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Initiative Overview

Precision Development (PxD) and the Institute for Governance & Sustainable Development (IGSD) are
partnering on a unique initiative to collaboratively identify opportunities for innovation in climate change mitiga-
tion, particularly for the greenhouse gases most problematic in agricultural production, methane and nitrous
oxide, as well as carbon dioxide. We are specifically focused on innovations with pertinence to the world’s
smallholder farmers, who farm most of the world's approximately 570 million farms."” The Food and Agriculture
Organization of the United Nations defines these smallholder farmers as “small-scale farmers, pastoralists,
forest keepers, fishers who manage areas varying from less than one hectare to 10 hectares...(and) are charac-
terized by family-focused motives such as favouring the stability of the farm household system, using mainly
family labour for production and using part of the produce for family consumption.”? The majority of farms in
the Global South?®, a term used to denote the regions of Asia, Latin America, Africa, and Oceania, are small and
it is within this broad geography and smallholder farming context that we focus our climate change mitigation
initiative.

This initiative includes four analytical pieces on the following opportunities for climate change mitigation by
smallholder famers:

« carbon dioxide sequestration through enhanced rock weathering,

« carbon dioxide sequestration through conserving (keeping what is already present) or increasing (i.e.,
sequestering) the organic carbon storage in soils and plant biomass,

e nitrous oxide mitigation through precision nutrient management, and

« methane mitigation in dairy through improved livestock feeding practices.

In our initiative we are guided by the following principles:

Consider the tradeoffs: We aim to determine smallholder farmers’ private returns from the adoption of new
technologies or agricultural practices, as well as the societal return of such adoption as measured by gauging
the impact of these innovations on our main outcome of interest in climate change mitigation, namely, reducing
greenhouse gas (GHG) emissions.

Farmer welfare first: Smallholder farmers cannot be expected to pay the price for climate change mitigation.
Climate change-related advisory should support livelihoods, especially as sustained adoption cannot occur
without realized benefits for farmers. If it is difficult to understand a priori how a specific agricultural practice
or technology might impact yields or income, we commit to exploring ways to compensate early adopters as
payment for promoting the broader social benefit.

Replicate and scale: We aim to deliver impact at scale. We are particularly interested in low-cost climate
change mitigation innovations with strong adoption potential, that can be customized to local contexts, and
scaled throughout other regions with similar constraints or needs.

Our goal is to identify opportunities in agriculture with potential benefits for smallholder farmers, either directly
or through compensation mechanisms for their environmental services, as well as for GHG mitigation. In identi-
fying these opportunities, we will outline the evidence for impact on farmers' outcomes and on GHG-mitigation
outcomes, as well as address challenges in building that evidence, particularly in outcome measurement
methods. We will also address practical next steps to build a pathway to scale for the identified opportunities.


https://precisiondev.org/
https://www.igsd.org/
https://www.igsd.org/

Mitigation through Organic Carbon Strategies

X PxD

‘ PRECISION
" DEVELOPMENT

IGSD

About Precision Development (PxD)

Precision Development (PxD) is a global non-profit organization that harnesses
technology, data science, and behavioral economics to build digital services
that empower people to change their own lives. We build low-cost information
systems at scale to share knowledge with the world’s poorest and most
disadvantaged people. Our pioneering model of digital development is
implemented in collaboration with partner organizations to maximize scale. We
continuously experiment, iterate, and gather evidence on our impact to improve
service delivery and demonstrate our value. Most of PxD’s services deliver
customized digital agricultural advisory to smallholder farmers, with more than
6 million users using these services in 2022. Given the many constraints facing
these farmers, PxD is investigating the application of our platforms and core
competencies to deliver advisory in new informational fields, including climate
change adaptation and mitigation, as the effects of global warming ripple
through the agriculture sector.

About the Institute for Governance &
Sustainable Development (IGSD)

The Institute for Governance & Sustainable Development (IGSD) promotes

just and sustainable societies, specifically through building resilience by
accelerating fast climate change mitigation actions to slow near-term warming
and self-reinforcing climate feedbacks, avoid catastrophic climate and societal
tipping points, and limit global temperature increase to 1.5°C—or at least

keep this temperature guardrail in sight. IGSD'’s latest research shows that
decarbonization alone is insufficient to slow near-term warming to keep us
below 1.5°C or even the more dangerous 2°C guardrail, and that the fastest
and most effective strategy is to combine the marathon to zero out carbon
dioxide (CO,) emissions by decarbonizing the energy system with the sprint

to rapidly cut non-CO, super climate pollutants, and to protect carbon sinks.
The super climate pollutants include four short-lived climate pollutants
(SLCPs)—methane (CH,), hydrofluorocarbons (HFCs), black carbon soot, and
tropospheric ozone (0,)—as well as the longer-lived nitrous oxide (N,0).
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Terminology

Agroforestry — Agroforestry is a land-use system that integrates trees and shrubs with crops and
livestock and can act as a sustainable agricultural intensification practice as well as address global
land degradation challenges.* Agroforestry can also be used as an extensification strategy, for
example the expansion of oil palm agroforestry systems compared to monoculture systems.5

Biochar — Biochar is created through pyrolysis when biomass, such as crop residues, manure, or other
plant residues, is burned at high temperatures in a low oxygen environment. Biochar has a significantly
more stable carbon structure than its biomass feedstock, and some studies find that when biochar is
added to soils as an amendment, it can lengthen soil carbon storage.® This result is variable, however,
as biochar’s carbon sequestration effects depend heavily on the types of input materials, the charac-
teristics of the soil it is added to, as well as surrounding climatic conditions.

Carbon Sequestration/Carbon Dioxide Removal (CDR)/Carbon Drawdown — Carbon sequestration “is
the process of capturing, securing and storing carbon dioxide (CO,) from the atmosphere.” Many terms
are used interchangeably to refer to this process, including carbon dioxide removal, carbon removal,
and carbon drawdown. All refer to the process of capturing CO, from the atmosphere and “locking

it away for decades or centuries in plants, soils, oceans, rocks, saline aquifers, depleted oil wells, or
long-lived products like cement,” which is key for climate change mitigation.”

Conservation agriculture — Conservation agriculture (CA) is typically defined by three principles: 1)
minimum mechanical soil disturbance (no- or reduced-tillage); 2) permanent soil organic cover of at
least 30% of the farm plot covered with crop residues and/or crops; and 3) diversifying plant species
in cropping systems.® Although there are many agricultural practices which lead to SOC sequestration,
most discussions of carbon storage on agricultural land refer to CA principles® as there is strong
evidence they can increase the return of biomass to agricultural systems, which we detail in Section 3
of this paper. Conservation agriculture, agroecology,'® climate-smart agriculture (CSA),"" and regen-
erative agriculture (RA)'? are often used interchangeably in the literature to describe approaches in
agriculture to combat climate change, including SOC sequestration. This overlap is due to their many
shared concepts as well as differing definitions of each term within the field itself.”® What these terms
all share is a focus on agricultural sustainability, both for positive environmental outcomes as well as
for human welfare, including those of farmers.

Global Warming Potential — Global Warming Potential (GWP) allows comparison of the potency of
warming impact of different gases relative to carbon dioxide over a given period of time. The GWP for
a given gas is defined as how much energy “1 ton of the gas will absorb over a given period of time,
relative to 1 ton of carbon dioxide.”"* Higher GWP means that an emission of that gas has a larger
warming impact on the Earth compared with CO, over that time period." Time periods of 100 years are
commonly used to capture longer-term warming impact, while a 20-year time period better captures
warming impact in the near term." Carbon dioxide’s GWP is 1 by definition regardless of the time
period used."”

Greenhouse Gas Mitigation — The Intergovernmental Panel on Climate Change (IPCC) defines GHG
mitigation as “A human intervention to reduce emissions or enhance the sinks of greenhouse gases.”'®

GtC - GtC, or gigatonnes of carbon, is a common unit to refer to the immense amount of carbon
discussed in climate change literature. There are 10° tonnes of carbon in 1 GtC.
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Nature-based solutions (NbS) — The most commonly accepted definition of nature-based solutions
(NbS) to climate change is put forward by the International Union for Conservation of Nature (IUCN),
which defines NbS as “actions to protect, sustainably manage, and restore natural and modified
ecosystems that address societal challenges effectively and adaptively, simultaneously benefiting
people and nature.” The NbS term can be contentious as it is often difficult to clarify conceptually and
is overapplied. Nevertheless, it is a common term in the field and many of the carbon sequestration
strategies most relevant for the smallholder farmer context, like agricultural practices aimed at building
soil organic carbon,?® are considered to fall into this category as they emphasize the strong linkages
between land and the indigenous peoples and local communities (IPLC) working that land. This close
connection between farmers sequestering carbon and the potential human health and socioeconomic
benefits of doing so, i.e., the opportunity for improved agricultural productivity, is a key aspect of NbS,
which stresses an equitable distribution of benefits for both environment and human welfare.?!

On-farm vs. on-station agronomic trials — On-farm agronomic trials refer to agronomic research
performed on farmers’ plots using farmer management practices, but with varying degrees of
researcher oversight depending on the exact study. In some studies researchers may make many of
the farm management decisions during the trial, even though the farmers are implementing those
management decisions.?? On-station agronomic trials refer to agronomic research on plots designated
for research purposes and completely under researcher control.

Pyrolysis — Pyrolysis is the heating of biomass to between 300°C and 700°C in low oxygen conditions
to produce biochar.?®

Soil Organic Carbon (SOC) Sequestration — SOC sequestration refers to carbon sequestration through
increasing stocks of soil organic carbon by enhancing above- and below-ground plant biomass.?
Agricultural practices like reduced tillage and cover cropping foster the SOC sequestration process for
carbon drawdown on agricultural land.
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1. Executive Summary

Human activities are the main driver of carbon dioxide (CO,) emissions, primarily through the use of
fossil fuels for energy, industry, and transportation, while land use and land use change (LULUC) are
responsible for about a third of cumulative CO, emissions from 1850 to 2019.2° To contextualize these
anthropogenic emissions, it is helpful to look at the concentration of atmospheric CO, over time. In
2021, atmospheric CO, was around 414 parts per million (ppm) compared with less than 320 ppm in
1960 and less than 280 ppm in 1750 (pre-industrial era).?® This means not only has the amount of CO,
in our atmosphere increased by almost 50% since the industrial revolution, but its growth rate has also
accelerated in recent decades. Over half of cumulative CO, emissions from fossil fuel use and cement
production since 1850 has occurred since 1990.2” The Global Carbon Budget estimates that annual
emissions in 2021 were 9.9 GtC yr', around the same as in 2019 or pre-pandemic.?®

The agriculture and food system sector is a significant emitter of greenhouse gases (GHGs), primarily
methane — associated with livestock and rice production — and nitrous oxide — most directly associ-
ated with nitrogen fertilizers, animal manure, and biological nitrogen fixation. While direct carbon
dioxide emissions from agriculture is relatively low,?® particularly in Global South geographies where the
sector is less mechanized,® agriculture and food systems are indirectly responsible for CO, emissions
from LULUC, which represent about a third of total agriculture and forestry emissions and 6—13% of
total anthropogenic CO, emissions.*'

There is, however, potential for agriculture to contribute to climate change mitigation. By leveraging the
natural role of plants and soils in the cycling of organic carbon, agricultural land can act as a carbon
sink through interventions for carbon sequestration like conservation agriculture. Studies estimate

a technical potential of soils in global cropland and pasture land to store 2-5 Gt CO, per year.?* The
Intergovernmental Panel on Climate Change’s most recent report (Working Group Ill Assessment
Report 6) on climate change mitigation also highlighted the importance of interventions in agriculture,
forestry, and other land use (AFOLU) sectors for GHG mitigation, primarily through the reduction of
deforestation, but also through “carbon management in croplands and grasslands, agroforestry and
biochar.”?

Strategies for enhancing carbon sequestration in agricultural systems include the above-mentioned
conservation agriculture (CA), agroforestry, and biochar amendments. The amount of carbon it is
possible to sequester from these strategies are dependent on multiple factors, including soil properties
and temperature, and are extremely context-specific. It is difficult to generalize from one agriculture
focused carbon sequestration project to another as the amount of carbon stored, as well as the most
relevant types of agricultural practices for carbon sequestration, will depend on each project’s specific
characteristics. It is also important to keep in mind these strategies provide impermanent carbon
sequestration; if a management regime like conservation agriculture stops, carbon sequestration stops
as well and, in some contexts, there may even be a reversal of carbon stocks in the land.35 Determining
how much and for how long carbon is stored by land-based climate change mitigation strategies

is therefore still a matter of scientific inquiry, as the evidence for the reduction of greenhouse gas
emissions remains inconclusive, especially in smallholder farmer contexts in the Global South where
there is a substantial evidence gap in existing research.

Beyond the technical mitigation potential, there are also unique scaling challenges associated with
land-based climate change mitigation strategies in smallholder farming contexts. Supporting behavior
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change for smallholder farmers in low- to middle-income countries (LMIC) requires approaches appro-
priately prioritized and targeted for these farmers, as well as as well as approaches embedded within
sustainable value chains functioning at the right scale. This kind of change will require much more than
promotion of specific pieces of technology, i.e., change will require sustainable agricultural practices
like CA. Success will require, as stated by Seghieri et al. (2021) in an academic report on the state of
agroforestry:

“transformations in policies and budgets that are long term and powerful enough to be able to
catalyze deep transformations within power relations and land tenure rights that are currently
big barriers to widespread adoptions.”®

Opportunities for climate change mitigation in smallholder farmer contexts can thus only be leveraged
when farmers’ many intersecting challenges are taken into account. For example, it can be extremely
costly for farmers to implement technologies that increase carbon sequestration.®” And while these
technologies can directly benefit livelihoods in the long run through improved environmental and soil
health benefits, they may erode crop yields and profits in the short term.3® The resulting indirect land
use changes from such productivity hits can undermine the value of any carbon sequestration obtained.
Addressing barriers to sustained adoption of sustainable agricultural practices, like the potentially
negative impacts on crop productivity, is thus essential for successful behavior change as well as
climate change mitigation goals.

