
TYPE Original Research
PUBLISHED 15 April 2025
DOI 10.3389/�gc.2025.1513140

OPEN ACCESS

EDITED BY

Sumit Chakravarty,
Uttar Banga Krishi Viswavidyalaya, India

REVIEWED BY

David Ellison,
University of Bern, Switzerland
Manendra Singh,
Uttar Banga Krishi Viswavidyalaya, India

*CORRESPONDENCE

Paulina Álava-Núñez
paulina.alavanunez@gmail.com

RECEIVED 22 October 2024
ACCEPTED 11 March 2025
PUBLISHED 15 April 2025

CITATION

Álava-Núñez P, Torres B, Castro M and
Robles M (2025) AGB carbon stock analysis in
the Indigenous agroforestry of the Ecuadorian
Amazon: Chakra and Aja as Natural Climate
Solutions.
Front. For. Glob. Change 8:1513140.
doi: 10.3389/�gc.2025.1513140

COPYRIGHT

© 2025 Álava-Núñez, Torres, Castro and
Robles. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

AGB carbon stock analysis in the
Indigenous agroforestry of the
Ecuadorian Amazon: Chakra and
Aja as Natural Climate Solutions

Paulina Álava-Núñez1*, Bolier Torres2, Miguel Castro1 and
Marco Robles 1

1The Nature Conservancy, Quito, Ecuador, 2Facultad de Ciencias de la Vida, Universidad Estatal
Amazónica, Puyo, Ecuador

Natural Climate Solutions (NCS) aim to enhance carbon sequestration by
restoring and managing various ecosystems while ensuring environmental and
socio-economic stability. They also focus on identifying and implementing
management actions with the highest mitigation potential. In the Ecuadorian
Amazon, Indigenous communities have traditionally practiced a unique form
of agriculture that integrates remnant trees within cultivated areas, known as
Chakras or Ajas. These areas provide essential resources such as food, medicine,
and other products. Despite the persistence of these practices, there has been a
shift toward more market-oriented systems. The mitigation capacity of Chakras
and Ajas is under-researched, leaving a gap in understanding their characteristics
and potential to mitigate climate change. This study utilized inventory data to
estimate the variability and range of carbon stocks in Chakras and Ajas at di�erent
stages and other typical land uses in the area. Data were collected through
an extensive field survey comprising 171 measurement plots, 4.592 trees, 731
palms, and various crops. To represent the landscape heterogeneity of above-
ground biomass (AGB) carbon stocks, plots were randomly located, representing
a stratified sample of eight di�erent land uses. This sampling was implemented
with a 95% confidence interval and a 10% error margin. Additionally, two other
land uses (primary forest and an expert-identified best agroforestry - Model
Chakra) were included, although they were not statistically defined. The results
indicate that on average, Chakras/Ajas have more AGB carbon than pastures and
monocultures (25.5 vs. 4.38MgCha−1). The best Chakras and Ajas can achieve a
carbon mitigation potential comparable to secondary forests, with a maximum
of 105.6 MgCha−1, further emphasizing the need to support these traditional
practices. Additionally, these systems provide co-benefits such as enhanced
biodiversity (Shannon index of 1.98 in Model Chakras), improved ecosystem
structure, and valuable provisioning services. This study also highlights successful
cases that can serve as models for implementing NCS strategies. Based on
these findings, it is evident that Chakras and Ajas in the Ecuadorian Amazon
possess significant carbon mitigation potential and provide essential resources,
highlighting the importance of supporting these traditional agricultural practices
as NCS over monocultures.
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1 Introduction

There is a need to find and integrate cost-effective solutions that
can be replicable to avoid an increase in green house gases (GHG)
and reduce the effects of climate change (Griscom et al., 2017;
Calvin et al., 2023). Natural Climate Solutions (NCS) encompass
strategies for climate change mitigation through protecting,
restoring, and improving the management of terrestrial andmarine
ecosystems (Ellis et al., 2024). These solutions improve carbon
sequestration, protect local biodiversity, ensure food security, and
preserve social and cultural values (Leavitt et al., 2021).

Agroforestry systems (AFS) are part of NCS’s improving
management strategy. AFS integrates agriculture and forest
conservation while effectively providing environmental and
socioeconomic benefits (Hart et al., 2023).

In the Ecuadorian Amazon, Indigenous agroforestry systems,
locally known as “Amazonian Chakra” and “Amazonian Aja” for
the Kichwas and Shuar nationalities, respectively, are ancient
practices that combine agriculture and forest for subsistence. They
are characterized by being diverse, providing food and medicine
(Coq-Huelva et al., 2017, 2018; Torres et al., 2015), andmaintaining
cultural and spiritual customs (Kohn, 2013). This traditional
agroforestry system does not involve fertilizers, pesticides, or heavy
machinery, with the advantage of preserving mature native trees
for natural regeneration (Torres et al., 2022). Establishing and
managing these systems follow a pattern that starts with the
selective logging of easily accessible primary forests (near rivers and
roads) (Luna and Barcellos-Paula, 2024). The subsequent clearing
is then carried out to establish mixed-crop cultivation systems
(Chakras/Ajas), followed by a fallow stage for land recovery (Gray
et al., 2008).

Due to its importance, the Amazonian Chakra is part of the
Globally Important Agricultural Heritage System (GIAHS) (FAO,
2023; Torres et al., 2022). However, these ancestral systems are
threatened, as Indigenous peoples increasingly engaged in the
market economy and adopt unsustainable agricultural practices
(Tinoco-Jaramillo et al., 2024), as illegal timber extraction (Vasco
et al., 2017), extensive cattle ranching (Gray et al., 2008; Torres
et al., 2023b), and monoculture (Vasco et al., 2021). For instance,
Borja et al. (2023) showed that Ecuador’s largest expansion of
agriculture occurred in the Amazon, with a loss of 500.000 ha of
forest from 1985 to 2023.

