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Abstract 

This research explores the feasibility of the 4 per 1000 initiative in Colombia 

through the adoption of agroforestry practices. Agroforestry (AF) has the potential to 

provide environmental benefits through the sequestration of carbon in agricultural land 

that has been managed in a conventional fashion. I followed a meta-analysis approach 

using a comprehensive dataset with 56 studies from different regions of the world. This 

dataset also included environmental, physical, and management information to explore 

potential correlations with changes in soil organic carbon (SOC). Although all the AF 

practices provide a significant SOC gain in croplands, some practices did not provide the 

SOC rate needed to meet the annual increase required by the 4 per 1000 initiative for the 

Colombian context. These practices include alley cropping, agrisilviculture, shelterbelts, 

windbreaks, and riparian buffers. Another objective of my research was to evaluate the 

connection between soil C sequestration and financial benefits. The recent development 

of a Colombian Voluntary Carbon Market and the creation of a Carbon Tax have the 

potential to scale-up AF projects across the country and generate a significant number of 

greenhouse gas offsets. I evaluated the market value using the net present value (NPV) 

approach. I further explore the role that different interest rates, soil C sequestrations (low 

vs. high scenario), C prices, and duration of the AF project have on the GHG offset 

market value. 
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Definition of Terms 

 

Agrisilviculture: is an agroforestry system that combines the production of agricultural 

and forest crops. 

Agroforestry (AF): the practice that integrates trees and/or shrubs with crops and/or 

livestock on the same land-management unit. 

Alley cropping: is an agroforestry system that combines trees with crops in the alleyways. 

Best management practices (BMP): refers to agricultural practices that maintain or 

improve soil quality and soil C rates.  

Carbon stock: refers to the amount of carbon stored in a reservoir. In the context of 

forests and agriculture, it is the amount of carbon stored in the world’s plants, soils, dead 

wood, and litter.  

Carbon tax: is one of the two major market-based options to lower emissions where a fee 

is imposed on the burning of carbon-based fuels by setting a price per ton on carbon.  

Colombian peso (COP): is the currency of Colombia. As of February 7, 2019, US $1  

Dollar is equivalent to COP $3,102.70. 

Conventional or industrial agriculture: refers to the form of modern farming that 

integrates industrialized production of crops with reliance on, but not limited to, 

monoculture systems and the use of machinery, synthetic fertilizers and pesticides, and 

genetic technology.   



 xv 

Greenhouse gas offset: is a reduction, avoidance, or sequestration of greenhouse gas 

emissions made to compensate for or to offset an emission made elsewhere.  

Land-use change/land conversion: process by which human activities transform the 

landscape, and it is a main driver of changes in the levels of carbon stored in soils. 

Silvopasture: is an agroforestry system that combines trees, forages, and livestock in a 

single operation. 

Soil carbon sequestration: the removal of carbon dioxide from the atmosphere into the 

soil. 

Soil degradation: refers to the decline in soil quality or health resulting in a diminished 

capacity to provide goods and services. 

Soil erosion: a type of soil degredation characterized by the displacement of the upper 

layer of soil.  

Soil organic carbon (SOC): is a measurable component of organic matter and it refers 

only to the carbon component of organic compounds. 

Soil organic matter (SOM): is the fraction of the soil that consists of plant and animal 

tissue in various stages of decomposition, and is composed mainly of carbon, hydrogen 

and oxygen – with small amounts of other elements.   

Riparian buffers: are the combination of trees, shrubs, and perennial plants grown 

adjacent to streams, lakes, or wetlands. 

 



 xvi 

Windbreaks or shelterbelts: are agroforestry systems that consist of planted trees or 

shrubs intended to protect wind-sensitive crops. 

Voluntary carbon market (VCM): enables businesses, governments, NGOs, and 

individuals to offset their emissions by purchasing offset that were created through a 

clean development mechanism or in the voluntary market.  
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Chapter I. 

Introduction 

 

Soils are the third largest of the five global carbon pools, but soil’s ability to 

absorb and store carbon has declined due to land use and soil degradation (Lal, 2008; 

Paustian et al., 2016). Soil degradation has been partly driven by the adoption of 

conventional agricultural practices, especially the preparation of land by mechanical 

agitation (also known as tillage) and crop residue burning (Montgomery, 2007; Farooq et 

al., 2011). Despite the fact that carbon has been lost from soils since the establishment of 

agriculture (Lal, 2016), it has been reported that the adoption of best management 

practices (BMP) may lead to increased levels of soil carbon (Paustian, 2016). An 

extensive body of research has inspired the 4 per 1000 initiative that seeks to increase 

global soil carbon by 0.4 percent per year (Lal, 2016). Some of the practices that increase 

soil carbon sequestration include, but are not limited to, planting cover crops, 

incorporating organic amendments, retaining crop residues, adopting agroforestry (AF) 

(Lal, 2004; Friedrich et al., 2012; Marongwe et al., 2011).  

The increasing release of greenhouse gases (GHG) into the atmosphere has 

prompted considerable interest in the role that natural sinks have in the uptake of carbon. 

Minasny et al. (2017) explored the question of whether the 4 per 1000 initiative was 

feasible in 20 regions/countries around the world, and provided insights into which BMP 

could lead to increases in the rate of carbon sequestration. However, for many countries, 

there are significant gaps in the research and literature related to answering this question. 
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Research Significance and Objectives 

The adoption of this initiative on a global scale presents a particular challenge to 

countries that have large numbers of farmers and small-holders with limited access to 

resources. My research intends to evaluate the feasibility of the 4 per 1000 initiative for 

Colombia through the adoption of agroforestry (AF) systems.  I also acknowledge the 

need to include a financial analysis to explore how carbon payments and the generation 

of greenhouse gas offsets could drive the adoption of AF. In alignment with the 4 per 

1000 initiative, the conclusions drawn from this research could lead to the adoption of a 

practice that provides several co-benefits such as: mitigation of human-induced GHG, the 

adaptation of the global food and agricultural systems to climate change, improvement of 

the health of soils, and increasing agricultural productivity (Al-Kaisi & Yin, 2005; Lal, 

2010). Additionally, my research intends to encourage policymakers to use the 4 per 

1000 initiative as a framework for pursuing more targeted strategies to increase the 

content of soil carbon sequestration in Colombian soils through the adoption of feasible 

agricultural practices. My research might also encourage researchers in other nations to 

complete similar analyses for agroforestry, or different agricultural practices, for a 

particular national context, and to adjust policies and implementation strategies to 

achieve the goals set out by the 4 per 1000 initiative, which might also improve the 

sustainability of agriculture.  

 

My Research Objectives are: 

• To further understanding of the potential mitigation effects that can be achieved by 

increasing soil carbon sequestration through the adoption of AF in Colombia, 
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• To lead to more informed policy decisions to encourage AF as one BMP that 

increases the rates of carbon sequestration to meet the goal established by the 4 per 

1000 initiative, and 

• To identify an economic incentive to foster the adoption of BMPs that enhance soil 

conditions and carbon sequestration. 

 

Background 

 The first part of this section introduces the 4 per 1000 initiative as a framework to 

inspire decision makers to focus on agricultural practices that have the potential to 

promote soil health. I also address the criticisms and limitations of this initiative raised by 

experts on this topic. I will then provide a brief overview of the importance of increasing 

global SOC levels from a social and environmental perspective. After that, I include a 

brief explanation of soil C dynamics and how human activities have contributed to losing 

soil C over time. I also incorporate a brief introduction of BMP that have the capacity to 

maintain and improve soil quality, and to increase global SOC levels.  Among these 

BMP, a discussion of agroforestry is included—its definition and classification via 

regularly practiced types.   Studies are presented that claim AF systems have the potential 

to increase soil C.  I then discuss additional co-benefits that AF might provide beyond 

soil C sequestration.   

In the second part of this background, I move away from dealing with questions 

related to the potential soil C sequestration rate and agroforestry in order to delve into the 

Colombian context. Here, I present the relevant information related to the domestic 

emissions of GHG – including the agricultural sector. I also introduce the latest 
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developments in policy and legal frameworks relevant to my research.  These include the 

Colombian Carbon tax, recent decisions made at the national level in Colombia to 

address the commitments made in the Paris Agreement, the Voluntary Carbon Market 

(VCM) and the generation of GHG offsets. I also provide a general background on VCM 

to give a broad picture of this evolving climate mitigation mechanism.  

 

4 per 1000 Initiative 

In December 2015, the French Minister of Agriculture, Stéphane Le Foll, 

launched the 4 per 1000 initiative at COP21. Signatories to this initiative commit to a 

voluntary action plan to implement farming practices that increase the content of carbon 

sequestered in world soils (Chambers et al., 2016; Lal, 2016). The value 4 per 1000 is the 

ratio of annual global anthropogenic emissions from fossil fuels versus the rough estimate 

of global soil carbon stock to 2 m of soil depth (Batjes, 1996) (Figure 1).  The potential 

carbon uptake that could be obtained from embracing management programs and 

practices in alignment with this initiative would allow for the storage of an additional 1.2 

gigatonnes of carbon (GtC) per year in global soils (Paustian et al., 2016). Minasny et al. 

(2017) estimated that compliance with this initiative would sequester a total of 161 

tonnes of SOC per hectare. Considering that the global land area is 149 million km2, 

adoption and compliance would yield an average C sequestration rate of 0.6 tonnes of C 

per hectare per year (161 tonnes SOC x 0.004 ≈ 0.6 tonnes of C). It is of note that the 

adoption of this initiative on a global scale presents a particular challenge to countries 

with numerous farmers and small-holders lacking sufficient resource access; these 

countries are required to engage in “careful planning” (Lal, 2016).  
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Figure 1. The 4 per 1000 initiative (Minasny et al., 2017).   

 

Why is Soil Organic Carbon (SOC) Important?  

Soil organic matter (SOM) contains large amounts of organic carbon and 

originates primarily from the decomposition of plant litter (Castellano, Mueller, Olk, 

Sawyer, & Six, 2015). A large portion of C derived from the decomposition process is 

emitted into the atmosphere in the form of carbon dioxide (CO2). About 10-20% of that C 

forms soil organic matter (SOM), which is also composed of essential elements such as 

nitrogen (N), phosphorous (P), and sulfur (S) (Rice, Fabrizzi, & White, 2007). Rice et al. 

(2007) summarize the relationship between SOM supporting ecosystem services and 

essential soil functions. First, SOM plays a significant role in ecosystem services, such as 

improved drought tolerance, root growth, plant production, decreased fertilizer inputs, 

improved water quality, and decreased erosion. Second, SOM is a critical component in 

soil functions, such as water holding capacity, soil biodiversity, nutrient reserves, cation 

exchange capacity, bulk density, and soil structure.  

Organic carbon stored 
in the soil globally (up 

to 2m depth) 
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SOM is a strong indicator of healthy and productive soils, making it a vital 

component of the terrestrial biosphere. Organic matter improves soil structure, which can 

enable increased productivity (Langdale, West, Bruce, Miller, & Thomas, 1992). Good 

soil structure leads to greater porosity and water infiltration, resulting in less soil erosion 

(Schertz et al., 1989; Benito & Diaz-Fierros, 1992). SOM also enhances aggregation, 

which makes soils less apt to crusting and compaction (Diaz-Zorita & Grosso, 2000). 

Additionally, SOM improves cation exchange, increases plant root growth, and supports 

important soil microorganisms and fauna (Brevick, 2010; Allison, 1973; Wardle et al., 

2004). The implementation of practices that decrease SOM adversely affect  soil 

sustainability. Decreased levels of SOM and SOC drive nutrient depletion; offsetting this 

loss requires applying higher amounts of fertilizer (Rice et al., 2007). A depletion of SOC 

and SOM levels also causes soils to become more susceptible to erosion, further 

disrupting the sustainability of farming systems.  

The implementation of practices that increase soil carbon sequestration also drive 

social and economic benefits. Kimble et al. (2007) outlined a comprehensive list of both 

on-farm and off-site benefits. The on-farm advantages include, but are not limited to, 

lower production costs, labor cost savings, reduced energy costs, reduced use of 

machinery, reduced maintenance and machinery repair needs, and potential eligibility to 

receive payments for sequestering C through federal programs or carbon markets. Some 

of the off-site benefits include improved air quality from reduced soil erosion, reduced 

runoff, which is closely connected to improved water quality, flood mitigation, protection 

of wildlife, and increased sustenance recreation sources such as fishing. Though practices 

that increase SOC would lead to benefits that have been widely reported, other human 

activities have also unfavorably affected global soils’ capability to store C.  
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Loss of Carbon in Global Soils  

Soils’ ability to uptake carbon is, and has been, affected by human interventions, 

like land use conversion and agricultural practices. Soils store 2,500 GtC (1,550 Gt of 

soil organic carbon and 950 Gt of soil inorganic carbon), but their ability to uptake 

carbon has been depleted by at least 320 Gt of SOC (Lal, 2004) since the spread of 

agriculture around 9,000 years ago (Ruddiman et al., 2015). Haider (1999) estimates that 

“[t]he loss of C due to soil degradation in the past 1,000 years represents 16-20 % of the 

present-day global soil C stock…to 1 [meter] depth” (240 to 300 Gt of SOC).  Farooq et 

al. (2015) posit that since the beginning of the industrial era, circa 1850, the “conversion 

of forest to agricultural land has depleted the soil C pool by [about] 22 %.” Furthermore, 

the depletion of SOC content in relatively undisturbed ecosystems converted to 

agricultural land has been documented. For such land conversions, SOC has been found 

to be depleted by 60% in soils in temperate regions and 75% in soils in the tropics (Lal, 

2004; Lal, 2010). Wei, Shao, and Li (2014) estimate that SOC is depleted by 41% in 

tropical regions, and by 52% in temperate regions.  

Soils degradation has been attributed to the widespread adoption of conventional 

agricultural practices, such as heavily mechanized plowing, monocultures, and extensive 

farming (Farooq et al., 2015). Tillage and crop residue burning are the practices with the 

most significant contribution to the degradation of soils (Montgomery, 2007; Farooq et 

al., 2011).  In developing countries, sub-optimal agricultural practices, along with large 

and growing populations, drive the loss of vegetative cover, causing soils to be less 

resistant to erosion (Pimentel & Burgess, 2013; Pimentel et al., 2005). The frequent 
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cultivation of soils and the removal of vegetation before crops are planted make 

croplands particularly susceptible to degradation by increasing soil exposure to wind and 

rainfall energy (Pimentel & Burgess, 2013). In the last 60 years, soil erosion has caused 

land to be less productive, leading farmers to abandon at least 430 million ha of arable 

cropland – almost 30% of the total global cropland area (Kendall & Pimentel, 1994). Lal 

(2004) calculated that since the beginning of the industrial era, modern agriculture has 

depleted the global soil C stock by 78 (±12)  GtC.  

Equally important is the connection between agriculture and associated land-use 

change that, instead of storing C in global soils, generates GHG emissions. Land use 

change contributes about 25% of total GHG emissions: 10%-14% from agricultural 

production (mainly from soils and livestock management), and 12%-17% from land 

cover change (including deforestation) (Smith et al., 2014; Tubiello et al., 2015). By 

2050, emissions from agriculture may increase by 30% (Tubiello et al., 2014).  Lal 

(2008) asserts that agriculture is an “integral solution” to climate change, and that 

restoring soil C stock through the “judicious land use and adopting BMP” is needed.   

 

Criticisms and limitations of the 4 per 1000 initiative   

  There are two main criticisms of the 4 per 1000 initiative. The first revolves 

around the estimation of the value 4 per 1000, which uses a rough estimate of global soil 

carbon stock from the entire global 2 meter-depth soil profile (149 million km2). This 

calculation has been criticized because, in practice, the adoption of BMP that lead to 

enhanced SOC sequestration is more likely to take place in well-managed lands rather 

than over the entire global soil cover (Minasny et al., 2017).  Therefore, the completion 
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of regionally-specific assessments and the identification of inadequately managed lands is 

essential to create better-informed programs which intend to increase SOC sequestration. 

Such initiatives, taken across sufficient land masses, may determine the extent to which 

the 4 per 1000 initiative is feasible.   