One emerging pathway to make climate change mitigation an attractive opportunity for farmers is the
voluntary carbon credit market, which experienced annual growth of 48% in 2021.% In that same year,
the total value of the voluntary carbon market exceeded more than $1 billion USD. Enabling farmers to
tap into this financing mechanism could funnel the type of funds needed for system-wide change into
the smallholder farming context. The voluntary carbon market will only continue to grow as corpora-
tions adopt net zero pledges*' e.g., Netflix as well as Microsoft, in line with the Paris Agreement'’s goal
of limiting global warming to a preferred 1.5 °C, creating large demand for carbon offsets. Although
there is potential for the voluntary carbon credit market to provide climate change financing where it is
needed most, significant work remains for the market to develop robust infrastructure to ensure climate
outcomes are actually met, i.e., measurement, reporting, and verification (MRV) systems, as well as
more transparency and standardization of project protocols and prices. The ability of the voluntary
carbon market to help the agriculture sector address climate change thus ultimately depends on the
quality of its projects, which requires a through and nuanced view of the scientific processes at play, as
well as of the unique circumstances smallholder farmers face.

2. Carbon Sequestration Opportunities for
Smallholder Farmers

Practices such as conservation agriculture, agroforestry, and biochar amendments can result in a net
sequestration of CO, through soils and plants, i.e., the increase in carbon stocks exceeds the carbon
stock losses from microbial decay processes, fire, etc. However, the net amount of carbon stored
depends on various environmental factors, like soil texture, climate, and humidity, as well as land and
agronomic management. In very simple terms, biomass returns to a system must either increase (e.qg.,
with residue recycling, yield intensification) or decay processes must be reduced (e.g., no till for SOC,
increasing recalcitrant woody biomass with trees or perennials).*

This paper investigates three land-based climate change mitigation strategies which increase biomass
returns and can be appropriate for the smallholder farmer context:


https://carboncredits.com/netflix-carbon-credits
https://www.microsoft.com/en-us/corporate-responsibility/sustainability/carbon-removal-program
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@ Soil organic carbon sequestration in cropland and pasture lands through conservation agriculture
practices: Conservation agriculture (CA) is typically defined by three principles: 1) minimum
mechanical soil disturbance (no or reduced tillage); 2) permanent soil organic cover (at least 30%

of the farm plot covered with crop residues and/or cover crops; and 3) diversifying plant species in
cropping systems.®

@ Soil organic carbon sequestration and organic carbon sequestration in above-ground biomass
through agroforestry: Agroforestry is a land-use system that integrates trees and shrubs with crops
and livestock.* Often defined as more than 10% cover of woody perennials such as trees and shrubs
on a farm plot, agroforestry is practiced around the world on approximately 43% of all agricultural
land.*

@ Organic carbon sequestration through biochar amendments to soils: Created by high temperature
pyrolysis (heating biomass to between 300°C and 700°C in low oxygen conditions),*® biochar can be
made from a variety of materials, including crop residues, manure, aquatic weeds, and forest residues
or wood waste.*”

The main principle for carbon sequestration on agricultural land is to retain as much carbon in the
soil-plant system as biophysically feasible and economically desirable. It is important to note, however,
the amount of organic carbon in soils and above-ground biomass is a result of many interacting land
management and environmental factors. Increasing carbon sequestration capacities is affected

by tillage methods, return of crop residues, erosion management, soil fertility, water management,

and farming systems management (such as crop rotations), amongst others.*® While conservation
agriculture, agroforestry, and biochar represent three possible solutions, they exist in a complex
system where other mechanisms and other factors will affect SOC sequestration and climate change
mitigation.

As for impacts on farmer outcomes, practices which facilitate carbon sequestration on agricultural
land can have significant soil health co-benefits which help restore degraded soils in smallholder
farmer geographies. For example, in Sub-Saharan Africa (SSA) where the majority of arable land

is considered degraded and can be unresponsive to additional nutrient applications like nitrogen

or phosphorus, practices like intercropping, crop rotations with legumes, and residue returns are
recommended ways to restore soil fertility.*° It is important to keep in mind, however, the soil health
co-benefits and associated productivity increases of agricultural practices associated with carbon
sequestration mostly accrue over the long term, and immediate effects on yield are variable and can
be negative.*® Hence, there is a potential role for climate finance to play in making financial gains from
these practices pertinent in the short term to farmers, which will increase the likelihood of the initial
adoption and continued use of these practices.

A. Permanence of Carbon Sequestration

Strategies for enhancing carbon sequestration, like the ones we discuss — conservation agriculture,
agroforestry, and biochar — require continuation of the land, water, and environment management
practices known to promote sequestration.®' If these management practices are not continued,

for example returning back to tillage from no-till, not only will the carbon sequestration from those
practices end, but there can also be a reversal of carbon stocks that have accumulated, by accelerating
the decay process.*? Therefore the strategies for carbon sequestration we highlight in this piece are all
considered temporary. This does not mean such climate change mitigation efforts are without positive



Mitigation through Organic Carbon Strategies

impact; rather it is important to consider these strategies as part of a larger effort for carbon dioxide
removal (CDR) which works best when coupled with other efforts to reduce GHG emissions.%

B. Interacting Carbon and Nitrogen Cycles

The carbon and nitrogen cycles are closely intertwined, especially within soil. For example, most carbon
in soil starts off in organic forms, i.e., soil organic matter (SOM) like crop residues. The microbes

which convert that organic matter into more stable forms,%* i.e., soil organic carbon, require nitrogen to
do so efficiently.% If there is not enough available nitrogen in soils to do so, these microbes will emit
more carbon dioxide into the atmosphere® and also co-opt plant-usable forms of nitrogen,*” so plants
will not be able to access these nitrogen reserves in the short-term. Increasing biomass production,
another pathway to increase carbon stocks in agricultural systems, almost always requires increased
nitrogen and water, which constitute additional farmer costs. These costs must be balanced against the
economic and functional benefits of increasing carbon stocks. Simply adding large amounts of nitrogen
to soils is thus an infeasible economic approach to encourage carbon storage; it can also provide more
opportunities for environmental losses through nitrous oxide emissions as well as nitrate leaching.®
One way to manage this tradeoff between carbon dioxide and nitrous oxide emissions is to manage
nitrogen based on the specific context and soil characteristics of the land, which is an approach known
as precision nutrient management or site-specific nutrient management (SSNM).* Site-specific nutrient
management is a science-based approach to nutrient management based on field-specific conditions
in a given cropping season and system. Developed in the 1990s with the goal of increasing yields and
optimizing the resources of smallholder rice farmers in Asia, SSNM was created by the International
Rice Research Institute (IRRI) and other collaborators in Asia. The SSNM approach was expanded soon
thereafter to include wheat and maize systems, and now includes nutrient management guidelines for
numerous crops, provided through a variety of physical and digital tools.

C. Carbon Sequestration Rates and Saturation in Soils

Soil organic carbon sequestration rates vary considerably depending on the amount of biomass returned
to soil-plant systems, soil types, and climatic regions.®® In addition, SOC sequestration may have an
upper limit as soils reach their natural saturation point for organic carbon.®' The exact saturation
amount and timeline is dependent on specific soil characteristics, including the soil’s current organic
carbon stocks and climate.®? For example, a meta-analysis on rice straw residue retention found that it
took about 12 years for soils to reach an organic carbon saturation point.%® Understanding the differing
rates of SOC sequestration as well as carbon saturation points of soils is key to assessing the potential
of SOC sequestration for persistently increasing carbon drawdown over time in different geographic
locations.

D. Sustainable Intensification and Carbon Sequestration

A common argument for climate change mitigation strategies like conservation agriculture, agrofor-
estry, and biochar is their associated agricultural productivity benefits. First, increasing crop yields,

i.e., agricultural intensification, is often the most feasible and impactful pathway for increasing carbon
sequestration in agricultural lands. Net primary productivity (NPP) is the amount of carbon maintained
in an ecosystem as measured by changes in biomass; % increasing biomass accumulation, i.e. through
increasing crop yields, therefore has the potential to sequester additional amounts of carbon dioxide as
it increases net primary productivity. Second, as the Borlaug Hypothesis argues, intensifying agricultural
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production may be land “sparing” because the same amount of food can be produced using less land,
thereby sparing land for nature.®® Protecting existing carbon sinks, such as forests and peatlands, is an
important climate change mitigation strategy.®® However, the evidence behind agricultural intensification
as a way to prevent land use change is mixed® as there are many interacting market forces which shape
farmers’ motivation to expand agricultural lands. It is thus uncertain if sustainable intensification leads
to net climate change mitigation.

Alternatives to Crop Residue, Specifically Rice Straw,
Burning

Crop residue burning is a common practice by farmers throughout the world as it is low-cost,
low-labor, and a quick way to clear plots for the next crop. In some regions, particularly in
South Asia, there is intense pressure on farmers to act quickly between cropping seasons

to maximize the ideal seasonal conditions (i.e., temperature and water availability) for crop
productivity.%® Not only does burning remove the residues of the previous crop quickly, but

it kills any remaining pests in the field. Burning also returns some of the residues’ nutrients
back to the soil in available forms, which means farmers may see a productivity boost from
the practice in the short term. However, nutrients from crop residues are also lost in the
burning process, and there are negative long term consequences to soil health such as a lost
opportunity to increase SOC.% Other harmful consequences of crop residue burning include the
emission of GHGs and particulate matter.”’ Black carbon, a component of particulate matter,
only stays in the atmosphere for days or weeks, but it is “the most solar energy-absorbing
component of particulate matter and can absorb one million times more energy than CO,,"
contributing to warming effects on the planet.”” Black carbon also travels easily and can
therefore create negative environmental consequences for sensitive areas hundreds of miles
away from its origination point. For example, high concentrations of black carbon from crop
burning in the Indo-Gangetic plain have been found in the Himalayan-Tibetan plateau glaciers,
contributing to their melting.”? Particulate matter also poses a serious risk to human health
as particulate matter 10 microns or less (especially PM, ,) easily travel into the lungs and the
bloodstream through respiration, contributing to cardiovascular and respiratory disease and
premature mortality.” In New Delhi, crop burning from surrounding regions contribute to a
spike in PM, cevery winter, with consequent negative health effects.

Despite these negative consequences, crop residue burning has been an extremely difficult
behavior to change.” This is partly due to its efficiency in dealing with crop residues and partly
due to the lack of feasible alternatives for farmers. In Northwest India, where rice straw burning
is widely practiced to prepare rice fields for the subsequent wheat season, the government
initially banned the practice in 2015 then reversed the ban in 2021 due to farmer protests.”
However, not only has the practice continued, but the patterns of burning are changing and
burning prevalence is increasing in other parts of the country,’® outside acknowledged hotspots
in the states of Punjab and Haryana.

The existing alternatives to rice straw burning in India, which also apply to crop residue burning
generally, fall into the following categories:




Mitigation through Organic Carbon Strategies

@ In situ retention by keeping residues on the soil surface and sowing the next crop with
specialized machinery like the Happy Seeder, which is a piece of tractor-drawn equip-
ment used to cut and lift rice straw, sow wheat, and spread straw over fields as mulch.

@ Incorporation of crop residues into soil through intensive tillage. This step can be
facilitated by efforts to speed up residue decomposition, such as by applying the pusa
bio decomposer, a substance developed by the Indian Council of Agricultural Research
(ICAR) which speeds up rice straw decomposition when sprayed on residues.

® Collection of straw residues for alternative uses such as livestock fodder, biochar, or to
sell within local markets. Collecting rice straw in combine harvested fields is facilitated
by machinery like balers and reaper binders.

For farmers to adopt these alternative pathways, however, they need to be supported by a
market and regulatory environment which ensures that the alternatives are attractive and as
easy and cost effective to implement as burning.”” For example, although there has been a
large push by the Government of India, as well as by many non-profit organizations, to promote
the use of Happy Seeder and other technologies to keep crop residues on the field, the service
economy around these technologies is comparatively nascent.”® For example, there are a
limited number of Happy Seeders available to farmers within a given local market, which
means competition for the ones available is high during the season between crops. Despite
existing subsidies, machinery like Happy Seeders can also be prohibitively expensive for
farmers and service providers, and require additional costs like diesel tractors to function. In
addition, machinery like the Happy Seeder leaves room for pests like pink bollworms to fester
within crop residues.” There are practical concerns about newer technologies like the pusa
bio decomposer; reports suggest the decomposer was ineffective at quickly decomposing the
straw on farmers’ fields or took longer than the harvesting-planting window allowed.® In terms
of collecting crop residues for alternative uses, whether as livestock fodder, biochar, or to sell,
farmers face the cost of collecting, baling, and storing the rice straw, not to mention the indeter-
minate value of these alternative crop residue uses. For example, rice straw is widely known to
have low nutritional value which makes it only one portion of a complete livestock diet.®' There
are also limited markets for rice straw, which vary significantly based on where a farmer may
be located. For example, Punjab® has a few power plants which will use rice straw to create
biogas, but Haryana has none.