This land-use dynamic has created a heterogeneous and
fragmented landscape in the Ecuadorian Amazon (Figure 1b),
resulting in a complex mosaic of various land uses ranging
from remnant forests and Chakras and Ajas in different stages
to monocultures. The social and environmental benefits of the
Chakra/Aja are documented in different studies (Huera-Lucero
et al., 2024; Tinoco-Jaramillo et al., 2024; Torres et al., 2022; Doyle
et al., 2017; Bremner and Lu, 2006) but their mitigation capacity
is little studied and lacks comprehensive and comparative analysis
between the different land uses in the Ecuadorian Amazon. Thus to
recognize and strengthen ancestral agroforestry systems as an NCS,
it is necessary to assess possible losses, identify their mitigation
potential (Keith et al., 2024), their characteristics that drive carbon
storage, and determine the benefits associated with AFS (Bremner
and Lu, 2006; Keith et al., 2024). This information is also essential

to support policymakers and practitioners (Ellis et al., 2024) in
identifying management priorities to avoid further carbon losses
and restore degraded land (Berenguer et al., 2014).

To address these gaps, an integrated landscape approach
provides a valuable framework for understanding the role of
agroforestry systems like Chakra and Aja within the broader
productive mosaic. This perspective is essential for assessing
trade-offs and synergies, allowing for management practices that
enhance carbon sequestration, biodiversity conservation, and local
livelihoods, thereby strengthening their potential as NCS (Sayer
et al., 2013; Reed et al., 2020). Therefore, this study applies
a robust and statistically rigorous methodological framework,
enabling a precise assessment of carbon stock across a diverse
range of land uses through field data collection and data analysis
to ask the following research questions: How do carbon stocks
in aboveground biomass (AGB) in Amazonian Chakra and Aja
systems compare to other land uses in the surrounding landscapes?,
what are the characteristics of the most successful agroforestry
practices in the Amazonian Chakra and Aja systems?, how do the
Amazonian Chakra and Aja systems comply with the criteria for
being recognized as a Natural Climate Solution (NCS) strategy?

2 Methods

2.1 Study area

The study was conducted in the Central Ecuadorian Amazon,
within the globally significant Andean-Amazonian biodiversity
hotspot (Figure 1a) (Myers et al., 2000; Mittermeier et al., 1998),
encompassing the provinces of Napo and Pastaza (Figure 2).
This region, ancestrally inhabited by Amazonian Kichwa and
Shuar indigenous communities and influenced by migrant
settlers for over 400 years, exemplifies a unique convergence
of cultural heritage and ecological richness. Its critical role in
global biodiversity and endemism makes it a priority area for
conservation and sustainable development initiatives. The area is
also characterized by dense water drainage (de Castro et al., 2018),
with humidity exceeding 80%, temperatures ranging from 24-27◦C,
and year-round rainfall (4,000 mm/year) (Zambrano et al., 2019),
making it one of the wettest region in the world (Cerón et al., 2024).

The two provinces are mostly covered by native vegetation
but, there is an intervention front dispersed around the main
population centers, roads, and rivers. The study was carried out in
households with different land uses, predominating the Amazonian
Chakra and Aja systems. The study area focuses on the transformed
land from indigenous territories. To determine these areas, spatial
information was edited from the map of indigenous territories
of the Amazon Network of Georeferenced Socio-Environmental
Information (RAISG, 2022) and the Land Use Map of the Ecuador
Ministry of Environment of 2018 (MAATE, 2019). As shown in
Figure 1b, the area is highly fragmented, with remaining forest
patches within agricultural land. In some cases, the properties are
fully deforested while others keep some trees remaining, the last
being an ancient practice. The selected sample in the two provinces
covers 117,147.58 ha.
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FIGURE 1

Study area location and characteristics. (a) Location of the study area in Ecuador. (b) Landscape view of the study area. Source: Subset of Planet
SuperDove image 2023.
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FIGURE 2

Plot design. The image shows a measured Chakra. The red dots are the coordinates of the corner of the plot. The graphics shows the plot dimension
and the AGB pools.

2.2 Measurements

The design of the plots was based on the methodology of Torres
et al. (2022), who defined an optimal plot size of 40 × 40 m (1,600
m2) (Figure 2) to capture biodiversity in indigenous agroforestry
systems - Amazon Chakras - considering that the size range of each
farm is between 1.2 and 4 ha. Data was collected from 171 plots
distributed in the study area (see Supplementary Figure S1).

The collected data included plot code, plot geographic
coordinates, common and scientific names of each species,
diameter at breast height (DBH), commercial height, total
height, social position, stem quality, and crown width. Precision
instruments were used in the field phase, vertex to measure
tree height shrubs, palms, bamboo, and the different crops
were measured. All trees, shrubs, palms bamboo, and crops
were measured.

2.3 Field methods and sampling definitions

To capture the variability of carbon in the landscape, we
selected eight predominant land uses in the area, focusing on
including Chakra/Ajas in their different stages. This selection was
supported through workshops with experts who reviewed and
validated the approach. The characteristics of these strata or land
uses are described in the Table 1 (see Supplementary Figures S2–S4,
for reference photos of each strata).

