
EFFECTS OF LAND USE ON CARBON STOCKS IN THE ECUADORIAN CHOCO 

AN HONORS THESIS 

SUBMITTED ON THE 1ST DAY OF MAY, 2026 

TO THE DEPARTMENT OF EARTH AND ENVIRONMENTAL SCIENCES 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

OF THE HONORS PROGRAM 

OF NEWCOMB-TULANE COLLEGE 

TULANE UNIVERSITY 

FOR THE DEGREE OF  

BACHELOR OF SCIENCE 

WITH HONORS IN EARTH AND ENVIRONMENTAL SCIENCES 

BY 

 

_________________________________ 
Meryl LaRue 

 

APPROVED:  
Daniel Friess 
Director of Thesis 
 
 
 
 
Jordan Karubian 
Second Reader 
 
 
 
 
Thomas DeCarlo 
Third Reader 

meryllarue
Line



  



 ii 

Meryl LaRue. Effects of Land Use on Carbon Stocks in the Ecuadorian Chocó. 

 (Professor Daniel Friess, Department of Earth and Environmental Sciences) 

This study aimed to investigate aboveground carbon stocks across three 

contrasting land use types (full sun cacao, shade grown cacao, and tropical forest) in 

Northwest Ecuador’s Chocó Rainforest while assessing the relationships between biotic 

and abiotic factors and carbon stocks. In Ecuador, cacao farming contributes to high rates 

of deforestation. Shade grown cacao can be an alternative to full sun cacao that 

contributes to climate change mitigation goals with co-benefits through higher carbon 

storage, improving farmer livelihoods, and improving habitat connectivity. Previous 

studies have indicated that shade grown cacao can store more carbon than full sun cacao, 

but few studies focus on the impacts of shade grown cacao in the Ecuadorian Chocó 

region. This study examined aboveground carbon stocks (AGC) of tree plots across a 

gradient of land-use type and found that shade grown cacao stored more carbon than full 

sun cacao and statistically similar amounts to forest. This study also found that species 

diversity had a significant (P < 0.05) positive relationship with carbon stocks. High 

species diversity can contribute to higher carbon stocks because diverse plant 

communities have a wider variety of functional traits, allowing communities to utilize 

resources more efficiently and develop higher biomass and carbon stocks. Species 

diversity often decreases with human disturbance, so the variance in carbon stocks 

between land uses can be interpreted as an increase in carbon stocks along a gradient of 

lowest to highest level of human disturbance, which is evidenced by changes in species 

richness and diversity across land use types. Shade grown cacao can contribute to climate 

change mitigation goals while benefitting farmers and improving biodiversity. 
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1. INTRODUCTION 

1.1 Climate Change and Natural Climate Solutions 

 Climate change poses a formidable threat to human life and many of our planet’s 

ecosystems. Global mean surface temperature has reached 1.1 ºC above pre-industrial 

averages and is continuing to rise, causing widespread adverse impacts on ecosystems 

and human communities (Calvin et al., 2023). Human activities such as land use change 

are major contributors to greenhouse gas (GHG) emissions that contribute to climate 

change, with land use and land cover change making up 12.5 percent of anthropogenic 

carbon emissions from 1990-2010 (Houghton et al., 2012). Deforestation specifically 

makes up 6-17 percent of global anthropogenic carbon emissions (Baccini et al., 2012). 

Limiting warming to 1.5 ºC is imperative to avoid reaching tipping points, or critical 

thresholds that when reached lead to rapid changes to or the collapse of an ecosystem 

(Hoegh-Guldberg et al., 2019). Reaching this goal is still possible, but most pathways 

will require active removal of carbon dioxide from the atmosphere in addition to reducing 

carbon emissions (Hoegh-Guldberg et al., 2019).  

 A proven method to remove carbon dioxide from the atmosphere is through 

management actions that rely on nature’s existing abilities to uptake and sequester 

carbon, called natural climate solutions. Natural climate solutions are defined as 

“deliberate human actions (NCS pathways) that protect, restore, and improve 

management of forests, wetlands, grasslands, oceans, and agricultural lands to mitigate 

climate change” (Ellis et al., 2024). Through these actions, natural climate solutions 

enhance natural carbon removal through natural components of the carbon cycle such as 

photosynthesis and long-term carbon burial. For example, terrestrial ecosystems such as 
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forests remove carbon dioxide from the atmosphere and store it in the form of biomass 

(Falkowski et al., 2000). When combined with dramatically reducing emissions from 

fossil fuels, natural climate solutions can mitigate climate change while providing 

ecosystem services such as biodiversity protection and improvements to air and water 

quality (Griscom et al., 2017). 

1.2 Tropical Agricultural Management as a Natural Climate Solution 

 In the tropics, deforestation and forest degradation and responsible for 95 percent 

of carbon emissions (Bauters et al., 2015). Agricultural expansion is one of the main 

drivers of tropical deforestation and is thus a major contributor to tropical GHG 

emissions (Pendrill et al., 2022). In tropical countries, natural climate solutions have the 

potential to mitigate nearly half of recent national historic annual GHG emissions 

(Griscom et al., 2020). Improved management of agriculture, specifically, can be a 

valuable natural climate solution in the tropics. For example, planting trees on farms in 

the tropics has the potential to mitigate nearly 1000 Tg CO2e yr-1 of emissions at less than 

$100 USD per Mg CO2e (Griscom et al., 2020). In addition, avoided forest conversion in 

the tropics has the potential to mitigate nearly 3000 Tg CO2e yr-1 of emissions at less than 

$100 USD per Mg CO2e (Griscom et al., 2020). 

1.3 Context in Ecuador 

As of 2020, Ecuador had 14 Mha of forest cover (Global Forest Watch, 2026). 

Ecuador is one of the most biodiverse countries in the world and is home to parts of the 

Amazon and Chocó tropical rainforests. It is one of thirteen countries that comprise over 

70% of the Earth’s biodiversity despite making up less than 10% of its surface (Rivas et 

al., 2024). However, due to deforestation, 30% of Ecuador’s natural ecosystems are 
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highly fragmented, making Ecuador the country with the second highest number in the 

world of threatened species on the IUCN red list (Rivas et al., 2024). The ecosystems that 

have suffered the worst rates of deforestation in Ecuador are the Chocó lowland forests 

(Rivas et al., 2024). These high rates of deforestation are largely due to land-clearing for 

agricultural purposes (Rivas et al., 2024). 

In northwest Ecuador’s Chocó rainforest, agriculture has historically contributed 

to these high rates of deforestation due to the creation of the Ecuadorian Institute for 

Agrarian Reform and Colonization (IERAC) in 1964 (Perlin & Leguizamón, 2024). 

IERAC led a large-scale initiative in which families would be given titles to land that 

they settled if they could prove that they had cleared land to be used for agriculture 

(Perlin & Leguizamón, 2024). Now, cacao farming is the predominant type of agriculture 

practiced in La Zona, the area in northwest Ecuador where this study took place (Perlin & 

Leguizamón, 2024).  

1.4 Aims and Objectives 

 This thesis aims to quantify the impact of land-use, biotic variables, and abiotic 

variables on aboveground tree carbon stocks in the Ecuadorian Chocó Rainforest. The 

objectives of this thesis are to: 

1. Investigate AGC across three contrasting land-use types (full sun cacao, shade grown 

cacao, and tropical forest). 

Understanding the difference in AGC between these land-uses will be crucial in 

determining how natural climate solutions can be implemented in this region. The 

Foundation for the Conservation of the Tropical Andes (FCAT), for example, is 

conducting a project that partners with local families to cover hundreds of hectares with 
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shade grown cacao. Quantifying the impact of land-use on AGC will help determine the 

potential contribution of this project and future projects to climate change mitigation 

through carbon storage.  

2. Examine biotic and abiotic factors and their relationship with AGC. 

Species diversity and AGC are positively correlated (Obonyo et al., 2023). 

Quantifying the relationship of biotic factors such as species diversity with carbon stocks 

within this region will be crucial to understanding how natural climate solutions can be 

implemented that maximize ecosystem benefit and carbon storage. Some studies find a 

significant difference in carbon stocks with changes in abiotic variables such as elevation, 

whereas others find no significant difference (Phillips et al., 2019; Khadanga & 

Jayakumar 2020). Biotic and abiotic variables such as species diversity and topographic 

aspect could vary across land use types, and investigating their relationship with AGC 

could help us understand why there may be differences in AGC across land use types. 

Understanding the impact of biotic and abiotic environmental factors on carbon stocks 

within this region could also be useful for designing future natural climate solutions 

projects. 

 

2. BACKGROUND  

2.1.1 Land uses 

 The three contrasting land uses examined in this study were full sun cacao, shade 

grown cacao, and tropical forest. Figure 1 depicts the differences in diversity, 

composition, and human and ecosystem impacts between these land use types. 
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Figure 1. Differences between full sun cacao, shade grown cacao, and tropical forests 

 

2.1.2. Full Sun Cacao 

One of Ecuador’s main agricultural exports is cacao, and Ecuador is the third 

largest exporter of cacao in the world (Caicedo-Vargas et al., 2022). Global demand for 

cacao has been increasing, leading to an increased prevalence of full-sun cacao 

monoculture farms (Andres et al., 2016). While cacao monocultures can maximize short-

term profits, they also reduce soil health through increased soil erosion and degradation, 

contribute to biodiversity loss, and are more susceptible to climate change impacts, pests, 

and diseases (Andres et al., 2016). Intensifying cacao production has also led to 

deforestation and increased carbon emissions in many locations (Niether et al., 2020). 