Incorporating farmers’ perspectives and understanding their day-to-day financial realities is key
to making these alternatives for crop residue burning feasible on the ground. Many farmers

in India are well aware that rice straw burning poses environmental and human health issues,
but they cannot be expected to provide environmental services while accepting hits to their
livelihoods. One promising avenue to provide incentives for adoption of alternatives to crop
burning is the emergence of payment for environmental services (PES) schemes. One recent
study found providing farmers with upfront payments helped deter rice straw burning in India,
with many choosing to bale their residues instead.® Identifying ways to finance and scale
well-designed PES programs can change the economic realities of crop residue burning and
help shift farmer behavior.
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3. Conservation Agriculture

Conservation agriculture (CA) is a farming system that regenerates degraded land and prevents

future degradation by minimizing mechanical soil disturbance, promoting permanent soil cover, and
diversifying plant species in cropping systems.? Conservation agriculture also improves opportunities
for carbon sequestration in agricultural land by limiting the amount of carbon that is released by soil
disturbance, and by increasing soil health properties that allow for greater carbon sequestration as well
as plant and soil organism biodiversity.®®> As described, CA consists of three interconnected principles
that must be adjusted to the context of different production environments:

1. Minimum mechanical soil disturbance: Farmers use no- or low-till farming and limit soil distur-
bance through direct-seeding and/or fertilizer placement. Limiting mechanical soil disturbance
decreases soil erosion and preserves carbon sequestered in soils.

2. Permanent organic cover of soils: Farmers use cover crops or leave crop residues on at least
30% of their farm plots. Using organic covers, like cover crops, over soils preserves soil moisture
while decreasing weed growth, soil compaction, and the effects of extreme weather on soils,
such as insufficient or excess rainfall.

3. Crop rotation: Farmers diversify rotations to ensure that pest and disease cycles are adequately
controlled in the context of the first two principles.&®

To minimize mechanical soil disturbance, farmers can use zero-tillage planting (or direct-drilling), which
means cultivating crops without mechanical seedbed preparation.®” In systems which need seedbed
preparation (soil-compaction, small seed size) or where zero-tillage equipment is not available, farmers
can opt for reduced-tillage practices like strip-tillage that minimize soil disturbance. To maintain soil
cover, farmers can leave crop residues on their fields or they can plant a cover crop if the gap between
harvesting and planting is long or if they have additional uses for crop residues. Cover crops improve
soil fertility and soil structure, increase biodiversity (especially in monoculture environments), recycle
nutrients, reduce pests and weeds, and support other livelihood strategies, including using cover crops
as livestock fodder.8® Lastly, farmers can adapt crop rotations for species diversification. Diversifying
crops may have positive effects on plant production, human and livestock nutrition, pest and weed
growth, nutrient balances, soil fertility, and biodiversity,®® but these benefits cannot be generalized
broadly and must be considered in the context of the needs and geography of the farm.

There is evidence that CA can mitigate climate change and improve soil health, as well as increase
productivity and profitability for smallholder farmers. However, the level of added benefits to environ-
mental and farmer outcomes depends on the specific context where CA is implemented (Table 1). In
addition, cropping systems, heterogeneity in farming practices (such as water management or fertilizer
use), and access to inputs also affect the climate change mitigation potential and productivity changes
of CA adoption.

A. Climate Change Mitigation and Conservation Agriculture

Net climate change mitigation potential from CA depends on the interaction of several greenhouse
gases (GHG), whose emissions simultaneously decrease and increase as carbon is sequestered. For
example, total net flux of nitrous oxide (N,0), carbon dioxide (CO,), and methane (CH,) emissions
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depend on biogeochemical processes in the soil related to carbon (plant biomass), nitrogen (fertilizers)
additions, and environmental conditions. Emission fluxes will naturally change along the plant growing
cycle and vary depending on the cropping system, environment, and agricultural inputs used, as well

as other farming management practices. Another consideration is that any negative change in crop
productivity, which decreases biomass and NPP, may outweigh the sequestration advantages of
minimal soil disturbance by CA, so both biomass returns and decay rates must be considered. Ideally,
adopting CA practices should improve carbon sequestration and lower total GWP.

Recent empirical evidence summarized in Table 1 below demonstrates mixed outcomes on the mitiga-
tion potential of CA, especially in smallholder contexts in SSA and South Asia. Under highly controlled
conditions or in experimental trials, zero or reduced tillage reduces the amount of carbon losses from
soil disturbance, while permanent cover crops (including crop residue retention, mulching, and green
manure) increase carbon sequestration ability. In addition, energy consumption for tillage can be much
lower with reduced tillage, thus decreasing emissions from combustion. However, when conditions
are less controlled or other variables from on-farm trials affect results, the climate change mitigation
potential of adopting CA practices remains unclear.

A recent meta-analysis (an analysis that combines results from multiple studies) on rice-wheat, maize-
wheat, and rice-maize cropping systems in South Asia found mixed results on GHG emissions from
both on-station and on-farm trials of CA. Using data from 9,686 paired site—year comparisons, results
showed a decline in overall carbon dioxide equivalent emissions (using a 100-year GWP) as the result
of reduced methane emissions when CA practices were adopted, compared with conventional agricul-
ture, while no significant changes in nitrous oxide emissions were found.*

Another meta-analysis using data from 60 peer-reviewed studies assessed effects of CA (including
no-tillage/reduced tillage and crop residue retention) in SSA and found an increase in soil organic
carbon sequestration across practices.®’ However, while minimum tillage and crop residue retention
led to improvements in total soil carbon and nitrogen, these improvements were only significant after
practices were combined together®? (although the authors suggest that these results could be skewed
by a small sample size). Results from another global meta-analysis demonstrate positive effects on
SOC from conservation tillage and cover crops, while also noting that SOC benefits may be negated by
potential rises or fluctuations in nitrous oxide and methane emissions from adopting CA practices.*®

The current evidence of greenhouse gas emissions reductions from CA practices therefore remains
inconclusive when implemented in smallholder farmer contexts. In particular, there is a substantial

evidence gap for CA's SOC sequestration potential from on-farm trials with smallholder farmers in SSA

and Asia. Many meta-analyses provide yield or SOC data from on-station and on-farm experimental

trials which tend to be highly managed, but very few studies include observations of CA implemen-

tation directed by smallholder farmers (Table 1). Even in more controlled experiments, calculation

methods between studies within the meta-analyses may differ, and factors such as soil or environ-

mental differences can affect productivity and mitigation outcomes. Future research on CA practices

should focus on how mitigation is affected by CA practice adoption and implementation by smallholder
farmers themselves, as well as by their financial, logistical, and environmental constraints. 10
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Table 1: Research Findings on Climate Change Mitigation Potential of Conservation Agriculture

Study

Study Information

Climate Change Mitigation Effects

Jat et al. (2020

Meta-analysis comparing conser-
vation treatments for rice-wheat,
maize-wheat, and rice-maize
cropping systems in South Asia
(9,686 paired site-year conventional
vs. conservation practice observa-
tions from 1,353 field experiments)

GHG emissions overall, including CO,,
decreased; CH, emissions decreased
significantly while N,O emissions
increased in on-station studies. Zero
tillage with residue retention increased
water use efficiency by 12.6% and
reduced GHG emissions in 100-year
CO,-equivalents by 12-33%.

Kichamu-Wachira

et al. (2021)

Meta-analysis of conservation
practices, green manure, zero or
reduced tillage, and crop residue
retention, from 60 studies in SSA
(517 paired observations for crop
yields, 163 paired observations for
soil carbon, and 98 paired observa-
tions for soil nitrogen)

Minimum tillage and crop residue reten-
tion led to significant improvements in
soil carbon and soil nitrogen, but only
once practices were combined. Authors
suggest these results could be affected
by small sample sizes given the limited
number of studies which used multiple
CA methods simultaneously.

Bai et al. (2019)

Global meta-analysis of 417 studies,
half of which are in North America
(3,049 paired observations)

Conservation tillage and cover crops
increased SOC by 5% and 6%, respec-
tively. Authors observed stronger
impacts from CA in warmer climates and
in low N fertilizer input environments.

Kumara et al.

(2020)

Meta-analysis of economic and
environmental benefits of conserva-
tion agriculture in South Asia (670
paired observations from 147 studies
representing 67 crops of South Asian
countries)

CA practices increased SOC by 16.3%
compared to the conventional tillage.
Water consumption was lower from CA
practices than conventional agriculture.
CA reduced emissions of CO, by 4.28%
and CH, by 25.67%, both in aerobic and
anaerobic soil conditions.

CAincreased NO, and N,0—N by 14.45%
and 5.20%, respectively.

B. Farmer Outcomes from Conservation Agriculture

Similar to the research on mitigation potential, empirical research on smallholder farmer outcomes,
like yields and profits, remain inconclusive in African and South Asian geographies (Table 2). Several
meta-analyses suggest that CA practices increase yields when implemented in their totality, but
research finds that adopting one CA practice does not necessarily increase productivity.

For example, in a meta-analysis looking at CA in Sub-Saharan and North Africa, Kichamu-Wachara et
al. (2021) conclude that minimum tillage does not affect yields as a standalone practice, but minimum
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tillage is associated with positive increases in yield when combined with other CA practices such as
crop residue retention and rotation.®* These results are also supported by research in another global
meta-analysis, which finds a negative outcome of 9.9% on yields from zero tillage as a standalone
practice.®® Zero tillage combined with either crop residue retention and crop rotation also negatively
impacted yields by 5.2% and 6.2%, respectively.®® However, zero tillage combined with crop residue
retention and crop rotation increased yields by 7.3% compared to conventional agricultural practices.
These results suggest that implementing no-till agriculture as a standalone practice could be damaging
to farmers’ productivity in some contexts, and therefore zero tillage should be implemented on farmers’
plots that already use crop covers and crop rotation.®”

Findings from another meta-analysis on South Asian farmers by Jat et al. (2020) suggest that the partial
or total adoption of CA practices can contribute to higher yields in cropping systems with maize, wheat,
and/or rice, ranging from 3% to 5.5% compared with conventional agriculture.®® These findings were
supported by an SSA-focused meta-analysis that found average yields increase by 3.7% (for maize,
sorghum, cowpea, rice, soybean, and cotton cropping systems).*® The authors found that maize yield
increased an average of 4% with zero or reduced tillage as a standalone practice, but increased by 8.4%
when combined with mulching and intercropping/crop rotation. Perhaps most importantly, Jat et al.
(2020) concluded that while yields may not be as significant when zero or reduced tillage was adopted
alone, scaling conservation agriculture in South Asia does not require strict adherence to total adoption
for farmers to gain benefits from CA.’ Field trials in the Indo-Gangetic Plains in wheat cropping systems
suggest much higher yields in South Asia from CA, with yields increasing by 19-32% on average
compared to lower averages in other cropping systems or in other geographies.™’

Further, observed productivity gains from CA were also associated with higher farmer profits. Profit
increases ranged between 20—-40% in South Asia, depending on the combination of practices adopted
and the cropping systems.’®? Findings also suggest that yield and profit increases from adopting CA
practices in South Asia are higher for maize and wheat than for rice cropping systems.'* Heterogeneity
in soil texture also affected productivity, as yields were higher in loamy soils than in clay or sandy soils.’%

12
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Table 2: Research on Farmer Outcomes and Conservation Agriculture

Study Study Information Changes in Yields
Meta-analysis of 60 on-station and on-farm
studies in SSA and North Africa
Kicha- [517 paired observations for crop yields, Minimum-to-no tillage as a standalone practice
ma_ 163 paired observations for soil carbon, and | does not significantly impact productivity. When
m 98 paired observations for soil nitrogen; farmers combine conservation tillage with crop
m maize (n=398); wheat (n = 168); sorghum residue retention or green manure, yields increase
al. (2021) (n=24) legumes (beans, lentils, cowpea, and | by 9.3% compared to conventional agriculture.
soybean; n=58) and tubers (yam and sweet
potato; n=13)]
Global meta-analysis using data from
Pittelkow on-station field experiments for 48 different | Zero-tillage alone reduces yields by 9.9% compared
$ crop species with conventional tillage. Zero-tillage combined
m [5,463 paired (no till-to-conventional till) with crop rotation and crop residue retention
observations for crop yields from 610 significantly enhances yields by 7.3%.
studies]
Average yields (across crops) increase by onl
Meta-analysis using data from field exper- gey ( . P ) . yony
. . ) 3.7% compared with conventional tillage. Average
iments for maize, sorghum, cowpea, rice, o . .
sovbean. and cotton cropbing svstems in maize yields increase by 4% with zero or reduced
Corbeels SS},IA ' PPINg Sy tillage and by 8.4% when combined with mulching
et al. . . . and intercropping/crop rotation. Using herbicides,
— [992 paired (conservation-to-conventional . . . .
(2020) . ) ) yields with CA increase by 4.7% over conventional
till) observations for crop yields from 87 field | . ) L .
. . . tillage, whereas no difference in yields is observed
experiments with over half of the studies on . . .
. between CA and conventional tillage without
maize] .
herbicides.
Meta-analysis using rice-wheat, maize-wheat, | Significant positive effects are seen on yields
and rice-maize cropping systems in South across the three cropping systems, with impacts
Jatetal. | Asia ranging from 3% to 5.5%. Maize—wheat cropping
(2020) [9,686 paired site-year conventional vs. systems see an 18.6% increase in yields, followed
conservation practices comparisons from by yield increases in rice-wheat (5.1%) and rice—
1,353 field experiments] maize (3.6%) cropping systems.
Field trials on zero-tillage methods in wheat | Yields increase by 19% from adopting CA practices
. cultivation in the Indo Gangetic Plains compared with conventional tillage. Establishment
Keil et al. . . .
W [1000 farm households in Bihar; random costs and increased annual household income
(2015) sampling clustered at the village level, strati- | decrease by an estimated 6% among a random
fied by zero-tillage adopters/non-adopters] sample of farmers in Bihar.
Field trials on zero-tillage methods in wheat | Using the same sample from Keil et al. (2015),
cultivation in the Indo Gangetic Plains the authors find that zero-tillage increases mean
Keil etal. | [961 farm households in Bihar from the wheat yields by 32.1%, relative to conventional
(2020) same sample from Keil et al., 2015]; random | tillage. Yield increases are consistent across

sampling clustered at the village level, strati-
fied by zero-tillage adopters/non-adopters

varying climatic conditions over a four-year period,
including periods of drought and excess rainfall.
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C. Barriers to Adoption and Implementation

CA adoption often requires significant upfront investment from smallholder farmers, which they are
often not able to afford. For example, reduced tillage requires specialized equipment and may also
necessitate higher levels of herbicide for weed control to maintain yields." Crop residues serve
multiple purposes on the farm, including as livestock fodder, so may not be available to leave on the
field."® Cover crops may not easily fit into existing crop rotations nor be economical to plant, and often
require increased capital and labor investments in seeds, additional crop expenditures, and labor in
planting an additional crop cycle.”” There may also be environments, i.e., extremely dry or cold areas, in
which cover crops will not be able to survive.