A two-phase stratified random sampling method was then
applied. The first phase involved pilot sampling to validate the
number of strata based on the variance of AGB and the landscape
proportions of different land uses. The second phase further refined
the sample. This methodological framework establishes that the
principal unit of analysis is individual plots, distributed across a
broad set of land use practices, enabling the comparison of AGB
of these different practices

We also added two strata. The first was the primary
forest (J) and Model Chakras/Ajas (G), which are not

statistically representative. Their inclusion is explained in the
following paragraphs.

In the pilot phase, data came from 44 randomly located plots
to establish the variance of the AGB and the landscape proportion
of the different land uses under study and thus refine the final
sample (second phase) with a confidence interval of 95% and an
error of 10%. Out of those 44 plots, 8 landed in forests since
the original map extended a buffer around the agricultural areas
to allow for possible mapping errors. Since this study focuses on
evaluating carbon stocks in indigenous traditional agroforestry
systems, we used the 36 plots located outside forests to define our
final eight land use categories (A-F and H-I). We then calculated
their respective statistics and determined the sample size for the
second phase (Table 2). Hence, with the information from the pilot
phase, we used the formula below to calculate stratified sampling
following the recommended methodology of UNFCCC (2010) to
assess biomass content:

n =

N ∗ tVAL
2 ∗ (

∑

i
wi ∗ si)2

N ∗ E2 + tVAL2 ∗
∑

i
wi ∗ s

2
1

(1)

where:
n=Number of sample plots required for estimation of biomass

stocks within the project boundary; dimensionless.
N = Total number of possible sample plots within the project

boundary; dimensionless.
tVAL = Two-sided Student’s t-value, at infinite degrees of

freedom, for the required confidence level; dimensionless.
wi = Relative weight of the area of stratum i.
si = Estimated standard deviation of biomass stock in stratum

i.
E2 =Acceptable margin of error in estimation of biomass stock

within the project boundary.
i= 1, 2, 3, . . . biomass stock estimation strata within the project

boundary.
The total stratified sample required was 153 plots (Table 2).

During the second phase of fieldwork, data was collected from
an additional 117 randomly selected plots. The combined results
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TABLE 1 Strata characteristics.

No. Strata Code Characteristics Total samples

1 Initial Chakra A The dominance of edible and commercial species for subsistence e.g., cassavaManihot

esculenta, bananaMusa paradisiaca, corn Zea mays, etc. along with regeneration trees.
25

2 Mature subsistence Chakra B The dominance of edible and commercial species for subsistence e.g., cassavaManihot

esculenta, bananaMusa paradisiaca, corn Zea mays etc. with the presence of at least 30 trees
per hectar

15

3 Mature market Chakra C The dominance of commercial and edible species focused on trade e.g., fine-flavored cacao
Theobroma cacao, robusta coffee Coffea canephora, guayusa Ilex guayusa, vanilla Vanilla
spp., etc., with the presence of at least 30 trees per hectar

68

4 Monoculture D Dominated by a single crop species, without trees. 24

5 Forest Plantations E Dominated by a single forest species (Ochroma Pyramidale) <4y 3

6 Silvopasture F Pasture with at least 30 dispersed trees per hectare 6

7 Model Chakra∗ G Amazonian Chakra characterized by a high tree density and an activity that generates
economic resources.

10

8 Secondary forest < 15y H Early-stage regrowth of forest vegetation (within less than 15 years), after being abandoned
due to socio-economic or cultural factors; characterized by the natural growth of pioneer
species and rapid canopy development.

7

9 Secondary forest > 15y I Advanced stage of regrowth vegetation (surpassed 15 years). It was characterized by a more
mature and diverse forest ecosystem, well-developed canopy, and increased biodiversity,
representing a stable and resilient secondary forest.

5

10 Primary forest∗ J Land with tree crown cover (or equivalent stocking level) of more than 10 percent and an
area of more than 0.5 hectares (ha). The trees should be able to reach a minimum height of
5 meters (m) at maturity in situ.

8

∗No statistically representative.

TABLE 2 Stratified sampling for above ground biomass carbon stock.

Strata ha. wi(%) si wi ∗ si
∑

(wi ∗ si)2 wi ∗ si2
∑

(wi ∗ si2) n

117.147 230.79 311.03

A 13.9 5.46 0.76 3.24 8

B 16.7 11.27 1.88 11.49 19

C 36.1 26.59 9.60 155.88 97

D 11.1 7.18 0.80 0.99 8

E 2.8 11.27 0.31 1.77 3

F 5.6 11.27 0.63 22.62 6

H 5.6 14.87 0.83 8.91 8

I 8.3 4.69 0.39 14.55 4

Total 153

Strata: A, Initial Chakra; B, Mature subsistence Chakra; C, Mature market Chakra; D, Monoculture; E, Forest plantations; F, Silvopasture; G, Model Chakra; H, Secondary forest < 15y; I,

Secondary forest > 15y; J, Primary forest; N, total number of possible samples (732.172); wi, relative weight of the are of stratum; si, standard deviation of biomass stock in stratum; tval, t-value

(1.96); E, acceptable margin of error (2.406); n, number of samples (153).

from both phases were used to update the standard deviation and
landscape proportions of the eight land uses, leading to a revised
stratified sample (Table 3). We confirmed that the initial estimated
sample size was accurate, and the actual total number of plots
needed was smaller (n = 94). Additionally, all strata groups had
sufficient observations to achieve a 95% confidence interval with a
10% margin of error (Table 3).

However, there were six missing values, due to the absence
of specific allometric equations or because crops were in a

very early-stage. This included five missing values for group
D and one for group A. To maximize the utility of the
collected data, 147 plots were utilized to estimate AGB carbon
in the different land uses that are statistically representative.
Furthermore, information from 8 plots from the primary forest
(J) and 10 from the model chakra (G) are included for
comparison purposes.