Full sun cacao plantations store less carbon than shade grown cacao systems, and this 

difference is related to differences in tree density, species diversity, and tree size (Rajab 

et al., 2016). Thus, I hypothesize that the full sun cacao land use will store the least AGC 

because it will have the smallest trees and lowest species diversity.  
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2.1.3. Shade Grown Cacao 

 In Ecuador, shade grown cacao can promote ecosystem services and sequester 

carbon while providing human benefits. Worldwide, 0.29 to 15.21 Mg of carbon per 

hectare per year is stored in shade grown cacao systems (Jose & Bardhan, 2012). Shade 

grown cacao also has the potential to store 0.1–5.7 Gt of carbon dioxide per year (Roe et 

al., 2019). In addition to storing carbon, shade grown cacao systems provide ecosystem 

services such as biodiversity enhancement, water quality improvement, and soil health 

improvement (Cardinael et al., 2021). Shade grown cacao systems have substantially 

higher species diversity than full sun cacao plantations (Miharza et al., 2023; Rajab et al., 

2016). They also exhibit vertical layering, which can increase carbon stocks through an 

increase in stem density as when trees that can survive at different light levels grow 

together, they can more efficiently utilize space and grow more densely (Pretzsch & 

Schütze, 2021). Shade grown cacao systems can also increase farmers’ income and make 

cacao farms more resilient to climate change (Ghale et al., 2022; Igbatayo, 2023). 

Growing cacao under the shade of forest trees reduces physical stress on the cacao tree, 

meaning that cacao yield does not significantly decrease in shade grown systems 

(Miharza et al., 2023; Rajab et al., 2016). Despite shade grown cacao’s high potential to 

sequester carbon and provide ecosystem services, it is relatively understudied in Ecuador. 

A research gap exists for its potential to store carbon within the Chocó Rainforest region 

of Ecuador. I hypothesize that the shade grown cacao land use will store significantly 

more carbon than the full sun cacao due to increased species diversity, which could lead 

to increased prevalence of larger species, and due to vertical layering and higher stem 

density.   
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2.1.4. Tropical Forest 

Tropical forests make up a quarter of global vegetated terrestrial carbon storage 

and are home to 96% of all the tree species in the world (Poorter et al., 2015). Ecuador’s 

Chocó Rainforest has been termed a “biodiversity hotspot” because it contains at least 

1,500 endemic vascular plant species (Koenig, 2016). The theory of niche 

complementarity states that high biodiversity should lead to greater carbon uptake and 

storage because increasing diversity increases resource use efficiency (van der Sande et 

al., 2017). Many studies support the idea that high biodiversity can increase productivity 

and carbon storage in forests (van der Sande et al., 2017). Forests that are dominated by 

tall species with high wood density also have high carbon storage (van der Sande et al., 

2017). Tropical forests also exhibit layering, which can reduce competition for light and 

increase the efficiency of trees’ use of space, and can contribute to higher stem density 

(Laurans et al., 2014) (Pretzsch & Schütze, 2021). I hypothesize that the tropical forest in 

this study will store the most carbon due to its high biodiversity, its prevalence of tall 

species with high wood density, and its high stem density due to vertical layering.  

2.2 Abiotic and Biotic Factors 

2.2.1. Abiotic factors 

 Elevation can influence AGC because temperature changes along elevation 

gradients affect the metabolic processes that drive wood production (Mayor et al., 2017). 

In addition, as elevation increases, temperature decreases, shaping which species can 

survive at higher altitudes and the scale to which species can grow (Mayor et al., 2017). 

In Ecuador, AGC stocks can be lower in tropical montane forests at high elevation than in 

lowland forests at low elevations (de la Cruz-Amo et al., 2020). I hypothesize that plots at 
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higher elevations will have lower AGC stocks than those at lower elevations due to 

decreased temperature contributing to different community biodiversity.  

  Slope aspect can also impact carbon stocks because topographical features can 

cause local variations in solar radiation received, moisture, temperature, and soil, which 

can influence the diversity and distribution of plant communities (Zhang et al., 2022). In 

the southern hemisphere, north-facing slopes are warmer and drier than south-facing 

slopes, which receive less solar energy and are more moist (Gxasheka et al., 2023). I 

hypothesize that south-facing slopes will have higher AGC stocks because cooler slope 

aspects have been shown to increase growth of woody plants due to increased moisture 

availability and reduced heat stress (Gxasheka et al., 2023). 

2.2.2. Biotic factors 

 Increased canopy density can increase AGC stocks (Baul et al., 2021) (Xu et al., 

2018). This is because canopy density is determined by other factors that are positively 

correlated with AGC stocks, such as DBH, height, and tree stem density (Xu et al., 2018). 

Canopy density is also associated with species diversity, which is positively correlated 

with AGC stocks (Xu et al., 2018). 

 Tree density directly increases carbon stocks, as increasing the quantity of trees 

per hectare increases the amount of carbon stored per hectare (Osei et al., 2022). I 

hypothesize that higher tree density will result in higher AGC stocks. Tree height is also 

directly related to AGB, and thus carbon stocks, so I hypothesize that higher canopy 

heights will result in higher carbon stocks (Chave et al., 2005). 

 Species richness can also impact AGC stocks because higher tree species richness 

could increase stand productivity through niche complementarity and reduced 
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competition, leading to higher tree density and larger tree sizes (Liu et al., 2018). I 

hypothesize that increased species richness will result in higher AGC stocks because 

higher species richness increases the ecosystem’s productivity and reduces competition 

among species due to increased interspecific variation in plant traits (Amyntas et al., 

2023).  

 Shannon Index, a measure of biodiversity that considers species richness and 

evenness, can also impact AGC stocks because species diversity can increase ecosystem 

stability and resilience, which enables primary production, biomass accumulation, and 

increased carbon stocks (Obonyo et al., 2023). High Shannon Index is positively 

correlated with AGC stocks (Obonyo et al., 2023). Similarly to species richness, this can 

be due to niche complementarity (Lu et al., 2023). I hypothesize that increased Shannon 

Index will result in increased AGC stocks because increased diversity enables higher 

primary production and biomass accumulation due to increased ecosystem health and 

decreased competition among species.  

 

3. METHODS 

3.1 Study Site 

 I conducted this study in partnership with FCAT, an Ecuadorian NGO dedicated 

to the conservation and restoration of the Ecuadorian Chocó Rainforest. FCAT is located 

mostly within the boundaries of Ecuador’s Mache-Chindul Ecological Reserve. The 

Mache-Chindul Reserve spans 121,376 ha and is quite unique because despite being 

designated as an ecological reserve, the area is home to a population of over 6,000 people 

(Perlin & Leguizamón, 2024). Many of these inhabitants depend on cultivating cacao to 
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earn a steady income (Perlin & Leguizamón, 2024). As shade grown cacao can improve 

farmers’ income and livelihoods while increasing habitat and biodiversity, FCAT 

recently implemented a project collaborating with 80 local families which has covered 

442.77 ha of land with cacao shade grown cacao.  

3.2 Field Methods 

I examined plots along a gradient of land-use type, comparing shade grown cacao 

to full sun cacao plantations and forest. I sampled fifteen 20x20 m, or 0.04 ha plots, five 

for each land use type. The locations of these plots are depicted in Figure 2. 

Figure 2. Study site – Sampling Locations in Northwest Ecuador’s Chocó Rainforest 

 

Four of the forest plots were located within FCAT’s Reserve, while the fifth was 

in the nearby Bilsa Ecological Reserve. The five shade grown cacao plots were located 
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outside of FCAT’s reserve. Four of the full sun cacao plots were located inside of 

FCAT’s reserve, while the fifth was located only in the Mache-Chindul Reserve. Three 

out of five of these cacao plots were actively managed. Two of the full sun cacao were 

abandoned full sun cacao plots that were no longer actively managed. Though these plots 

were dominated by cacao, some forest tree species were present. All plots examined in 

this study contained fully grown trees. I aimed to keep age as consistent as possible 

between plots. The trees in all examined plots were at least 12 years old, with many plots 

that included forest trees containing trees that were over 30 years old. 

Plot locations were chosen based on tree age in order to keep age consistent 

between plots. In the full sun cacao and shade grown cacao plots, locations could not be 

randomly selected because we were limited to specific farms and specific locations 

within those farms that would be appropriate to sample in due to tree age. In the forest 

plots, locations could not be randomly selected either because we were limited by access 

to fine enough scale spatial data with which to randomly generate sampling locations. 

Instead, we randomized plot locations as best as possible by walking at least 50 m to an 

out of sight location from the forest paths (Moonlight et al., 2022). To establish the center 

of these plots, we attached flag tape to a stick and threw it after spinning in circles with 

our eyes closed.  

In each plot, each tree with a diameter at breast height (DBH) greater than or 

equal to 10 cm was identified to the species or family level. This size threshold was 

chosen because it is the standard for the RAINFOR methodology, which has developed 

standard methods for tropical forest inventory sampling (Malhi et al., 2002). The DBH of 

each tree that met this size requirement was recorded. The height of each tree was 
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measured using a Nikon Forestry Pro II Laser Rangefinder/Hypsometer tool on the 3-

point setting. Five height measurements per tree were recorded and averaged to minimize 

error. In one plot, steep topography made it impossible to accurately measure the height 

of the tallest tree of that plot, so the height for this tree was estimated by substituting in 

the height of the second tallest tree in the plot. In each plot, canopy density was also 

measured with a densiometer. Four measurements were taken in each plot, one in each 

cardinal direction, 15-20 ft. away from the center of the plot (Strickler, 1959). These four 

measurements were then averaged to calculate the overall canopy density for the plot. 