The order of adoption of individual CA practices also matters for yield and climate change mitigation
outcomes, such as whether farmers adopt zero or reduced tillage before or after they adopt cover
crops and crop rotations. Smallholder farmers must thus have access to training or other sources of
information on how to properly implement CA practices for optimal yield and climate change mitigation
outcomes.

These capital and labor costs of CA adoption may or may not be balanced by productivity gains.
Despite a number of demonstrated benefits for soil fertility, soil erosion, and biodiversity, the relatively
low productivity gains, or even negative productivity impacts, in the short term in most empirical
studies, as well as the aforementioned costs of adoption, help to explain the low CA adoption rates by
smallholder farmers to date, especially in African geographies.’® Smallholder farmers are less likely to
adopt new practices without financial incentives from higher yields and/or higher profits, especially in
the short term." Future research should more concretely analyze mechanisms behind farmer yield and
profit changes associated with CA in order to increase farmer adoption.

4. Agroforestry

Agroforestry is a land use system that integrates woody perennials with crop or grazing lands to
sequester carbon in above-ground biomass and increase SOC. Beyond its carbon sequestration
benefits, farmers are often motivated to adopt agroforestry as it has direct economic benefits, from
the provision of firewood to fodder production to wind breaks. Often defined as more than 10% cover
of trees and shrubs on a farm plot, agroforestry practices are particularly common in some regions in
Asia, with approximately 78% of agricultural land in Southeast Asia, 50% in East Asia, and 27% in South
Asia incorporating elements of agroforestry.™°

A. Agroforestry and Agriculture

Types of agroforestry and agroforestry practices differ based on the climate, geography, and cropping
system, although all systems combine ecological systems of woody perennials with crops, livestock, or
both. The Food and Agriculture Organization of the United Nations (FAOQ) identifies three different types
of agroforestry: 1) agrosilvicultural (trees combined with crops); (2) silvopastoral (trees combined with
animals); and (3) agrosilvopastoral (trees combined with animals and crops).”"" Choices of the type of
agroforestry and related practices to adopt by farmers are often based on specific contexts, such as
geography, soil type, historical or indigenous practices, and the local environmental conditions. Many
agroforestry practices are based on indigenous farming systems that are context-specific methods for
achieving both higher yields and profits."?
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Definitions of agroforestry can also incorporate or promote practices such as afforestation (planting
trees on land that was not previously a forest) or reforestation (planting or restocking trees in degraded
forests)."® While afforestation and reforestation can contribute to restoration of degraded land as

well as to carbon drawdown, this piece will focus on agroforestry and its intersection with working,
agricultural land, primarily combining cropping and/or livestock systems with trees, shrubs, bamboos,
or palms.

Table 3 defines the most common practices to integrate agroforestry into agricultural land, namely
alley cropping, hedgerows, dispersed intercropping, multistrata agroforests, parklands, windbreaks,
boundary planting, and improved fallows. Additional practices, including biomass transfer (incor-
porating leaves, twigs, and other pruned materials into soil before planting) and using mulch (using
pruned materials as protective covering), are common practices that are associated with agroforestry
but differ from the practice of planting woody perennial crops like trees and shrubs.’ Farmers will
choose to adopt different agroforestry practices depending on their needs, constraints, and produc-
tivity aims, leading to the variety of different practices under the wider umbrella of agroforestry. Today,
agroforestry encompasses a variety of practices and methods, meaning that full predictability of
effects in a specific context remains challenging.

Table 3: Agroforestry Practices and Relevant Empirical Research on Practices

Agroforestry Practices Description of Practice
Alley cropping Crops are planted in between rows of shrubs or trees
Shrubs are planted closely together to form a barrier between separate
Hedgerows
fields
Dispersed intercropping Trees are planted and scattered in crop fields

Perennial tree crops (often cocoa, coffee, and tea) are planted along

Multistrata agroforests
9 with shade trees

Parklands Multipurpose trees are planted and scattered across farmlands
Windbreaks Trees are planted in rows to provide protection from the wind
Boundary planting Trees are planted to define different farms

Planted fallows (improved Farmers rest cropland between cultivation cycles by growing fast
fallows) producing species

Source: Kuyah et al. (2019)"®

B. Climate Change Mitigation and Agroforestry

Benefits of agroforestry vary depending on what practices are adopted in which cropping system and

in which ecological zone. However, empirical evidence about agroforestry demonstrates improvements

to both climate change mitigation potential and farmer productivity and profitability. In terms of climate
impacts, agroforestry demonstrates strong mitigation potential through soil organic carbon seques-

tration, as well as carbon storage in woody biomass. In the humid and sub-humid tropics, agroforestry 15
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increased soil organic carbon by an average of 21% across 119 studies.'® Another meta-analysis of

78 studies across 30 countries revealed that, compared with agriculture and pasture, agroforestry
systems held soil organic carbon stocks that were 27% higher in arid and semi-arid regions, 26% higher
in lowland humid tropics, 5.8% higher in Mediterranean regions, but 5.3% lower in temperate regions.’”
These results are encouraging in Global South geographies, which include farmers both in humid and
sub-humid tropics, and in arid and semi-arid climate zones.

Evidence also suggests that organic carbon storage potential was higher with longer-term agroforestry
projects with 10 to 20 years of agroforestry practices rather than projects that were assessed at fewer
than 10 years.”® Other meta-analyses demonstrate positive outcomes on soil organic carbon seques-
tration.”™ The estimates of potential increase in carbon storage through above-ground biomass largely
depends on the type of woody perennial as well as the agroforestry practice used.

Positive environmental impacts of agroforestry adoption extend beyond climate change mitigation.

A review of biodiversity present in agroforestry systems confirmed that agroforestry practices led

to higher floral, faunal, and soil microbial diversity compared to monocropping systems, adjacent
agricultural land, and some forests.'?® Another review of empirical research by Bhagwat et al. (2008)
concludes that, despite wide variation across studies, the mean values for richness of biodiversity in
agroforestry systems is 60% higher than forest biodiveristy.’' Studies on agroforestry also demon-
strate positive effects on soil erosion, including higher infiltration rates and soil macroaggregates, lower
runoff, and greater stability of soil structure. In a meta-analysis of 119 studies on soil health impacts
from agroforestry in the humid and sub-humid tropics, Muchane et al. (2020) find that agroforestry
can lower soil erosion by 50%,'?2 increase nitrogen storage by 13%, and increase available nitrogen by
46% compared with monocultures.'? Other positive impacts of agroforestry, including improved pest
control, reduced weeds, and lower plant damage due to disease and pests, were found in a meta-anal-
ysis of 42 studies, by Pumarifio et al. (2015).7*

Climate change mitigation as well as soil health benefits of agroforestry rely on the continuation of
agroforestry practices; positive outcomes of climate change mitigation and productivity can only

be achieved if farmers do not return to conventional or historical practices. The potential lack of
permanence limits climate change mitigation if farmers are forced or choose to remove their woody
perennials or change their cropping pattern. In contrast to many other agricultural investments, agrofor-
estry takes longer for farmers to earn profits from investing in agroforestry practices. For instance,
many conventional agricultural investments generate profitable returns in one to two years, whereas
agroforestry practice could take three to eight years for farmers to see significant profit increases.'?®
Therefore, farmers may incur extra costs in the first years of agroforestry practice (such as higher input
or labor costs) or even generate lower yields, which may dissuade farmers from adopting practices
based on environmental benefits alone.

C. Farmer Outcomes from Agroforestry Practices

Overall, farmer outcomes from agroforestry appear positive. However, studies in both Africa and Asia
demonstrate a wide range of farmer outcomes depending on cropping system, type of agroforestry, soil
type, climate, and other environmental factors. Research to date, described in detail below, suggests
stronger yield outcomes when agroforestry is adopted in Sub-Saharan African contexts than in Asian
contexts, and appropriate planning and research before project implementation appears to significantly
decrease risks of negative yield outcomes.

16
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i.  Sub-Saharan Africa

Empirical research demonstrates agroforestry can improve farmer productivity and profitability,
especially in Sub-Saharan Africa. In a meta-analysis of 126 peer-reviewed studies across Sub-Saharan
Africa, 77% of on-farm plots and 68% of on-station plots saw some level of yield increase from the
implementation of agroforestry. Diving more specifically into agroforestry practices such as improved
fallows, alley cropping, as well as the associated practice of biomass transfer, 85%, 77%, and 93%

of plots which implemented those practices, respectively, saw a yield increase.' The level of yield
increase depends on a plot’s specific characteristics, like soil type and base soil fertility, as well as its
agroecological conditions.

Agroforestry practices like the ones listed in Table 3 above improves yields in both semi-arid and humid
conditions, compared to the conditions where farmers did not adopt agroforestry practices,'” and
yields were significantly higher in most soil types. Studies have shown negative yield outcomes from
agroforestry implementation in sandy and rice soil, but these differences could also be attributed to
general poor soil health or other environmental factors.’?® A few agroforestry practices and agroforestry
management techniques, namely hedgerows and constricting growth of woody perennials through
pruning or excessive shade, do more commonly lead to negative yield outcomes, but overall effects
are positive'? and are well supported in various sources of empirical research and meta-analyses on
Sub-Saharan Africa.’

ii. Asia

Studies on the effects of agroforestry practices on production capacities in Asia lead to more mixed
results than SSA results, with both positive and negative results. In a meta-analysis of 14 studies,
Kumar (2006) finds that agroforestry generates positive yield effects with crops such as rice, ginger, and
galanga, but can produce lower yields in fodder plants and other grain crops.™' Results in farmer yield in
Asian countries were more affected than SSA countries by cropping system type, soil type, and agrofor-
estry practice used, and exact impacts need to be studied further to understand fully which practices
lead to higher or lower productivity, and why. Agroforestry programs which adequately account for these
environmental factors in Asian geographies can lead to positive outcomes in both farmer productivity
and profitability. Despite the lack of clear effects on productivity in Asian contexts, there is strong
evidence to support the implementation of agroforestry systems in Asian geographies when sufficient
planning and research (such as randomized control trials) are included to ensure more positive farmer
outcomes.

D. Barriers to Adoption and Implementation

The most significant barrier to agroforestry adoption by smallholder farmers is the longer-term nature

of yield and profit increases, as well as associated initial capital costs of the trees themselves, and

potentially taking some land out of production. While other agricultural changes, like variety or crop

type, may only take one to two years to improve farmer productivity, many agroforestry practices require
three to eight years to increase yields and associated farmer profits.’s? In periods of economic stress or
uncertainty, farmers may cut down woody perennials for firewood or other livelihood uses, thus negating
potential long-term productivity benefits as well as the carbon storage effects of agroforestry. 17
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Socio-economic factors, such as household and livelihood security, access to land and capital, labor
availability, gender dynamics, land tenure, farm size, and knowledge of agroforestry also affect farmer
adoption of agroforestry.'? For example, agroforestry may require developing woody perennial cultiva-
tion skills that farmers are not familiar with, and farmers may lack the capital for agroforestry inputs
and labor expenses. If farmers are uncertain about their long-term land tenure, they may be less likely
to adopt practices like agroforestry that have little or no short-term yield or profit increases.™*

However, Roshetko et al. (2007) suggest that, when land tenure is secure, smallholder adoption of
agroforestry systems will occur if three key conditions are met: (1) quality access to appropriate
seeds and seedlings; (2) developed agroforestry system management skills; and (3) improved market
linkages, including in the demand for products of agroforestry systems’s® Otherwise stated, if small-
holder farmers have the necessary materials, including knowledge, for agroforestry practices, and have
access to fair and stable marketplaces for their crops or tree products, the farmers are much more
likely to adopt agroforestry. Another possible solution to increase agroforestry adoption is to offer
transition-period financial assistance until farmers recoup their agroforestry investment.'®

5. Biochar

Created by high temperature pyrolysis or degasification of organic material in an anaerobic environ-
ment, biochar can be made from a variety of materials, including crop residues, manure, aquatic weeds,
forest residues, or wood waste. The use of man-made amendments to soils dates back centuries;

for example, the Amazonian indigenous peoples created terra preta,’ a highly fertile anthropogenic
soil, through low-temperature burning of organics. Biochar today has evolved from terra preta,® but it
serves similar goals of improving soil health in degraded soils and, as we now understand, increasing
soil carbon sequestration.

Biochar is created by pyrolysis, the process of heating biomass to between 300°C and 700°C in condi-
tions with very low oxygen levels.’®® Biochar retains between 10% to 70% of the carbon from the original
biomass, with biochar carbon retention averaging around 50%.%° The carbon sequestration potential
of biochar is based on the difference between the rate of decomposition of the original biomass before
pyrolysis and the decomposition rate of the created biochar. Organic matter decomposition rates

vary greatly depending on the soil type, environment, and material, as well as the ratio of labile carbon
(which easily breaks down and is biodegradable) to recalcitrant carbon (which is more resistant to
degradation).’" In biochar there is a higher proportion of recalcitrant carbon compared with the original
biomass. For biochar to be effective for carbon sequestration, scientific estimates suggest that the
created biochar’s labile to recalcitrant carbon ratio should be less than 10%."*? The method of pyrolysis
will also affect the amount of carbon captured in the biochar, and the efficiency of the biochar creation
process. Burning biomass generates GHG emissions, so it is important that biochar pyrolysis systems
are efficient and convert as much carbon as possible in the biochar.’® Biochar created from woody
biomass (compared to manure or other biomass sources) increases this conversion fraction and hence
the potential for carbon sequestration in soil.