The second criticism is related to the limitations of strategies or BMP meant to 

enhance the levels of soil C (Minasny et al., 2017). Soils with higher initial SOC stock 

(i.e. grasslands) have a lower capacity to store C – as opposed to soils with lower initial 

SOC stock. However, in some countries with low initial C stock (e.g. India), it may be 

difficult to increase SOC levels due to high temperatures or because biomass burning is 

widely practiced. Additionally, soils have a saturation limit, which also depends on clay 

and silt content (Hassink, 1997; Six, et al., 2002). As such, these soils can no longer 

sequester additional C. Another restraint is associated with the period of time during 

which BMP are adopted. The longer the duration of BMP implementation, the lower the 

observed SOC levels. Therefore, soil C sequestration could be considered a short-term 

approach to offset carbon emissions. Furthermore, some regions have extensive 

agricultural areas (e.g. Australia) where there is a great potential to increase SOC levels if 

BMP are adopted, unlike countries with limited cropland area (e.g. Belgium, South 

Korea). Considering these limitations, a one-size-fits-all solution is inappropriate when it 

comes to implementing the 4 per 1000 initiative. 

 

How do soils gain or lose C? A primer in soil carbon dynamics 

 Soil is one of the largest pools of carbon on Earth, storing approximately 2.5 GtC. 

More C is stored in global soils than in both the atmosphere (0.8 GtC) and global 
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vegetation (0.5 GtC) combined (Schwartz, 2014; Lehmann & Kleber, 2015). The content 

of soil C is determined directly by the growth and death of plant roots, and “indirectly 

from the transfer of carbon-enriched compounds from roots to soils microbes” (Ontl & 

Schulte, 2012). Decomposition of biomass from roots, plant litter, animals, and 

microorganisms by soil microbes releases CO2 into the atmosphere (as the result of an 

aerobic or anaerobic reaction – Figure 2). A small fraction of the original carbon stays in 

the soil to form humus, a material resultant from the natural decay of material, such as 

leaves, in the soil’s top layer (Figure 2).  Ontl & Schulte (2012) highlight that humus, 

unlike plant debris, is more resistant to decomposition (highly recalcitrant), which also 

means that there is a longer permanence for the carbon stored in the humus. Soil carbon 

can be sequestered in different ways, including the fixation of atmospheric CO2 in 

standing biomass (i.e. trees), long-term biomass products (i.e. timber), living biomass in 

soils (i.e. microorganisms and perennial roots), recalcitrant organic matter in surface soil 

(i.e. humus), and inorganic C in subsoil (i.e. carbonates) (Johnson et al., 2007). 

 

    

Figure 2. Left) Soil Organic Matter Aerobic and Anaerobic Degradation (Stanford Earth, 
n.d.) Right) A summarized illustration of a balanced soil carbon dynamic with carbon 
inputs from photosynthesis and carbon losses by respiration (Ontl & Schulte, 2012).   
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The impact of environmental conditions, the physical properties of soils, and farm 

management on SOC content 

The stabilization, or destabilization, of C are currently understood as biological, 

physical, or chemical mechanisms with many processes that “cross these boundaries” 

(Six, Conant, Paul, & Paustian, 2002). Therefore, the SOC content, and sequestration, in 

croplands depends on several factors including climatic conditions, physical properties of 

soils, and farm management history. Climatic conditions affect soil temperature and 

moisture content, which also affect photosynthesis and decomposition and respiration 

rates. For instance, regions in northern latitudes, characterized by colder and wetter 

climates, have higher SOC levels because photosynthesis rates exceed decomposition 

rates (Ontl & Schulte, 2012). On the other hand, regions with warm temperatures and 

high precipitation (tropics) present high rates of photosynthesis and decomposition with 

intermediate SOC levels (Ontl & Schulte, 2012). However, climate alone does not 

explain all changes in SOC.   

Soil type has been found to have a larger effect on soil carbon dynamics than 

climate (Mathieu, et al., 2015), which highlights the importance of the associations of 

clay content with organic matter and its role in the stabilization of SOC (Churchman, 

2018). Additionally, a soil’s physical properties, such as bulk density, water stable 

aggregation, available water capacity, and infiltration rate, play an important role in 

maintaining and enhancing SOC levels (Lal, 2007). Furthermore, SOC losses can take 

place with agricultural activities that have a high level of soil disturbance, which also 

drive processes such as erosion, leaching, and mineralization. For instance, when tilling is 

practiced, the physical disturbance “breaks [down] soil aggregates, exposes soil to 

raindrop impact, releases [SOM], [activates] microbial processes, and increases 
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mineralization of SOM and release of CO2 to the atmosphere” (Lal, 2007). Soil 

management then plays a key role in alleviating soil compaction, improving soil 

structure, increasing infiltration rate, augmenting the available water capacity, and adding 

or removing SOC.  

 

Potential for Soil Carbon Sequestration 

It is important to note that croplands provide a more “immediately practical” role 

for the enhancement of SOC (Zomer et al., 2017). Unlike forests or grazing lands, 

croplands are “often intensively managed” (Smith et al., 2008), which could present an 

opportunity for the adoption of a different management strategy (e.g. AF).  Additionally, 

croplands can, theoretically, sequester up to 88 GtC over the next 50 to 75 years on 1,400 

Mha (Lal, 2016). This is equivalent to an annual C sequestration rate of 0.8-1.2 tons of 

carbon per hectare per year.  These amounts may seem small relative to the annual rate of 

carbon emitted from burning fossil fuels (≈10 GtC). However, at a time when 

atmospheric carbon dioxide levels have officially passed 400 part per million (ppm) 

(Kahn, 2016), keeping 1 GtC in the soil sink is equivalent to 0.47 ppm of carbon dioxide 

(CO2) in the atmosphere (Lal, 2016). 

Increasing the C pool in soils depends on texture and profile characteristics, 

climatic conditions, and the combination of management practices applied (Paustian et 

al., 2016). In dry and warm regions, SOC sequestration rates are estimated to vary 

between 0 and 150 kg C/ha per year (Armstrong, Millar, Halpin, Reid, & Standley, 

2003). In humid and cool climates, the rates range from 100 to 1,000 kg C/ha (Grace et 

al., 1995; Campbell et al., 2000; West & Post, 2002). These rates can be sustained for 20 
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to 50 years with the uninterrupted use of BMP, or until the soil sink capacity is reached 

(West & Post, 2002; Sauerbeck, 2001).  

 

Carbon Farming - Best Management Practices for Soil Carbon Sequestration 

 The implementation of BMP that lead to increased SOC levels is also known as 

carbon farming. The scope of this research includes BMP with an extensive body of 

research that have been found to increase soil C stocks. These BMP include, but are not 

limited to, the retention of crop residues and straw, cover cropping and green manure, the 

incorporation of organic manures, the adoption of different fertilizer management 

regimens, and the implementation of agroforestry practices.    

 

Crop Residues and Straw Retention 

 Crop residue removal is commonly practiced in agriculture to provide inputs for 

other farming operations (e.g. producing animal feed) and/or to generate additional 

income (e.g. sale of raw material for biofuel production). Straw and crop residues are also 

burned or removed to facilitate seed-planting for future crops (Aulakh et al., 2001). 

However, the excessive removal of crop residue may adversely affect soil processes and 

properties that lead to decreased SOC levels. This SOC loss can be explained with four 

processes that take place after crop residue or straw is removed from the fields (Ruis & 

Blanco-Canqui, 2017). First, SOC is lost from the removal of aboveground biomass. 

Second, without the presence of crop residues, water and wind erosion is increased with a 

subsequent loss of SOC (Kenney et al., 2015; Blanco-Canqui et al., 2016a; Blanco-
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Canqui et al., 2016b). Third, soil structure is degraded and soil aggregate size is reduced, 

which leads to faster SOC turnover rates (Six et al., 2000). Fourth, the substrates 

available for microbes to use new and more efficient C sources for energy are reduced 

with the removal of crop residues and straw, which increases the loss of SOC (Stetson et 

al., 2012).  

The amount of crop residue removed from the fields also plays a significant role 

in the loss of SOC. The removal of more than 50 percent of crop residues generally 

decreases SOC, especially in the long-term, with a loss of SOC ranging between 15 to 50 

percent compared to those soils in which crop residues were retained (Blanco-Canqui and 

Lal, 2009; Raffa et al., 2015). In soils with a crop residue removal rate higher than 50 

percent, the average SOC loss was estimated to be 0.87 Mg ha-1yr-1 (Megagrams per 

hectare per year = Megatons per hectare per year), whereas soils with rates below 50 

percent accounted for a SOC loss of 0.31 Mg ha-1yr-1 (Blanco-Canqui & Lal, 2009; Smith 

et al., 2012). Therefore, the incorporation of straw has been proposed as a practice that 

can lead to increased SOC content (Duiker & Lal, 1999; Li et al., 2010).  

 Liu et al.’s (2014) meta-analysis of 176 published field studies drew relevant 

conclusions on the effects of the incorporation of straw on SOC in croplands. Both input 

rate and clay content of the soils were the main factors explaining SOC accumulation. 

Straw retention significantly increased SOC concentration by 12.8 percent. Additionally, 

increased SOC levels were positively correlated with OC input (straw return) and crop 

yield. On the other hand, when applied to soils with high clay content did not lead to 

higher rates of C. Liu et al. (2014) also found that environmental variables like 

temperature and precipitation did not have a significant correlation with changes in SOC 

levels, and soil C saturation is reached after 12 years of continuous straw return. Also, 
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SOC tends to increase more clearly when straw was tilled into the soils compared to 

straw covering the soil surface, which might be explained by the fact that tilling increases 

the contact between straw and soils, promoting a higher rate of transformation of straw C 

into SOC. The SOC loss caused by the removal of crop residues could also be prevented 

with the incorporation of cover crops and green manure. 

 

Cover Crops and Green Manure 

 Cover crops are defined as “crops grown primarily for the purpose of protecting 

and improving soil between periods of regular crop production” (Schnepf and Cox 2006); 

these crops are sometimes referred to as inter-crops or cash-crops. Green manure refers to 

a crop used as a soil amendment to provide nutrients for future crops (Cherr, Scholberg & 

McSorley, 2006). The terms green manure and cover crops are often used 

interchangeably, however the latter are planted to protect the soil while the former is 

meant to be tilled back into the soil to enrich the soil with its decomposition. Cover crops 

and green manure are incorporated between the rows of the regular crop to improve soil 

health. Some examples of the different types of cover crops include growing mustards 

and brassicas (e.g. broadleaf species like cabbage), grasses (e.g. wheat, barley), legumes 

(e.g. hairy vetch, crimson clover), or plant mixtures (Table 1). 

There is ample evidence that cover crops and green manure enhance SOC stocks 

(Poeplau and Don, 2015; McDaniel et al., 2014; Schipanski et al., 2014). However, the 

reported gains in SOC stocks vary from 0 to 3.50 Mg ha-1yr-1 (Blanco-Canqui et al., 

2015; Poeplau and Don, 2015). Poeplau and Don’s (2015) meta-analysis found a  
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Table 1. Examples of Cover Crops (Adapted from Clark & SARE, 2015) 

Type of Cover Crop Species Relevant Information  

Legumes Clovers, vetch, peas, beans Fix a lot of nitrogen (N) for 
subsequent crops. Not good for 
scavenging N left over after cash 
crops.  

Non-Legumes - Cereals Rye, wheat, barley, oats, 
triticale 

 

Useful to scavenging nutrients. 
Non-legumes are recommended in 
fields with excess of nutrients.  

Non-Legumes – Forage grasses Annual ryegrass 

Non-Legumes – Broadleaf 
species 

Buckwheat, sunflower, 
mustards, and brassicas.  

Mixtures Must be tailored to farm 
context and needs. 

Recommended to multiply and 
diversify the cover crop benefits.  

 

significant correlation between the time cover crops are introduced and gains in SOC 

levels with an annual SOC rate of 0.32 (± 0.08) Mg ha-1yr-1 are realized. This study also 

projected an average SOC gain of 0.23 Mg ha-1yr-1 using a soil modeling tool called 

RothC. Ruis and Blanco-Canqui (2017) estimated that the “average SOC increase [was 

found to be] 0.49 Mg ha-1yr-1…in the upper 30 cm of the soil.”  

Poeplau and Don (2015) drew relevant conclusions from the analysis of 

environmental and management variables (Table 2). Elevation and sampling depth 

provided some explanation of changes in SOC stock: increased annual SOC stocks were 

positively correlated with soil depth, and higher elevation with lower the gains in SOC. 

There was no evidence of saturation (up to 54 years), however, the number of studies 

with a duration of over 20 years was small. The constraints due to “limited data from 

longer term experiments that [might] improve the ability to demonstrate saturation” are 

acknowledged in this study. Since it is very likely that a cover crop system will reach a 

saturation, a potential steady state was determined with the RothC carbon modeling 
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software. This new equilibrium was found to be reached after 155 years with half of this 

new equilibrium being reached after 23 years. Furthermore, significant changes in SOC 

stock rates were not observed for different tillage management (tilled vs. untilled), 

functional plant type (legumes vs. non-legumes), and climate (temperate vs. tropic) 

(Poeaplau & Don, 2015; Ruis & Blanco-Canqui, 2017). 

 

Table 2. Environmental and management practices that provide some explanation to SOC 
changes after introducing cover crops as green manure (Poeplau and Don, 2015).  

 

 

Cover crops and green manure also provide other co-benefits to agricultural soils. 

Some of those benefits include “slow[ing down] erosion,…enhanc[ed] water availability, 

[and] smother[ing] weeds” (Clark & SARE, 2015), controlling pests and diseases, and 

increased biodiversity (Lal, 2004).  Furthermore, the use of plant mixtures could 

maximize the potential of cover crops if a careful design considers factors like weather, 

land management history, current farming operations, type of soil, farming objectives, 

and the interaction between the chosen plant varieties for cover crops (Pennsylvania State 

Practices with explanatory 
power

•Time since introduction

•Elevation

•Sampling depth

Practices without explanatory 
power 

• Precipitation
•Temperature
• Soil type
• Soil texture with sand, silt, and clay 
content
•Main crop type or crop rotation
•Cover crop type
•Cover crop frequency
•Amount and type of fertilization
•Type of tillage
•Number of soil samples
• Initial C concentration

Practices that could have some 
explanatory power

Cover crop above and below ground 
biomass
C:N ratio of the cover crop
Though these variables might have 
some explanatory power, they were 
not included in the meta-analysis 
because of the following reasons
Data was only given in a small 
number of studies.
High variability in the definition of 
biomass among studies. 
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Extension Agricultural Program, 2017). For instance, Cadavid et al. (1998) found that the 

incorporation of dry guinea grass (Panicum maximum) as mulch led to increased cassava 

yields for 8 years in Colombian sandy soils. However, there could be negative impacts as 

well. In Colombian cassava crops, the use of some plant species as green manure have 

been found to compete strongly for water and nutrients, which has led to decreased 

cassava yields (Howeler, 2002). A few more examples of cover crops and green manure 

used in Colombia are provided in Table 3.  

 

Table 3. A few examples of cover crops in Colombian agriculture1 

Crop - Location Cover Crop Reference 

 
Banana – Santa Marta 
Region  

Teramus volubilis (Sw.); Callisia cordifolia 
(Sw.); Desmodium scorpiurus (Sw.) Des 
Desmodium triflorum (L.) DC 

 

Carbono and Cruz, 2005 

Citrics – Department of 
Meta  

B. brizantha; P. maximum; A. pintoi; D. 
ovalifolium 

Orduz-Rodriguez et al., 
2011 

 
Potato – Department of 
Boyacá 

Forage turnips Raphanus sativus L. 
The legume vicia atropurpurea Vicia sativa L. 
Oats Avena sativa L. 

 
Viteri, Martinez, and 
Bermudez, 2008.  

 

 

Organic Amendments  

Amendments differ widely, in composition and application mode, and include 

compost, farm yard manure/raw waste/animal manure, green manure (see cover crop and 

                                                

1 For further information and examples of the use of green manure and cover crops in Colombian and Latin 
American croplands see Prager Mosquera et al., (2012) and Pound (1999). 
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green manure section), biosolids, and biofertilizers (Table 4). There is ample evidence 

that the application of different amendments like farm compost (D’Hose et al., 2014),  

 

Table 4. Definition of different types of amendments  

Type of organic 
amendment 

Definition 

 
Farm yard manure/Raw 
waste/Animal manure 

It refers to the decomposed mixture of feces and urine of farm animals 
along with litter and leftover plant material from bedding or fodder fed 
to the livestock (TNAU, 2016). 