Finally, a small wood core was taken for each species using an increment borer. 

3.3 Lab Methods 

I measured the green volume of the collected wood cores using the water 

displacement method. The cores were dried in an oven at 90 ºC for at least 48 hours, 

weighing at regular intervals until the wood samples reached a constant weight. Using the 

green volume and oven dried weight of each sample, a wood density value was calculated 

for each species encountered during this study.  

I used the allometric equation developed for tropical wet forests by Chave et al., 

2005 to calculate the biomass of each tree measured in this study, then used a carbon 

factor of 0.47 to convert biomass to AGC (IPCC, 2003). I then calculated the total AGC 

for each plot and land-use. In addition, I calculated the species richness, Shannon 

Diversity Index, and Simpson’s Diversity Index of each plot and land-use type. 

I also utilized ArcGIS Pro to calculate topographic aspect. Using a DEM of 

Ecuador and points I collected in the field marking the center of each plot, I calculated 

the topographic aspect of each plot. 
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3.4 Statistical Methods 

To assess the relationship between land use and carbon stocks, I first used a 

Shapiro-Wilk test to assess the normality of my data. I concluded that my data were not 

normally distributed, so I then performed a Kruskal-Wallis test to determine whether 

there was a statistically significant difference in the relationship between land-use and 

carbon stocks. Finding a statistically significant relationship in this test, I then performed 

a post-hoc Dunn test to determine which land-use and carbon stock groups were 

statistically different from one another. 

Then, to assess whether additional gradients existed within my plots, I performed 

several Kruskal-Wallis tests to determine whether there were significant differences in 

environmental, structural, and diversity variables across land use types. I conducted tests 

comparing the differences in elevation, aspect, species richness, Shannon index, plot tree 

density, plot canopy density, and maximum canopy height between land use types. 

3.5 Modeling Methods 

 To determine which abiotic and biotic factors are correlated with carbon storage, I 

fit eight linear regression models to determine the correlation between carbon stocks and 

elevation, aspect, species richness, Shannon index, plot tree density, plot canopy density, 

and maximum canopy height in each plot. Because I only measured or calculated one 

value per plot for each of these variables, I opted to use a multiple linear regression 

model to assess the significance of the relationship between these variables and their 

influence on carbon. Before implementing the multiple linear regression model, I tested 

for multicollinearity in my variables. To accomplish this, I conducted Variance Inflation 

Factor (VIF) tests. High VIF scores indicate multicollinearity among variables, meaning 
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that the variables are not appropriate to use in the same model. Using variables that 

exhibit multicollinearity in the same model could cause incorrect statistical results (Kim, 

2019). Upon first assessment, I found that my variables exhibited high VIF scores and 

were thus not appropriate to use in the same model. I narrowed my explanatory variables 

to one environmental variable, one structural variable, and one diversity variable by 

running several VIF tests and choosing the combination of environmental, structural, and 

diversity variables that resulted in the lowest VIF scores for each variable. The final 

variables I chose to include in the model were aspect, tree density, and Shannon Index. I 

then executed a multiple linear regression model using carbon stocks as the dependent 

variable and aspect, tree density, and Shannon Index as the independent variables to 

determine the impact of environment, forest structure, and diversity on carbon stocks. 

3.6 Limitations 

 One limitation of this study was that I used a generic allometric equation for wet 

tropical forests. To make the most accurate estimates of biomass, allometric equations 

developed for each species found in this study should have been used. Species-specific 

equations are preferable to use to calculate biomass because they are developed based on 

a single species of tree and can more accurately capture differences in that species’ 

biomass due to its growth characteristics. However, it was not possible to use species 

specific equations for this study because after searching through multiple databases, I 

could not locate species-specific equations for the species present in this study. I was also 

unable to locate equations developed for the genera present in this study. Thus, I chose to 

utilize a generic allometric equation developed for wet tropical forests, which could have 

decreased accuracy in my biomass calculations. Generic allometric equations are widely 
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used in carbon stock assessment studies because developing allometric equations is a 

destructive process, and thus allometric equations have not been developed for all 

locations and species (Martínez-Sánchez et al., 2020). Chave et al., 2005, where the 

equation used in this study was developed, has been cited over 5,000 times. Generic 

equations can underestimate or overestimate biomass, so it is possible that the biomass 

calculated in this study could have been higher or lower in reality (Martínez-Sánchez et 

al., 2020). 

 Another limitation of this study was that plot locations were not randomly chosen, 

but rather convenience sampling was used in an effort to maintain tree age as a fixed 

variable and capture variability in elevation. We were limited in our choices of 

appropriate sites to sample in due to tree ages and could not randomize sampling 

locations. There were very few full sun cacao and shade grown cacao farms that would 

have been appropriate to sample in because most farms in the region contained very 

young cacao trees that would not have been appropriate to compare to forest trees due to 

their age. We also needed to obtain permission from the owners of the farms to conduct 

research on their land. We thus chose sampling locations for full sun and shade grown 

cacao based on which farms had the oldest trees and based on the willingness of farmers 

to participate in the study rather than randomizing plot locations. While convenience 

sampling can introduce bias, it is utilized in similar field studies that examine carbon 

stocks in various agroforestry systems due to the necessity of farmer participation, 

capturing the variety in certain variables, or keeping certain variables consistent 

(McGroddy et al., 2015; Somarriba et al., 2013). In the forest plots, we attempted to 

randomize sampling locations by generating random points in QGIS. However, once we 
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attempted to find these points in the field, we realized that the spatial data we had was not 

fine enough because the randomly generated points ended up being located outside of the 

forest. While full randomization was not possible, we were able to follow an alternative 

method presented by the RAINFOR Field Manual  for Plot Establishment and 

Remeasurement to minimize bias in our choice of sampling locations (Moonlight et al., 

2022). 

 In addition, the technique used to measure canopy density was a limitation of this 

study. Because I used a spherical densiometer to measure canopy density, there were 

some occasions where I obtained a higher canopy density measurement than I anticipated 

because the measurement locations in each cardinal direction happened to be directly 

under a cacao tree, but the canopy appeared to be more open than the measured value. 

Remotely sensed data could have improved these measurements, but remotely sensed 

data would introduce the added challenge of spatial resolution. NASA’s Global 

Ecosystem Dynamics Investigation Lidar (GEDI), for example, has a resolution of 30 m, 

which would not be sufficient to use to analyze this study’s plots as they are smaller than 

each pixel of the GEDI data. If these tools are available, future studies could consider 

utilizing a drone fitted with a LiDAR sensor to measure canopy density as this strategy 

would mitigate the issue of insufficient spatial resolution. 

 

4. RESULTS 

4.1 Relationship between land-use type and aboveground tree carbon stocks 

Carbon stocks varied significantly between land-uses (P=0.00007). On average, 

full sun cacao stored 25.28 Mg of carbon per hectare, shade grown cacao stored 56.49 
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Mg of carbon per hectare, and forest stored 101.68 Mg of carbon per hectare. The shade 

grown cacao land-use stored roughly 55% of the amount of carbon stored per hectare by 

forest, but 223% of the amount of carbon stored per hectare by the full sun cacao land-

use. The standard deviation in Mg C per hectare was 74.13 for forest, 16.37 for full sun 

cacao, and 25.99 for shade grown cacao.  

On average, each individual cacao tree in this study stored 0.03 Mg of carbon, 

whereas each individual non-cacao tree stored 0.21 Mg of carbon on average, meaning 

that the non-cacao trees found in this study stored seven times more carbon than the 

cacao trees. In addition, full sun plots were made up of 75% cacao trees on average, the 

shade grown plots were 36.5% cacao trees on average, and the forest plots had no cacao 

trees. Trees in the forest plots and shade grown cacao plots also had higher average 

DBHs, heights, and wood densities than those in the full sun plots. 

Using a post-hoc Dunn test, I determined that in the relationship between carbon 

stocks and land-use type, there was a statistically significant difference (P = 0.036007) 

between shade grown cacao and full sun cacao, and between full sun cacao and forest (P 

= 0.000047), but there was not a statistically significant difference between shade grown 

cacao and forest (P = 0.281423). These differences are depicted in Figure 3. This 

suggests that in terms of carbon stocks, the shade grown cacao systems were statistically 

similar to forest, showing that the inclusion of shade trees on cacao farms can increase 

carbon stocks to a level comparable to forest habitat. 

  



 18 

Figure 3. Spread of carbon stocks across land use types 

 

4.2 Relationship between biotic and abiotic factors and aboveground tree carbon 

stocks 

 When comparing variations in abiotic and biotic variables across land uses, I 

found that there was not a statistically significant difference in elevation, tree density, 

canopy density, aspect, or maximum canopy height between land uses. However, there 

was a statistically significant difference in species richness and Shannon Index between 

land uses. The p-values from each KW test are displayed in Table 1.  
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Table 1. KW Results – Land use vs. abiotic and biotic variables 

Variable p-value 

Elevation 0.22091 

Aspect 0.0871609 

Tree density 0.829579 

Canopy density 0.0552896 

Max canopy height 0.0898153 

Species richness 0.00982019 

Shannon Index 0.00373503 

 

 When implementing linear regression models to compare these factors with 

carbon stocks, I found that elevation, tree density, canopy density, and aspect were not 

correlated with carbon stocks as evidenced by low r-squared values depicted in Figure 4. 