The effects of biochar amendments on carbon sequestration as well as farmer outcomes, such as
yields, vary drastically depending on the biomass input material, the method of biochar production,
and the depth and method of biochar application to soil.’** There are two components to “biochar best
practice”: the first relates to preparation of biochar as a product, including source materials, and the
second relates to how and where it is applied. Estimates of biochar’s effectiveness in sequestering
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carbon vary considerably based on the assumptions for these two issues, and the use of biochar for
SOC sequestration has not been well demonstrated beyond research settings. For example, biochar
feedstock selection by farmers is largely determined by the availability of feedstock materials, capaci-
ties for production and collection of feedstock, use tradeoffs, transport, and storage capacities, rather
than its carbon storage potential.’® Therefore, many smallholder farmers do not and often cannot
adhere to best practice guidelines for biochar production, and there is a large variation in biochar quality.

Nitrous oxide emissions from biochar depend on the the pyrolysis process, and on the nitrification and
denitrification process in soil amended with biochar.’ Nitrous oxide emissions are released in biomass
decomposition, which means that the calculated mitigation potential of the biochar amendment
depends on how much would be emitted if biochar were not created from the feedstock. Inefficient
pyrolysis can also affect nitrous oxide emissions when burning the biomass. These mechanisms are
currently poorly understood, so future research will need to move beyond observing outcomes, by
looking at mechanisms for increased or decreased nitrous oxide emissions from biochar amendments.
The fate and form of carbon and nitrogen must be fully accounted for beyond the field level to under-
stand the GHG reduction benefits from biochar or any other innovation.

Methane is also released in natural decomposition of biomass in the absence of oxygen (such as

in fully flooded rice systems). Projected methane emissions from biochar will depend both on the
expected decomposition environment of feedstock biomass, if not converted to biochar, and pyrolysis
efficiency. Methane emission interactions and mechanisms remain poorly understood and will need
further research to predict adequately how biochar production and applications will change methane
emissions.®

Other factors, such as water management practices, alternative uses for feedstock biomass, energy
used to create biochar, and changes in fertilizer demand could impact emission estimates and climate
change mitigation potential. To simplify calculations and generate practical estimates of biochar’s
mitigation potential, most meta-analyses and studies focus on soil organic carbon sequestration and
nitrous oxide emissions directly emitted from biochar creation and application.

Another environmental benefit associated with biochar is the use of pyrolytic cookstoves, a household
method of biochar creation commonly known as gasifiers, in place of traditional, open fire cooking
methods. Around 2.4 billion people worldwide still rely on inefficient cooking methods, like open fires, for
their daily cooking.™ These inefficient cooking methods create significant household air pollution which
contributes to 3.2 million premature deaths each year.’® Pyrolytic stoves such as those used for biochar
creation reduce indoor air pollution as they improve biomass burning efficiency. One study found using
a gasifier instead of a traditional open fire reduced CO, CO,, and PM, , concentrations at meal times by
57%, 41%, and 79% respectively.’™! Although the transition to pyrolytic stoves does not involve using
biochar as a soil amendment for carbon sequestration, it demonstrates how other practices associated
with biochar production can reinforce its positive environmental effects.
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The Standardized Product Definition and Product Testing Guidelines for Biochar That Is Used
in Soil (called the IBI Biochar Standards) acts as the most standardized set of regulations
on biochar creation and application, although a number of other certificate programs exist,
including the IBI Biochar Certificate or European Biochar Certificate, to prove biochar quality
for consumers. According to IBI Standards, biochar from feedstock must be a combination
of biomass and diluents, with less than 2% of contaminants (by dry weight).’? Diluents are
inorganic materials (such as clay, gravel, or other inorganic particles) that will not carbonize
when the rest of the biochar burns.™ Contaminants include unsuitable inorganic materials for
biochar production, including fossil fuels or fossil-fuel-derived compounds, glass, or metal.’>
Further, biochar made from manure or human waste must be clear of any hazardous material
or wastes.' Bl Standards do not require strict practices in production or storage requirements,
but they publish a list of best management practices (BMPs) that should be combined with
local regulations and testing protocols, including testing of basic utility properties, toxicant
assessment, and advanced analysis and testing of soil enhancement properties.’®

Biochar projects from around the world are testing and deploying biochar amendments in farmers’
fields, and results from on-farm trials and on-station trials show biochar has the potential to increase
productivity and climate change mitigation (Tables 4 and 5). However, continued empirical research is
needed on biochar’s performance in these contexts, given the high level of variability in biochar types,
as well as biochar’s effects in different ecological zones and cropping systems.

A. Mitigation Potential of Biochar

GHG mitigation from biochar can be from increasing carbon storage of soils as well as reducing
nitrous oxide and methane emissions from biomass decay. The most significant mitigation potential
from biochar, comes from carbon storage and sequestration increases in soils with biochar amend-
ments.

Given high heterogeneity in biochar application and composition, researchers are still learning about
the mitigation potential of biochar in multiple geographies and contexts. Empirical evidence has
shown positive impacts on soil health, water-holding capacity, and crop yields in research conducted
in the North and South Americas, Europe, Australia, and China.’” Effects of biochar amendments in
on-farm trials remain inconclusive in Asia and Africa, as there remains insufficient data on climate
change mitigation and productivity in smallholder contexts. Existing studies with on-farm trials with
small sample sizes demonstrate a range of effects based on differences in biochar source, quantity
applied, soil type, geography, and cropping system. Despite high variability in results between
individual studies, meta-analyses on the climate impacts of biochar suggest positive climate change
mitigation results from on-station research (Table 4).

Meta-analyses demonstrated positive effects of biochar amendments on soil organic carbon storage
and sequestration (Table 4). A global meta-analysis including data from both field experiments and
pot/incubation experiments saw an increase in SOC stocks by 29% and 75%, respectively.’® Co-appli-
cations of organic fertilizer with biochar amendments also significantly boosted SOC storage across
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studies.’™ These results were supported by findings from another global meta-analysis which found
biochar increased SOC by 32.9% with biochar application alone and by 34.8% with biochar combined
with chemical fertilizers. The use of biochar alone was associated with lower crop yields, whereas
biochar combined with chemical fertilizers were positively correlated with higher yields.’® These
results suggest that further analysis should be conducted on the mechanisms at play between biochar
amendments and chemical fertilizer application. The authors found that most study variation could

be explained by heterogeneity in water (humidity, rainfall, and water management), soil (SOC, pH, and
soil type) and biochar (feedstock material, pyrolysis method, pH, application rate, and carbon/nitrogen
ratio) properties,'®' although sufficient evidence on how these differences affect mitigation outcomes
remains lacking.

In terms of nitrous oxide emissions, one meta-analysis found a 54% reduction in soil nitrous oxide
emissions following biochar amendments.'®? Based on their results, authors of this meta-analysis
concluded that biochar created from wood and herbaceous biomass led to significant reductions in
nitrous oxide emissions, whereas biochar from manure led to a negligible net impact across studies
(although individual study results ranged from a 46% decrease in nitrous oxide emissions to a 39%
increase in emissions).’®® Generally, however, there exists a lack of understanding of key mechanisms
affecting biochar’s impact on nitrous oxide emissions,'®* which explains the high degree of hetero-
geneity across studies within the meta-analysis. Another meta-analysis found biochar amendments
reduced nitrous oxide emissions by 38%, although these effects declined and nitrous oxide emission
reductions became negligible after about one year.'®® Effects of nitrous oxide emission reductions with
biochar amendments were largest with rice and sandy soils.'® The meta-analysis also found negligible
effects on soil nitrate concentrations, but biochar amendments reduced nitrate leaching by 13%.”

The overall estimated effect of biochar amendments on annual net emissions varies, depending on the
model and calculation methods used. Estimates range from 0.7-1.3 GtC eq yr' to 5.5-9.5 GtC eq yr’,
which largely differ based on model assumptions and projections of SOC capabilities and of reductions
in nitrous oxide and methane emissions.’®® This wide range demonstrates the lack of consensus on
biochar’s climate change mitigation potential and further suggests how existing studies often fail to
encompass on-farm variability and mechanisms that affect GHG emissions. Ultimately, future research
needs to both assess biochar’s viability in on-farm trials, specifically in smallholder contexts in Africa
and Asia, and delve further into interacting mechanisms affecting emissions.
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Table 4: Summary of Research on Mitigation Potential from Biochar Amendments

Study

Study Information

Changes in Mitigation Potential

Borchard et al.

Meta-analysis using 88
peer-reviewed studies (n=701
observations, with 120 obser-
vations for nitrate leaching,
146 observations for nitrate

Biochar amendment reduces N,O emissions by 38% and
NO, leaching by 13%.

N,O emissions decrease the most in rice and sandy
soils.

studies

(2019) soil concentration, and 435 N,O emission reductions are negligible after the first
observations for cumulative N, O year.
. 2 Soil NO, concentrations are unaffected by biochar
emissions)
amendments.
There is a mean increase in SOC stocks by 29% from
field experiences (duration of 1-10 years and applica-
Global meta-analysis with data tion between 1-100 Mg ha™).
Gross et al. from 64 studies, including There is a mean increase in SOC stocks by 75% in pot
(2021) both field studies (n=412) and and incubation experiments.
non-field experiments (n=182) SOC accumulation is higher in field experiences with a
6-10 year duration compared to a 1-5 year duration.
Organic fertilizer combined with biochar increases SOC.
Meta-analysis using data f
et an'c? ysis usmg @ .a rom GWP decreases by 27.1% from biochar amendments
143 studies analyzing differences . .
. . alone, and 14.3% from biochar amendments combined
between biochar, and biochar ) . -
Xu et al. (2021 ) . . . with chemical fertilizers.
combined with chemical fertil- . . . .
izers (n=1080 paired crop yield There are almost no differences in terms of increasing
oep Py SOC (32.9 % [B] and 34.8 % [BF] respectively).
observations)
Meta-analysis which includ
Cayuela et al. eta .ana. ysis whieh Inciudes . N,O emissions decrease by 54% with biochar treat-
(2014) quantitative data from 30 studies ments in field and laboratory experiments
(n=261 experiments) '
. . . Annual net emissions of carbon dioxide CO2, CH,, and
Authors derived a biomass-avail- v
. . . N,O could be decreased by up to 1.8 Pg CO,-C equiv-
ability scenario for an estimate .
Woolf et al. ) . alent per year (12% of current anthropogenic CO,-C
of the maximum sustainable - €
(2010) . . . emissions).
technical potential of biochar to .
mitiqate climate change Total net emissions per 100 years could decrease by
g g 130 Pg CO,-C,.
Smith (2016 Review of literature using over 20 | Biochar has a negative emission potential between

0.7-1.3GtCeqyr.

(2006)

Lehmann et al.

Authors calculate emission
projections based on projections
of the use of renewable fuels in
the year 2100

Up to 5.5-9.5 GtC eq yr' can be sequestered by 2100
using biochar (Note: study assumes total paradigm shift
in energy consumption)

N.B. Observation refers to a single point of data collected from an on-farm, research farm, laboratory, or pot experiment. Observa-
tions are paired, meaning that one observation is paired with another in similar conditions, so that changes between the treatment
and control is evident. In these meta-analyses, the wide range of experiments means that paired observations demonstrated

changes of treatments in the most consistent way possible.
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B. Farmer Outcomes from Biochar Application

Several meta-analyses have been conducted to assess how biochar applications impact farmer
outcomes such as crop yield . Most meta-analyses show small positive productivity
effects when looking at grand means (average of means from studies included in the meta-anal-
ysis), but individual studies demonstrate a large range of yield changes, and uncertainty about
productivity increases or decreases from biochar amendments. For example, in a meta-analysis

of 16 studies, the authors find a grand mean increase of 10%, but the individual studies and
observations show crop yield changes ranging from a 28% decrease in yield to a 39% increase.’®®
summarizes productivity findings from meta-analyses: increases in grand yields range from
10% to 25%, although means from individual studies demonstrate both positive and negative yield
outcomes from biochar application.

Results vary on how biochar alone affects crop yields, but combining biochar with other soil
amendments (including fertilizers and organic products) increases crop yields. Findings from

one meta-analysis suggest that use of biochar alone does not significantly increase yields, but
biochar combined with inorganic fertilizers and/or organic amendments leads to yield increases of
48% and 15% against non-fertilized and fertilized controls, respectively.”® However, these results
contradict findings from another meta-analysis, as a larger scale global analysis finds that biochar
alone does increase crop yield by 15.1%. Similar to the other meta-analysis, biochar combined with
chemical fertilizers leads to a significant increase (48.4%) in crop yield."””” While results suggest
that biochar can improve crop productivity, the high variability in results across studies and
meta-analyses indicates many factors impact how biochar amendments affect crop yields. These
factors include ecological/climate zone, soil type, type of crop, application quantity, type of biochar
applied, and additional inorganic or organic fertilizer application.