 

 

 
Compost 

It refers to a product that is stable, free of pathogens and plant seeds 
that can be beneficially applied to land and is resultant from the 
biological decomposition and stabilization of organic substances, under 
conditions that allow development of thermophilic temperatures as a 
result of biologically produced heat (Haug, 1993). 

 

 

Biofertilizer 

It is a preparation with inoculate of microorganisms (Bhardwaj et al., 
2014). These living or latent cells of efficient microorganisms 
accelerate certain microbial processes that have been found to improve 
crop productivity, soil fertility, and the efficiency of the fertilizers    

 
Green manure 

A crop used as a soil amendment to provide nutrients for future crops. 
See cover crops and green manure section.  

 

municipal solid waste compost and farmyard manure (Hemmat et al., 2010), and green 

manure with industrial waste water (Lin et al., 2008) increase SOC levels. In the same 

way, different types of animal manure have been found to increase soil C levels. SOC 

stocks have increased by 3.2 Mg C ha-1 after 10 years of poultry litter addition (Sainju et 

al., 2008), 19.1 Mg C ha-1 following 25 years of cattle manure application (Gami et al., 

2009), and 3.8 Mg C ha-1 after 22 years of pig manure application (Huang et al., 2010). 

Despite the reported gains in SOC levels, there is also evidence of observed SOC losses 

(Franzluebber et al., 2001; Angers et al., 2010). A few examples of cases where the 

addition of organic amendments has led to SOC increases is included in Table 5.  
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Table 5. Effect of incorporating organic amendments on SOC content – a few examples 
(Modified from Bhattarcharya et al., 2016). n.a. not available.  

 
Type of Organic Amendment  

Location and 
duration 

 
Effect on SOC 

 
Reference 

Farm yard manure, paddy straw, 
green manure.  

Indo-Gangetic plains 
(India) - 25 years 

 
Increased SOC 

 
Ghosh et al., 2012 

Organic manure only, organic 
manure+inorganic fertilizer, 
inorganic fertilizer only 

Northern China – 18 
years 

Increased SOC in 
org.manure + inorg. 
fertilization 

 

Gong et al., 2009 

 
Organic manure application 

Indian Himalayas 
(India) – 30 years 

 
Increased SOC  

 
Kundu et al., 2007 

 

Manure application 

 
Jilin province (China) 
– n.a. 

Increased POM 
(Particulate organic 
matter) 

 

Xie et al., 2014 

 
Green manure application 

Qiyang county 
(China) 

 
Increased SOC 

 
Yang et al., 2014 

 

 

Maillard and Angers’ (2014) meta-analysis of the literature available on the effect 

of manure2 application on soil organic carbon stocks found that the changes in SOC stock 

could not be explained by factors such as climate, manure management system, land use, 

animal species, soil texture, or initial SOC concentration. Instead, “a dominant effect of 

cumulative manure-C input3 on SOC response” was found. Although SOC stocks in 

tropical countries were lower than in cooler temperate regions, the data to explain 

whether this trend is caused by either relatively lower cumulative manure-C inputs or 

                                                

2 In Maillard and Angers (2014), the term manure refers to compost, mud, sludge, ooze, effluent, waste, 
manure, dung, slurry, muck slurry, farmyard manure 
3 Maillard and Angers (2014) define manure-C input as a combination of annual manure-C application rate 
and study duration. 
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climate is limited. Additionally, the application of cattle manure yielded slightly higher 

SOC rates than manure from different animal species, but without a significant 

difference. 

Aside from gains in SOC levels, the application of organic manures have 

additional co-benefits. For instance, soils are protected from erosion and their structure is 

improved (Altieri & Nicholls, 2013). Furthermore, the use of animal manure and other 

biosolids enhances aggregation, which favors water retention, microbial activity, and root 

growth (Carter, 2002; Hao et al., 2004). Additionally, nitrogen management is improved 

(Smith et al., 2014). However, the poor management or overuse of organic amendments 

can lead to negative environmental impacts such as increased levels of ammonia in the air 

and nitrate in groundwater (Bruinsma, 2003). An important factor for the implementation 

of this BMP is the access that farmers might have to sufficient organic manure or 

fertilizers for their farming operations, which may be constrained by the lack of either 

economic or physical resources.  

 

Fertilizer Management – A balanced approach 

 Goswami (1997) defines the concept of balanced fertilization as the rational use 

of fertilizers and organic manures to provide nutrients for farming that ensure the 

efficient use of fertilizers; obtain the best synergistic interaction among all the factors of 

farming such as water, seeds, and chemical inputs; mitigate the environmental damage 

through the reduced loss of nutrients; maintain the soil productivity; sustain crop yields in 

proportion to the biological potential of the crop variety considering the soil-climate and 

agro-ecological context. Unlike an intensified use of fertilizers that leads to ‘soil mining,’ 
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balanced fertilization aims to build soil health (Mahajan & Gupta, 2009). A balanced 

fertilization goes beyond the sole application of nitrogen, phosphorous, and potassium 

(NPK), and also includes the incorporation of organic manure and/or crop residues. 

“Fertilizers [may] boost yields, [but] they have not restored the soil body” (Jenny, 1980).  

A balanced fertility management strategy aimed at restoring SOC represents a 

significantly different approach than one which intensifies the use of chemicals fertilizer 

amendments and pesticide treatments.   

The implementation of fertilizer management practices can either reduce the rate 

of SOC loss or enhance SOC levels. In low-yielding and nutrient-deficient agricultural 

systems, fertilizer inputs increase the production of biomass and residue, thus enhancing 

the amount of C inputs into the soil (Lemke et al., 2010; Eagle and Olander, 2012). In 

acid soils (e.g. the South American savannah ecosystems - Los Llanos in Eastern 

Colombia), the application of nitrogen (N) and phosphorous (P) can improve the soils’ 

ability to sink C (Lal, 2008). However, the application of fertilizers may not be the 

answer in depleted and degraded soils – as shown by modest attempts to increase 

agricultural production in Africa (Lal, 2008). Despite the fact that organic fertilizers are 

preferred to increase SOC stocks (Wang et al., 2016), increased crop yields are minimal 

if the fertilizers are used alone (Manna et al., 2005; Seufert et al., 2012; Wei et al., 2016). 

The effectiveness of fertilizer application is greater when used with crop residue mulch 

(Yamoah et al., 2002), trees (Sanchez, 2002), or manure (Han et al., 2016).  The different 

types of fertilizer managements can be categorized into four different groups, which 

include the unbalanced application of chemical fertilizer (UCF), the balanced application 

of chemical fertilizers (CF), chemical fertilizers with straw application (CFS), and 

chemical fertilizers with manure application (CFM) (Han et al., 2016). 
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Han et al.’s (2016) meta-analysis drew important conclusions on the effect that 

different fertilizer managements have on SOC levels in croplands. All treatments 

increased SOC levels, CFM and CFS were identified as the main drivers of SOC gains by 

an average of 3.5 g kg-1 (0.29 g kg-1yr-1) and 2.0 g kg-1 (0.37 g kg-1yr-1) respectively. 

Likewise, CF and UCF increased SOC levels by 1.7 (0.13 g kg-1yr-1) and 0.9 g kg-1 

(0.07g kg-1yr-1) respectively. Increased gains in SOC content under CFM and CFS might 

be explained by the fact that carbon is added into the soil directly (Liu et al., 2014; 

Maillard & Angers, 2014) in the form of manure and straw or crop residue. The meta-

analysis also found that SOC changes were significantly lower in tropical zones than in 

cool temperate zones in croplands under CF (1.0, 1.4, and 2.5 g kg-1 in tropical, warm, 

and temperate regions) (Figure 3a). Under CFM, CFS, and UCF, climate was not found 

to have a significant effect on SOC stocks. Furthermore, croplands in tropical and warm 

climate zones sequester SOC significantly faster than in cool temperate regions under 

CFM and CF managements (Figure 3b). The same trend was found under UCF and CFS 

managements without a significant effect. Also, CF, CFS, and CFM managements 

sequester C for at least 40 years while UCF treatments reached a saturation level after 20 

years. In most cases, croplands in tropical regions reached equilibrium in a shorter period 

of time than in cooler regions (Table 6).  

As the world faces the urgent need to increase the growing demand for food while 

it deteriorates farming soils (Godfray et al. 2010; Godfray and Garnett 2014), an 

intensification-approach, along with the expansion of the agricultural land area and the 

increased area of irrigated land, would only exacerbate “the already severe problems of 

global warming, depletion of nonrenewable water reserves[,] eutrophication of surface 

waters, and extinction of not only plants and animals but also those of some fragile soils”  
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Figure 3. (a) Effects of climate zone on mean changes in SOC (g kg-1) in croplands 
subjected to different fertilizer management including the unbalanced application of 
chemical fertilizer (UCF), the balanced application of chemical fertilizers (CF), chemical 
fertilizers with straw application (CFS), and chemical fertilizers with manure application 
(CFM). (b) Effects of climate zone on SOC change rates (g kg-1yr-1) subjected to UCF, 
CF, CFS, and CFM (Han et al., 2016). 

 

 

Table 6. Time (years) needed to reach equilibrium in croplands under different fertilizer 
managements (Han et al., 2016).  

 

 

Climate zone 

Unbalanced 
Application of 
Chemical 
Fertilizers 
(UCF) 

Balanced 
Application of 
Chemical 

Fertilizers (CF) 

Chemical 
Fertilizers with 

Straw 
Application 
(CFS) 

Chemical 
Fertilizers with 
Manure 
Application 
(CFM) 

Cool temperate NA NA 46-73 72-117 

Warm temperate  18-58 30-69 37-48 50-65 

Tropical NA 19-27 28-47 26-30 

 

(Lal, 2016). The adverse environmental impacts caused by the unbalanced use of 

fertilizers are widely known, which includes acidification and nutrient loss (Tarkalson et 

al., 2006; Cai et al., 2015). Despite this wide knowledge, inefficient use of chemical 

inputs remains a common agricultural practice (Lal, 2004; Lal, 2007; Peñuelas, Sardans, 

Rivas-ubach, & Janssens, 2012). 
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Agroforestry 

AF is a practice that integrates trees and/or shrubs with crops and/or livestock on 

the same land-management unit to create both environmental, economic, and social 

benefits (FAO, 2015; USDA, 2011). FAO breaks agroforestry into three types of systems, 

while the USDA has five different categories. Despite the different ways AF is 

categorized, most of these practices adhere to Biardeau et al.’s (2016) brief definition of 

agroforestry as “the production of livestock or food crops on land that also grow trees.” 

In this thesis, AF is classified into four different groups: alley cropping, agrisilviculture, 

silvopasture, and one group combining shelterbelts, windbreaks, and riparian buffers 

(Table 7).  

 

Table 7. Types of agroforestry systems – FAO and USDA (FAO, 2015; USDA, 2011). 

 
 
 

FAO	

•Agrisivilcultural	systems
•Combination	of	crops	and	
trees	like	alley	cropping.

•Silvopastoral	systems
•Combination	of	forestry	and	
grazing	of	livestock	on	
grasslands	or	on-farm.	

•Agrosylvopastoral	systems
•Integration	of	trees,	animals,	
and	crops.

USDA

•Alley	cropping
•Planting	crops	between	rows	
of	trees.

•Forest	farming
•Growing	food	under	a	forest	
canopy.

•Silvopasture
•Combination	of	trees	with	
livestock	and	their	forages	on	
one	unit	of	production.	

•Riparian	Forest	Buffers
•Areas	along	rives	and	
streams	made	up	of	trees,	
shrubs,	and	grasses.

•Windbreaks
• They	protect	crops,	animals,	
infrastructure,	and	soil	from	
wind,	snow,	dust,	and	odors.	

Classification	for	this	Thesis

•Alley	Cropping

•Agrisilviculture

•Silvopasture

•Shelterbelts,	Windbreaks,	and	
Riparian	Buffers.
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Studies have shown that AF provide a host of environmental, social, and 

economic/agricultural production co-benefits (Table 8). The adoption of AF has led to 

increased land productivity, higher water and resource use efficiency, and croplands 

being protected from soil erosion (Smith et al., 2014). AF has also been demonstrated to 

improve “cultural services like recreational, aesthetic, and cultural heritage values” 

(Torralba et al., 2016). The benefits are manifold, including, but not limited to, wildlife 

integration, nutrient retention, pollination, pest control, and fire risk reduction. In Europe, 

AF systems have enhanced biodiversity and ecosystem services when compared to 

conventional agriculture and forestry plantations (Torralba et al., 2016). Despite the 

known benefits, barriers such as establishment costs, time and management requirements, 

and the lack of tree management expertise (Holderieath, Valdivia, Barbieri & Godsey, 

2011) often prevent farmers from implementing AF.  

 

Table 8. Environmental and Socio-Economic Benefits of Agroforestry (adapted from 
Schoeneberger, Bentrup and Patel-Weynand, 2017) 

 

 

 

Environmental

•Reduced	soil	erosion	from	water	
and	wind
•improved	soil	physical	condition	
and	fertility
•Reduced	water	pollution,	hence	
improved	water	quality	and	
protects	aquatic	ecosystems	
•Cretes	habitat	refugia	and	
wildlife	integration
•Protects	biodiversity	(pollinators	
and	beneficial	insects)
•Energy	conservation

Socio-Economic

•Improves	future	soil	productivity
•Creates	microclimate	that	
improves	crop	yields	and	
livestock	performance	and	well-
being
•Creates	innovative	food-
producing	systems.	Increased	
farm	portfolios	and	increased	
economic	stability	for	
landowners	
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Agroforestry potential to sequester SOC  

Several studies have found that AF systems have a positive impact on soil carbon 

sequestration (De Stefano & Jacobson, 2018, Haile et al., 2008; Nair et al., 2009). 

Enhancement of SOC stocks has been found when land use transition from conventional 

agricultural practices, pasture/grasslands, and uncultivated/other land-uses to AF. Nair et 

al. (2010) found that soils in AF systems can sequester between 30 and 300 Mg C ha-1. 

Dixon (1995) estimated that agroforestry could potentially sequester 1.1 and 2.2 GtC per 

year for 50 years. Sanchez (2000) posits that AF could restore up to 35 percent of the 

original C stock lost due to slash-and-burn agriculture. The IPCC estimated that AF 

systems have the potential to mitigate from 1.1 to 2.2 GtC over a period of 50 years 

(IPCC, 2007).  Also, the conversion of unproductive croplands and grassland into AF 

could represent the sequestration of almost 0.6 GtC yr-1 by 2040 (Jose, 2009). It is worth 

noting that uncertainties remain in estimating the soil C potential of AF systems.  

Although I focus solely on soil C sequestration (belowground biomass) in this 

research, AF systems can also sequester C aboveground (Lorenz & Lal, 2014). 

Aboveground biomass refers to the potential that trees have to uptake C in branches, 

stems, stump, bark, seeds, and foliage. Belowground biomass refers to all living biomass 

of live roots. AF systems use C for biomass growth, which leads to future C inputs into 

the soil. As trees grow, nutrients are recovered and fixed, which might lead to increased 

plant growth and higher SOC stocks (van Noordwijk et al., 1996). Recovered and fixed 

nutrients may include nitrogen (N), phosphorous (P), calcium (Ca), magnesium (Mg), 

and potassium (K) (Ajayi et al., 2011). Trees planted as part of an AF system also create 

microclimates that might lead to conditions where soil moisture and temperature drive 

higher rates of SOC sequestration (Laganière et al., 2010). Lorenz and Lal (2014) have 
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identified AF practices that increase direct C inputs to the soil such as, but not limited to, 

returning tree litter to decompose on site or use as mulch, allowing livestock to add 

organic manure to the soil, and growing woody species during fallow periods.  