However, species richness, Shannon Index, and maximum canopy height were all 

moderately positively correlated with carbon stocks as evidenced by moderately high r-

squared values depicted in Figure 4. As shown in Figure 4, species richness, Shannon 

Index, and maximum canopy height increased across land uses, with full sun cacao 

having the lowest values and forest having the highest. 
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Figure 4. Linear regression models comparing carbon stocks to abiotic and biotic 

variables 
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 After running a multiple linear regression using Shannon Index, aspect, and tree 

density as independent variables, I concluded that these variables were responsible for 

nearly 60% of the variance in carbon stocks from the Multiple R-squared value given in 

Table 2. The F-statistic p-value was less than 0.05, meaning that the overall model is 

statistically significant and appropriate for the data. Shannon Index was the only variable 

with a p-value less than 0.05, meaning that it was the only statistically significant variable 

in terms of explaining differences in carbon stocks.  

Table 2. Results of Multiple Linear Regression Model 

Variable Significance 

Shannon Index p-value 0.00368 

Aspect p-value 0.06471 

Tree density p-value 0.93978 

Multiple r-squared 0.5985 

F-statistic p-value 0.01515 
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 As depicted in Figure 5, the statistical results of this study demonstrate that 

carbon stocks and species diversity varied significantly across land use type, and that 

increased species diversity corresponded to increased carbon stocks.  

Figure 5. Carbon storage and species diversity across land use types 

 

5. DISCUSSION 

5.1 Relationship between land-use type and aboveground tree carbon stocks 

Shade grown cacao stores significantly more carbon than full sun cacao, and 

similar amounts of carbon to forest. At the same time, forest stores nearly twice the 

amount of carbon as shade grown cacao on average. This is primarily explained by 

cacao’s limited storage of carbon as compared to forest and other fruit trees. While cacao 

trees can reach 20-25 m in height under natural conditions, they typically only reach 3-5 

m in height in agricultural systems (Almeida & Valle, 2007). In this study, cacao trees 

had lower heights, diameters, and wood densities than other species on average. These 
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variables are all directly related to biomass and thus carbon storage. The shade grown 

cacao plots stored more carbon than the full sun cacao plots because they had a higher 

proportion of larger and denser tree species with higher biomass, yet they stored less 

carbon than the forest plots because they incorporated 36.5% cacao trees, which are 

smaller and less dense than forest tree species and thus have lower biomass and store less 

carbon.  

This trend is consistent with the findings of relevant literature. Other studies 

observed carbon stocks of 17 Mg ha-1 in monoculture cacao farms and 100 Mg ha-1 in 

shade grown cacao farms (Rajab et al., 2016). This was explained by the incorporation of 

shade trees, which comprised 57-78% of the total biomass carbon in the shade grown 

farms of this study (Rajab et al., 2016). Additional studies also found higher carbon 

stocks in shade grown cacao farms than in full sun cacao farms, which was explained by 

higher carbon storage in non-cacao trees (Schneidewind et al., 2019). Shade tree 

inclusion is the primary driver behind higher carbon stocks in shade grown cacao 

systems, and cacao trees themselves store very little carbon as compared to shade trees 

(Dawoe et al., 2016; Norgrove & Hauser, 2013).  

5.2 Relationship between biotic and abiotic factors and aboveground tree carbon 

stocks 

5.2.1 Abiotic variables 

This study does not demonstrate any correlation between abiotic environmental 

variables and carbon stocks, nor does it demonstrate any significant variance in abiotic 

environmental variables across land-use types. This study shows that elevation does not 

significantly influence carbon stocks because the study was conducted over a narrow 
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gradient of elevation. This study did not take place over a wide enough gradient for 

elevation to influence carbon stocks. Carbon stocks decrease with increasing elevation; 

however, this is true over wider elevation gradients than the gradient examined in this 

study. For example, one study concluded that temperature drives variation in AGC in 

secondary forests in the Ecuadorian Andes over a 3000 m gradient (Pinto et al., 2023). 

Another found that AGC decreased with elevation along a 2050 m gradient (Phillips et 

al., 2019). However, both studies took place in the tropical montane forests of Ecuador, 

whereas this study took place in the tropical lowland forests of Ecuador under a 399 m 

gradient. Another study also examined a 399 m elevation gradient and similarly did not 

find significant variance in biomass, suggesting that 399 m is an insufficient elevation 

gradient to observe differences in biomass and carbon storage (Torres et al., 2019).  

Topographic aspect was not correlated with carbon stocks, there was no 

significant difference in aspect across land-use types, and it was not found to be 

significantly related to carbon stocks by the linear mixed effects model. This study 

demonstrates that topographic aspect does not significantly impact carbon stocks. 

Topographic aspect can be an important factor impacting tree growth, so it is reasonable 

to assume that it could affect carbon stocks (Fekedulegn et al., 2003). However, other 

studies indicate that in equatorial regions, there are no consistent differences in the 

response of vegetation to aspect (Holland & Steyn, 1975). It is likely that aspect did not 

influence carbon stocks in this study because it took place close to the equator, and thus 

aspect did not significantly impact solar energy received.   
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5.2.2. Biotic variables 

Overall, forest structure variables did not impact carbon stocks in this study. Tree 

density, canopy density, and maximum canopy height did not differ significantly across 

land uses (P = 0.829579, P = 0.0552896, and P = 0.0898153, respectively), and they were 

not driving factors for changes in carbon stocks. While tree density has been shown to 

impact carbon stocks in other studies (Osei et al., 2022), it was not a driving factor in 

determining carbon stocks in this study due a lack of significant variation in tree density 

across land uses. It is possible that there was insignificant variation across land use types 

due to the rule of self-thinning. As forests grow, trees compete for resources such as light, 

water, and space, and forests eventually reach a density limit, which represents the 

forest’s carrying capacity (Long et al., 2025). As forests continue to grow, this carrying 

capacity changes, and the maximum density of trees that can possibly be supported in a 

given area can decrease, leading some individuals to die and the forest to self-thin (Long 

et al., 2025). In addition, the Law of Constant Final Yield states that when forests reach 

high densities, biomass production eventually levels off and remains constant due to 

competition for resources (Cavalieri et al., 2022). It is likely that tree density did not vary 

across land use types because these plots were made up of fully grown trees and could 

have already reached their carrying capacity and constant final density and biomass. 

Similarly, canopy density and maximum canopy height did not impact carbon 

stocks in this study due to a lack of variation between land uses. Maximum canopy height 

was moderately correlated with carbon stocks across plots, but it did not vary 

significantly across land uses. While average tree heights seemed to be different across 

land uses, the maximum canopy height likely did not vary because even full sun cacao 
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plots tended to incorporate at least one other species of tree that was often much taller 

than the cacao trees, leading the maximum canopy height to be higher than the average 

height. Because of this lack of significant variation across land uses, these variables did 

not significantly impact carbon storage. Increased tree height can positively influence 

biomass and carbon stocks (Chave et al., 2005), but there was not enough variance in 

maximum tree height between land uses in this study for it to be a significant reason for 

carbon stock variance.  

The variance in carbon stocks between land uses can be more accurately 

explained by differences in species richness and diversity. Species richness varied 

significantly between land uses and was positively correlated with carbon stocks. Species 

richness was correlated with carbon stocks likely because higher species richness reduces 

competition between species, resulting in higher productivity and larger tree size, which 

leads to higher biomass and thus higher carbon stocks (Liu et al., 2018). Additionally, 

higher complexity increases the efficiency of resource use in plants, which can increase 

biomass and thus carbon stocks (Mensah et al., 2018). Shannon Index also varied 

significantly between land uses, was positively correlated with carbon stocks, and was a 

significant positive predictor of carbon stocks in the multiple linear regression model. 

Similarly to species richness, it is likely that Shannon Index is related to carbon stocks 

because more diverse communities possess a greater variety of functional traits, allowing 

for more efficient utilization of resources, known as the complementarity effect 

(Sintayehu et al., 2020). In addition, human disturbances to ecosystems often reduce 

species diversity (Keck et al., 2025). The relationship between species richness, species 

diversity, and carbon stocks demonstrate that as land use diverges from natural forest due 
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to human disturbance, carbon stocks decrease. The variance in carbon stocks between 

land uses can be interpreted as an increase in carbon stocks along a gradient of lowest to 

highest level of human disturbance, which is shown by changes in species richness and 

diversity across land use types. When planning future shade-grown cacao projects, 

species richness and diversity index should be prioritized if maximizing carbon stocks is 

a goal of the project because these variables are positively correlated with carbon stocks.  

5.3. Implications for Natural Climate Solutions 

These findings have wider implications for natural climate solutions because they 

demonstrate that implementing new shade grown cacao systems can be an impactful 

management strategy for increasing carbon storage in the Ecuadorian Chocó Rainforest 

while benefitting farmers and ecosystems in the long-term. Natural climate solutions are 

deliberate management actions taken to reduce or sequester GHG emissions. Strategically 

planting forest and fruit trees on existing full sun cacao farms to increase carbon storage, 

or converting degraded and abandoned farmland to shade grown cacao to increase carbon 

storage can be natural climate solution strategies in the Chocó Rainforest region of 

Ecuador to mitigate climate change by storing higher quantities of carbon than full sun 

cacao, and by providing co-benefits and improving farmer livelihoods by increasing 

cacao health and stability in the long term.  