Recent research has been trying to ascertain why yields are lower in some cases, and to alleviate
farmer concerns over decreased productivity from biochar amendments. Soil properties (including
texture, pH, fertility, and nutrient balances) impact yield results and can help explain variation and
inconsistencies in results. Empirical evidence suggests that both medium and coarse soils textures
yield higher productivity, whereas biochar application does not significantly impact yields in fine
textured soils.? Yield impacts are higher in acidic and in neutral pH soils compared to alkaline
soils; meta-analyses results show that a high pH decreases biochar’s effect on yield increases.’”
Biochar amendments are more effective in increasing yields in high SOC contexts, especially when
combined with chemical fertilizers.’*

Biochar composition also affects biochar’s effects on productivity, as some biochar properties are
negatively correlated with higher yields.”> When biochar amendments consist of a higher carbon
to nitrogen ratio (which is affected by both pyrolysis and feedstock material), biochar amendments
may still increase yields, but could decrease the relative positive impact of biochar on productivity
if biochar amendments contribute to nitrogen immobilization. Findings are generally inconclusive
about how biochar application rates affect productivity, as researchers conclude other factors may
play a more critical role in yield outcomes. Most studies suggest there is no significant difference
in yield effects between biochar applications ranging from 10-100 t ha™."7¢

Geography also had strong effects on biochar efficacy, which implies that biochar may not be a

practice that is globally applicable for farmers, and may explain variations in outcomes between 23



Mitigation through Organic Carbon Strategies

global meta-analyses. Biochar application contributes to a 25% increase in yields in the tropics, but
almost no effect on yield in temperate climates.” In another meta-analysis a few years later by the

same authors, the authors find that biochar amendments in temperate climates actually decrease

crop yields."”®

Table 5: Research on Effects of Biochar Amendments on Productivity

Study

Study Information

Changes in Productivity

Jeffery et al.

Statistical meta-analysis with
data from 16 studies (n=177

There is a 10% increase of average yield from
biochar application (grand mean).'”

(n=880 paired observations)

2011
(2011). treatments) Changes in yield range from -28% to 39%."8°
Crop yield increases by 15.1% from biochar amend-
) ments (B) and by 48.4 % from biochar amendments
Global meta-analysis on . . . .
impact of biochar versus combined with chemical fertilizers (BF).
Higher SOC i ields f B and BF d-
Xu et al. (2021 combined biochar and 'gher Increases yields from & an amen
chemical fertilizers (n=455 ments.
experiments) Higher biochar carbon to nitrogen ratio (C:N ratio)
P and soil pH lessen crop yields from B and BF amend-
ments.'®
Weighted meta-analysis with . . . .
%
Liuet al. (2013) | data from 103 studies There is an 11% increase in average yield from

biochar application (grand mean).#?

Jeffery et al.
(2017)

Meta-analysis with data
from 109 studies (n=1125
observations)

There is a 13% increase in average yield from
biochar application (grand mean).®

There is a 25% increase in average yield from
biochar application in the tropics, but no effect or
negative effects on yield in temperate latitudes.’®

Ye et al. (2020

Meta-analysis of 56 studies
(n=264 observations)

Use of biochar alone does not significantly increase
yields.

Biochar combined with inorganic fertilizers and/

or organic amendments increases yields by 48%
(against non-fertilized controls) and by 15% (against
fertilized controls).®

C.

Barriers to Adoption and Implementation

There are few studies of farmers producing and using biochar for their own fields. Mechanisms that
affect biochar’s impact on SOC, GHG emissions, and yields thus remain poorly understood. Given
the high variability and the lack of consensus in the literature about the effects of biochar, further
research is needed to understand how biochar amendments affect farm-level productivity and
mitigation objectives in Global South countries.

In addition, quality biochar creation requires farmers to gain new technical skills and knowledge
about the pyrolysis process. The current infrastructure for such skills training of smallholder
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farmers, for example in SSA, remain limited.’® And while some studies suggest biochar is an
affordable technology, there are many factors which affect those costs. If farmers already have
access to pyrolytic mechanisms and can use crop residues or other safe agricultural waste
materials for biochar production, then capital costs to farmers will be lower than if they need to
purchase a pyrolytic stove or obtain sufficient feedstock material from outside sources. The lack

of clarity on biochar’s impacts on yields and climate change mitigation, combined with variability

in capital and labor costs of biochar creation and application, demonstrates research gaps and
barriers to household adoption of biochar. Commercial biochar production may be a more feasible
pathway, as evidenced by emerging enterprises like the Finnish Carbofex which produces biochar at
an industrial level. There are as yet few examples of commercial biochar in the Global South beyond
one-off projects proving viability.®’

6. The Voluntary Carbon Credit Market

One emerging pathway to finance farmers’ adoption of carbon sequestration strategies is the
voluntary carbon credit market. The voluntary carbon credit market provides entities like private
sector companies, governments, or individuals a way to buy and sell carbon offset credits. One
carbon offset represents the reduction of one metric tonne of carbon dioxide or GHG emissions;'s;
offsets are often used by organizations to reach their GHG emissions targets. The demand for
voluntary carbon credits is projected to grow by a factor of 15 and be worth more than $50 billion
USD by 2030.®° Much of this growth will be driven by corporations seeking to meet their net zero
commitments,’ for example Netflix's announcement it will be net zero from 2022 onwards. To
meet this demand, there must a rapid increase in the number of quality carbon credit projects which
meet the following key criteria:

@ Additionality: GHG reductions are additional if they would not have occurred unless there was
a market for their reduction through offset credits.’’ If the reductions would have happened
anyway, then purchasing such non-additional offset credits instead of reducing one’s own
emissions is meaningless as there is no net GHG removal. For agriculture-based carbon
sequestration projects, this means that projects must demonstrate that the practices leading
to sequestration would not have been adopted by farmers in the absence of the program. In
practice, this often looks likes ensuring projects operate in an area where there is low baseline
adoption of the relevant agronomic practices. These baseline adoptions rates can be hard to
quantify, which is part of what makes it difficult for land-based carbon sequestration projects to
meet the additionality criteria.

® Permanence: The effects of CO, emissions are very long-lived. Although most of the carbon
in CO, emissions will eventually be removed from the atmosphere, around 25% will remain in
the atmosphere for hundreds to thousands of years.'? Carbon offset credits should therefore
be associated with GHG reductions with a similar time scale, i.e., for all intents and purposes
permanently reduce the amount of carbon in the atmosphere. Most land-based carbon seques-
tration projects, however, are impermanent. For example, agroforestry projects keep carbon in
trees and soils. However, if there is a fire or farmers choose to cut down trees for other uses,
some or all of the carbon may be (re)emitted, leading to a reversal.

® Measurement, Reporting, Verification: All carbon offset credits require measurement, reporting,
and verification (MRV) systems to build credible mitigation. For soil carbon, these MRV systems

are very much still in a developmental state, with varying accounting methodologies by various 25
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voluntary market registries.’®® While the regulated, not-for-profit organizations (VERRA, CAR,
Gold Standard) share their documentation publicly, there are many private, for-profit actors
(Nori) also selling credits which do not provide this level of transparency. CarbonPlan, a
non-profit industry watchdog, reported in a review of soil carbon protocols that “robust crediting
of soil carbon is hard and that none of the existing protocols is doing enough to guarantee good
outcomes."™ This is partly because of the inherent difficulty in measuring soil carbon, which for
now cannot be accurately assessed without empirical data, e.g., from time- and cost-intensive
soil sampling.

There are other determinants of a quality carbon offset credit project, but the above are the critical
ones to ensure projects are delivering the outcomes they promise. Right now there is not enough
coordination amongst the actors in the voluntary carbon credit market to create systems which help
support projects to meet these criteria. CarbonPlan developed a metric called the Verification Confi-
dence Levels (VCL) which summarizes their “uncertainty mapping for each [carbon dioxide removal]
pathway and represents [their] confidence that carbon removal outcomes can be accurately
quantified using the best scientific understanding, measurement, and modeling approaches
available today.” The VCL has a scale of 1 to 5, with 5 being the most confident. For terrestrial
biomass sinking projects, i.e., those projects that use land as a carbon sink, the VCLs fall anywhere
between 2 and 4. This wide interval in outcome certainty illustrates the market’s need to invest in
scalable MRV systems, as well as in the development of market infrastructure, such as transparent
standards and carbon credit markets, to ensure climate change mitigation outcomes are met.

In addition to ensuring climate change mitigation outcomes are met, another aspect of the voluntary
carbon market that remains to be determined is its ability to appropriately compensate farmers

for their carbon storage. Prices for nature-based carbon sequestration projects remain low and
volatile, ranging from $5-815/ton of carbon from 2021 to 2022."%5 Most project developers take a
percentage of that price to sustain their own operations, which means the ultimate amount going
to farmers is probably less than that sticker price. For example, rough back of the envelope calcu-
lations from PxD’s conversations with a carbon credit project developer found that, for a sample of
farmers in India, their plots on average sequestered 2.5 tons acre” year. For that project developer,
farmers receive 55% of the carbon price; however, a further 15% buffer must be held in reserve in
case of carbon reversals. At a high estimate of $15 ton” of carbon, this means that farmers would
ultimately receive $17.5 acreyear™. PxD farmers farm, on average, 3 acres which means the total
annual payout from this project developer would be $52.50. The average agricultural household

in India’s monthly income is INR 10,218 (~$124 USD) or around $1,480 annually, so this payment
represents around 3.5% of that annual income.™®

Although much of the current climate change mitigation financing momentum is driven by the
voluntary carbon credit market, due to the challenges described above in developing quality carbon
credit projects, many stakeholders are pushing for the field to go beyond CO, equivalents as an
outcome, to better incorporate the co-benefits of carbon sequestration activities like increased
biodiversity and improved water quality.’” In order to support this expansion, there needs to be
significant investment in the measurement of both climate outcomes for carbon and other related
environmental outcomes. For example, the Science Based Targets Network is a collaboration

of leading global non-profit and mission driven organizations working to develop science-based
targets for climate change mitigation, which address outcomes for both nature and climate.
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7.  Conclusion

Changing the way we use land, particularly in agriculture, is an important pathway for mitigating
climate change. Land is a crucial carbon sink and there are concrete ways smallholder farmers

can participate in leveraging that carbon sink for environmental benefits. Conservation agriculture
practices, agroforestry, and biochar are three opportunities for carbon storage, with a growing
evidence base. However, their carbon storage potentials are context specific, and supporting their
successful adoption in the smallholder-farmer context requires careful consideration of that context,
both from a scientific and socio-economic point of view. Incorporating farmers as equal stakeholders
in the development of carbon sequestration projects will help achieve these steps, whether it's by
better understanding the landscapes in which they farm, and their constraints around a particular
agricultural practice, or by co-designing meaningful incentives for their environmental services.

There will also be a need for substantial investment in climate change mitigation in the Global South,
with a focus on what is actionable in its specific contexts, and an understanding that there will not be
a one-size-fits-all approach to creating a sustainable-agriculture future. For example, there have not
been sufficient on-farm trials with smallholder farmers in SSA or Asia to fully understand the effects
of conservation agriculture, agroforestry, or biochar on climate change mitigation outcomes in those
contexts. While this literature survey shows promise in these approaches, there is a critical need for
additional research which considers the economic and market realities farmers face. Considerable
investment must also be made to support the market infrastructure that climate change mitigation
opportunities need; necessary investments vary from establishing standard MRV for the voluntary
carbon market, to ensuring technology which supports sustainable agriculture (e.g., Happy Seeder)
is accessible. Thus far, however, climate finance for climate mitigation is severely lacking, with a
financing gap of 66%."°® This gap is especially large for the Global South; as the Rockefeller Founda-
tion stated in a recent report ), “Just as negative climate impacts fall disproportionately on
emerging markets and developing economies (EMDEs), so do funding gaps, owing to higher project
and sovereign risks.” It is thus crucial for actors in this space to push for further climate change
mitigation investment in the Global South so we can better equip smallholders to be agents of
climate change mitigation, and to direct tangible returns, whether through payments for their environ-
mental services or private agronomic benefits, to participating communities.
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small scales, whereas others remain in the early stages of research and development. Technologies and
practices for implementing carbon removal are often called negative emissions technologies (NETSs).”);
and University of California, Davis, What is Carbon Sequestration and How Does it Work? (last visited 23
January 2023) (“Carbon sequestration is the process of capturing, securing and storing carbon dioxide 58
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from the atmosphere. The idea is to stabilize carbon in solid and dissolved forms so that it doesn’t cause
the atmosphere to warm. The process shows tremendous promise for reducing the human “carbon
footprint.” There are two main types of carbon sequestration: biological and geological.”).

8 Food and Agriculture Organization of the United Nations, Conservation Agriculture (last visited 16
November 2022) (“Conservation Agriculture is a farming system that promotes minimum soil disturbance
(i.e. no tillage), maintenance of a permanent soil cover, and diversification of plant species. It enhances
biodiversity and natural biological processes above and below the ground surface, which contribute to
increased water and nutrient use efficiency and to improved and sustained crop production.”).

9 Food and Agriculture Organization of the United Nations, Why we do it? (last visited 20 November
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(last visited 20 November 2022) (“Agroecology is an ecological approach to agriculture, often described
as low-external-input farming. Other terms such as regenerative agriculture or eco-agriculture are also
used. Agroecology is not just a set of agricultural practices — it focuses on changing social relations,
empowering farmers, adding value locally and privileging short value chains. It allows farmers to adapt to
climate change, sustainably use and conserve natural resources and biodiversity.”).

11 World Bank, Climate-Smart Agriculture (last visited 20 November 2022) (“Climate-smart agriculture
(CSA) is an integrated approach to managing landscapes—cropland, livestock, forests and fisheries—that
addresses the interlinked challenges of food security and accelerating climate change.”).

12 Newton P, Civita N., Frankel-Goldwater L., Bartel K., & Johns C. (2020) What Is Regenerative
Agriculture? A Review of Scholar and Practitioner Definitions Based on Processes and Outcomes, FRONT.
SUSTAIN. FooD SysT. 4: 1-11, 1 (“Regenerative agriculture is an alternative means of producing food that,
its advocates claim, may have lower—or even net positive—environmental and/or social impacts.”).