 

Alley Cropping 

An alley cropping system is a mixed system of trees accompanied by crops in the 

alleyways (Gold & UMCA, 2011). A few examples of alley cropping systems 

successfully implemented in different parts of the world include wheat and walnuts in 

Southern France (Cardinael et al., 2015), coffee plantations with shading trees in Peru 

(Ehrenbergerová et al., 2016), and rubber and cacao in China (Chen, Liu, Jiang & Wu, 

2017). Additional examples include the combination of pecan trees as the main crop with 

annual crops of wheat and hay in the alleys, mixed systems of apple trees with grass, or 

intercropped maize with fruit and nut trees and fodder grasses.  

In Colombia, several types of alley cropping systems can be found across the 

country. In Tumaco, a town close to the border with Ecuador, farmers main often 

establish systems with plantains, cacao, and fruit trees (Ballesteros, Marco, & Ordóñez, 

2008). In the eastern state of Casanare, livestock and rubber are important economic 

activities; the production of rubber is intercropped with a very specific type of maize 

called Carare, which is then used for feed (Rojas et al., 2012). Rubber plants are also 

planted to provide shade to plantains, which helps control the black sigatoka fungus that 

affects plantain and banana crops.  

Schoeneberger et al. (2017) highlighted different benefits that drive farmers to  

establish alley cropping systems. First, the movement of nutrients and chemicals is 
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decreased, which leads to the improvement of soil quality by making a better use, and 

cycling, of nutrients. Furthermore, the habitat for wildlife and beneficial insects is 

enhanced. Water runoff is reduced as well as soil erosion, and microclimate conditions 

improve the quality and quantity of crops and forages. Farms adopting alley cropping are 

also driven by economic incentives. For instance, farmers can diversify their income, 

increase their productivity, and gain financial rewards in the short and long terms (Gold 

& UMCA, 2011).   

 

Agrisilviculture 

 An agrisilviculture system combines the production of agricultural and forest 

crops. This AF system can include the mix of ginseng, mapley syrup, bee products, 

shiitake mushrooms, and timber. In north western states in India, poplar, a tree grown for 

wood and pulp, has been extensively adopted as an agrisilviculture system (Dogra et al., 

2014, Chauhan et al., 2015). The use of woody species to provide shelter to cacao 

plantations is practiced in Costa Rica, with Cordia alliodora and Erythrina poeppigiana 

(Norgrove, 2003), and in Uganda, with the hardwood species Maesopsis eminii 

(Chaudhry & Silim, 1980). In Colombia, the Instituto Colombiano Agropecuario (ICA) 

has made efforts to provide technical training to coffee farmers to adopt agrisilviculture. 

The purpose of this initiative is to encourage farmers to adopt this AF system to produce 

biomass to generate energy (ICA, 2017). In this type of AF, the production of agricultural 

products (e.g. food, botanicals, decoratives, handicrafts) benefit farmers with short-term 

income, while trees grown for wood products add long-term value (USDA & NAC, 

1997).   
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Silvopasture 

Silvopasture is a system that combines trees, forages, and livestock in a single 

operation. A common misconception of silvopasture is that livestock graze the forests 

without any control. In this type of system, the farming operation is purposely designed 

considering facts such as, but not limited to, creating spaces between trees to enable the 

growth of forages, building temporary fencing to protect young planted trees from 

livestock, designing the tree planting based on site factors, finding ways to improve water 

quality and availability, and reducing erosion. Another important factor, especially in 

places affected by increasing higher temperatures due to climate disruption, is providing 

shelter for livestock. Heat is a major stressor that negatively affects animal production 

and welfare (Slimen, Najar, Ghram, & Abdrrabba, 2016). Reduced animal performance 

then results in economic loss for the farmer (St-Pierre, Cobanov, & Schnitkey, 2003).  

Silvopasture systems have been found to provide economic and environmental 

benefits (Schoeneberger et al., 2017). For instance, nutrient loss is reduced while higher 

value products are created. Additionally, the farmer diversifies sources of income from 

the production of livestock and plant products. Furthemore, this type of AF system could 

lead to lower feeding costs, reduced vegetation control, improved animal health, and fire 

protection (Gold & UMCA, 2011). The establishment of silvopasture presents challenges 

that must be considered by farmers. For instance, adapting and thinning forests to 

establish silvopasture might significantly add costs in seeds, planting, time, machinery, 

and labor. Therefore, establishing a silvopasture system in grassland may be more cost-

effective than in forests or silvoculture crops. Farmers also have to compensate for the 
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loss of land converted to planting trees that could otherwise be used for grazing. Costs 

remain an important barrier to the implementation of silvopasture.   

This type of AF has been adopted in several places around the world. Silvopasture 

in Hungary, Scotland, Wales, and Portugal, is claimed to be the most important AF 

practice (Santiago-Freijanes et al., 2018). In the semi-arid and dry subhumid region of 

Caatinga in Brazil, livestock production is combined with the use of native trees and 

shrubs (Pinheiro & Nair, 2018). In Colombia, one example of a silvopasture system 

includes, but is not limited to, the use of Leucaena leucocephala and Prosopis juliflora 

with livestock in the southwestern state of Valle del Cauca (Mahecha et al., 1999). 

Although cattle is one of the most common animals used in silvopasture, there are 

systems where sheep, goats, hogs, and bison are used. For example, in the State of 

Virginia in the United States, a goat and sheep silvopasture system has been adopted in 

what used to be a 250-acre pine plantation (MacFarland & USDA NACF, 2015).  

 

Shelterbelts, Windbreaks, and Riparian Buffers 

 Windbreaks, or shelterbelts, consist of planted trees or shrubs that are, mainly, 

intended to protect wind-sensitive crops. Farmers also establish windbreaks to provide 

shelter to livestock, enhance crop production, reduce soil erosion, increase bee 

pollination, and pesticide effectiveness (USDA NACF, 2002). Additional benefits 

identified in rural communities include protection for structures (e.g. buildings, roads), 

visual and noise screens, and reduced cooling and heating needs (USDA NACF, 2002). 

This AF system has also been found to reduce pollen dispersal, which is a big concern for 

farmers that aim to prevent any cross of genetically engineered material (Auer, Meyes, & 
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Sagun, 2016). In Colombia, growing blackberries located in places with wind speeds 

greater than 2 meters per second (m.s-1) leads to stressed plants and lower yields. The 

implementation of windbreaks has been found to reduce air movement to 1.7 m.s-1, which 

has also led to increased water movement through the plants, and cooler leaves in warm 

weather (Casierra-Posada & Aguilar-Avendaño, 2011).  

 Riparian buffers are the combination of trees, shrubs, and perennial plants grown 

adjacent to streams, lakes, or wetlands. Farmers adopt riparian buffers mainly to provide 

conservation benefits. These systems have been found to enhance the profitability of 

floodplain plantations (Horton et al., 2018), reduce runoff and pollutants into waterways 

(Liu et al., 2017), and remove pesticides and maintain groundwater quality (Aguiar et al., 

2015). MacFarland et al. (2017) also identified benefits such as the stabilization of 

eroding banks, protection of cropland and downstream communities from flood damage, 

creation of recreational spaces, and provision of wildlife habitat and corridors for 

terrestrial organisms. It is worth noting that large landowners and large monocrop 

operations might be more willing to implement riparian buffers and windbreaks than 

other AF practices because they do not require the highly elaborate redesigning of the 

farm as alley cropping, agrisilviculture, and silvopasture do. 

 

Tillage 

 Tillage is commonly practiced in agriculture with widely known advantages and 

disadvantages.  Farmers till to overturn soils, prepare seedbeds, and uproot weeds. Tilling 

provides the seeds with better chances of growing. In some farms, tilling helps to 

improve the soil structure (e.g. compact soils). Despite its benefits, an extensive use of 
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tillage can also “lead to the deterioration of soil structure, reduced infiltration, accelerated 

runoff and erosion, water pollution, and degradation of soil and environment” (Lal, 

1991). Therefore, farmers aiming to have more sustainable practices decrease the amount 

of tillage in order to reduce soil disturbance.  

 Tillage systems include conventional tillage, conservation tillage, and no-tillage. 

These systems are defined by the percentage of surface residue that is left on the soil 

surface. Conventional tillage is the most intensive type of tillage where the soil is 

managed uniformly across the entire farming land using some tools such as, but not 

limited to, moldboard plows, chisel plows, and disk harrows (SARE, n.d.). For 

conservation tillage systems, at least 30 percent of plant residues must remain on the field 

after harvest (USDA, 2017). No-till is the less intensive form of tillage that aims to 

reduce soil disturbance with the use of no-till seeders.   

 Although tillage has been widely regarded as an effective practice to increase 

SOC, there is evidence showing that the impact is actually smaller than formerly thought 

due to shallow sampling (Luo, Wang & Sun, 2010; Powlson et al., 2014). It has been 

found that SOC levels increase in the top 0-10 cm layer but that there is a decline in SOC 

in the 10-40 cm layer (Luo, Wang & Sun, 2010; Angers and Eriksen-Hamel, 2008). This 

can be explained by the fact that no-tillage discourages the root growth in deeper layers 

of the soil (Martinez et al., 2008) as well as the downward movement of C from the 

surface (Duiker and Lal, 2000). Furthermore, the potential of no-till to enhance soil C 

sequestration has been overstated without taking into consideration a large body of 

experimental evidence (Powlson et al., 2014). Hence, implementing the aforementioned 

BMP instead of adopting tillage might lead to enhanced SOC levels, especially those 

practices where SOC storage is increased by the incorporation of carbon inputs (Poeplau 
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and Don, 2015). Tillage’s limited capacity to increase SOC stocks in croplands does not 

suggest that this practice cannot play an important role in improving food security. On 

the contrary, making rational use of tillage can lead to a more resilient agricultural system 

and it should be considered in research looking beyond soil C sequestration rates. 

 

Alternatives practices to increase carbon content in global soils   

 There are additional practices that have the potential to increase SOC levels but 

have remained out of the scope of this research due to the lack of extensive scientific 

literature, the level of scientific development at this point, or their specificity. Some of 

these practices include the use of plant varieties or species that are capable of increasing 

carbon inputs due to their greater root mass (Kell, 2012), adopting crop rotations on 

uncultivated lands (Burney et al., 2010), and irrigating crops with limited water supply 

(Smith et al., 2008). Additionally, growing perennial crops (crops that do not need to be 

replanted every year and that can be harvested several times before dying) and improving 

the grazing management in grasslands (Herrero et al., 2010) can lead to higher contents 

of SOC. The addition of exogenous inputs like biochar (Hansen et al., 2015) or compost 

(Paustian et al., 2016) can also increase SOC levels as a result of their slow 

decomposition which leads to the retention of C for longer periods of time compared to 

fresh plant residues or un-composted organic matter (Ryals et al., 2015). 
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Greenhouse gas emissions and agriculture in Colombia 

 Colombia’s most recent reporting of GHG emissions (IDEAM, 2015) concluded 

that emissions for the year 2012 totaled 178.4 t C, and the main sources are the energy 

and AFOLU (agriculture, forestry, and other land use) sectors, accounting for 44 and 43 

% of the emissions respectively. The agricultural sector is responsible for the emission of 

27.9 ton of C per year (Figure 4). The main sources of emissions in the agricultural sector 

are from grasslands (36.1%), enteric fermentation (27.6%), direct and indirect nitrous  

 

Figure 4. Colombia’s greenhouse gas emissions, 2012 (IDEAM, 2012) 

 

oxide (N2O) emissions from managed croplands (20.3%), and other emissions from 

croplands (11%).  The increased emissions from permanent crops are mostly due to the 

renewal of crops such as coffee, palm oil, and fruit trees. There was an increase in 

emissions in permanent crops since the early 2000’s, driven mostly by the expansion of 

palm oil crops.  
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Climate change policies, laws, and C pricing in Colombia 

 The Colombian government has demonstrated a commitment in recent years to 

reducing GHG emission by developing policies and laws to address mitigation and 

adaptation. The Paris Agreement was ratified by Colombia through Law 1844 of 2017. In 

2017, Colombia, Chile, Mexico, and Peru signed the Cali Declaration, reaffirming their 

commitment to the Paris Agreement of 2015, and their support of pursuing a green 

growth strategy to address climate change (Alianza del Pacifico, 2017). Decree 298 of 

2016 established the National Climate Change System (SISCLIMA), which aims to 

articulate, formulate, coordinate, monitor and assess policies, norms, plans, projects, and 

actions related to climate change mitigation and adaption. Additionally, Law 1819 of 

2016 established a carbon fuel tax and launched a voluntary exchange carbon market. 

This law was followed by Decree 926 of 2017 that enables certain regulated businesses to 

acquire offsets from voluntary standards instead of paying the C tax. In 2017, the 

National Policy on Climate Change of 2017 was published, which includes, a conceptual 

framework for climate change plans, disaster management plans, and strategies to reduce 

emissions. This policy also includes goals mirroring international commitments to keep 

warming under 2 °C, targeting 20% reduction in national emissions by 2030. 

Accordingly, the 2030 emissions should be between 234 and 268 t CO2 

(MINAMBIENTE, 2017a). In 2017, Bill 73 of 2017 was the first public policy proposal 

that established a framework for climate change mitigation and adaptation in alignment 

with international commitments (Garcia, 2018). If this bill passes the legislation, 

important developments would be expected, such as the creation of a national system of 

climate change adaptation indicators, increasing the amount of protected national lands, 

strengthening the work for climate change adaptation between the Ministry of 
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Agriculture and Rural Development and 10 agricultural associations (FEDEARROZ, 

FENALCE, FEDEGAN, CENIPALMA, ASBAMA, CENICAÑA, CIPAV, Biofuturo, 

Clayuca, and Biotec), and providing  agro-ecological support to farmers in 15 states, 

among others (MINAGRICULTURA, 2018).  

In addition to the laws and decrees proposed and approved in recent years, the 

Colombian government has also joined other initiatives addressing climate change. In 

2015, Colombia joined the Carbon Pricing Leadership Coalition led by the World Bank 

Group, which is a voluntary partnership that aims to make use of effective carbon pricing 

policies to achieve meaningful emissions reductions (CPLC, 2018). Additionally, 

Colombia was one of the countries that joined the 2017 launch of the One Planet Summit. 

One of this Summit’s commitments is to establish a carbon price compatible with the 

Paris Agreement (One Planet Summit, 2018).  

C tax collection began on January 1st 2017. The C price is set at COP$15,000 

(about US$5) and it will be adjusted every February to account for the inflation rate from 

the previous year. Sellers and importers of fossil fuels such as liquified petroleum gas, 

gasoline, kerosene and jet fuel, diesel, and fuel oil are the industries that are taxed for C 

emissions. Natural gas is also taxed, but only when it is used for the petrochemical and 

refinery sectors (MINAMBIENTE, 2017b).  Organizations can demonstrate carbon 

neutrality with the purchase of offsets generated from projects in Colombia, which enable 

organizations to be exempt from C tax obligations (WBG, 2018). If Bill 73 of 2017 is 

approved, a national trading system to create allowances will be established (Figure 5a, 

5b) and the tax “would serve as a floor price and offset projects could receive allowances 

that would be sold on the market” (Carbon Trust, EDF & IETA, 2018).  
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Figure 5. a) National and regional carbon pricing worldwide. b) Colombia has a carbon 
tax implemented and is considering an emissions trading scheme (ETS) (WBG, 2018). 
Green: ETS implemented or scheduled for implementation. Yellow: ETS or carbon tax 
under consideration. Green and Yellow Stripes: ETS implemented or scheduled, tax 
under consideration. Purple: Carbon tax implemented or scheduled for consideration. 
Purple and Green Stripes: ETS and carbon tax implemented or scheduled. Yellow and 
Purple Stripes: Carbon tax implemented or scheduled, ETS under consideration.   

 

Voluntary Carbon Markets (VCM)  

VCM is one mechanism with the potential to encourage the adoption of projects 

to reduce, offset, and avoid C emissions. In this type of market, it is the sellers’ and 

buyers’ prerogative to participate in this market. One C offset is equivalent to a metric 

ton (MT) of carbon dioxide equivalent (CO2e) that has not been emitted into the 

atmosphere (Hamrick & Gallant, 2018), and is usually purchased by organizations that 

have exhausted their internal efforts at reducing greenhouse gas emissions as much as 

possible. To ensure that the generated offsets are real, additional, measurable, and 

verifiable, the VCM follows standards such as the Verified Carbon Standard (VCS), the 

Colombia 

a b 
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American Carbon Registry (ACR), the Gold Standard, Plan Vivo, or the Climate Action 

Reserve (CAR).   