In addition to assessing carbon stocks in traditional
agroforestry systems, this study aims to identify best practices,
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TABLE 3 Final stratified sampling for above ground biomass carbon stock.

Strata ha. wi(%) si wi ∗ si
∑

(wi ∗ si)2 wi ∗ si2
∑

(wi ∗ si2) n # plots in field

117.147 168.20 219.54

A 16 4.55 0.74 3.38 5 25

B 10 10.83 1.06 11.49 8 15

C 44 18.73 8.32 155.88 60 68

D 16 2.46 0.39 0.95 3 24

E 2 9.51 0.19 1.77 1 3

F 4 24.01 0.94 22.62 7 6

H 5 13.95 0.64 8.91 5 7

I 3 21.10 0.69 14.55 5 5

Total 94 153

Strata: A, Initial Chakra; B, Mature subsistence Chakra; C, Mature market Chakra; D, Monoculture; E, Forest plantations; F, Silvopasture; G, Model Chakra; H, Secondary forest < 15y; I,

Secondary forest > 15y; J, Primary forest; N, total number of possible samples (732.172); wi, relative weight of the are of stratum; si, standard deviation of biomass stock in stratum; tval, t-value

(1.96); E, acceptable margin of error (2.406); n, number of samples (94).

referred to as “Model Chakra” (G). The Model Chakra/Aja systems
were required to meet specific criteria determined by local experts:
high tree diversity, the application of local knowledge, and the
provision of income and economic resources for their owners.
To achieve this, the project presented its objectives and identified
these best practices during two workshops with local stakeholders
in the Ecuadorian Amazon, held in Puyo and Tena. As a result,
10 plots were selected, and their outcomes will be presented in
the following sections. These results are compared to average
systems and practices; and the 8 plots from the primary forest (J)
to understand the potential for carbon storage better.

Finally, to evaluate the most successful cases related to carbon
content, the plots with the highest carbon values - above the third
quartile Q3 - from the different Chakra/Aja types are selected
to analyze their characteristics concerning carbon in AGB, tree
number, and DBH.

2.4 Above biomass ground and carbon
estimation

To estimate AGB, allometric equations were applied, using data
collected in the floristic inventory of each plot (trees with DBH
1.30≥ 10 cm), in combination with species-specific values of wood
density p = gcm−3 (Chave et al., 2006; Baker et al., 2004; Zanne
et al., 2009). In the case of palms, DBH was replaced by height. The
equations are specified in Table 4.

The AGB is measured in kilograms of dry mass, where ρ is
the specific gravity of the wood (in gcm−3), and DBH represents
the diameter at the height of the breast (cm), considering all trees
with DBH1.30 ≥ 10 cm. The wood-specific gravity values for each
species were primarily derived from Baker et al. (2004). When
specific gravity data were unavailable, a mean value of 0.47 gcm−3

was employed, as recommended for tropical secondary forests by
van Breugel et al. (2011) and McGroddy et al. (2015). The total

carbon content in the AGB (expressed asMgCha−1) was estimated
by multiplying each plot’s average AGB (IPCC, 2018) by a wood-
carbon ratio of 47% (Manickam et al., 2014).

3 Research findings

3.1 Carbon stock analysis at landscape
level

Table 5, Figure 3 show the carbon statistics in AGB for each
chakra type and forest. The primary forest (J) has the highest mean
140.0 and max 200.0 MgCha−1 values followed by the secondary
forest > 15y (I) with a mean of 79.4 MgCha−1. These values agree
with Berenguer et al. (2014),Mackey et al. (2020), and Cardozo et al.
(2022) respectively. Primary forest and regeneration forests will be
only used as a reference to compare themitigation capacity with the
Chakras/Ajas types, as they don’t include intensive management.

Chakras/Ajas types C, B, F, and G have mean values ranging
from 23.1 to 49.1. and maximum values from 42.8 to 105.6
MgCha−1. Their variability is SD = 20.9-31.1. The lowest AGB
carbon stocks are for stratas A, D, and E, with mean values
ranging from 5.61 to 21.0 MgCha−1, and maximum values of 19.7
to 30.2 MgCha−1. It is important to notice that the mean value
for D is affected by cero values as the allometric equations e.g.
Ipomoea batatas, Solanum quitoense and Selenicereus undatus are
not available. They also show a low variability (SD= 4.82-30.2).

Also, the Model Chakra (G) outperforms, on average, other
Chakras/Ajas types (A,B,C). Although G plots were deliberately
selected to meet specific criteria, the results show that they vary
within the AGB carbon stocks (SD = 13.91). This variation is also
observed in the Mature market Chakra (C) with a variation of SD
= 20.89. Interestingly, within this strata, high values are also found.
There are 9 plots with values higher than the average of Model
Chakra, and the highest value 105.5 MgCha−1, is also found in
this strata.
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TABLE 4 Equations for above ground biomass (AGB) and biomass total (BT) estimation.