13 Newton P, Civita N., Frankel-Goldwater L., Bartel K., & Johns C. (2020) What Is Regenerative
Agriculture? A Review of Scholar and Practitioner Definitions Based on Processes and Outcomes, FRONT.
SUSTAIN. Foob SysT. 4: 1-11, 1T (“No legal or regulatory definition of the term ‘regenerative agriculture’
exists nor has a widely accepted definition emerged in common usage” and different definitions can have
frameworks “based on processes (e.g., use of cover crops, the integration of livestock, and reducing or
eliminating tillage), outcomes (e.g., to improve soil health, to sequester carbon, and to increase biodiver-
sity), or combinations of the two").

14 Environmental Protection Agency, Understanding Global Warming Potentials (last visited 18
December 2022). (“The Global Warming Potential (GWP) was developed to allow comparisons of the
global warming impacts of different gases. Specifically, it is a measure of how much energy the emissions
of 1 ton of a gas will absorb over a given period of time, relative to the emissions of 1 ton of carbon dioxide
(CO,).).

15 Environmental Protection Agency, Understanding Global Warming Potentials (last visited 18
December 2022). (“The larger the GWP, the more that a given gas warms the Earth compared to CO, over
that time period. The time period usually used for GWPs is 100 years.”).

16 Environmental Protection Agency, Understanding Global Warming Potentials (last visited 18
December 2022). (“For example, the 20-year GWP is sometimes used as an alternative to the 100-year
GWP. Just like the 100-year GWP is based on the energy absorbed by a gas over 100 years, the 20-year
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lifetimes, because it does not consider impacts that happen more than 20 years after the emissions
occur. Because all GWPs are calculated relative to CO,, GWPs based on a shorter timeframe will be larger
for gases with lifetimes shorter than that of CO,, and smaller for gases with lifetimes longer than CO,,. For
example, for CH,, which has a short lifetime, the 100-year GWP of 27-30 is much less than the 20-year
GWP of 81-83. For CF,, with a lifetime of 50,000 years, the 100-year GWP of 7380 is larger than the
20-year GWP of 5300.).

17 Environmental Protection Agency, Understanding Global Warming Potentials (last visited 18
December 2022). (“CO,, by definition, has a GWP of 1 regardless of the time period used, because it is the
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18 Intergovernmental Panel on Climate Change (2018) Annex I: Glossary in GLOBAL WARMING OF
1.5°C. AN IPCC SPECIAL REPORT ON THE IMPACTS OF GLOBAL WARMING OF 1.5°C ABOVE PRE-INDUSTRIAL
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GLOBAL RESPONSE TO THE THREAT OF CLIMATE CHANGE, Masson-Delmotte, V., et al. (eds.), 541-562, 554
(“Mitigation (of climate change) A human intervention to reduce emissions or enhance the sinks of green-
house gases.”).
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(“Nature-based Solutions are actions to protect, sustainably manage, and restore natural and modified
ecosystems that address societal challenges effectively and adaptively, simultaneously benefiting people
and nature.”).

20 World Bank (19 May 2022) What You Need to Know About Nature-Based Solutions to Climate
Change, (“Climate-smart agriculture is another example that enables farmers to retain more carbon in
their fields as they produce crops.”).

21 International World Wide Fund For Nature (2021) POWERING NATURE: CREATING THE CONDITIONS
TO ENABLE NATURE-BASED SOLUTIONS, Pérez-Cirera V., & Cornelius S. (eds.), 1-88, 7 (“Importantly, nature-
based solutions must be designed with Indigenous peoples and local communities (IPLCs) and carry
benefits that are distributed equitably.”).

22 Laajaj R., Macours K., Masso C., Thuita M., & Vanlauwe B. (2020) Reconciling yield gains in
agronomic trials with returns under African smallholder conditions, Sci. REp. 10(1): 14286, 1-15, 2
(“On-farm trials designed and managed by researchers are considered best suited for evaluating
bio-physical performance, as external factors can be controlled for in order to isolate the impacts of
the treatment. But calculations of the differences in yields between treatment and control plots then
also explicitly factor out adjustments that could reflect real-life behavioural responses. By contrast,
researcher-designed but farmer-managed trials offer the advantage of incorporating farmers’ behavioural
response and thus to better reflect smallholder farming condition. We reviewed recently published work
and find that the designs of on-farm trials in published research often sit somewhere between these
models, with researchers providing guidance and oversight to the management, even when the latter was
done by the farmers.”).

23 United States Department of Agriculture, What is Pyrolysis? (last visited 23 January 2023)
(“Pyrolysis is the heating of an organic material, such as biomass, in the absence of oxygen. Biomass
pyrolysis is usually conducted at or above 500 °C, providing enough heat to deconstruct the strong
bio-polymers mentioned above. Because no oxygen is present combustion does not occur, rather the
biomass thermally decomposes into combustible gases and bio-char.”).

24 Lal R. (2018) Digging deeper: A holistic perspective of factors affecting soil organic carbon seques-
tration in agroecosystems, GLOB. CHANGE BioL. 24(8): 3285-3301, 3285 (“The term SOC sequestration 30
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refers to “the process of transferring carbon dioxide (CO,) from the atmosphere into the soil of a land unit
through plant residues and other organic materials which are stored or retained in the unit as a part of the
SOC with a long mean residence time (MRT) so that it is not re-emitted back into the atmosphere” (Olson,
Al-Kaisi, Lal, & Lowery, 2014).").

25 Canadell J. G, et al. (2021) Chapter 5: Global Carbon and other Biogeochemical Cycles and
Feedbacks, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASsIS, Contribution of Working Group | to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al.
(eds.), Cambridge University Press, Table 5.1 summarizes the global anthropogenic CO, budget accumu-
lated since the industrial revolution, with cumulative emissions from fossil fuel combustion and cement
production over 1850 to 2019 of 445 + 20 PgC compared with 210 + 60 PgC from net land use change.

26 Lindsey R. (2022) Climate Change: Atmospheric Carbon Dioxide, CLIMATE.GOV, Table 2.

27 Canadell J. G, et al. (2021) Chapter 5: Global Carbon and other Biogeochemical Cycles and
Feedbacks, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, Contribution of Working Group | to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al.
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lated since the industrial revolution, with cumulative emissions from fossil fuel combustion and cement
production over 1850 to 2019 of 445 + 20 PgC compared with mean annual growth rates averaged over
the 1980s (5.4 + 0.3 PgC yr), 1990s (6.3 + 0.3 PgC yr"), 2000s (7.7 + 0.4 PgC yr), 2010s (9.4 + 0.5 PgC
yr).

28 Friedlingstein P, et al. (2022) Global Carbon Budget 2021, EARTH SYST. Scl. DATA 14(4):
1917-2005, 1920 (“The concentration of carbon dioxide (CO,) in the atmosphere has increased from
approximately 277 parts per million (ppm) in 1750 (Joos and Spahni, 2008), the beginning of the
industrial era, to 412.4+ 0.1 ppm in 2020 (Dlugokencky and Tans, 2022; Fig. 1)"; “Preliminary estimates
based on data available in March 2022 suggest fossil CO, emissions rebounded 4.8 % in 2021 (4.2 %
to 5.4 %), bringing emissions to 9.9 GtCyr™ (36.4 GtCO, yr'), back to about the same level as in 2019
(10.0+£0.5GtCyr, 36.7+ 1.8 GtCO, yr")").

29 Lynch J., Cain M., Frame D., & Pierrehumbert R. (2021) Agriculture’s Contribution to Climate
Change and Role in Mitigation Is Distinct from Predominantly Fossil CO.-Emitting Sectors, FRONT. SUSTAIN.
Foob SvysT. 4: 518039, 1-9, 2 (“Agriculture and food production is associated with all three of these
gases, but direct agricultural emissions are unusual in being dominated by CH, and N,0.").

30 Food and Agriculture Organization of the United Nations (2022) Agricultural mechanization and
child labour in developing countries, 1-45, 3 (“Among the four African countries, the share of tractor-
using farm households has been rising faster in Ghana and the United Republic of Tanzania (reaching 15
percent or more) than it has in Nigeria and Ethiopia, where between 3 and 5 percent of households use
tractors. In Ethiopia, the use of draught-animal power is more widespread than in Nigeria or the United
Republic of Tanzania. In Asia, use of tractors is more common, with more than 50 percent of households
in Viet Nam and in semi-arid areas of India using tractors. Tractor use is less common in Nepal, though
increasing, with the share of usage reaching 25 percent of farm households in 2010, up from 5 percent
in 1995. About 10 to 12 percent of farms in the semi-arid areas of India also use combine harvesters. No
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31 Masson-Delmotte V. (2019) Summary for Policymakers, in CLIMATE CHANGE AND LAND: AN IPCC
SPECIAL REPORT ON CLIMATE CHANGE, DESERTIFICATION, LAND DEGRADATION, SUSTAINABLE LAND MANAGE-
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low in smallholder subsistence farming. When added to AFOLU emissions, the estimated share of food
systems in global anthropogenic emissions is 21--37%. {5.4.5, Table 5.4}").
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ized in the section above as existing best conservation management practices.”).
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CHANGE 2022: IMPACTS, ADAPTATION, AND VULNERABILITY, Contribution of Working Group Il to the Sixth
Assessment Report of the Intergovernmental Panel on Climate Change, Portner H.-0,, et al. (eds.), SPM-37
("AFOLU mitigation options, when sustainably implemented, can deliver large-scale GHG emission reduc-
tions and enhanced removals, but cannot fully compensate for delayed action in other sectors. . .Improved
and sustainable crop and livestock management, and carbon sequestration in agriculture (the latter
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land tenure rights that are currently big barriers to widespread adoptions.”)

37 Lal R. (2016) Beyond COP 21: Potential and challenges of the “4 per Thousand” initiative, J. SoIL
WATER CONSERV. 71(1): 20A-25A, 24A (“Adoption of RMPs (e.g., residues retention, covercropping,
controlled grazing, converting agriculturally marginal lands to a perennial vegetation cover, and soil
amendments) would require financial resources. Cost of additional N, P, and S for C sequestration must
also be considered. Payments for soil C sequestration, at a just and fair price equivalent to the societal
value of soil C (Lal 2014), would be essential. A protocol must be in place to implement such a scheme,
backed by firm commitment of funding support.”).
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(“Numerous favourable impacts have been reported in the global literature on CA, including for crop
yields, resource (labour, water, energy) use efficiencies, timeliness of cropping practices, soil quality
and ecosystem services® '3, Nevertheless, a meta-analysis of global yield data from 48 crops across 63
countries reported limited yield gains with full CA or with some components of CA14, a result that has
drawn into question the wisdom of making CA a sustainable intensification priority for agricultural devel-
opment programs.”).

39 World Bank (2022) STATE AND TRENDS OF CARBON PRICING 2022, Washington, DC (“Carbon credit
markets grew 48% in 2021. The total number of credits issued from international, domestic, and indepen-
dent credit mechanisms increased from 327 million to 478 million.").

40 World Bank (2022) STATE AND TRENDS OF CARBON PRICING 2022, Washington, DC (“For the first
time, the total value of the voluntary carbon market exceeded more than USD 1 billion in November
2021.88").

41 Science Based Targets (2021) SBTI CORPORATE NET-ZERO STANDARD, 1-64, 8 (“To contribute to
societal net-zero goals, companies must deeply reduce emissions and counterbalance the impact of any
emissions that remain. The SBTi Net-Zero Standard defines corporate net-zero as: Reducing scope 1, 2,
and 3 emissions to zero or to a residual level that is consistent with reaching net-zero emissions at the
global or sector level in eligible 1.5°C-aligned pathways Neutralizing any residual emissions at the net-zero
target year and any GHG emissions released into the atmosphere thereafter.”).

42 Lal R. (2018) Digging deeper: A holistic perspective of factors affecting soil organic carbon seques-
tration in agroecosystems, GLOB. CHANGE BIoL. 24(8): 3285-3301, 3285 (“Thus, sequestration of SOC
could be achieved by (i) increasing growth of plants within a land unit, (ii) retaining the plant biomass
(above and below ground) within the land unit to be converted into SOC, (iii) protecting and stabilization
of the SOC in the land unit against erosion and decomposition, and (iv) enhancing synergisms between
soil, plants, and atmospheric processes to create a positive soil/ecosystem C budget until the soil C sink
capacity is saturated. The SOC and its management through judicious land use, and soil/crop/livestock
management are the crucial parameters of SOC sequestration.”).

43 Food and Agriculture Organization of the United Nations, Conservation Agriculture (last visited 16
November 2022) (“Conservation Agriculture is a farming system that promotes minimum soil disturbance
(i.e. no tillage), maintenance of a permanent soil cover, and diversification of plant species. It enhances
biodiversity and natural biological processes above and below the ground surface, which contribute to
increased water and nutrient use efficiency and to improved and sustained crop production.”).

44 World Agroforestry, What is Agroforestry? (last visited 23 January 2023) (“Agroforestry is the inter-
action of agriculture and trees, including the agricultural use of trees. This comprises trees on farms and
in agricultural landscapes, farming in forests and along forest margins and tree-crop production, including
cocoa, coffee, rubber and oil palm.”).

45 Zomer R. J., Neufeldt H., Xu J., Ahrends A., Bossio D., Trabucco A., van Noordwijk M., & Wang
M. (2016) Global Tree Cover and Biomass Carbon on Agricultural Land: The contribution of agroforestry
to global and national carbon budgets, Sci. REP. 6(1): 29987, 1-12, 1 (“Remote sensing data show that in
2010, 43% of all agricultural land globally had at least 10% tree cover and that this has increased by 2%
over the previous ten years.”).