VCM projects can potentially generate significant amounts of C reduction or 

offset. In 2017, the VCM generated its record for highest offsets at 62.7 MtCO2e. In the 

last 13 years, VCM projects have reduced, sequestered, or avoided over 430 MtCO2e  

(Figure 5) (Hamrick & Gallant, 2018). Although the offsets generated during this time 

remain a very small fraction of the global annual emissions from fossil fuels, two 

important considerations should be noted. First, the adoption of sustainable practices not 

only contribute to offset emissions, but they also provide additional co-benefits that 

might be of significant value for a community, for instance, the creation of new sources 

of income for farmers that adopt conservation practices or the strengthening of networks 

between farmers, educational centers, local governments, and markets. Second, it would 

be highly valuable to explore the additional economic or legal tools that could 

complement VCM in order to accelerate action to meet ambitious GHG reduction targets 

and avoid the potential socio-economic disruptions caused by a changing climate. 

The impact that the Paris Agreement might have on VCM is considered promising 

and pursued in this section. In order to reach emission reductions, governments might 

adopt C pricing schemes, and pursue the complete or partial transition of VCM into a 

compliance market (domestic, international and centralized, international and 

decentralized, or the Carbon Offsetting and Reduction Scheme for International Aviation 

-CORSIA program). Countries might also create new VCM to foster demand for local 

offsets. This has been the case for countries like France, United Kingdom, Colombia, and 

Korea.  However, reported low C prices and scarce demand remain the main challenges 

to increasing participation in the VCM (Hamrick & Gallant, 2018). Another important 



 40 

component of the VCM is the highly variable price of C. During a 9 year span, prices 

fluctuated from under $0.1 to over $70 per ton of C with an average price of $3 to $6 per 

ton of C (Figure 6)(Hamrick and Gallant, 2018). Several factors influencing this 

variability including: project costs, buyer’s criteria, and the size of purchase - the more 

offsets you buy the better the price. For Latin America, the average price was reported to 

be $2.6 per ton of C.  

 
 
Figure 6. Historical voluntary carbon offset issuances and retirement (Hamrick & 
Gallant, 2018) 

 

Voluntary Carbon Markets in Colombia 

The Fundación Natura, with support from the Food and Agriculture Organization 

and the Global Environmental Facility (FAO-GEF) through the Inter-American 

Development Bank (IDB), created the Mechanism for Voluntary Mitigation of GHG 

(Fundación Natura, 2018). This mechanism was created to achieve two goals. First, the 

creation of a technological and institutional platform to adopt a market mechanism 

(Voluntary Emissions Reductions). Second, to facilitate voluntary mitigation activities in 

Colombia.  This platform is still being finalized. The foundation also created a program 
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called Carbono Cero (Zero Carbon) where organizations interested in purchasing GHG 

offsets submit a C footprint report with emissions reductions targets. The foundation’s 

project portfolio includes low-smoke stoves, reforestation, and avoided deforestation.  

One of Fundación Natura’s current projects is the 500 hectare establishment of 

sustainable productive agroforestry systems within an ecological corridor on the Bogotá-

Villavicencio highway. This C forestry project for the voluntary market will generate at 

least 80,000 carbon credits following the VCS standard and CCB Standards over the next 

30 years (2017-2047) (Fundación Natura, 2017a; Fundación Natura, 2017b). In addition 

to the offsets generated, 300 beneficiaries have committed to this initiative for a period of 

5 years. Another project is the recovery of degraded areas with agroforestry systems 

(South Pole Carbon Asset Management Ltd Carbono & Bosques, 2015). This project has 

two locations with different crediting periods. The Reserva El Silencio has a crediting 

period of 100 years, while Guacamayas only covers a period of 20 years with the option 

to extend for another 20 years. This project will generate emission reductions of 745 ton 

of C per year for 100 years. The fact that there is a foundation that worked closely on the 

creation of a VCM, and is currently working in the establishment of AF systems, 

provides a strength to generate marketable GHG offsets.  

An examination of the feasibility of the 4 per 100 initiative in Colombia allows 

for a closer look at how this initiative can inspire decisionmakers to act to increase global 

SOC levels. Although the development and expansion of modern agriculture has caused 

the loss of C from global soils, soils and BMP also hold the key to getting C back into 

soils. Increasing SOC levels is important for mitigating GHG emissions, and to 

minimizing, or preventing, the potential impacts of climate change. One of the most 

promising practices is AF, not only because of its potential to sequester carbon in the soil 
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(belowground), but also in the branches and leaves (aboveground). Unlike other BMP, 

AF proposes a different way of redesigning, and rethinking, a farming operation where 

other co-benefits (socio-economic and environmental) can be realized.  Despite these 

potential benefits, AF’s capability to enhance SOC levels might be influenced by 

different land use covers (such as forests, conventionally-managed croplands, grasslands, 

and uncultivated lands) or different climate regions (tropics, temperate, subtropics). 

Additionally, AF’s ability to sequester SOC might also be affected by environmental, 

physical, or farming conditions. Furthermore, the existence of these practices alone may 

not be sufficient to convince farmers to change from conventional management 

strategies, with a higher footprint, to carbon farming. Thus, the creation of market tools 

like a VCM and the establishment of a C tax might promote an increased adoption of AF 

systems to generate marketable GHG offsets. This is the case for Colombia, where 

legislation from 2016 created a C fuel tax and a VCM in alignment with the 

commitments made as part of the Paris Agreement. These legislative developments 

makes this South American country a unique case to explore the financial incentive that 

could be created through the generation of GHG offsets from the adoption of AF.  The 

discussion above leads me to ask the following questions, make the following 

hypotheses, and establish some specific aims for my research.  

 

Research Question, Hypothesis and Specific Aims 

The main research question I will address is whether the 4 per 1000 initiative is 

feasible in Colombia through the adoption of agroforestry. In order to answer this 

question, there are three sub-questions I plan to address:  
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• To what extent is agroforestry in a tropical country like Colombia likely to 

increase the annual rate of its soil carbon sequestration?  

• What types of land use cover should agroforestry systems implement in order to 

increase soil carbon?  

• Given the Colombian context, what mechanism types hold greatest promise for 

driving higher adoption rates of AF?  

My hypothesis relevant to the first sub-question is that significantly higher soil C content 

will be achieved through the adoption of agroforestry systems in a tropical country like 

Colombia. I further hypothesize that, controlled for other biotic and abiotic factors, the 

implementation of AF systems such as agrisilviculture and silvopasture, will lead to 

higher contents of SOC than alley cropping, shelterbelts, windbreaks, and riparian 

buffers. I also hypothesize that the conversion of croplands, grasslands, and uncultivated 

lands to agroforestry systems will lead to a significant higher soil C content. On the other 

hand, I foresee that the conversion of forests to agroforestry will cause a loss of soil C. 

My hypothesis for the third sub-question is that a carbon payment scheme involving 

GHG offsets will be the mechanism that might lead scaling up AF projects in Colombia.  

 

Specific Aims  

Using generally available data sources (Web of Science ISI, Proquest Agricultural 

and Environmental Science Database) testing the above-identified hypotheses requires 

accomplishing four goals: 
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• Complete a meta-analysis to identify the soil carbon sequestration rates observed 

from the adoption of agroforestry practices in different types of land use covers 

(croplands, grassland, uncultivated land, and forests). 

• Identify whether soil C sequestration rates differ significantly among 

agroecological zones in order to determine the most appropriate soil C 

sequestration rate for a country like Colombia.  

• Evaluate the role that environmental and physical variables such as temperature, 

precipitation, elevation, latitude, and clay content might play in the sequestration 

of carbon in soils.  

• Establish a SOC baseline, and some measure of its large scale dispersion, for 

Colombia. This baseline could be mapped for the topsoil (0 to 30 cm.) for either 

Colombian croplands, grasslands, forests, and/or uncultivated land.  

Achieving these goals will provide one or more soil carbon sequestration rates 

that will be used to create a spreadsheet model to evaluate financial scenarios connecting 

the potential capacity to store carbon through agroforestry with a potential financial gain 

from generating marketable greenhouse gas offsets. The following tasks depend on the 

conclusions drawn from this meta-analysis:  

• Identify mechanisms that provide incentives likely to encourage adoption of 

AF systems in the Colombian context.  

• Evaluate the potential financial rewards that could be gained from investing in 

AF projects aimed to generate GHG offsets over time. 
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Chapter II.  

Methods 

 

Literature search and study selection  

 In order to find the reported rates of soil C sequestration from the adoption of AF 

practices, I performed a literature search of peer-reviewed articles in the summer of 2018 

from two bibliographic databases: ISI-Web of Science and the ProQuest Agricultural and 

Environmental Science Database. I made use of the following keywords for the search: 

(agroforestry OR alley cropping OR agroforestry systems OR silvopasture OR 

windbreaks OR forest farming) AND (soil organic carbon OR soil carbon sequestration). 

I then excluded duplicates and records that were not relevant to my research based on 

their title and/or abstract (Figure 7). I followed the following criteria to assess which 

articles were eligible to include in my analysis: 

- Studies expressed SOC as a mass or stock (Mg C ha-1 or Gt C within a defined 

area) or provided enough information to calculate SOC as a mass or stock. 

Expressing SOC as a mass or stock is necessary for assessing the potential for 

climate change mitigation (Powlson et al., 2014).   

- Studies provided SOC information for both the non-agroforestry (control) and the 

AF (treatment) practice to evaluate the SOC response to AF practices. The 

studies should include a control that was adjacent to the AF system in order to 

have a similar environmental and soil conditions.  
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- The literature provided mean annual precipitation (MAP), mean annual 

temperature (MAT), elevation, age of the AF system, soil clay content, and/or 

geocoordinates of the evaluated site.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Flowchart illustrating the search strategy and article selection process for 
studies reporting soil C sequestration in agroforestry systems.  

Records Identified through the  

Web of Science ISI (n=3,508) 

Records identified through the Proquest Agricultural 

and Environmental Science Database (n = 1,727) 

Search term: (agroforestry OR agroforestry systems OR 

silvopasture OR windbreaks OR forest farming) AND (soil 

Records after removing duplicates 

(n = 4,818) 

Full-text articles assessed for 

eligibility (n = 145) 

Records excluded based on 

title/abstract review (n= 4,673) 

Studies included in the qualitative 

and quantitative analyses (n = 56) 
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Dataset  

A total of 252 observations from 56 studies were included in the dataset for 

analysis. I also collected the following management, environmental, and soil parameters 

as potential explanatory variables: 

• time since establishment of the AF system (years);  

• latitude (degrees);  

• mean annual precipitation (MAP) (mm)  

• mean annual temperature (MAT) (°C); 

• elevation above sea level (m);  

• agro-ecological zone;  

• soil type;  

• sampling depth; and  

• clay content (%).  

A subset of studies did not report some of these variables. In order to fill in the 

missing data, I used the reported geocoordinates from the studies in conjunction with 

several free and open-access online tools. First, I used Google Earth Pro v7.3 (2018) to 

determine the elevation of the places where the studies were performed. In order to 

classify the soil type and determine the clay content, I used the recently released global 

gridded soil information, based on machine learning developed by the International Soil 

Reference and Information Centre (ISRIC) called SoilGrids250m (Hengl, et al., 2017).  I 

classified soil types according to the World Reference Base for Soil Resources developed 

by FAO (WRB, 2015). For studies that reported the soil type using a different 

classification system (e.g. USDA soil taxonomy), I completed my database with either 
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other referenced studies or experts’ opinion reporting the equivalent category under 

WRB, and ultimately if there was any ambiguity, I used the reported geocoordinates in 

the SoilGrids250m database to classify the soil under the WRB system. For studies in the 

USA and Australia without MAP or MAT data, I used the NOAA Climate Database 

(NOAA, 2018) and the Australian Government Bureau of Meterology Database (BOM, 

2018). For studies in places without a governmental database available, I used MAP and 

MAT values from weatherbase.com.  

In order to determine the agroecological zone for each study, I used the Global 

Agro-Ecological Zones (GAEZ v3.0) data portal developed by the International Institute 

for Applied Systems Analysis (IIASA) and the Food and Agriculture Organization (FAO) 

(IIASA/FAO, 2012). GAEZ divides the global land into twelve zones: tropics, warm; 

tropics, cool/cold/very cold; subtropics, warm/moderate cool; subtropics, cool; 

subtropics, cold; subtropics, very cold; temperate, cool; temperate, cold; temperate, very 

cold; boreal, cold; boreal, very cold; arctic. About 51 percent of the observations included 

in this analysis were made in tropical agroecological zones, 30 percent in the subtropics, 

and around 19 percent remaining in temperate zones.   

The sampling depth of reported SOC observations ranged from 2.5 cm to 250 cm. 

In this analysis, 94 observations accounted for changes in SOC in the topsoil (~30 cm) 

while 159 observations measured SOC changes in the subsoil (>30 cm). Additionally, 16 

types of soils were reported in the studies with vertisols, luvisols, acrisols, and cambisols 

accounting for about 58 percent of the reported observations of SOC gains in AF 

systems. The 60 studies reported clay content that ranged from 2 to 75 percent. 

Additionally, the age of the AF systems included in this analysis varied from 1 to 80 

years. Of the 252 total observations, 191 SOC estimations were made in AF systems that 
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were 20 years old or younger, 35 between 20 and 40 years of age, and 26 over 40 years 

old.  

This analysis included reported SOC measurements of agroforestry systems that 

were established in different types of land use covers such as conventional agriculture, 

grassland, natural forests, and uncultivated land. The number of observations from 

cropland and forest converted into AF systems accounted for about 41 and 22 percent of 

the reported SOC measurements, while observations from grassland and uncultivated 

land converted into AF accounted for about 23 and 14 percent. More specifically, the 

largest number of observations were obtained from cropland converted into 

agrisilviculture (54 observations) followed by forest converted into agrisilviculture (34 

observations) and cropland converted into alley cropping systems (28 observations) 

(Table 9).  

 

Table 9. Number of reported SOC observations in different land uses (top row: forest, 
conventional agriculture, grassland, uncultivated) converted to agroforestry systems (left 
column: agrisilviculture, alley cropping, shelterbelt-windbreaks-riparian buffers, and 
silvopasture).  

 Forest Conventional 
agriculture 

Grassland Uncultivated Total 

Agrisilviculture  34 54 29 31 148 

Alley cropping 3 28 0 0 31 

Shelterbelt-Windbreaks-
Riparian Buffers 

 
2 

 
12 

 
0 

 
0 

 
14 

Silvopasture 17 8 30 4 59 

Total 56 102 59 35 252 
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Data analysis and potential explanatory variables 

I used a meta-analysis approach in order to determine the effects driven by a 

change from AF practices to soil carbon in various farming systems (Hedges, Gurevitch, 

& Curtis, 1999; Stefano and Jacobson, 2018). I followed the methodology provided by 

Borenstein (2009) to complete a meta-analysis and implement a random-effects model 

(REM). The REM estimates the mean effect size, known as the summary effect, by 

assigning more weight to studies with higher precision. In order to run the REM, the 

within-study and between-study variances are essential. The same methodology was 

followed to calculate the SOC rate (Mg C ha-1 year-1). Studies included in this analysis 

provided variances, or data that could be used to estimate the variance, including standard 

deviations (SD), standard errors (SE), and samples sizes (n). If only the standard 

deviation (SD) was reported, I calculated the SE with the following equation: 

𝑆𝐸 =
𝑆𝐷
√𝑛
 

In order to calculate the variance for each study, I used the following equation: 

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 = [𝑆𝐸. · 𝑛] 

When studies reported SOC in percentage or concentration (g kg-1 - g of C per kg 

soil), I used the following equation to calculate the SOC stock (Mg ha-1) (Poeplau and 

Don, 2015): 

𝑆𝑂𝐶	𝑠𝑡𝑜𝑐𝑘 = [𝑆𝑂𝐶]	𝑥	𝐵𝐷	𝑥	𝐷 

 Where [SOC] is the concentration of SOC (%), BD is the bulk density (g cm-3), 

and D is the soil depth measured (cm).  
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Since SOC is measured on a physical scale (mass or stock), and is unlikely to be 

zero, the ratio of the means in the treatment group (AF) and the control group (system 

before AF) was used as an effect size index. In this research, the effect size index reflects 

the impact that implementing AF systems has on soil C pools. In experimental ecology, 

this index is also known as the response ratio (Hedges, Gurevitch, & Curtis, 1999). Since 

the outcome in this research, which is carbon content in soils, is  measured on a true ratio 

scale, meaning there is a natural scale and there is a natural zero point, the response ratio 

is truly meaningful. The response ratio would not be adequate for studies measuring 

outcomes such as test scores or preferences. The response ratio was computed as 

(Borenstein, 2009; Hedges et al., 1999): 

𝑅𝑅 = 	
`𝑋𝑡
`𝑋𝑐

= 	 ln `(𝑋𝑡) −	 ln `(𝑋𝑐) 

 Where Xt and Xc are the means of the treatment and control groups respectively. 