Ecosystem or species Common name Equations Reference

Tree species in tropical forest Multiple AGB = ρ ∗ exp(−1.499+ 2.148ln(DBH)+ 0.207(ln(DBH))2 − 0.02081(ln(DBH))3) (3) Chave et al., 2005

Bactris gasipaes Peach palm Bt = 0.74 ∗ ht2 (4) Szott et al., 1993

Coffea arabica Coffee Bt = 93.424 ∗ exp0.0208∗c30 (5) GIZ, 2011

Coffea canephora Coffee Bt = 242.6 ∗ exp0.1264∗c30 (6) GIZ, 2011

Guadua angustifolia Bamboo AGB = 2.6685 ∗ D0.9879 (7) Rojas Quiroga
et al., 2013

Manihot esculenta Cassava Bt = −0.67+ 0.44d30 (8) Jadán et al., 2012

Musaceas Plantain AGB =
(185.1209+881.9471∗ Log(h)

h2 )

1000 (9) CATIE, 2009

Palms Palms Bt = 7.7 ∗ ht + 4.5 (10) Frangi and Lugo,
1985

Theobroma cacao Cocoa Bt = 1.04084exp0.0736∗d30 (11) GIZ, 2011

Ochroma pyramidale Balsa Bt = exp(−2.45+ 2.30 ∗ lnDBH) (12) Douterlungne
et al., 2013

Ilex guayusa Guayusa The equation of Theobroma cacao was applied

TABLE 5 Chakra/Aja above ground biomass (AGB) carbon statistics (MgCha−1).

AGB(MgCha−1)

Code Strata Min Mean Median Max SD

A Initial Chakra 0.46 5.61 4.34 19.7 4.82

B Mature subsistence Chakra 8.76 23.1 24.1 42.8 10.9

C Mature market Chakra 6.51 27.9 20.9 105.6 20.9

D Crops 0.00 4.38 1.6 28.8 7.17

E Forest Plantations 11.2 21.0 21.6 30.2 9.52

F Silvopasture 1.81 28.4 25.6 57.3 24.0

G Model Chakra 12.3 49.1 50.0 96.4 31.1

H Secondary forest < 15y 12.5 32.1 35.0 48.5 13.9

I Secondary forest > 15y 50.7 79.4 92.7 97.2 21.1

J Primary forest 87.0 140.0 129.0 200 45.1

The plots for stratas G and C with values greater 50 MgCha−1

shows the mitigation capacity of these ancestral systems, which
resembles the capacity of a secondary forest > 15 years (I)
(Paniagua-Ramirez et al., 2021; Sugiyama et al., 2024; Rodrguez-
Len et al., 2025).

Figure 4 shows the percentage of contribution of eachmeasured
carbon pool for each strata. Living trees are the major carbon
AGB pool in the study area, except for (D) where trees are the

scarcest as shown in Figure 5. It also highlights the presence of
palms within the landscape. Palms are a valuable ecological and
social feature. They are important contributors to biodiversity,
and animal food and are a source of nourishment, fibers, and
construction materials, especially within Indigenous communities
(Byg and Balslev, 2006). The figure also shows that trees are still
part of the production system and are found within the categories
focused on agriculture.

The aboveground carbon in the Chakras/Ajas with the largest
stocks (3-4 quartiles) is explained mostly by a quadratic regression

based on the average diameter at the breast height (DBH) and the
number of trees (#trees). All the terms in the quadratic polynomial
are statistically significant at least at a 95% confidence interval and
explain 93% of the variation in the data (r2 = 0.9393).

AGBC = −3.9178 ∗ DBH + 0.1357 ∗ DBH2
+ 2.5924

∗ # trees− 0.01748 ∗ #trees2 (2)

There is a reduction of tree density in contrast with higher DBH
classes, as shown in Figure 5. Forest types (H, I, J) have a higher
density for all the DBH classes except for the ≤ 29.99 cm class in
which Forest plantations (E) has the higher number. The model
chakra (G) has a similar pattern to the Forest types followed by the
Mature market chakra (C). This variability in DBH is important
to maintain the forest structure related to ecosystem function and
diversity (Spies, 1998).

Table 6 shows the floristic diversity for the different land uses.
Primary Forests have the highest tree species diversity (average
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FIGURE 3

Above ground biomass carbon statistics per strata (MgCha−1). Black dots indicate the amount of carbon in each plot.

45.75 species). Secondary forests, both≤ 15 years (23 sp.) and≥ 15
years (27.4 sp.) show a progressive increase in biodiversity with age,
demonstrating a natural successional process enhancing floristic
diversity (Garate-Quispe et al., 2024; de Jesus Silva et al., 2016).

A key finding of this study is the significant role of trees in
managed land use systems and its effects on biodiversity. Model
Chakra (G) stands out with the highest Richness (14.10) and
Shannon index (1.98) among strata A to G. However, other Chakra
types (Strata B and C) and pastures with dispersed trees (Strata
F) also maintain a noticeable level of diversity, with Shannon
indices of 1.72, 1.62, and 1.75, respectively. This emphasizes the
importance of Indigenous practices to maintain diversity and
balanced ecosystems in managed land use systems (Levis et al.,
2024).

3.2 Successful cases

This study integrated the Model Chakras (G) to identify the
best examples of landscape management. However, our analysis
revealed that other strata also contain significant examples of
mitigation capacity. This section highlights those cases.

The types of Chakras/Ajas with the highest carbon values are
Mature market Chakra (C), Model Chakra (G) and Silvopasture (F)

carbon (see Table 5, Figure 3). To identify the most successful cases
related to AGB, values greater than the third quartile (Q3) were
selected, resulting in 22 plots. Q3 values for each Chakra are: C ≥

38.1, F ≥ 49.3, and G ≥ 64.9.
Figure 6 shows the 22 plots, highlighting trees as the main

contributor to the AGB. The figure also illustrates the trend
between tree number, DBH, and carbon content.

It is important to note that the 15069 and 15090 plots have
lower values, 9.49 and 11.18 MgCha−1 respectively, than their Q3.
This is because, in the case of 15069, an edible palm Bactris gasipaes

is the main contributor with 34.65 MgCha−1, while in plot 15090
cacao crops add 27.90MgCha−1.