Shade grown cacao has significantly higher carbon stocks and is closer in carbon 

stocks to forest than full sun cacao, and it can also improve cacao farm health in the long 

term. Planting cacao under shade can drive more productive cacao yields long term by 

the reducing stress on cacao plants caused by radiation intensity and evaporative demand 

while also increasing system stability (Rajab et al., 2016). Shade grown cacao can also 
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improve cacao health through natural pest control due to provision of habitat for pest 

predators and by increasing soil nutrients with litterfall and reducing soil erosion (Rajab 

et al., 2016). In full sun cacao systems, soil nutrients are rapidly depleted, and soils can 

become unproductive after about 30 years (Amponsah-Doku et al., 2022). However, 

shade grown cacao systems remain productive for longer than full sun cacao systems due 

to the natural fertilization provided by shade trees through litterfall (Amponsah-Doku et 

al., 2022). Shade grown cacao systems can also promote moisture retention and can 

decrease erosion because shade trees reduce the impact of heavy rainfall and intense 

sunlight on the soil of the system (Biloa et al., 2025). Shade grown cacao can also 

provide diversified income for farmers because fruit trees that can bring in additional 

income sources are often planted in shade grown cacao systems (Allen et al., 2024).  

Numerous studies have investigated the economic viability of shade grown cacao 

for smallholder cacao farmers. Full sun cacao maximizes cacao yield in the short term, 

and shade grown cacao can produce lower yields of cacao beans when compared with full 

sun cacao (Solarte-Soto et al., 2025). However, it is possible to increase cacao bean yield 

while adding shade trees when the proper arrangement of trees is utilized in a shade 

grown cacao system (Waldron et al., 2015). In fact, removing all shade trees from a 

system may decrease cacao bean yield (Waldron et al., 2015). Moreover, shade grown 

cacao systems are likely to have more stable and productive cacao bean yields in the long 

term as compared to full sun cacao systems due to lower physiological stress on the plant 

(Rajab et al., 2016). Cacao agroforestry systems can also yield higher total revenues and 

necessitate lower total costs than full-sun monoculture cacao farms due to the addition of 

by-crops such as bananas or plantains and reduced need for fertilizers and herbicides, and 
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they can have a higher return on labor than full sun monocultures (Armengot et al., 

2016). Furthermore, the benefits of shade grown cacao on biodiversity can improve the 

stability of cacao crops. Full-sun cacao systems are less resistant to pests due to low 

biodiversity (Mattalia et al., 2022). In contrast, shade trees can increase a cacao system’s 

resistance to pests by providing habitat for species that prey on the herbivore species that 

harm cacao plants (Bisseleua et al., 2013). 

Many studies have evaluated whether cacao agroforestry systems could further 

generate income for farmers by generating carbon credits in the voluntary carbon market. 

In Ghana, there is substantial opportunity to develop REDD+ carbon crediting projects 

based on shade grown cacao, which can benefit smallholder farmers through additional 

income and diversified crops while contributing to Ghana’s REDD+ efforts (Dawoe et 

al., 2016). In Peru, carbon crediting has been found to increase the profitability of shade 

grown cacao systems when carbon is priced at 7 USD/Tn CO2 e with a maximum of a 

70% increase in profitability when carbon is priced at 40 USD/Tn CO2 e (Goñas et al., 

2024). One study examining cacao agroforestry systems in the Chocó Rainforest of 

Ecuador finds that improving the efficiency of shade grown cacao systems combined 

with carbon credit payments and eco-label payments could help promote the 

implementation of shade grown cacao systems and ensure their success for farmers in the 

long-term (Waldron et al., 2015). Carbon credit projects could potentially be a feasible 

way to encourage shade grown cacao systems in this region. Additionality can be proven 

for new projects because numerous studies such as this one demonstrate a significant 

increase in carbon from full sun cacao to shade grown cacao systems.  
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Verra, the world’s leading voluntary carbon crediting agency, currently has 23 

projects in its registry designated as “agroforestry” using the Agriculture, Forestry, and 

Other Land Use (AFOLU) methodology. Two of these projects are cacao agroforestry, 

and both are located in South America. “Sustainable Agroforestry Cacao Meta” in 

Columbia, is an Afforestation, Reforestation, and Revegetation (ARR) project that is 

converting degraded land into shade grown cacao systems by planting new cacao and 

shade trees (BACAO SAS, 2025). “Shade Coffee and Cacao Reforestation Project” in 

Peru is another ARR project that is converting abandoned or degraded farmland into 

cacao and coffee farms with forest cover (Desmarais, 2025). Verra also has a third project 

in the pipeline for verification that would take place in Brazil. Plan Vivo, another leading 

voluntary carbon crediting agency, currently has 16 projects designated under their 

“agroforestry” methodology. Three of these projects, located in Indonesia, Madagascar, 

and Guatemala, involve integrating cacao with shade cover trees (Plan Vivo, 2026). 

These projects set a precedent that it is possible to generate carbon credits from shade 

grown cacao, showing that carbon crediting projects could be a viable way to encourage 

the expansion of shade grown cacao as an alternative to full sun cacao.   

6. CONCLUSIONS AND RECOMMENDATIONS 

 Reaching the Paris Agreement goal of limiting climate change to 1.5 ºC above 

pre-industrial averages will require aggressive removal of carbon dioxide from the 

atmosphere. Natural climate solutions can contribute to this goal through management 

actions that rely on and enhance nature’s existing abilities to remove carbon from the 

atmosphere and store it for long periods of time. This study examines the relationship 

between land use and carbon stocks in the Ecuadorian Chocó Rainforest, and it examines 
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the relationship between abiotic and biotic factors and carbon stocks. This study 

concludes that shade grown cacao stores significantly more carbon than full sun cacao. 

Shade grown cacao stores less carbon than forest, but not significantly so in this study. In 

addition, this study finds that increasing species richness and diversity significantly 

increases carbon stocks, and it recommends that future shade grown cacao 

implementation projects prioritize high species richness and diversity to maximize carbon 

storage. Restoring forest is a clear way to increase carbon storage in previously 

deforested land and increase biodiversity, but shade grown cacao should also be utilized 

as a natural climate solution through the planting of fruit and forest trees on existing full 

sun cacao farms and the conversion of abandoned and degraded land to shade grown 

cacao as an alternative to full sun cacao, due to its ability to store significantly higher 

quantities of carbon than full sun cacao while diversifying farmers’ income, increasing 

biodiversity, enhancing long-term stability and productivity of cacao crops, and providing 

numerous ecosystem co-benefits such as water quality improvement and soil health 

improvement. Shade grown cacao also has the potential to generate additional income for 

smallholder farmers through carbon crediting projects.  

  



 32 

REFERENCES 

Allen, S. L., Robayo, L. A., Martin, C. D., & Ganem, J. L. (2024). Productivity, Soil 

Health, and Tree Diversity in Dynamic Cacao Agroforestry Systems in Ecuador. 

Land, 13(7), 959. https://doi.org/10.3390/land13070959 

Almeida, A.-A. F. de, & Valle, R. R. (2007). Ecophysiology of the cacao tree. Brazilian 

Journal of Plant Physiology, 19, 425–448. https://doi.org/10.1590/S1677-

04202007000400011 

Amponsah-Doku, B., Daymond, A., Robinson, S., Atuah, L., & Sizmur, T. (2022). 

Improving soil health and closing the yield gap of cocoa production in Ghana – A 

review. Scientific African, 15, e01075. https://doi.org/10.1016/j.sciaf.2021.e01075 

Amyntas, A., Berti, E., Gauzens, B., Albert, G., Yu, W., Werner, A. S., Eisenhauer, N., & 

Brose, U. (2023). Niche complementarity among plants and animals can alter the 

biodiversity–ecosystem functioning relationship. Functional Ecology, 37(10), 

2652–2665. https://doi.org/10.1111/1365-2435.14419 

Andres, C., Comoé, H., Beerli, A., Schneider, M., Rist, S., & Jacobi, J. (2016). Cocoa in 

Monoculture and Dynamic Agroforestry. In E. Lichtfouse (Ed.), Sustainable 

Agriculture Reviews: Volume 19 (pp. 121–153). Springer International 

Publishing. https://doi.org/10.1007/978-3-319-26777-7_3 

Armengot, L., Barbieri, P., Andres, C., Milz, J., & Schneider, M. (2016). Cacao 

agroforestry systems have higher return on labor compared to full-sun 

monocultures. Agronomy for Sustainable Development, 36(4), 70. 

https://doi.org/10.1007/s13593-016-0406-6 

https://doi.org/10.3390/land13070959
https://doi.org/10.1590/S1677-04202007000400011
https://doi.org/10.1590/S1677-04202007000400011
https://doi.org/10.1016/j.sciaf.2021.e01075
https://doi.org/10.1111/1365-2435.14419
https://doi.org/10.1007/978-3-319-26777-7_3
https://doi.org/10.1007/s13593-016-0406-6


 33 

Baccini, A., Goetz, S. J., Walker, W. S., Laporte, N. T., Sun, M., Sulla-Menashe, D., 

Hackler, J., Beck, P. S. A., Dubayah, R., Friedl, M. A., Samanta, S., & Houghton, 

R. A. (2012). Estimated carbon dioxide emissions from tropical deforestation 

improved by carbon-density maps. Nature Climate Change, 2(3), 182–185. 

https://doi.org/10.1038/nclimate1354 

BACAO SAS. (2025). SUSTAINABLE AGROFORESTRY CACAO META  

MONITORING REPORT. https://registry.verra.org/app/projectDetail/VCS/3450.  

Baul, T. K., Chowdhury, A. I., Uddin, Md. J., Hasan, M. K., Kilpeläinen, A., Nandi, R., 

& Sultana, T. (2021). Forest carbon stocks under three canopy densities in 

Sitapahar natural forest reserve in Chittagong Hill Tracts of Bangladesh. Forest 

Ecology and Management, 492, 119217. 

https://doi.org/10.1016/j.foreco.2021.119217 

Bauters, M., Ampoorter, E., Huygens, D., Kearsley, E., De Haulleville, T., Sellan, G., 

Verbeeck, H., Boeckx, P., & Verheyen, K. (2015). Functional identity explains 

carbon sequestration in a 77-year-old experimental tropical plantation. Ecosphere, 

6(10), art198. https://doi.org/10.1890/ES15-00342.1 

Biloa, J. B., Monique, A., Giweta, M. H., Fiaboe, K. K. M., Samuel, N. N., Mandah, P. 