The variance (V) of the log response ratio was calculated as: 

𝑉ABCC = 	𝑆DEEAFG. 	H
1

𝑛J`(𝑋J.)
+

1
𝑛L	`(𝑋L.)

M 

Where nc and nt are the samples sizes of the treatment and control groups respectively, 

and Spooled is the pooled standard deviation computed as (Cohen, 1988): 

𝑆DEEAFG = 	N
(𝑛J − 1)𝑆J. +	(𝑛L − 1)𝑆L.

𝑛O +	𝑛. − 2
 

 

The standard error was computed as: 
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𝑆𝐸ABCC = Q𝑉ABCC 

Under the random-effects model, the weight assigned to each study is: 

𝑊S
∗ = 	

1
𝑉US∗
 

Where 𝑉US∗  is the within-study variance for study i plus the between-studies 

variance, T2, computed as: 

𝑉US∗ = 𝑉VS + 𝑇. 

The parameter tau-squared, T2, is the variance of the effect size parameters across 

the population studies computed as: 

𝑇. = 	
𝑄 − 𝑑𝑓
𝐶  

Where 

𝑄 =	[𝑊S

\

S]O

𝑌S. −	
_∑ 𝑊S𝑌S\

S]O a	.

∑ 𝑊S
\
S]O	

	 

𝑑𝑓 = 𝑘 − 1,    

Where k is the number of studies, and  

𝐶 = 	[𝑊S −	
∑𝑊S

.

∑𝑊S
 

The weight mean, M*, is then computed as   
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𝑀∗ = 	
∑ 𝑊S

∗𝑌S\
S]O

∑ 𝑊S
∗\

S]O
 

that is, the effect size of each treatment multiplied by the weight that the random-effects 

model assigns to each study, divided by the sum of the weights assigned to the effect size 

of all the treatments. The variance of the summary effect is computed as the reciprocal of 

the sum of the weights, as (Borenstein, 2009; Liu et al., 2014): 

𝑉c∗ = 	
1

∑ 𝑊S
∗\

S]O
 

And the estimated standard error of the summary effect is computed as: 

𝑆𝐸c∗ = 	Q𝑉c∗ 

The 95% lower and upper limits for the summary effect were computed as: 

𝐿𝐿c∗ = 	𝑀∗ − 1.96	 ×	𝑆𝐸c∗	 

and  

𝑈𝐿c∗ = 	𝑀∗ + 1.96	 ×	𝑆𝐸c∗ 

A Z-value to test the null-hypothesis (the lack of statistical significance between specified 

populations) that the mean effect is zero is computed as: 

𝑍∗ = 	
𝑀∗

𝑆𝐸c∗
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 When the 95% CI value of the response variable did not overlap with 0, I 

considered the treatment effect on the variable to be significantly different between the 

control (conventional agriculture) and treatment groups (agroforestry systems) (Gurevitch 

and Hedges, 2001). A positive effect size indicates a gain in SOC caused by the adoption 

of an agroforestry system, while an effect size with a negative value indicates a loss of 

SOC.  

  To calculate the effect size in percentage change, the following equation was 

used: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝐶ℎ𝑎𝑛𝑔𝑒 = 	 (𝑒CC − 1) 	× 	100% 

I additionally conducted both the linear and the mixed-effects meta-regressions to 

determine the relationship between the RR and different climatic and physical 

characteristics such as: MAP, MAT, elevation, age of the agroforestry system, and soil 

content in conventional agriculture and agroforestry systems. The significance level was 

set at p = 0.05. I used the metafor Package (Viechtbauer, 2010) in the R statistical 

software to complete all the statistical analyses.  

 

Establishing a SOC baseline for Colombian croplands  

  In order to estimate the national mean of SOC stock for Colombian cropland, I 

used different geospatial datasets and analyzed them with ESRI ArcGIS software 

(version 10.3; www.esri.com). First, I used the recently released global gridded soil 

information based on machine learning developed by the International Soil Reference and 

Information Centre (ISRIC) called SoilGrids250m (Hengl, et al., 2017). From this 
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database, I obtained one global raster layer with the values of SOC stock in tonnes per 

hectare for the depth interval 0.15-0.30 meters. Additionally, the FAO GLC-Share Land 

Cover database (Latham, 2014) provided me with a global raster layer where every pixel 

value represented the percentage of cropland present in the specified location.  Third, I 

obtained a feature layer for the administrative areas for Colombia from the Database of 

Global Administrative Areas (GADM) (GADM, 2005) that allowed me to clip out the 

global values and focus solely on the Colombian soil. Due to the fact that soils with high 

carbon levels are likely to lose SOC under any best management practice (Zomer, Bossio, 

Sommer & Verchot, 2017); I used one of the global raster layer from SoilGrids250m to 

identify grid cells with SOC content higher than 400 t C ha-1 and exclude them from 

further analysis. The average soil C stock (t c ha-1) for Colombian croplands estimated in 

this geospatial analysis along with the soil C sequestration rate from AF systems will help 

me determine if AF can reach the goal set by the 4 per 1000 initiative: 

		𝑆𝑂𝐶pqLF ≥ 	
4

1000	×	𝑆𝑂𝐶tquFASBF				 

 

Potential C payments of AF systems 

I completed a Net Present Value (NPV) analysis with two scenarios including the 

highest and the lowest soil C sequestration rates obtained for AF practices established in 

conventional agriculture from the meta-analysis. Additionally, I analyzed different C 

prices, duration of projects, and interest rates. This NPV analysis including different 

interest rates can be seen as an opportunity cost, meaning that if an organization invests 

in the purchase of GHG offsets from an AF project at a given price per ton of C today, 
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the organization can estimate if that investment is adding value to the organization. The 

results from the NPV analysis also provides the investor with information whether the AF 

project guarantees a return at a particular interest rate. If the NPV analysis returns a 

positive result, the investor should not reject the AF project as an option to add value to 

the organization.  

I decided to use different C prices per ton of C in the NPV analysis. These prices 

represent the offsets that are currently sold at low prices at around COP$10,000 (around 

US$3 to US$4); offsets sold at the set price of C COP$15,000 (around US$5); and the 

potential C payments if the C price is set higher at COP$20,000 (around US$6.5) and 

COP$25,000 (around US$8).  Following Winans et al. (2015), I considered three 

different interest rates 2%, 4%, and 6%. I also included three different project duration 

including 5 years, 10 years, and 20 years. 5-years represents the time that farmers agree 

to be part of an AF project. 20 years represents the shortest crediting period found in an 

AF project intended to generate GHG offset in Colombia (South Pole Carbon Asset 

Management Ltd Carbono & Bosques, 2015).   

In order to complete the NPV, the amount of soil C sequestered by the 

establishment of AF systems has to be converted into C dioxide equivalent (CO2e) as:  

𝐶𝑂𝑃L	𝐶𝑂.𝑒vO = (∆	𝑆𝑂𝐶) ×	x
44
12y × 	𝑝𝑟𝑖𝑐𝑒	𝑜𝑓	𝑡𝑜𝑛	𝑜𝑓	𝐶	 

where COP is the abbreviation for Colombian Peso, ∆	𝑆𝑂𝐶  is the amount of soil C 

sequestered in the AF systems compared to a cropland managed in a conventional way, 

and {||
O.
}	 is a conversion factor equivalent to 3.67 ton of CO2 per hectare of land managed 

under an AF system in a year (Winans et al., 2015; Chiemela et al., 2018).  
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Due to the fact that soil C sequestration between both systems will change over 

time, the market value must be evaluated using the net present value (NPV) approach. 

The NPV is calculated with a discount rate, which is used to determine the present value 

of soil C sequestration future cash flow for a period of time. The NPV for soil C 

sequestration in AF systems was calculated as (Winans et al., 2015): 

𝑁𝑃𝑉uESA		uFÄÅFuLpqLSEB = 	[
1

(1 + 𝑟)L

Ç

L]É

	× 	(∆𝑆𝑂𝐶) 

where t represents the time period ranging from zero to T, where T is the duration of the 

project and r is the discount rate. The ∆𝑆𝑂𝐶 is the amount of accrued soil C sequestered 

during the length of the project (T). The NPV does not include the cost of production or 

revenues generated. In this analysis, I decided to assess the role of different discount rates 

2%, 4%, and 6% (Winans et al., 2016). I also decided to assess two different duration of 

projects at 10 and 2.  
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Chapter III. 

Results 

 

Responses of soil organic carbon in agroforestry systems in different land uses 

The caterpillar plots provide a summary of the observed changes in SOC included 

in this analysis with their within-study 95% confidence intervals. The summary effects, 

which is the weighted mean of the RR from all the studies, were calculated with a REM, 

for both AF systems established in different types of land use covers (Figure 8), and for 

each type of AF system established in conventional agriculture (Figure 9). The summary 

effects are plotted as a green rhombus with its confidence intervals. The conversion of 

forests and conventional agriculture into AF systems had significant opposite effects on 

SOC stocks. AF systems established in forests led to significant SOC loss (M*= -0.11, 

SEM*= 0.04, Z* =-2.36, p = 0.0185), while in conventional agricultural land, AF led to 

SOC gains (M*= 0.21, SEM*= 0.03, Z* = 6.84, p < 0.0001). The results also reject one of 

my hypotheses because AF implemented in grasslands (M*= 0.02, SEM*= 0.05, Z* = 

0.44, p = 0.6618) and uncultivated lands (M*=-0.05, SEM*= 0.06, Z* = -0.82, p = 0.4121) 

did not have a significant impact on SOC. Given these results, my analysis continued to 

focus on conventional agriculture. All the AF systems had a significant effect on SOC in 

conventional agricultural land. Silvopasture presented the highest effect (M*= 0.46, 

SEM* = 0.11, Z* = 4.25, p < 0.0001) followed by agrisilviculture (M*= 0.22, SEM*= 
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0.05, Z* = 4.55, p < 0.0001), shelterbelts-windbreaks- riparian buffers (M*= 0.22, SEM*= 

0.05, Z* = 4.65, p), and lastly alley cropping (M* = 0.13, SEM* = 0.04, Z* = 3.26, p = 

0.0011) (Figure 10) (Appendix A). 

Figure 8. Caterpillar plots - Summary of the meta-analytic literature estimating changes 
in soil organic carbon after converting (a) forest, (b) conventional agriculture, (c) 
grassland, and (d) uncultivated land into agroforestry systems. Values on the x-axis are 
the response ratio (RR = ln SOC AF treatment – ln SOC control) and 95% confidence 
intervals.  

 

 

 

 

 

 

 

 

d) Uncultivated land (n = 35) 

a) Forest (n=56) b) Conventional agriculture (n=102) 

c) Grassland (n=59) 
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Figure 9. Caterpillar plots - Summary of the meta-analytic literature estimating changes 
in soil organic carbon after converting conventional agriculture into different agroforestry 
systems. Values on the x-axis are the response ratio (RR = ln SOC AF treatment – ln 
SOC control) and 95% confidence intervals.  

 

a) Alley cropping (n= 28) b) Agrisilviculture (n = 54) 

c) Silvopasture (n = 8) d) Shelterbelts, windbreaks, and 
riparian buffers (n = 12) 



 61 

 
Figure 10. The response ratio (lnRR) for soil organic carbon in different land use covers 
converted to an agroforestry system. Error bars represent the 95% confidence intervals 
(CIs); the mean effect size is significantly different from the control when the CIs do not 
overlap with zero. The sample size is noted in the legend (n).   

 

Responses of soil organic carbon in agroforestry systems in different agroecological 

zones 

 AF systems established in very cold temperate regions were found to have no 

significant effect on soil C stock (M* = 0.07, SEM* = 0.15, Z* = 0.46, p = 0.64). 

Whereas, the establishment of AF systems in the remaining agroecological zones had a 

significant effect on soil C. The largest effect on SOC content was found in warm 

subtropics (M* = 0.326, SEM* = 0.08, Z* = 4.25, p < 0.0001), followed by cold tropics 

(M* = 0.284, SEM* = 0.02, Z* = 12.03, p <  0.0001), cool temperate regions (M* = 

0.220, SEM* = 0.06, Z* = 3.61, p = 0.0003), and warm tropical regions (M* = 0.17, SEM* 

= 0.05, Z* = 3.14, p = 0.0017) (Figure 11)(Appendix B). 
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Figure 11. The response ratio (lnRR) for soil organic carbon in different agroecological 
zones. Error bars represent the 95% confidence intervals (CIs); the mean effect size is 
significantly different from the control when the CIs do not overlap with zero. The 
sample size is noted in the legend (n). 

 

Correlations - Linear meta-regressions of environmental, physical, and management 

variables   

 The linear meta-regression was completed to identify potential significant 

correlations between the predictors included in this analysis and the response ratio (Table 

10). When observations from all the AF systems were analyzed, precipitation was found 

to have a significant correlation with the response ratio (p = 0.0328, QM = 4.558) (Figure 

12a).  On the other hand, a significant correlation between the remaining variables (age, 

latitude, precipitation, temperature, elevation, soil type, clay content) and SOC gains was 
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not established. I then separated the data into each AF system (agrisilviculture, alley 

cropping, silvopasture, and shelterbelts-windbreaks-riparian buffers) to assess potential 

correlations. The analysis did not find any significant correlation between the predictors 

and the response ratio in alley cropping systems. On the other hand,  temperature was 

found to be significantly correlated to the response ratio in agrisilviculture (p = 0.0496, 

QM = 3.8538) (Figure 12b), and shelterbelts, windbreaks, and riparian buffers (p = 

0.0453, QM = 4.006) (Figure 12e). Soil depth (p < 0.0001, QM = 23.3202) (Figure 12c) 

and time (p = 0.2088, QM = 1.5799) (Figure 12d) were also found to be significantly 

correlated to the response ratio in silvopasture systems. 

 

Multiple linear meta-regressions - The role of environmental, physical, and management 

variables 

 The multiple linear meta-regression found that predictors like precipitation, 

temperature, clay, latitude, and soil depth had a significant effect on the content of soil 

organic carbon in some of the AF systems established in croplands (Table 11). 

Precipitation was found to have a larger significance in alley cropping systems (p = 

0.0002, QM = 36.99), followed by the model built for all four types of AF systems 

together (p = 0.0285, QM = 8.56). Temperature was found to have a large significant 

impact on both alley cropping (p < 0.001, QM = 36.99) and agrisilviculture (p < 0.0001, 

QM = 20.93). Another predictor that was found to have a large significant impact was 

clay in alley cropping systems (p = 0.0004, QM = 36.99). Compared to the 

aforementioned predictors, predictors such as latitude (p = 0.0029, QM = 20.93),  
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Table 10. Linear meta-regression of environmental, physical, and management variables.  
  