Another special case is plot 15003. Although trees are the
largest carbon pool 67.14 MgCha−1, there is also a significant gain
from cocoa cultivation 38.52 MgCha−1, bringing the total to 105.6
MgCha−1.

Table 7 presents the most successful values, considering only
trees as contributors to AGB carbon, for each Chakra Type (C,
G, and F). Plot IDs 15003, 15101, and 16044 demonstrate that
large trees (DBH > 50 cm) significantly contribute to ABG carbon
stocks, even if they are few in number. Additionally, these plots are
linked to agricultural products, providing environmental benefits
and boosting the local economy in economically depressed areas.

Within the study area, 299 tree species were identified.
In the three most successful plots, 22 species of trees and
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FIGURE 4

Percentage contribution of the main aboveground biomass carbon pools by strata. Strata: A, Initial Chakra; B, Mature subsistence Chakra; C, Mature
market Chakra; D, Monoculture; E, Forest plantations; F, Silvopasture; G, Model Chakra; H, Secondary forest < 15y; I, Secondary forest > 15y; J,
Primary forest.

FIGURE 5

Mean tree density and diameter classes per strata.
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TABLE 6 Diversity indices in di�erent strata.

Variables A B C D E F G H I J Sig

Richnes(S) 3.48 9.33 8.13 1.21 4.00 9.33 14.10 23.00 27.40 45.75 ∗∗∗

± 3.0 4.7 4.1 1.4 1.7 10.3 13.6 6.1 7.9 ∗∗∗

Stem density 7.92 28.6 25.47 2.13 136.00 25.00 49.50 75.29 167.80 99.50 ∗∗∗

± 6.3 19.0 18.6 2.9 37.5 19.5 29.7 18 114.7 24.2 ∗∗∗

Shannon index(H) 0.87 1.72 1.62 0.33 0.20 1.75 1.98 2.32 2.34 3.44 ∗∗∗

± 0.7 0.6 0.6 0.5 0.2 0.7 0.7 0.9 0.8 0.2 ∗∗∗

Simpson index 0.44 0.72 0.71 0.20 0.07 0.73 0.75 0.78 0.78 0.95 ∗∗∗

± 0.3 0.2 0.2 0.3 0.1 0.2 0.2 0.2 0.3 0.0 ∗∗∗

ANOVA was performed for the number of species and individuals. Significance levels: ∗∗∗ is 99%.

FIGURE 6

Sucessfull chakra plots–for Stratas: C, Mature market Chakra; F, Silvopasture; G, Model Chakra—in relation to diameter classes, number of trees per
diameter class, and above ground biomass carbon per hectare (MgCha−1).

TABLE 7 Sucessfull Chakras/Ajas plots characteristics.

Chakra Description Nr. Trees Mean AGBTrees AGBCrop AGBPalms

ID ha. DAP (cm) (MgCha−1) (MgCha−1) (MgCha−1)

15101 Model Chakra (G), natural regeneration of timber species
mainly Cedrelinga cateniformis in association with cocoa
cultivation.

294 17.82 90.81 4.04 1.53

16044 Market chakra (C), associated with plantain 143 32.12 87.44 0.71 5.77

16144 Silvopasture (F), Brachiaria mutica grass with remaining trees 144 23.23 56.08 NA 4.59
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TABLE 8 Tree and palm uses.

Scientific Common Edible Medicinal Timber Other
name name

Trees

Brosimum alicastrum Tilo x x

Cabralea canjerana Batea Caspi x

Cedrela odorata Cedro x x

Cedrelinga cateniformis Chuncho x

Ceiba petandra Ceibo x x

Citrus limon Limon x x

Cordia alliodora Laurel x

Chimarrhis glabriflora Intachik

Dacryodes cupularis Copal x x x

Grias neuberthii Piton x x

Handroanthus serratifolius Guayacan Amarillo x

Hevea guianensis Caucho x

Inga edulis Guaba de bejuco x

Inga sp. Guaba rojo x

Ladenbergia oblongifolia Guaba machetona x

Lonchocarpus seorsus Barbasco caspi x x

Matisia cordata Zapote x

Minquartia guianensis Guambula x x x

Ocotea quixos Ishpingo x x

Pachira insignis Zapote de monte x

Pictocoma discolor Pigüe

Piptadenia sp. Guarango x

Pouteria sp. Avio de monte x

Rollinia mucosa Chirimoya x

Schefflera morototoni Lantias

Sorocea muriculata Paparawa

Sterculia simaoensis Zapote x

Swietenia macrophyll Ahuano x

Virola flexuosa Doncel

Vochysia braceliniae Tamburo x

Zanthoxylum riedelianum Casha caspi x

Palms

Bactris gasipaes Chontaduro x x

Iriartea deltoidea Pambil x x

Wettinia maynensis Kili x

3 species of palms are found. Table 8 shows the main uses
of these tree species according to Rios et al. (2007). One
of the key characteristics of the Amazonic Chakra/Aja is its
diversity, which ensures access to natural resources for indigenous

communities. Many of these species provide nourishment,
thereby ensuring food availability. Some of these trees, such as
Cedrelinga cateniformis and Swietenia macrophylla, are valuable
fine wood species. This diversity not only guarantees access
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to food or valuable wood but also medicine and sources
for rituals.

4 Discussion

4.1 Chakras/Ajas as a natural climate
solution

NCS offers a range of land stewardship to achieve the
Paris Agreement and maintain temperatures below 2◦C (Griscom
et al., 2017). AFS is one land use with great potential to fulfill
commitments to reduce emissions from improved management
agriculture (Duguma et al., 2023). To successfully implement AFS,
local conditions need to be understood. This study provides a
reference level for understanding the carbon dynamics within
Indigenous agroforestry systems in the Ecuadorian Amazon. It
shows its potential as an NCS by understanding the different land
uses within the study area and their effects on AGB carbon stocks.