V., Essobo, J. D., Onana, A., & Cargele, M. (2025). Influence of cocoa farm age 

and slope, and shade rate on cocoa soils fertility. Environmental Challenges, 19, 

101115. https://doi.org/10.1016/j.envc.2025.101115 

Bisseleua, H. B. D., Fotio, D., Yede, Missoup, A. D., & Vidal, S. (2013). Shade Tree 

Diversity, Cocoa Pest Damage, Yield Compensating Inputs and Farmers’ Net 

https://doi.org/10.1038/nclimate1354
https://registry.verra.org/app/projectDetail/VCS/3450
https://doi.org/10.1016/j.foreco.2021.119217
https://doi.org/10.1890/ES15-00342.1
https://doi.org/10.1016/j.envc.2025.101115


 34 

Returns in West Africa. PLOS ONE, 8(3), e56115. 

https://doi.org/10.1371/journal.pone.0056115 

Caicedo-Vargas, C., Pérez-Neira, D., Abad-González, J., & Gallar, D. (2022). 

Assessment of the environmental impact and economic performance of cacao 

agroforestry systems in the Ecuadorian Amazon region: An LCA approach. 

Science of The Total Environment, 849, 157795. 

https://doi.org/10.1016/j.scitotenv.2022.157795 

Calvin, K., Dasgupta, D., Krinner, G., Mukherji, A., Thorne, P. W., Trisos, C., Romero, 

J., Aldunce, P., Barrett, K., Blanco, G., Cheung, W. W. L., Connors, S., Denton, 

F., Diongue-Niang, A., Dodman, D., Garschagen, M., Geden, O., Hayward, B., 

Jones, C., … Péan, C. (2023). IPCC, 2023: Climate Change 2023: Synthesis 

Report. Contribution of Working Groups I, II and III to the Sixth Assessment 

Report of the Intergovernmental Panel on Climate Change [Core Writing Team, 

H. Lee and J. Romero (eds.)]. IPCC, Geneva, Switzerland. (First). 

Intergovernmental Panel on Climate Change (IPCC). 

https://doi.org/10.59327/IPCC/AR6-9789291691647 

Cardinael, R., Cadisch, G., Gosme, M., Oelbermann, M., & van Noordwijk, M. (2021). 

Climate change mitigation and adaptation in agriculture: Why agroforestry should 

be part of the solution. Agriculture, Ecosystems & Environment, 319, 107555. 

https://doi.org/10.1016/j.agee.2021.107555 

Cavalieri, A., Groß, D., Dutay, A., & Weiner, J. (2022). Do plant communities show 

constant final yield? Ecology, 103(11), e3802. https://doi.org/10.1002/ecy.3802 

https://doi.org/10.1371/journal.pone.0056115
https://doi.org/10.1016/j.scitotenv.2022.157795
https://doi.org/10.59327/IPCC/AR6-9789291691647
https://doi.org/10.1016/j.agee.2021.107555
https://doi.org/10.1002/ecy.3802


 35 

Chave, J., Andalo, C., Brown, S., Cairns, M. A., Chambers, J. Q., Eamus, D., Fölster, H., 

Fromard, F., Higuchi, N., Kira, T., Lescure, J.-P., Nelson, B. W., Ogawa, H., 

Puig, H., Riéra, B., & Yamakura, T. (2005). Tree allometry and improved 

estimation of carbon stocks and balance in tropical forests. Oecologia, 145(1), 

87–99. https://doi.org/10.1007/s00442-005-0100-x 

Dawoe, E., Asante, W., Acheampong, E., & Bosu, P. (2016). Shade tree diversity and 

aboveground carbon stocks in Theobroma cacao agroforestry systems: 

Implications for REDD+ implementation in a West African cacao landscape. 

Carbon Balance and Management, 11(1), 17. https://doi.org/10.1186/s13021-016-

0061-x 

de la Cruz-Amo, L., Bañares-de-Dios, G., Cala, V., Granzow-de la Cerda, Í., Espinosa, C. 

I., Ledo, A., Salinas, N., Macía, M. J., & Cayuela, L. (2020). Trade-Offs Among 

Aboveground, Belowground, and Soil Organic Carbon Stocks Along Altitudinal 

Gradients in Andean Tropical Montane Forests. Frontiers in Plant Science, 11, 

106. https://doi.org/10.3389/fpls.2020.00106 

Desmarais, Étienne. (2025). SHADE COFFEE & CACAO RESTORATION PROJECT. 

https://registry.verra.org/app/projectDetail/VCS/1153  

Ellis, P. W., Page, A. M., Wood, S., Fargione, J., Masuda, Y. J., Carrasco Denney, V., 

Moore, C., Kroeger, T., Griscom, B., Sanderman, J., Atleo, T., Cortez, R., Leavitt, 

S., & Cook-Patton, S. C. (2024). The principles of natural climate solutions. 

Nature Communications, 15(1), 547. https://doi.org/10.1038/s41467-023-44425-2 

https://doi.org/10.1007/s00442-005-0100-x
https://doi.org/10.1186/s13021-016-0061-x
https://doi.org/10.1186/s13021-016-0061-x
https://doi.org/10.3389/fpls.2020.00106
https://registry.verra.org/app/projectDetail/VCS/1153
https://doi.org/10.1038/s41467-023-44425-2


 36 

Falkowski, P., Scholes, R. J., Boyle, E., Canadell, J., Canfield, D., Elser, J., Gruber, N., & 

Hibbard, K. (2000). The Global Carbon Cycle: A Test of Our Knowledge of Earth 

as a System. 290.  

Fekedulegn, D., Hicks Jr., R. R., & Colbert. (2003). Influence of topographic aspect, 

precipitation and drought on radial growth of four major tree species in an 

Appalachian watershed. Forest Ecology and Management, 177(1–3), 409–425. 

https://doi.org/10.1016/S0378-1127(02)00446-2 

Ghale, B., Mitra, E., Sodhi, H. S., Verma, A. K., & Kumar, S. (2022a). Carbon 

Sequestration Potential of Agroforestry Systems and Its Potential in Climate 

Change Mitigation. Water, Air, & Soil Pollution, 233(7), 228. 

https://doi.org/10.1007/s11270-022-05689-4 

Global Forest Watch. (2026). Ecuador Deforestation Rates & Statistics [Data set]. World 

Resources Institute. 

https://www.globalforestwatch.org/dashboards/country/ECU/?category=land-

cover&location=WyJjb3VudHJ5IiwiRUNVIl0%3D  

Goñas, M., Rojas-Briceño, N. B., Gómez Fernández, D., Iliquín Trigoso, D., Atalaya 

Marin, N., Bravo, V. C., Díaz-Valderrama, J. R., Maicelo-Quintana, J. L., & 

Oliva-Cruz, M. (2024). Economic Profitability of Carbon Sequestration of Fine-

Aroma Cacao Agroforestry Systems in Amazonas, Peru. Forests, 15(3), 500. 

https://doi.org/10.3390/f15030500 

Griscom, B. W., Adams, J., Ellis, P. W., Houghton, R. A., Lomax, G., Miteva, D. A., 

Schlesinger, W. H., Shoch, D., Siikamäki, J. V., Smith, P., Woodbury, P., 

Zganjar, C., Blackman, A., Campari, J., Conant, R. T., Delgado, C., Elias, P., 

https://doi.org/10.1016/S0378-1127(02)00446-2
https://doi.org/10.1007/s11270-022-05689-4
https://www.globalforestwatch.org/dashboards/country/ECU/?category=land-cover&location=WyJjb3VudHJ5IiwiRUNVIl0%3D
https://www.globalforestwatch.org/dashboards/country/ECU/?category=land-cover&location=WyJjb3VudHJ5IiwiRUNVIl0%3D
https://doi.org/10.3390/f15030500


 37 

Gopalakrishna, T., Hamsik, M. R., … Fargione, J. (2017). Natural climate 

solutions. Proceedings of the National Academy of Sciences, 114(44), 11645–

11650. https://doi.org/10.1073/pnas.1710465114  

Griscom, B. W., Busch, J., Cook-Patton, S. C., Ellis, P. W., Funk, J., Leavitt, S. M., 

Lomax, G., Turner, W. R., Chapman, M., Engelmann, J., Gurwick, N. P., Landis, 

E., Lawrence, D., Malhi, Y., Schindler Murray, L., Navarrete, D., Roe, S., Scull, 

S., Smith, P., … Worthington, T. (2020). National mitigation potential from 

natural climate solutions in the tropics. Philosophical Transactions of the Royal 

Society B: Biological Sciences, 375(1794), 20190126. 

https://doi.org/10.1098/rstb.2019.0126 

Gxasheka, M., Gajana, C. S., & Dlamini, P. (2023). The role of topographic and soil 

factors on woody plant encroachment in mountainous rangelands: A mini 

literature review. Heliyon, 9(10), e20615. 

https://doi.org/10.1016/j.heliyon.2023.e20615 

Hoegh-Guldberg, O., Jacob, D., Taylor, M., Guillén Bolaños, T., Bindi, M., Brown, S., 

Camilloni, I. A., Diedhiou, A., Djalante, R., Ebi, K., Engelbrecht, F., Guiot, J., 