Predictor 

 

M*  

 

SE* 

 

Z 

 

p 

 

QM 

 

 

 

AF systems  

MAP* -0.0002 0.0001 -2.1350 0.0328 4.5580 

MAT -0.0039 0.0035 -1.0966 0.2728 1.2024 

Elevation -0.0000 0.0001 -0.1267 0.8992 0.0161 

Latitude -0.0005 0.0013 -0.3902 0.6964 0.1522 

Clay -0.0002 0.0025 -0.0731 0.9417 0.0053 

Soil Depth 0.0002 0.0005 0.3516 0.7251 0.1236 

Time -0.0001 0.0022 -0.0429 0.9658 0.0018 

 

 

 

Alley Cropping 

MAP -0.0001 0.0001 -1.0868 0.2771 1.1812 

MAT 0.0096 0.0062 1.5551 0.1199 2.4184 

Elevation 0.0001  0.0001 0.6268 0.5308 0.3929 

Latitude -0.0013 0.0015 -0.8438 0.3988 0.7120 

Clay 0.0001 0.0001 0.6268 0.9763 0.0009 

Soil depth 0.0003 0.0007 0.5029 0.6150 0.2529 

Time -0.0025 0.0064 -0.3983 0.6904 0.1587 

 

 

 

Agrisilviculture 

MAP -0.0002 0.0001 -1.5233 0.1277 2.3205 

MAT* -0.0098 0.0050 -1.9631 0.0496 3.8538 

Elevation -0.0000 0.0001 -0.5277 0.5977 0.2785 

Latitude -0.0005 0.0021 -0.2239 0.8228 0.0501 

Clay 0.0006 0.0036 0.1579 0.8745 0.0249 

Soil Depth -0.0001 0.0007 -0.0930 0.9259 0.0087 

 Time 0.0008 0.0047 0.1618 0.8714 0.0262 

 

 

 

Silvopasture 

MAP -0.0003 0.0005 -0.7048 0.4810 0.4967 

MAT -0.0159 0.0126 -1.2569 0.2088 1.5799 

Elevation 0.0001 0.0003 0.4440 0.0007 0.1971 

Latitude 0.0053 0.0042 1.2393 0.2152 1.5359 

Clay -0.0082 0.0088 -0.9284 0.3532 0.8619 

Soil depth*** 0.0067 0.0015 4.3485 <.0001 18.9096 

Time** 0.0302 0.0110 2.7425 0.0061 7.5211 

 

 

Shelterbelts, Windbreaks, and 
Riparian Buffers 

MAP 0.0003  0.0002 1.8757  0.0607  3.5181 

MAT* 0.0134  0.0067  2.0015  0.0453  4.0060 

Elevation 0.0002 0.0001 1.7103 0.0872  2.9253 

Latitude -0.0095 0.0050 -1.9146 0.0555  3.6657 

Clay -0.0104 0.0131 -0.7982 0.4247  0.6372 

Soil depth 0.0087 0.0049 1.7731 0.0762  3.1439 

Time -0.0022 0.0026 -0.8359 0.4012  0.7047 

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

M* is the summary effect; SE* is the standard error; QM is the test of moderators; MAP is the mean annual precipitation; MAT is the mean annual temperature.  
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elevation (p = 0.0029, QM = 20.93), and soil depth (p = 0.0369, QM = 20.93) were found 

to have a lower significance in agrisilviculture. 

a) 

 

b) 

 
c) 

  
d) 

 

e) 

 
Figure 12. Response ratio (lnRR) plotted against quantitative environmental, physical, 
and management predictors. (a) MAP in all observations from all types of AF systems, 
(b) MAT in agrisilviculture, (c) soil depth and (d) time in silvopasture, and (e) MAT in 
Shelterbelts, Windbreaks, and Riparian Buffers. More precise studies as shown as 
larger points. A predicted average response ratio as a function of the predictor is also 
added (with corresponding 95% confidence interval bounds). The dotted horizontal line 
at ln RR = 1 represents no difference between groups. 
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Table 11. Multiple meta-regressions of environmental, physical, and management 
variables. 

 Predictors M* Summary 
Effect 

SE* Z p QM  

 

 

Agroforestry  

(All 4 Categories) 

MAP* -0.0002 0.0001 -2.1907 0.0285 

QM (df = 7) = 8.5629 

 

 

MAT -0.0074 0.0049 -1.5328 0.1253 

Elevation -0.0000 0.0001 -0.5428 0.5873 

Latitude -0.0037 0.0021 -1.7594 0.0785 

Clay 0.0019 0.0033 0.5774 0.5637 

Soil Depth -0.0004 0.0006 -0.6702 0.5027 

Time -0.0013 0.0024 -0.5479 0.5837 

 

 

 

Alley Cropping 

MAP*** -0.0005 0.0001 -3.6908 0.0002  

 

 

 

QM (df = 7) = 36.9917 

 

MAT*** 0.0545 0.0108 5.0661 <.001 

Elevation 0.0000 0.0001 0.3425 0.7319 

Latitude 0.0010 0.0017 0.5811 0.5612 

Clay*** -0.0194 0.0055 -3.5232 0.0004 

Soil Depth -0.0013 0.0007 -1.9335 0.0532 

Time -0.0100 0.0086 -1.1569 0.2473 

 

 

 

Agrisilviculture 

MAP -0.0001 0.0001 -1.0446 0.2962  

 

 

QM (df = 7) = 20.9333 

MAT*** -0.0234 0.0060 -3.9164 <.0001 

Elevation* -0.0003 0.0001 -2.2743 0.0229 

Latitude** -0.0188 0.0063 -2.9818 0.0029 

Clay 0.0074 0.0052 1.4119 0.1580 

Soil Depth* -0.0040 0.0019 -2.0863 0.0369 

Time 0.0016 0.0051 0.3163 0.7517 

 

 

 

Silvopasture 

MAP 0.0344 0.0523 0.6583 0.5104  

 

 

QM (df =4) = 27.8842 

MAT -0.6276 0.9052 -0.6934 0.4881 

Elevation -0.0143 0.0224 -0.6408 0.5216 

Latitude      

Clay -0.2546 0.3504 -0.6394 0.4881 

Soil Depth     

Time     

 

 

Shelterbelts, Windbreaks, and 
Riparian Buffers 

MAP -0.0021 0.0015 -1.3795 0.1677  

 

 

QM (df = 7) = 8.4063 

MAT 0.1019 0.0652 1.5612 0.1185 

Elevation 0.0000 0.0003 0.0080 0.9936 

Latitude -0.0141 0.0186 -0.7564 0.4494 

Clay -0.0296 1.3470 1.6334 0.1024 

Soil Depth -0.0063 0.0085 -0.7374 0.4609 

Time 0.0042 0.0044 0.9592 0.3375 

Significance codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘’ 1 

M* is the summary effect; SE* is the standard error; QM is the test of moderators; MAP is the mean annual precipitation; MAT is the mean annual temperature.  
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SOC content in Colombian croplands 

The overlay analysis had two key layers that provided the SOC content (Figure 

13) and the cropland cover (Figure 14) in Colombia. After having completed an overlay 

analysis excluding the highly-carbon dense soils (> 400 Mg C ha-1) and assigning the 

SOC content values to Colombian cropland (Figure 15), I obtained the total SOC in 

Colombian croplands using the geospatial analysis in the ESRI ArcGIS software 

(version10.3; www.esri.com) (Appendix C). The mean SOC in Colombian croplands was 

the sum of the mean SOC from three different soil layers (0-5, 5-15, and 15-30 cm) 

(Table 12). The mean SOC was about 103.6 C ha-1, which equals a total stock of 

approximately 315 Mg C in an agricultural area of 30,359 km2 (Figure 15).   

 

  
Figure 13. SOC in Colombian Soils. Maps were 
created based on a geospatial analysis of data 
obtained from SoilGrids250m(www.soilgrids.org) 
(Hengl, et al., 2017) and the Database of Global 
Administrative Areas (GADM) (GADM, 2005), 
using ESRI ArcGIS software (version10.3; 
www.esri.com). 

Figure 14. Colombian cropland. Maps were 
created based on the geospatial analysis of data 
obtained from FAO GLC-Share Land Cover 
database (Latham, 2014) and the Database of 
Global Administrative Areas (GADM) (GADM, 
2005), using ESRI ArcGIS software (version10.3; 
www.esri.com). 
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Figure 15. SOC in Colombian Croplands. Maps were created based on the geospatial analysis of 
data obtained from SoilGrids250m (www.soilgrids.org) (Hengl, et al., 2017), FAO GLC-Share 
Land Cover database (Latham, 2014) and the Database of Global Administrative Areas (GADM, 
2005), using ESRI ArcGIS software (version10.3; www.esri.com). 

 

Table 12. Total soil organic carbon stock (Mg ha-1) in Colombian Croplands for the top 
30 cm (103.6 Mg C ha-1). Results were estimated based on the geospatial analysis of data 
obtained from SoilGrids250m (www.soilgrids.org) (Hengl, et al., 2017), FAO GLC-
Share Land Cover database (Latham, 2014) and the Database of Global Administrative 
Areas (GADM) (GADM, 2005), using ESRI ArcGIS software (version10.3; 
www.esri.com). (Appendix C) 

Soil Depth 
(cm) 

Mean SOC (Mg C ha-1) Min Max Standard 
Deviation 

0-5 23.5 5 93 ± 8.88 

5-15 37.3 10 183 ± 17.13 

15-30 42.8 12 266 ± 23.40 
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Soil organic carbon rates in agroforestry systems  

 Using a REM, a mean (summary effect) is computed by assigning more weight to 

more precise studies. These weighted means included one rate for the warm tropics 

agroecological zone, one for all the agroforestry systems established in conventional 

agricultural lands, and one for each type of agroforestry (Table 13) (Appendix I). The 

rates varied from 1.35 and 1.16 Mg C per ha-1yr-1 for agroforestry systems located in 

warm tropics and all agroforestry types respectively to about 0.13 Mg C ha-1yr-1 in alley 

cropping systems. Silvopasture was found to have the highest SOC rate (0.46 Mg C ha-

1yr-1), agrisilviculture and shelterbelts-windbreaks-riparian buffers had similar rates 

(about 0.22 Mg C ha-1yr-1), and alley cropping the lowest.  

Considering the SOC stock baseline in Colombian croplands (103.6 Mg C ha-1), 

an annual increase of 4 per 1000 (4‰) is equivalent to 0.4144 Mg C ha-1yr-1. The SOC 

rate calculated for alley cropping, agrisilviculture, shelterbelts, windbreaks, and riparian 

buffers did not have a rate that would meet the goal set by the 4 per 1000 initiative. SOC 

rates calculated for all the reported changes of conventional agriculture converted to AF 

(n=102), AF in the warm tropics (n=27), and silvopasture (n=8) are likely to meet the 

goal set by the 4 per 1000 initiative. 

 

Net Present Value – Investing in greenhouse gas offsets in AF projects 

After completing the NPV analysis with two different scenarios for a high and a 

low soil C sequestration rate, I found that the highest return was COP$19,842,417 

(around US$6,400) in a 20 year AF project (Figure 16). This calculation used a 2% 

interest rate, a high soil C sequestration rate of 1.35 Mg C ha-1yr-1, and C price of  
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Table 13. SOC rates (Mg C ha-1yr-1) computed with Random-Effects Model  

  

SOC rate 
Mg C ha-1 yr-1 

 
SE 

Standard 
Error 

 

Number of 
Observations 

Tropics, warm 1.3533 1.4870 27 

Agroforestry, 4 types included 1.1675 0.4163 102 

Alley Cropping 0.1346 0.0413 28 

Agrisilviculture 0.2179 0.0479 54 

Silvopasture 0.4552 0.1071 8 

Shelterbelts, windbreaks, and riparian buffers 0.2153 0.0463 12 

 

COP$25,000 per ton in a 20-year-long AF project. When I computed the same analysis 

for an AF project with a sequestration rate of 0.13 Mg C ha-1yr-1, I obtained a return of 

COP$1,973,538 (roughly US$640) (Figure 17). This is about a ten times difference in 

return value per hectare of conventional agriculture converted into an AF system that 

were observed when comparing the high and low scenario of soil C sequestration 

disregarding the price, interest rate, and duration of project. As proposed by the NPV 

equation, the cash inflows (in this case the GHG offsets) are proportionate to the return 

while the interest rates are not. The higher the interest rate used, the lower the returns. 

Using a 2% interest rate returns a value that is about 60% higher than the ones calculated 

with a 6% interest rate. Additionally, the longer the project, the higher the amount of C 

offsets accrued, thus the return.  

The different factors previously explained are the reason why return values vary 

widely. For AF projects lasting 5 years, the return values ranged from COP$55,013 to 

COP$159,827 in a scenario with a low soil C sequestration rate, while in a high C 
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sequestration scenario the values ranged from COP$553,121 to COP$1,382,802. For AF 

projects lasting 10 years with a high soil C sequestration, the NPV computes values 

ranging from COP$1,784,491 to COP$5,822,737. In a lower C sequestration scenario, the 

NPV varied from COP$177,486 to COP$579,133. For projects with a 20-year period, the 

lowest NPV were COP$482,184 and COP$4,847,990 for a low and a high soil C 

sequestration scenario (Appendix J).   

   
Figure 16. Net present value for a 20 year-long  agroforestry project with a high soil C 
sequestration rate (1.35 Mg C ha-1yr-1) with different carbon prices (COP $10000, $15000, 
$20000, $25000) and different interest rates (2%, 4%, and 6%). 

 
Figure 17. Net present value for a 20 year-long agroforestry project with a low soil C 
sequestration rate (0.13 Mg C ha-1yr-1) with different carbon prices (COP $10000, $15000, 
$20000, $25000) and different interest rates (2%, 4%, and 6%). 
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Chapter IV. 

Discussion 

 

Effect of AF on SOC sequestration – Land use 

 The results of my research indicate that the adoption of AF systems has a 

significant potential to increase SOC in agricultural land that has been managed in a 

conventional fashion. I also found that when forests are used to establish AF systems, 

there is a significant loss of SOC. This effect is aligned with Aguiar et al.’s (2014) 

finding where AF systems increased SOC but levels were still lower than the SOC stock 

in natural forests under the same environmental conditions. Additionally, the loss of C 

when forests are turned into cropland has been reported to reduce levels of SOC by 24% 

in Canada (Vandenbygaart et al., 2003), 50% in Costa Rica (Veldkamp, 1994), 30 to 50% 

in Brazil (Machado, 1976; Pöttker, 1977), and 40% in Ghana (Bruun et al., 2015). These 

findings mirror the ranking that Naair (2009) provided, with forests having the highest 

content of SOC, followed by agroforestry, tree plantations, and arable crops. The 

conversion of forests is a pressing issue in Colombia and Latin America as a whole. The 

main drivers of deforestation in Latin America are the conversion of forests to grasslands 

(71%) and croplands (14%) (FAO, 2016). It is worth noting that suggesting a conversion 

of forests to AF systems would not be the right path to mitigate the environmental 

damage caused by the expansion of agriculture.  
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My results also showed that AF established in uncultivated land and grasslands 

did not have a significant effect on SOC. Although authors used the term uncultivated 

land in their studies, I considered uncultivated land as any land that was not included in 

the other land use categories (forest, cropland, and grassland). The lack of effect might be 

explained by the variability on what is included in the uncultivated category. A more 

refined definition of this category might be needed to improve future research. For 

grasslands, the effect was positive but not significant. Albrecht et al. (2003) asserts that 

there has been a long belief that “when trees or shrubs replace…grasslands, there is an 

automatic increase of C stocks.” This is not always the case (Powers, 2004; Chirino et al., 

2010). Furthermore, converting grasslands into AF systems might not have a significant 

effect on SOC gains due to the plant species used in the AF system (Alem and Pavlis, 

2014) and/or the presence of perennial grasses or legumes that fix nutrients and increase 

belowground C inputs in grasslands (Watson, 1963; Vallis, 1972; Boddey et al. 1997; 

Conant et al. 2001). 

 

Effect of AF on SOC sequestration – Agroecological zones 

My analysis found that the establishment of AF systems in conventional 

agriculture has a positive and significant effect in almost all the different agroecological 

regions except for those located in very cold temperate regions.  Similar effects on SOC 

have been found in both tropical and temperate regions, where there might be greater C 

inputs from crop residues in tropical areas but do not translate into greater SOC content 

because of the higher turnover rate driven by higher temperatures (Oelbermann, Voroney, 

& Gordon, 2004). Despite the fact that the tropics have a high potential to sink C in their 
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soils due to their severe depletion and degradation, the sequestration rates can be low 

(Lal, 2004). However, there is a significant potential to offset GHG emissions if the 

belowground and aboveground C sequestration are accounted for in AF projects. The 

aboveground C sink potential in the tropics, when compared to other regions, is greater 

because of its abundant vegetation (Abbas et al., 2017).    