The results show that the Ecuadorian Amazon’s Indigenous
agroforestry systems (strata B, C, F, and G) average more AGB
carbon stock than crops and pastures (stratum D) (p = 0.000
and p = 0.001, see Supplementary material). This emphasizes the
importance of recognizing and learning from local Indigenous
knowledge and practices that help mitigate climate change. But
also highlights its potential for carbon addition if Chakras/Ajas is
strengthened and expanded instead of monocultures and pastures.
This outcome is expected, as agroforestry produces more AGB than
monocultures in the same conditions (Nair, 2012), highlighting
the importance of integrating trees into production systems.
Notably, model chakras (G), which represent some of the best
Indigenous agroforestry practices (group G) have, on average,
more carbon than forest plantations (strata E) (p = 0.030; see
Supplementary material) that still had a low DBH in this study.
While forest plantations are recognized for their carbon stock
potential, they are generally low in biodiversity (Wungshap et al.,
2023). In this study strata E didn’t show high AGB carbon stocks
because they were young plantation (DBH< 29.99 cm) ofOchroma

Pyramidale which is characterized for its low wood density.
The production area of the indigenous communities includes

intermingled areas of forest recovery and patches of primary
forest (Gray et al., 2008). This allowed the primary forest to be
included as a reference level, showing that the mean carbon stock
difference between the primary forest (J) and monoculture (D)
is 135.62 MgCha−1. This value illustrates the significant loss in
carbon storage capacity when forests are converted to crops. Even
if all the equations for monocultures are unavailable, the values
won’t change significantly, as non-woody plants have low biomass.
For instance, Bonini et al. (2018) quantified a similar loss of
130.5MgCha−1 when Amazonian forests are converted to soybean
plantations. Although the loss of carbon stocks from forest to
Chakra/Ajas is lower than monocultures, the NCS strategy focuses
on additionality. Therefore, the most effective approach is targeting
and enhancing areas with lower carbon stocks.

The landscape can recover approximately 21.12MgCha−1 (p=
0.000) of its mitigation capacity when monoculture and pastures
(D) are converted to ancestral systems (AFS), considering the
average values for mature Chakra (B), mature market Chakra

(C), and silvopasture (F). If model Chakra is regarded as the
sequestration potential, it will be ≈ 49 MgCha−1 (p = 0.001). This
highlights the potential for carbon addition if Chakras/Ajas are
strengthened and expanded instead of monocultures.

This study also highlights successful cases where Chakra/Ajas
systems can achieve carbon stock values comparable to those of a
secondary forest in its later stages. Specifically, these systems can
reach 90.81 MgCha−1 when only trees are assessed, and a total of
105.6 MgCha−1 when crops or palms are included. These results
align withHuera-Lucero et al. (2024), whomeasured 90.4MgCha−1

in Chakra systems mixed with cacao and 97.8 MgCha−1 when
mixed with fruits. These values are higher than those reported by
Jadán et al. (2012), who found a mean value of 52.8 MgCha−1

in Chakra systems mixed with cacao. Additionally, we found that
sylvopastures can add 56.08 MgCha−1 to carbon stocks, while
Torres et al. (2023a) reported a potential range of 45.31 to 87.57
MgCha−1 in a nearby region. The best cases demonstrate the
significant potential for climate mitigation if successful models are
established, highlighting the power of Chakras and Ajas as NCS.

4.2 Chakras/Ajas characteristics and
management options

To successfully implement AFS, local conditions need to
be understood broadly. Analyzing the landscape surrounding
Amazonian Chakra/Aja allows understanding the components that
affect the quantity of carbon in AGB.

This study shows that trees are the main contributors to AGB
pool carbon in the landscape. The factors that affect the amount
of carbon in above-ground biomass depend on tree density, DBH,
and species richness, as shown in this and other studies (Cardozo
et al., 2022; Ameray et al., 2021). Younger trees (low DBH–high
density) have a higher rate of carbon uptake as they grow, while
larger trees store more carbon, impact soil carbon, and act as seed
sources (Sist et al., 2014; Berenguer et al., 2014; Mackey et al., 2020;
Ameray et al., 2021). Chakras/Ajas have different DBH classes and
tree density which is crucial for creating structure and maintaining
ecosystem function (Spies, 1998).

Since Chakras/Ajas are harvesting systems, it is essential to
establish management plans that allow the extraction of some trees
while permanently protecting others by setting mitigation targets.
For instance, maintaining large trees is a key strategy to secure
carbon stocks (Sist et al., 2014) and Figure 6. Our research also
demonstrated that palms are crucial for climate mitigation and as
a source of livelihood (zur Lage et al., 2023) through the different
land uses. This feature is also important to increase structure and
biodiversity, which is higher in AFS than other land uses.

Traditional knowledge influences forest management practices
(Doyle et al., 2017) and can be leveraged as an advantage. As
shown in Table 8, trees in ancestral agroforestry systems provide
various services to their owners. Considering the benefit that the
remaining trees can generate for their owner is key to ensuring
permanence and securing carbon stocks in the area (Tavares et al.,
2024; Blicharska and Mikusinski, 2014).