Hijioka, Y., Mehrotra, S., Hope, C. W., Payne, A. J., Pörtner, H.-O., Seneviratne, 

S. I., Thomas, A., … Zhou, G. (2019). The human imperative of stabilizing global 

climate change at 1.5°C. Science, 365(6459), eaaw6974. 

https://doi.org/10.1126/science.aaw6974  

Holland, P. G., & Steyn, D. G. (1975). Vegetational Responses to Latitudinal Variations 

in Slope Angle and Aspect. Journal of Biogeography, 2(3), 179–183. 

https://doi.org/10.2307/3037989 

https://doi.org/10.1073/pnas.1710465114
https://doi.org/10.1098/rstb.2019.0126
https://doi.org/10.1016/j.heliyon.2023.e20615
https://doi.org/10.1126/science.aaw6974
https://doi.org/10.2307/3037989


 38 

Houghton, R. A., House, J. I., Pongratz, J., van der Werf, G. R., DeFries, R. S., Hansen, 

M. C., Le Quéré, C., & Ramankutty, N. (2012). Carbon emissions from land use 

and land-cover change. Biogeosciences, 9(12), 5125–5142. 

https://doi.org/10.5194/bg-9-5125-2012 

Igbatayo, S. A. (2023). Climate Change and Agroforestry Resilience Strategy in West 

Africa’s Cocoa Supply Chain Dynamics. In S. Eslamian & F. Eslamian (Eds.), 

Disaster Risk Reduction for Resilience: Climate Change and Disaster Risk 

Adaptation (pp. 361–385). Springer International Publishing. 

https://doi.org/10.1007/978-3-031-22112-5_16 

IPCC (with IPPC National Greenhouse Gas Inventories Programme). (2003). Good 

practice guidance for land use, land-use change and forestry /The 

Intergovernmental Panel on Climate Change. Ed. By Jim Penman (J. Penman, 

Ed.). 

Jose, S., & Bardhan, S. (2012). Agroforestry for biomass production and carbon 

sequestration: An overview. Agroforestry Systems, 86(2), 105–111. 

https://doi.org/10.1007/s10457-012-9573-x  

Keck, F., Peller, T., Alther, R., Barouillet, C., Blackman, R., Capo, E., Chonova, T., 

Couton, M., Fehlinger, L., Kirschner, D., Knüsel, M., Muneret, L., Oester, R., 

Tapolczai, K., Zhang, H., & Altermatt, F. (2025). The global human impact on 

biodiversity. Nature, 641(8062), 395–400. https://doi.org/10.1038/s41586-025-

08752-2 

Koenig, Kellee. (2016). Biodiversity Hotspots Map (English labels) (2016.1). 

Conservation International. Zenodo. https://doi.org/10.5281/zenodo.4311850  

https://doi.org/10.5194/bg-9-5125-2012
https://doi.org/10.1007/978-3-031-22112-5_16
https://doi.org/10.1007/s10457-012-9573-x
https://doi.org/10.1038/s41586-025-08752-2
https://doi.org/10.1038/s41586-025-08752-2
https://doi.org/10.5281/zenodo.4311850


 39 

Khadanga, S. S., & Jayakumar, S. (2020). Tree biomass and carbon stock: Understanding 

the role of species richness, elevation, and disturbance. Tropical Ecology, 61(1), 

128–141. https://doi.org/10.1007/s42965-020-00070-0 

Kim, J. H. (2019). Multicollinearity and misleading statistical results. Korean Journal of 

Anesthesiology, 72(6), 558–569. https://doi.org/10.4097/kja.19087 

Laurans, M., Hérault, B., Vieilledent, G., & Vincent, G. (2014). Vertical stratification 

reduces competition for light in dense tropical forests. Forest Ecology and 

Management, 329, 79–88. https://doi.org/10.1016/j.foreco.2014.05.059 

Liu, X., Trogisch, S., He, J.-S., Niklaus, P. A., Bruelheide, H., Tang, Z., Erfmeier, A., 

Scherer-Lorenzen, M., Pietsch, K. A., Yang, B., Kühn, P., Scholten, T., Huang, 

Y., Wang, C., Staab, M., Leppert, K. N., Wirth, C., Schmid, B., & Ma, K. (2018). 

Tree species richness increases ecosystem carbon storage in subtropical forests. 

Proceedings of the Royal Society B: Biological Sciences, 285(1885), 20181240. 

https://doi.org/10.1098/rspb.2018.1240 

Long, S., He, X., Zeng, S., & Xiao, H. (2025). Investigating the Self‐Thinning Rule in 

Plantation Forests: Analyzing the Relationship Between the Basal Area and 

Height Growth in Southern China. Ecology and Evolution, 15(3), e71034. 

https://doi.org/10.1002/ece3.71034 

Lu, S., Zhang, D., Wang, L., Dong, L., Liu, C., Hou, D., Chen, G., Qiao, X., Wang, Y., & 

Guo, K. (2023). Comparison of plant diversity-carbon storage relationships along 

altitudinal gradients in temperate forests and shrublands. Frontiers in Plant 

Science, 14. https://doi.org/10.3389/fpls.2023.1120050 

https://doi.org/10.1007/s42965-020-00070-0
https://doi.org/10.4097/kja.19087
https://doi.org/10.1016/j.foreco.2014.05.059
https://doi.org/10.1098/rspb.2018.1240
https://doi.org/10.1002/ece3.71034
https://doi.org/10.3389/fpls.2023.1120050


 40 

Malhi, Y., Phillips, O. l., Lloyd, J., Baker, T., Wright, J., Almeida, S., Arroyo, L., 

Frederiksen, T., Grace, J., Higuchi, N., Killeen, T., Laurance, W. f., Leaño, C., 

Lewis, S., Meir, P., Monteagudo, A., Neill, D., Núñez Vargas, P., Panfil, S. n., … 

Vinceti, B. (2002). An international network to monitor the structure, composition 

and dynamics of Amazonian forests (RAINFOR). Journal of Vegetation Science, 

13(3), 439–450. https://doi.org/10.1111/j.1654-1103.2002.tb02068.x 

Martínez-Sánchez, J. L., Martínez-Garza, C., Cámara, L., & Castillo, O. (2020). Species-

specific or generic allometric equations: Which option is better when estimating 

the biomass of Mexican tropical humid forests? Carbon Management, 11(3), 241–

249. https://doi.org/10.1080/17583004.2020.1738823 

Mattalia, G., Wezel, A., Costet, P., Jagoret, P., Deheuvels, O., Migliorini, P., & David, C. 

(2022). Contribution of cacao agroforestry versus mono-cropping systems for 

enhanced sustainability. A review with a focus on yield. Agroforestry Systems, 

96(7), 1077–1089. https://doi.org/10.1007/s10457-022-00765-4 

Mayor, J. R., Sanders, N. J., Classen, A. T., Bardgett, R. D., Clément, J.-C., Fajardo, A., 

Lavorel, S., Sundqvist, M. K., Bahn, M., Chisholm, C., Cieraad, E., Gedalof, Z., 

Grigulis, K., Kudo, G., Oberski, D. L., & Wardle, D. A. (2017). Elevation alters 

ecosystem properties across temperate treelines globally. Nature, 542(7639), 91–

95. https://doi.org/10.1038/nature21027 

McGroddy, M. E., Lerner, A. M., Burbano, D. V., Schneider, L. C., & Rudel, T. K. 

(2015). Carbon Stocks in Silvopastoral Systems: A Study from Four Communities 

in Southeastern Ecuador. Biotropica, 47(4), 407–415. 

https://doi.org/10.1111/btp.12225 

https://doi.org/10.1111/j.1654-1103.2002.tb02068.x
https://doi.org/10.1080/17583004.2020.1738823
https://doi.org/10.1007/s10457-022-00765-4
https://doi.org/10.1038/nature21027
https://doi.org/10.1111/btp.12225


 41 

Mensah, S., du Toit, B., & Seifert, T. (2018, April 24). Diversity–biomass relationship 

across forest layers: Implications for niche complementarity and selection effects 

| Oecologia | Springer Nature Link. 

https://link.springer.com/article/10.1007/s00442-018-4144-0 

Miharza, T., Wijayanto, N., Roshetko, J. M., & Siregar, I. Z. (2023). Carbon stocks and 

footprints of smallholder cacao systems in Polewali Mandar, West Sulawesi. 

Frontiers in Environmental Science, 11. 

https://doi.org/10.3389/fenvs.2023.680984 

Moonlight, P., Banda-R, K., Phillips, O. L., Dexter, K. G., Toby, R., Baker, T. R., de 

Lima, H. C., Fajardo, L., Linares-Palomino, R., Lloyd, J., Nascimento, M., 

Quintana, C., & Riina, R. (2022). Field Manual for Plot Establishment and 

Remeasurement. 

Niether, W., Jacobi, J., Blaser, W. J., Andres, C., & Armengot, L. (2020). Cocoa 

agroforestry systems versus monocultures: A multi-dimensional meta-analysis. 

Environmental Research Letters, 15(10), 104085. https://doi.org/10.1088/1748-

9326/abb053 

Norgrove, L., & Hauser, S. (2013). Carbon stocks in shaded Theobroma cacao farms and 

adjacent secondary forests of similar age in Cameroon. Tropical Ecology, 54(1), 

15–22. 

