), 23—49.
https://doi.org/10.1007/s10668-003-6977-9

48.Poveda, V., Orozco, L., Medina, C., Cerda, R., and
Lopez, A. (2013). Carbon storage in cocoa agrofor-
estry systems in Waslala, nicaragua. Agroforesteria
En Las Américas, 8(4), 42—50 (in Spanish). https://
doi.org/10.37787/1mqav557

49 Ratna, R., Danaé, S., Dwi, D., Kurniatun, S., Ro-
shetko, J. M., and Noordwijk, M. Van. (2022). Bal-
ancing litterfall and decomposition in cacao agro-
forestry systems. Plant and Soil, 251-271. https://
doi.org/10.1007/s11104-021-05279-z

50. Riignitz, M. T., Chacon, M. L., and Porro, R. (2009).
Guide to Carbon Determination in Small Rural
Properties. CIFOR-ICRAF (in Spanish).

51. Ruiz-Russi, D. A., Escobar-Pachajoa, L. D., Mon-
tealegre Bustos, F., Galvis Neira, D. A., Camacho
Diaz, J. E., Jaimes Suarez, Y. Y., and Rojas Molina,
J. (2023). Characterization of agroforestry systems
with cocoa (Theobroma cacao L) in three munici-
palities of the department of Boyacda, Colombia.
Tropical and Subtropical Agroecosystems, 26(3),
96 (in Spanish). https://doi.org/10.56369/tsaes.4801

52.Schroth, G., D’Angelo, S. A., Teixeira, W. G.,
Haag, D., and Lieberei, R. (2002). Conversion of

420

secondary forest into agroforestry and monoculture
plantations in Amazonia: consequences for biomass,
litter and soil carbon stocks after 7 years. Forest
Ecology and Management, 163(1-3), 131-150.
https://doi.org/10.1016/S0378-1127(01)00537-0

53. Segura-Elizondo, B., and Moya, R. (2021). Wood
properties comparation of Cedrela odorata from
trees in agroforestry and in pure plantation. Wood
Research, 66(1), 117-128. https://doi.org/10.37763/
wr.1336-4561/66.1.117128

54.Segura, M., and Andrade, H. J. (2012). Carbon foot-
print in coffee (Coffea arabica L.) production chains
with different certification standards in Costa Rica.
Revista Luna Azul, 35, 60—77 (in Spanish).

55. Silva-Parra, A. (2018). Modeling soil carbon stocks
and carbon dioxide emissions (GHG) in produc-
tion systems of Plain Altillanura Modelagem. Ori-
noquia, 22(2), 158—171 (in Spanish). https://doi.
org/10.22579/20112629.525

56.Singh, R. K., Biradar, C. M., Behera, M. D.,
Prakash, A. J., Das, P., Mohanta, M. R., Krishna,
G., Dogra, A., Dhyani, S. K., and Rizvi, J. (2024).
Ecological informatics optimising carbon fixation
through agroforestry : Estimation of aboveground
biomass using multi-sensor data synergy and ma-
chine learning. Ecological Informatics, 79(De-
cember 2023), 102408. https://doi.org/10.1016/j.
ecoinf.2023.102408

57.Sow, S., Ranjan, S., Padhan, S. R., and Nath,
D. (2024). Agroforestry solutions for climate
change and environmental restoration. In S. Ku-
mar, B. Alam, S. Taria, P. Singh, A. Yadav, and
A. Arunachalam (Eds.), Agroforestry Solutions
for Climate Change and Environmental Resto-
ration. Springer Nature Singapore. https://doi.
org/10.1007/978-981-97-5004-7

58. Surco-Huacachi, O., and Garate-Quispe, J. S.
(2022). Carbon stocks in four agroforestry sys-
tems combined with Theobroma cacao L., Madre
de Dios. Revista Amazonica de Ciencias Basicas
vy Aplicadas, 1(1), €147 (in Spanish). https://doi.
org/10.55873/racba.v1il.147

59. Tito, R., Salinas, N., Cosio, E. G., Boza Espinoza, T.
E., Muiiiz, J. G., Aragén, S., Nina, A., and Roman-
Cuesta, R. M. (2022). Secondary forests in Peru: dif-
ferential provision of ecosystem services compared
to other post-deforestation forest transitions. Ecol-
ogy and Society, 27(3), 12. https://doi.org/10.5751/
ES-13446-270312

60. Umaiia, J., and Conde, A. (2013). Carbon footprint
of the dominant agricultural production systems in
the municipality of Falan, Tolima. Revista Ciencia
Animal, 6, 11-27 (in Spanish).

61. Vallejos-Torres, G., Gaona-Jimenez, N., Pichis-
Garcia, R., Ordofiez, L., Garcia-Gonzales, P.,
Quinteros, A., Lozano, A., Saavedra-Ramirez,



Journal of Ecological Engineering 2025, 26(8) 408-421

62.

63.

J., Tuesta-Hidalgo, J. C., Reategui, K., Macedo-
Cordova, W., Baselly-Villanueva, J. R., and Marin,
C. (2024). Carbon reserves in coffee agrofor-
estry in the Peruvian Amazon. Frontiers in Plant
Science, 15, 1410418. https://doi.org/10.3389/
pls.2024.1410418

van Rikxoort, H., Schroth, G., Laderach, P., and
Rodriguez-Sanchez, B. (2014). Carbon footprints
and carbon stocks reveal climate-friendly coffee
production. Agronomy for Sustainable Develop-
ment, 34(4), 887-897. https://doi.org/10.1007/
$13593-014-0223-8

Vela Alvarado, J. W., Clavo, Z.-M., Ramirez-
Flores, N., Villegas Panduro, P. P., and Saito Vil-
lanueva, C. (2024). Contribucién de los fragmen-
tos de vegetacion al almacenamiento de carbono en
paisajes agricolas de la Amazonia peruana. Revista
Peruana de Biologia, 31(2), €27004. https://doi.
org/10.15381/rpb.v31i2.27004

64. Vicca, S., Goll, D. S., Hagens, M., Hartmann, J.,

65.

66.

Janssens, I. A., Neubeck, A., Pefuelas, J., Poblador,
S., Rijnders, J., Sardans, J., Struyf, E., Swoboda, P.,
van Groenigen, J. W., Vienne, A., and Verbruggen,
E. (2022). Is the climate change mitigation effect
of enhanced silicate weathering governed by bio-
logical processes? Global Change Biology, 28(3),
711-726. https://doi.org/10.1111/gcb.15993

Wahidurromdloni, F., Budiastuti, M. T. S., and
Supriyono. (2025). Effectiveness of organic fer-
tilizer on root performance and nutrient uptake of
soybean in agroforestry system. Journal of Eco-
logical Engineering, 26(4), 161-170. https://doi.
org/10.12911/22998993/199821

Waongo, M., Laux, P., and Kunstmann, H. (2015).
Adaptation to climate change: The impacts of op-
timized planting dates on attainable maize yields
under rainfed conditions in Burkina Faso. Agricul-
tural and Forest Meteorology, 205, 23-39. https://
doi.org/10.1016/j.agrformet.2015.02.006

421