Following the aforementioned characteristics, this study
suggests a positive change in land use management by reversing the
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FIGURE 7

Agroforestry system management alternatives to monoculture in relation to above ground biomass carbon per hectare (MgCha−1).

degradation and transition from primary forests to monocultures
(Figure 7). This approach avoids the loss of carbon stocks,
biodiversity, and livelihoods (Tinoco-Jaramillo et al., 2024). The
main focus is on transitioning from crops or pastures to more
complex systems that can be tailored to landowners’ specific
needs through diversified management options. For example,
adding trees in recovery areas after leaving the Chakas/Ajas, where
secondary forests are established, can accelerate the mitigation
process, contributing approximately 16.2 MgCha−1 (Sugiyama
et al., 2024). Integrating trees within active production systems,
such as pastures, or systems like Chakas/Ajas, which can function
similarly to secondary forests regarding their mitigation capacity,
opens up opportunities for these systems to be adopted and
strengthened, benefiting also biodiversity and livelihoods that are
based principles of an NCS strategy.

Although this study highlights cases of good management
throughout the study area, resulting in effectivemitigation capacity,
biodiversity, and improved resource access, further analysis is
needed to understand why these practices have not been widely
adopted. Thus, a cost-benefit analysis is essential to comprehend
this effect.

4.3 Ancestral agroforestry systems and
other benefits

In addition to their significant mitigation potential,
agroforestry systems offer multiple benefits, such as regulating
temperature, maintaining soil moisture, and diversifying food
availability, among others (Rosenstock et al., 2019; Montagnini,
2024; Rijal, 2019). In the study area, these systems are critical
because they can also enhance residents’ economic well-being,
as many live in extreme poverty (Luna-Ojeda et al., 2020). For
instance, AFS integrated with cash crops such as cacao, coffee,
and timber offer a viable economic solution while enhancing

productive sustainability for associated producers (Torres et al.,
2024; Garrett et al., 2024). Ilex guayusa a medicinal plant grown
in Chakras/Ajas and widely used within communities (Saltos
et al., 2016), is now being successfully commercialized through
the creation of sustainable and equitable supply chains based on
local products (Jarrett et al., 2024). Additionally, AFS enhances
yields, thereby boosting income for farmers (Tinoco-Jaramillo
et al., 2024). Alleviating poverty can reduce forest clearing without
diminishing agricultural rent (Schroth et al., 2002; Miyamoto,
2020). However, it is necessary to develop a strategy or framework
to prevent leakage in primary forests (Aukland et al., 2003), such
as providing monetary recognition to are already engaged in
protection and mitigating efforts (Eguiguren et al., 2019).

Land management strategies, including mitigation, are crucial
for addressing biodiversity loss (Eguiguren et al., 2019). The
Amazon rainforest is renowned for its rich biodiversity. Chakras
and Ajas, which are agroecological zones characterized play
a significant role in maintaining characteristics of a healthy
environment (zur Lage et al., 2023). Ancestral agroforestry systems,
unlike monocultures, have shown a remarkable ability to conserve
plant biodiversity, as evidenced in Table 6 and supported by various
studies (Vera et al., 2017; Huera-Lucero et al., 2024). Chakras and
Ajas also function as buffer zones and natural corridors, reducing
pressure on natural reserves and providing valuable resources for
both local indigenous communities and wildlife (Torres et al.,
2015; Vera et al., 2017). Reversing biodiversity loss in synergy with
climate change mitigation efforts can contribute to biodiversity
conservation rather than exacerbating its decline (Leclre et al.,
2020).

Finally, agroforestry systems also help adapt to climate change’s
effects. The addition of forest cover helps regulate temperatures,
control torrential rains, and improve the soil, which in turn serves
as a water reservoir. These benefits make Chakras/Ajas invaluable
for building the resilience of local ecosystems and communities
adaptation to the adverse impacts of climate change (Torres et al.,
2015; Vizuete-Montero et al., 2024). Strengthening these systems
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can provide long-term environmental and socio-economic stability
in vulnerable regions.

5 Conclusion

This study underscores the importance of landscape-level
analyses in evaluating traditional agroforestry systems (AFS) like
Chakra and Aja within the Amazon, a critical global carbon
reservoir. By demonstrating that these systems can achieve
carbon storage levels comparable to secondary forests, the
findings highlight their effectiveness as NCS. By integrating these
ancestral practices into landscapes dominated by monoculture or
pastureland, there is a significant potential for enhancing regional
carbon sequestration. These approaches emphasizes the value of
combining ecological and cultural knowledge to strengthen climate
mitigation efforts and promote sustainable land management.
Carbon storage in these areas depends on the diameter at breast
height (DBH) and the number of trees in the ancestral agroforestry
systems, with large trees being serving as important contributors to
carbon storage. By showcasing the capacity of ancestral agroforestry
systems in the Ecuadorian Amazon, this study highlights their
potential for enhancing climate mitigation and maintaining
biodiversity and ecosystem complexity, key features of a healthy
environment. In addition to their environmental benefits, Chakra
and Aja systems likely offer significant social and economic
advantages, although this study did not address these. Future
research should investigate the role of these sysmtes in supporting
local livelihoods and preserving cultural heritage, providing
insights into how they contribute to community resilience and
sustainable management. For instance, trees found in these systems
are a source of livelihood for Indigenous communities, which is
crucial for ensuring access to resources. Moreover, when combined
with cash crops, they can help alleviate poverty. The documented
benefits of agroforestry, combined with the identified best
practices, provide a robust foundation for developing extension
and public policy programs to implement NCS strategies. These
programs can help scale up agroforestry practices, offering viable
economic solutions for Indigenous communities while promoting
sustainable land use and conservation efforts. Future research
should explore carbon dynamics and their long-term potential
for biodiversity conservation. Additionally, investigating the socio-
economic impacts of scaling up these systems could further inform
sustainable development and climate adaptation strategies.
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