Obonyo, O. A., Agevi, H., & Tsingalia, M. H. (2023). Above-ground carbon stocks and 

its functional relationship with tree species diversity: The case of Kakamega and 

North Nandi Forests, Kenya. Scientific Reports, 13(1), 20921. 

https://doi.org/10.1038/s41598-023-47871-6 

https://link.springer.com/article/10.1007/s00442-018-4144-0
https://doi.org/10.3389/fenvs.2023.680984
https://doi.org/10.1088/1748-9326/abb053
https://doi.org/10.1088/1748-9326/abb053
https://doi.org/10.1038/s41598-023-47871-6


 42 

Osei, R., del Río, M., Ruiz-Peinado, R., Titeux, H., Bielak, K., Bravo, F., Collet, C., 

Cools, C., Cornelis, J.-T., Drössler, L., Heym, M., Korboulewsky, N., Löf, M., 

Muys, B., Najib, Y., Nothdurft, A., Pretzsch, H., Skrzyszewski, J., & Ponette, Q. 

(2022). The distribution of carbon stocks between tree woody biomass and soil 

differs between Scots pine and broadleaved species (beech, oak) in European 

forests. European Journal of Forest Research, 141(3), 467–480. 

https://doi.org/10.1007/s10342-022-01453-9 

Pendrill, F., Gardner, T. A., Meyfroidt, P., Persson, U. M., Adams, J., Azevedo, T., 

Bastos Lima, M. G., Baumann, M., Curtis, P. G., De Sy, V., Garrett, R., Godar, J., 

Goldman, E. D., Hansen, M. C., Heilmayr, R., Herold, M., Kuemmerle, T., 

Lathuillière, M. J., Ribeiro, V., … West, C. (2022). Disentangling the numbers 

behind agriculture-driven tropical deforestation. Science, 377(6611), eabm9267. 

https://doi.org/10.1126/science.abm9267 

Perlin, L., & Leguizamón, A. (2024). Agriculture-driven deforestation in Ecuador’s 

Mache-Chindul Ecological Reserve: The farmers’ perspective. Journal of Rural 

Studies, 107, 103263. https://doi.org/10.1016/j.jrurstud.2024.103263 

Phillips, J., Ramirez, S., Wayson, C., & Duque, A. (2019). Differences in carbon stocks 

along an elevational gradient in tropical mountain forests of Colombia. 

Biotropica, 51(4), 490–499. https://doi.org/10.1111/btp.12675 

Pinto, E., Cuesta, F., Bernardi, A., Llerena-Zambrano, M., Pérez, Á. J., van der Sande, M. 

T., Gosling, W. D., & Burgess, K. S. (2023). Determinants of above-ground 

carbon stocks and productivity in secondary forests along a 3000-m elevation 

https://doi.org/10.1007/s10342-022-01453-9
https://doi.org/10.1126/science.abm9267
https://doi.org/10.1016/j.jrurstud.2024.103263
https://doi.org/10.1111/btp.12675


 43 

gradient in the Ecuadorian Andes. Plant Ecology & Diversity, 16(3–4), 127–146. 

https://doi.org/10.1080/17550874.2023.2274844 

Plan Vivo. (2026). Carbon Projects. 

https://www.planvivo.org/projects/carbon?q=&topic%5B%5D=14630  

Poorter, L., van der Sande, M. T., Thompson, J., Arets, E. J. M. M., Alarcón, A., 

Álvarez-Sánchez, J., Ascarrunz, N., Balvanera, P., Barajas-Guzmán, G., Boit, A., 

Bongers, F., Carvalho, F. A., Casanoves, F., Cornejo-Tenorio, G., Costa, F. R. C., 

de Castilho, C. V., Duivenvoorden, J. F., Dutrieux, L. P., Enquist, B. J., … Peña-

Claros, M. (2015). Diversity enhances carbon storage in tropical forests. Global 

Ecology and Biogeography, 24(11), 1314–1328. 

https://doi.org/10.1111/geb.12364 

Pretzsch, H., & Schütze, G. (2021). Tree species mixing can increase stand productivity, 

density and growth efficiency and attenuate the trade-off between density and 

growth throughout the whole rotation. Annals of Botany, 128(6), 767–786. 

https://doi.org/10.1093/aob/mcab077 

Rajab, Y. A., Leuschner, C., Barus, H., Tjoa, A., & Hertel, D. (2016). Cacao Cultivation 

under Diverse Shade Tree Cover Allows High Carbon Storage and Sequestration 

without Yield Losses. PLOS ONE, 11(2), e0149949. 

https://doi.org/10.1371/journal.pone.0149949 

Rivas, C. A., Guerrero-Casado, J., & Navarro-Cerrillo, R. M. (2024). Functional 

connectivity across dominant forest ecosystems in Ecuador: A major challenge for 

a country with a high deforestation rate. Journal for Nature Conservation, 78, 

126549. https://doi.org/10.1016/j.jnc.2023.126549 

https://doi.org/10.1080/17550874.2023.2274844
https://www.planvivo.org/projects/carbon?q=&topic%5B%5D=14630
https://doi.org/10.1111/geb.12364
https://doi.org/10.1093/aob/mcab077
https://doi.org/10.1371/journal.pone.0149949
https://doi.org/10.1016/j.jnc.2023.126549


 44 

Roe, S., Streck, C., Obersteiner, M., Frank, S., Griscom, B., Drouet, L., Fricko, O., Gusti, 

M., Harris, N., Hasegawa, T., Hausfather, Z., Havlík, P., House, J., Nabuurs, G.-

J., Popp, A., Sánchez, M. J. S., Sanderman, J., Smith, P., Stehfest, E., & 

Lawrence, D. (2019). Contribution of the land sector to a 1.5 °C world. Nature 

Climate Change, 9(11), 817–828. https://doi.org/10.1038/s41558-019-0591-9  

Schneidewind, U., Niether, W., Armengot, L., Schneider, M., Sauer, D., Heitkamp, F., & 

Gerold, G. (2019). CARBON STOCKS, LITTERFALL AND PRUNING 

RESIDUES IN MONOCULTURE AND AGROFORESTRY CACAO 

PRODUCTION SYSTEMS. Experimental Agriculture, 55(3), 452–470. 

https://doi.org/10.1017/S001447971800011X 

Sintayehu, D. W., Belayneh, A., & Dechassa, N. (2020). Aboveground carbon stock is 

related to land cover and woody species diversity in tropical ecosystems of 

Eastern Ethiopia. Ecological Processes, 9(1), 37. https://doi.org/10.1186/s13717-

020-00237-6 

Solarte-Soto, J. A., Ospina-Bautista, F., Fremout, T., Melo-Zipacon, W. F., Valencia-

Molina, M. C., & Pulleman, M. (2025). Biodiversity and ecosystem services of 

cacao agroforestry arrangements in the Colombian Amazon. Agroforestry 

Systems, 99(8), 235. https://doi.org/10.1007/s10457-025-01326-1 

Somarriba, E., Cerda, R., Orozco, L., Cifuentes, M., Dávila, H., Espin, T., Mavisoy, H., 

Ávila, G., Alvarado, E., Poveda, V., Astorga, C., Say, E., & Deheuvels, O. 

(2013). Carbon stocks and cocoa yields in agroforestry systems of Central 

America. Agriculture, Ecosystems & Environment, 173, 46–57. 

https://doi.org/10.1016/j.agee.2013.04.013 

https://doi.org/10.1038/s41558-019-0591-9
https://doi.org/10.1017/S001447971800011X
https://doi.org/10.1186/s13717-020-00237-6
https://doi.org/10.1186/s13717-020-00237-6
https://doi.org/10.1007/s10457-025-01326-1
https://doi.org/10.1016/j.agee.2013.04.013


 45 

Strickler, G. S. (1959). USE OF THE DENSIOMETER TO ESTIMATE DENSITY O F 

FOREST CANOPY ON PERMANENT SAMPLE PLOTS. 

Torres, B., Vasseur, L., & García, A. (2019, January 2). Structure and above ground 

biomass along an elevation small-scale gradient: Case study in an Evergreen 

Andean Amazon forest, Ecuador | Agroforestry Systems | Springer Nature Link. 

https://link.springer.com/article/10.1007/s10457-018-00342-8 

van der Sande, M. T., Poorter, L., Kooistra, L., Balvanera, P., Thonicke, K., Thompson, 

J., Arets, E. J. M. M., Garcia Alaniz, N., Jones, L., Mora, F., Mwampamba, T. H., 

Parr, T., & Peña-Claros, M. (2017). Biodiversity in species, traits, and structure 

determines carbon stocks and uptake in tropical forests. Biotropica, 49(5), 593–

603. https://doi.org/10.1111/btp.12453 

Waldron, A., Justicia, R., & Smith, L. E. (2015). Making biodiversity‐friendly cocoa pay: 

Combining yield, certification, and REDD for shade management. 

https://doi.org/10.1890/13-0313.1 

Xu, L., Shi, Y., Fang, H., Zhou, G., Xu, X., Zhou, Y., Tao, J., Ji, B., Xu, J., Li, C., & 

Chen, L. (2018). Vegetation carbon stocks driven by canopy density and forest 

age in subtropical forest ecosystems. Science of The Total Environment, 631–632, 

619–626. https://doi.org/10.1016/j.scitotenv.2018.03.080 

Zhang, Q., Fang, R., Deng, C., Zhao, H., Meng-Han, S., & Wang, Q. (2022). Slope 

aspect effects on plant community characteristics and soil properties of alpine 

meadows on Eastern Qinghai-Tibetan plateau. Ecological Indicators, 143, 

109400. https://doi.org/10.1016/j.ecolind.2022.109400 

 

https://link.springer.com/article/10.1007/s10457-018-00342-8
https://doi.org/10.1111/btp.12453
https://doi.org/10.1890/13-0313.1
https://doi.org/10.1016/j.scitotenv.2018.03.080
https://doi.org/10.1016/j.ecolind.2022.109400