 

The role of environmental, physical, and management predictors  

My analysis found that lower SOC levels were significantly correlated with 

higher precipitation in the reported observations for all the AF systems established in 

conventional agricultural land. In beech forests, SOC losses of approximately 25% have 

been observed with annual precipitation greater than 900 mm per year compared to those 

with precipitation under 600 mm per year (Meier & Leuschner, 2010). Soil moisture and 

hydrological processes like runoff and ground water infiltration are impacted by 

precipitation, which also have an impact on SOC levels (Aanderud et al., 2010). SOC 

content can be affected by water infiltration that might transport substrates from the litter 

layer to the mineral soil (Lee et al., 2004). On the other hand, precipitation has been 

found to have an impact on the quantity of C inputs into the soil (Zhou et al., 2008) and 

the decomposition rate of those inputs (O’Brien et al., 2010).   

I also found different correlations between SOC and the mean annual temperature. 

Higher temperatures were significantly correlated with higher SOC levels in alley 

cropping, shelterbelts, windbreaks, and riparian buffers. This correlation could be 

explained by the fact that warmer temperatures drive higher rates of microbial activity, 

which leads to higher decomposition of organic matter and root turnover  (Wotherspoon, 
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2014). However, higher temperatures were found to be significantly correlated with lower 

SOC levels in agrisilviculture systems. This result could be explained by a higher soil 

temperature that leads to higher rates of mineralization and decomposition of organic 

matter, thus decreasing SOC stocks (Lal, 2004).  Harsh environmental conditions with high 

temperature and low precipitation have been found to limit the amount of C that is supplied 

to the soils (Batjes, 2001). Also, the young age of the agrisilviculture system or less 

favorable climatic growing conditions, a combination of both temperature and humidity, 

both of which could lead to lower aboveground biomass production, which would translate 

into lower rates of residue incorporation and lower SOC levels below the tree (Mosquera-

Losada, Freese, & Rigueiro-Rodriguez, 2011). But, temperature alone may not provide an 

explanation to changes in SOC content. Temperature affects evapotransporation rate, 

which also affects soil water content, and decomposition of SOM (Davidson, Trumbore, & 

Amundson, 2000). Furthermore, features of the AF system can also play a role in changes 

in SOC stocks. For instance, AF systems with low-tree density have been found to have 

lower SOC rates compare to high-stem dense systems  (Fernández-Nuñez et al., 2010). 

Despite extensive research,  the effect of temperature sensitivity of soil C 

decomposition remains a debated topic (Davidson & Janssens, 2006; Reynolds et al., 2017; 

Tang et al., 2017). It has been argued that “decomposition rates…are not controlled by 

temperature limitations to microbial activity, and that increased temperature alone will not 

stimulate the decomposition of forest-derived carbon in mineral soils” (Giardina & Ryan, 

2000). Tang et al. (2017) findings have concluded that soil C decomposition in recalcitrant 

and labile soils are not related to temperature sensitivity. Whereas, Davidson et al. (2000) 

argue that the key to climatic sensitivity of soil carbon is decomposition rates rather than 



 76 

total ecosystem respiration. A relevant point raised by Davidson et al. (2000) is that in 

order to explain SOC changes, temperature should not be viewed in isolation.   

In agrisilvicultural systems, the amount of SOC content presented a negative 

correlation with soil depth. This aligns with Batjes and Sombroek’s (1997) reported 

observations of SOC content for different soil types in the tropics and subtropics. The 

opposite relation was found in silvopasture systems. However, the small amount of 

observations (n=8) might not capture the real dynamics of the relationship between soil 

depth and SOC content in this type of AF system.  

 

Potential for soil C sequestration 

 There are a couple of factors that are necessary to calculate the potential for soil C 

sequestration through the adoption of AF systems. The first factor is the the soil C 

sequestration rate that the AF system can achieve in a given unit of cropland. In this 

research, the range of soil C sequestration rates I estimated for AF practices ranged from 

0.135 to 1.35 Mg C ha-1. These calculations are aligned with other reported rates in 

different AF systems in India (Brahma et al., 2017; Nath et al., 2015; Mangalassery et al., 

2014), Kenya (Onim et al., 1990), and the Congo and Nigeria (Paul et al., 2002). 

However, SOC sequestration rates above 1.5 Mg C ha-1yr-1 in tropical countries have also 

been reported (Dreschel et al., 1991; Impala, 2001; Onim et al., 1990). Given the 

complexity of soil dynamics, soil C sequestration rates vary with tree species, location, 

selection of sites where species maximize C sequestration (Brandle et al., 1992; Kort and 

Turnock, 1999; Hou et al., 2011). In this research, I have decided to use the lowest and 
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the highest soil C sequestration rates to represent a low and a high C sequestration 

scenarios. 

Another important factor to assess the feasibility of the 4 per 1000 initiative is the 

SOC stock baseline where the AF system will be established. Given a baseline of 103.6 

Mg C ha-1 for Colombian croplands, any rate under 0.4144 Mg C ha-1yr-1 would not lead 

to an annual increase of soil C of 0.4%. Based on my analysis, silvopasture, and the 

aggregate data for both AF and AF in tropical countries, are able to provide the soil C 

sequestration rate needed to achieve the 4 per 1000 goal. Therefore, an increase of 0.4144 

Mg C ha-1yr-1 in all the Colombian cropland (3,035,900 hectares) represents an increase 

of 1.26 x106 Mg C yr-1.   

Despite the fact that some rates do not meet the 0.4% annual increase, I decided to 

explore two scenarios with the lowest and the highest soil C sequestration rates (0.135 

and 1.35 Mg C ha-1yr-1 respectively). Under the low and the high SOC sequestration 

scenarios, a total of 4.1x106 Mg C yr-1 and 4.1x105 Mg C yr-1 can be achieved 

respectively. Based on the relationship between SOC rates for AF systems and the SOC 

baseline, future research could explore where AF projects can meet the 4 per 1000 goal. 

For instance, for a SOC rate equivalent to 0.135 Mg C ha-1yr-1 (alley cropping and the 

lowest SOC rate calculated), the SOC stock of the cropland should be equal to 33.7 Mg C 

ha-1. For a SOC rate around 0.21 Mg C ha-1yr-1 (agrisilviculture and shelterbelts, 

windbreaks, riparian buffers), the SOC stock should be around 52.5 Mg C ha-1.  
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Voluntary Carbon Markets in Colombia and NPV 

The recent national developments in climate change policies and laws are tied to 

the commitments made by the Colombian government as part of the Paris Agreement. 

These latest changes have been shaping a framework to develop and expand a VCM. 

After a Carbon Tax was passed last year, there was a surge in demand for greenhouse gas 

offsets. However, since the market is in such an early development stage, there is not 

enough generation of credits or offsets to meet the demand (M. Hernandez, personal 

communication June 8, 2018). Additionally, M. Hernandez reported that even though the 

price of C in Colombia is currently set at COP$15,000 (around US$5), offsets are sold at 

a price between COP$10,000 and COP%12,000 (around US$3-4). The soil C trade 

potential for a 20 year-long AF project range from COP$482,184 and COP$4,847,990 

(about  US$156-1578) per hectare. Considering the fact that the cropland area in 

Colombia is 30,359 km2, the potential soil C trade can amount as much as COP$1.5x1013 

(about US$4.8 billion). The C trade potential could even be greater if the aboveground C 

sequestration is included in a financial analysis.  

This market faces several challenges, including the fact that offsets are sold at a 

price between US$3 and US$5 even though the price is set at US$5. Selling offsets at low 

prices might allow organizations to be more competitive in the market, but it threatens 

the profitability of establishing AF projects. Additionally, potential buyers of GHG 

offsets currently prioritize investing in social responsibility projects over environmental 

ones. This trend is partly a result of the current national context where the Colombian 

government and the Revolutionary Armed Forces of Colombia signed a peace accord that 

ended a 50 year-long armed conflict between. Lal (2004) points out that there is a greater 

challenge in the tropics to enhancing soil quality due to limitations in institutions, 
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infrastructure, and resource-poor agricultural systems (Lal, 2004). The VCM could offer 

an alternative path with a two-fold purpose: to incentivize organizations to invest in 

projects that mitigate their carbon footprint and to engage landholders and farmers in 

environmentally sound practices that sequester soil C such as agroforestry. Additionally, 

this is an area where government  support could play an important role to strengthen this 

market through purchasing, ensuring the GHG offsets are sold at a profitable price, 

extending the C tax to other industrial sectors, the creation of incentives to stimulate the 

adoption of carbon farming practices, and the creation of programs to educate 

stakeholders (such as, but not limited to, investors, farmers, landholders, non-profits) and 

engaging them in the VCM.  

 

Research Limitations 

 One of the main limitations in this research is the paucity of data. I had to exclude 

85 studies because they did not have critical information like the variance, standard error, 

bulk density, sample size, or age of the AF system. Some studies did not compare the 

SOC gains in AF systems against a control plot under the same conditions. Inaccurate 

calculations and high variability of the data might have also introduced errors in the 

meta-analysis. Like any complex system, soil and AF ecosystems provide inconsistent 

soil C sequestration rates (Nair, 2011, 2012). There are species that might be more 

efficient at sinking soil C than others creating higher variability. Furthermore, though the 

actual area covered by AF systems worldwide can be calculated with the percentage of 

tree cover on the basis of remote sensing data, the relation between the aboveground 

biomass C stocks and soil C remain weak (Shi et al., 2018). However, methodologies 
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have been changing over time. The amount and quality of information collected in 

studies, and the access to new tools and predictive models in the past 10-15 years, is more 

comprehensive than before. Also, the greater interest for understanding the role of soil in 

the C cycle and the mitigation of global GHG emissions is rapidly driving many changes 

in the field.  

Another limitation is the use of an estimate average SOC stock per hectare in 

Colombian croplands. This is not representative of all the cropland in an entire country 

and perhaps a future question for research is to locate the places with greater potential to 

sink soil C based on the actual SOC stock in a specific cropland.  However, I 

acknowledge that by using the data obtained from SoilGrids250m (www.soilgrids.org) 

(Hengl et al., 2017), my aim was to make use of a new open-access tool that could be 

very helpful for people doing research in places where the information is either very 

limited or difficult to access.  

 

Questions for further sustainability research 

Further research questions to foster the transition of our current activities to more 

sustainability ones are plentiful. The field of AF and soil C sequestration would gain 

greatly from further research that links remote sensing technologies, AF national 

inventories, and the relation to SOC stock. This type of research questions might provide 

improvements in the quantification of SOC stocks, the creation of more effective 

monitoring tools, and strengthening the work between different organizations of different 

nature (such as CATIE, CIRAD, CABI, CIAT, World Agroforestry, IDEAM, 
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MINAGRICULTURA, CVC, DAGMA) to formulate more effective policy and financial 

instruments for projects aimed to sink C.  

Research questions addressing the co-benefits provided by more environmentally 

sound agricultural practices, such as AF, could be explored. These benefits could also 

help understand the different goals that communities might be trying to achieve. For 

instance, the creation of jobs, the protection of clean water, or the empowerment of 

people affected by environmental injustices. Additionally, co-benefits such as decreased 

pollution from establishing AF could lead to the formulation of research questions related 

to nutrient runoff, reduced use of agrichemical inputs, and the role of nitrogen. Further 

hypotheses can be formulated revolving around the resilience and the health benefits that 

AF systems can generate. The gap between AF and public health can be bridged with 

questions about air pollution, food security and nutrition, and/or agricultural 

productiveness.    

Further research questions about how to make a stronger VCM are also relevant. 

The future of VCM in Colombia, and around the world, is uncertain (Hamrick, Gallant, & 

Forest Trends, 2018). Research to understand what mechanisms can be created, 

implemented, or enforced in a given context is essential to make sure this type of market 

is successfully mitigating GHG offsets. Further research could assess the creation of 

economic development through the adoption of AF systems or other sustainable 

agricultural practices. Furthermore, research could explore the role that government can 

play to scale-up, or complement, VCM. For instance, the “creation of markets through 

government purchasing…[or]…the direct creation of meaningful, rewarding, and 

satisfying jobs” (Ashford & Hall, 2018). These types of governmental action could lead 
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to a higher demand for the generation of GHG offsets and creating employment 

opportunities in rural communities where AF could be implemented.     
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Conclusions 

 

My research concluded that AF is an effective practice that increases SOC levels 

in cropland that has previously been managed in a conventional manner. However, AF 

does not have a significant effect on SOC in grasslands and uncultivated land and the 

conversion of forests into AF systems generate a SOC loss. The effect of AF on SOC 

gains was significant in different agroecological zones, except for very cold temperate 

regions. In order to reach the goal set by the 4 per 1000 initiative in Colombia, the AF 

system should have a SOC rate of 0.396 Mg C ha-1yr-1. Therefore, the rates I estimated 

for silvopasture, and the aggregates of AF and AF in the tropics met the 4 per 1000 goal. 

On the other hand, the SOC rates for alley cropping, agrisilviculture, windbreaks, 

shelterbelts, and riparian buffers did not meet the goal. Despite the low SOC rates 

calculated for these latter AF systems, it should be noted that this research is focused on 

soil C, and there is a greater potential to sink C if the aboveground biomass is accounted 

for.  

AF is a promising practice with environmental, social, and economic benefits. 

The creation of policy and legal frameworks in Colombia to achieve the commitments 

made in the Paris Agreement have played an important role in the creation of a VCM. AF 

has the potential to generate value to investors who want to mitigate their GHG 

emissions. A 20-year AF project with a SOC rate of 1.35 Mg C ha-1yr-1 has the potential 

to generate a value that could be as high as COP$20 million ha-1 (around US$6,500 ha-1) 

if the C price is set at COP$25,000 pesos (around US$8). A more realistic target would 
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be the value returned with the C price set at COP$15,000 at a 2% interest rate resulting in 

almost COP$12 million ha-1 (around US$3,900 ha-1). The salient conclusion from this 

research is the existence of an incentive to strengthen the Colombian VCM, generate 

GHG offsets, and create value for investors and for communities through the adoption of 

AF. 
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Appendix 

Appendix A. Random effects model to test the effect of the conversion of different land 

uses (forest, grassland, uncultivated land, conventional agriculture) to agroforestry 

systems 
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Appendix B. Random effects model to test the effect of agroecological zones in 

conventional agricultural land converted to agroforestry systems. 
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Appendix C. Mean soil organic carbon in Colombian cropland for the topsoil 

 

.  

 

 

Mean = 23.5 
Min = 5 
Max = 93 
SD = 8.88 

 

 

Mean = 37.3 
Min = 10 
Max = 183 
SD = 17.13 

 

 

Mean = 42.8 
Min = 12 
Max = 266 
SD = 23.40 
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Appendix D. Linear meta-regressions for climatic, physical, and management variables in 

conventional agricultural land converted to agroforestry systems (all 4 types of AF 

included). 
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Appendix E. Linear meta-regressions for climatic, physical, and management variables in 

conventional agricultural land converted to alley cropping 
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Appendix F. Linear meta-regressions for climatic, physical, and management variables in 

conventional agricultural land converted to agrisilviculture 
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Appendix G. Linear meta-regressions for climatic, physical, and management variables in 

conventional agricultural land converted to silvopasture 
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Appendix H. Linear meta-regressions for climatic, physical, and management variables in 

conventional agricultural land converted to shelterbelts, windbreaks, or riparian buffers 
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Appendix I. Soil organic carbon rates calculated under the random-effects model 

Results per region 

 

 

Results for all AF systems included 

 

 

Alley Cropping 

 

Agrisilviculture

 

 

Silvopasture 

 

 

Shelterbelts, Windbreaks, and Riparian Buffers 
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Appendix J. Net Present Value calculations for AF projects with a high and low soil C 

sequestration rate with different interest rates and duration of projects. 

 
Shaded areas indicate the discount rate and the duration of the project used in the calculation of the net present value 
(NPV).  For instance: the first row is the NPV for an AF project with a sequestration rate of 1.35 Mg C ha-1 yr-1, 
with a set C price of COP$10,000 with a discount rate of 2% for a 5-year long project. 
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