46 Gwenzi W., Chaukura N., Mukome F. N. D., Machado S., & Nyamasoka B. (2015) Biochar produc-
tion and applications in sub-Saharan Africa: Opportunities, constraints, risks and uncertainties, J. ENVIRON.
MANAGE. 150: 250-261, 251 (“Biochar, a carbonized solid by-product of bioenergy production through
high-temperature pyrolysis or degasification of organic material under low oxygen conditions, has
garnered research attention in recent years.”).
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47 Gwenzi W., Chaukura N., Mukome F. N. D., Machado S., & Nyamasoka B. (2015) Biochar produc-
tion and applications in sub-Saharan Africa: Opportunities, constraints, risks and uncertainties, J. ENVIRON.
MANAGE. 150: 250-261, 251 (“The choice of feedstock biomass for biochar production depends on local
availability of material and cost of acquisition including haulage costs. Feedstocks in Zimbabwe and
other countries in SSA include crop residues, manure, wood wastes from forestry, wastes from agro-pro-
cessing industries, aquatic weeds and municipal solid wastes and sewage sludge.”).

48 Lal R. (2011) Soil carbon sequestration SOLAW Background Thematic Report- TR04B, Food and
Agriculture Organization of the United Nations, 1-36, 9 (“Transfer of atmospheric CO, into the pedologic
pools by use of judicious management of soils and vegetation, involves numerous agronomic inter-
actions. Principal agronomic techniques include: reduction or elimination of mechanical tillage and
adoption of no-till (NT) or minimum till; use of crop residues or synthetic materials as surface mulch in
conjunction with incorporation of cover crops into the rotation cycle; adoption of conservation-effective
measures to minimize soil and water losses by surface runoff and accelerated erosion bioengineering;
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improving organic matter management (in situ), enhancing soil biological processes involving biological
nitrogen fixation (BNF), and mycorrhizae, and additions of organic wastes (biosolids, slurry) and synthetic
fertilizers; conservation of water in the root zone to increase the green water component by reducing
losses through runoff (blue water) and evaporation (grey water), and increasing use efficiency through
application of drip irrigation/fertigation techniques; improvement of grazing systems that enhance the
diet of livestock and reduce their enteric emissions; and better use of complex farming systems including
mixed crop-livestock and agroforestry techniques that efficiently use resources, enhance biodiversity and
mimic the natural ecosystems.”).

49 Zingore S., Mutegi J., Agesa B., Tamene L. D., & Kihara J. (2015) Soil degradation in sub-Sa-
haran Africa and crop production options for soil rehabilitation, BETTER CROPS PLANT FooD 99(1):
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control weeds and pests. Cover crops are grown during fallow periods, between harvest and planting
of commercial crops, utilizing the residual soil moisture. Their growth is interrupted either before the
next crop is sown, or after sowing the next crop, but before competition between the two crops starts.
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of the soil; the roots of some crops, especially cruciferous crops, like oil radish are pivotal and able to
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89 Food and Agriculture Organization of the United Nations, Species diversification (last visited 16
November 2022). (“The rotation of crops is not only necessary to offer a diverse “diet” to the soil micro-
organisms, but as they root at different soil depths, they are capable of exploring different soil layers
for nutrients. Nutrients that have been leached to deeper layers and that are no longer available for the
commercial crop, can be “recycled” by the crops in rotation. This way the rotation crops function as
biological pumps. Furthermore, a diversity of crops in rotation leads to a diverse soil flora and fauna, as
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also seemed to reduce plant damage due to pests and diseases, but for this response variable a likely
publication bias was detected, and therefore this result must be treated with care. Together, these
results support the general prediction that higher habitat complexity in agroforestry systems will result
in better pest control, as suggested in previous meta-analyses on related topics.”).
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and research stations in 77 and 68% of all cases (Fig. 3 and Table 1). Among agroforestry practices, crop
yield was higher than controls when alley cropping, biomass transfer, and planted fallows were used,
but not for hedgerows (Table 1)."). See also Bayala J., Sileshi G. W., Coe R., Kalinganire A., Tchoundjeu
Z., Sinclair F.,, & Garrity D. (2012) Cereal yield response to conservation agriculture practices in drylands
of West Africa: A quantitative synthesis, J. ARID ENVIRON. 78 13-25, 21 (“The results confirm that the
practices studied, with the exception of parkland trees, do on average increase cereal yields, suggesting
that building on and attempting to replicate the successes in using conservation agriculture techniques
should be pursued.”).

131 Kumar B. M. (2006) Agroforestry: the new old paradigm for Asian food security, J. TROP. AGRIC.
44:1-14, 8 (“A comparison of the data in Table 1, nevertheless, indicates that crops such as upland rice,
ginger (Zingiber officinale), and Kaempferia galanga showed higher productivity in certain agroforestry
combinations (over sole crops), while fodder plants and many other grain crops showed relatively lower
yields.").
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132 Food and Agriculture Organization of the United Nations FOREST AND LANDSCAPE RESTORATION
AND AGROFORESTRY HELP DIVERSIFY LIVELIHOODS AND LANDSCAPES AND INCREASE LAND PRODUCTIVITY (last
visited 18 October 2022) (“Agroforestry is a longer-term investment than conventional agriculture,
requiring longer profit forecasts and planning; it can also incur high establishment and maintenance
costs, sometimes generating net losses in the first few years. On average, agroforestry sees profitable
returns after 3-8 years; for annual cropping systems, this period is normally 1-2 years.").

133 Glover E. K., Ahmed H. B., & Glover M. K. (2013) Analysis of Socio-Economic Conditions Influ-
encing Adoption of Agroforestry Practices, INT. J. AGRICULTURE FOR. 3(4): 178-184, 179-180 (“While
environmental factors such as topography, soil types and climatic factors affect plant growth and devel-
opment, findings suggest that the main socio-economic factors that determine the actual occurrence of
agroforestry are household security, access to capital and incentives, labour, gender, land tenure, farm
size and knowledge for management.”).

134 Lawin K. G. & Tamini L. D. (2019) Land Tenure Differences and Adoption of Agri-Environmental
Practices: Evidence from Benin, J. DEv. STUD. 55(2): 177-190, 186 (“Our finding is consistent with the
positive effect of tenure security on the adoption of agri-environmental practices reported in the liter-
ature. Land tenure differences significantly influence farmers’ decision to invest in agri-environmental
practices. The intensity of the adoption of agrienvironmental practices is consistently higher on owned
plots than on borrowed, rented or sharecropped plots.”).

135 Roshetko J. M., Lasco R. D., & Angeles M. S. D. (2007) Smallholder Agroforestry Systems for
Carbon Storage, MITIG. ADAPT. STRATEG. GLOB. CHANGE 12(2): 219-242, 229 (“When clear land tenure
exists, experience indicates that the development of smallholder agroforestry systems can be facilitated
by focusing on three key issues — access to quality germplasm of appropriate species; enhancement of
agroforestry system management skills; and the development of market linkages.”).

136 Glover E. K., Ahmed H. B., & Glover M. K. (2013) Analysis of Socio-Economic Conditions Influ-
encing Adoption of Agroforestry Practices, INT. J. AGRICULTURE FOR. 3(4): 178-184, 180 (“While farmers
are often aware of environmental degradation caused by their current practices and understand the
long term benefits of AF, they are reluctant to adopt them unless the security of their household is not
put at risk and preferably enhanced such as through meeting basic needs e.g. food or poles or through
production of goods which can be sold. It could be several years before profit and yield increases
happen. For some farmers, this could be an unacceptably long period to wait for a return on their invest-
ment, so projects should include some sort of transition period until benefits begin to pay back.”).

137 Bezerra J., Turnhout E., Vasquez I. M., Rittl T. F, Arts B., & Kuyper T. W. (2019) The promises
of the Amazonian soil: shifts in discourses of Terra Preta and biochar, J. ENVIRON. PoLICY PLAN. 21(5):
623-635, 623 (“However, biochar has a long history. It was inspired by Terra Preta, a highly fertile soil
of anthropogenic and pre-Columbian origin found in the Amazon. This article uses discourse analysis
to explore how the Terra Preta and biochar concepts have been articulated over time and what environ-
mental discourses they resonate with. Our analysis shows that over time, the concept of biochar has
slowly become disconnected from Terra Preta. While the concept of Terra Preta continued to be closely
connected with Amazonian nature, archaeology and indigenous culture, biochar gained international
traction and became embedded in ecological modernisation discourse.”).

138 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems for
Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 2 (“Biochar is a system-defined term
referring to black carbon that is produced intentionally to manage carbon for climate change mitiga-
tion purposes combined with a downstream application to soils for agricultural effects. It is produced
with the intent to be applied to soil as a means of improving soil productivity, carbon storage, or both. 46
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Although the term “biochar” has come into common usage only relatively recently, the practice of
amending soils with charcoal for fertility management goes back millennia. Instances can be found in
Africa, Asia, and notably in the Amazon basin where the historically managed terra preta, or “dark earths,”
stand out for their capacity to store carbon.”).

139 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems for
Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 2 (“Biochar is the solid product remaining
after biomass is heated to temperatures typically between 300°C and 700°C under oxygen-deprived
conditions, a process known as “pyrolysis.”).

140 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems for
Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 2 (“Biochar retains between 10 percent
and 70 percent (on average about 50 percent) of the carbon present in the original biomass and slows
down the rate of carbon decomposition by one or two orders of magnitude, that is, in the scale of centu-
ries or millennia.”).

141 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems for
Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 4 (“The rate of decomposition of the
biochar and consequently its capacity for carbon storage depends on several factors. Two main factors
include the ratio of labile carbon (which is readily degradable) to recalcitrant carbon (which is more resis-
tant to degradation), and on the pyrolysis technique used to produce the biochar.”).

142 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems
for Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 37 (“According to model-derived
estimates, delivering carbon sequestration over the next few hundred years would require either the labile
fraction of the biochar to be below 10 percent or the entire biochar to have a mean residence time3 of a
thousand years or more (figure 3.2).").

143 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems for
Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 37 (“Greater pyrolysis temperatures
usually decrease the carbon captured in the biochar (Lehmann 2007), while also increasing the stability
of biochars (Zimmerman 2010) and the proportion of stable biochar (Nguyen and Lehmann 2009).").

144 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems for
Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 37 (“In addition to the labile to recalci-
trant ratio of the biochar, the pyrolysis system used to create the biochar also affects the relative rate
of decomposition by impacting the amount of carbon captured in the biochar. Some biochar produc-
tion techniques may capture less than 40 percent of original carbon due to equipment inefficiency (for
example, during initial development stages of biochar stoves), the type of feedstock used (for example,
carbon retention through pyrolysis is greater with woody biomass than with manure), or the type of
biochar production technology (gasifiers favor a lower biochar to bioenergy production ratio compared to
pyrolyzers; see table 2.1).").

145 Scholz S. M., Sembres T., Roberts K., Whitman T., Wilson K., & Lehmann J. Biochar Systems for
Smallholders in Developing Countries, WORLD BANK, 231, 1-208, 2 (“It is important to understand how
different production conditions can result in different types of biochars and how these chars interact with
different types of soils. Three elements critical to every biochar system are (a) the source of biomass, (b)
the means of biochar production, and (c) whether and how it is applied to soil (figure ES.1).").

146 Biochar International, Biochar Feedstocks (last visited 24 Janauary 2023) (“The choice of
feedstock will be affected by the biomass resources in the immediate area and availability. Due to collec-
tion, and transport and storage costs, it often makes the most economic sense to use local feedstocks
(if they are also an environmentally sustainable option). The most basic costs and benefits to consider
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with feedstock choices are highlighted below: Feedstock production and collection: If the feedstock
is a residue, such as municipal biomass waste, logging or cropping residues, or a by-product such as
bagasse, then production is less an economic issue than if the feedstock is purposely grown for the
production of biochar—such as switchgrass—which would include the costs and inputs needed for
the growing and harvesting of the crop. Revenue in the form of tipping fees may be obtained from
certain waste feedstocks. Use Tradeoff: This would include the potential nutrient value lost from using
feedstock for biochar production rather than as a direct fertilizer on the field. How this trade off works
will vary on the area and on the feedstock. For example, chicken litter may be valuable in some areas
as a direct fertilizer while in other areas it may be treated as a waste and represent a disposal cost.
Feedstock transport: When waste biomass is found far from the place where it will be used, transporta-
tion costs can be very high. In some situations, it may make sense to densify the biomass by chipping
or pelletizing before transport. Feedstock storage and pre-processing: Many feedstocks will need to be
dried before pyrolysis. Depending on the feedstock choice, the drying process could occur passively
through careful storage or may need more intervention—such as using a drier (thus requiring energy
and labor). Energy for drying could in some cases be obtained from the pyrolysis of previous batches of
feedstock.”).

147 Liu L., Shen G., Sun M., Cao X., Shang G., & Chen P. (2014) Effect of biochar on nitrous oxide
emission and its potential mechanisms, J. AIR WASTE MANAG. Assoc. 64(8): 894-902, 894 (“Recent
research shows that biochar can alter the rates of nitrogen cycling in soil systems by influencing nitrifi-
cation and denitrification, which are key sources of the greenhouse gas nitrous oxide (N,0).").

148 Jeffery S., Verheijen F. G. A,, Kammann C., & Abalos D. (2016) Biochar effects on methane
emissions from soils: A meta-analysis, SoiL BioL. BIocHEM. 101: 251-258, 252 (“Biochar has been shown
to increase (Zhang et al., 2010; Spokas and Bogner, 2011), decrease (Feng et al., 2012; Dong et al., 2013;
Reddy et al., 2014), or have no significant effect (Kammann et al., 2012) on CH4 emissions from soils.
Mechanisms are usually only assumed or hypothesised and remain unclear.”).

149 World Health Organization (28 November 2022) Household Air Pollution (“Worldwide, around
2.4 billion people still cook using solid fuels (such as wood, crop waste, charcoal, coal and dung) and
kerosene in open fires and inefficient stoves (1). Most of these people are poor and live in low- and
middle-income countries.”).

150  World Health Organization (28 November 2022) Household Air Pollution (“Each year, 3.2 million
people die prematurely from illnesses attributable to the household air pollution caused by the incom-
plete combustion of solid fuels and kerosene used for cooking (see household air pollution data for
details).”).

151 Gitau J. K, Sundberg C., Mendum R., Mutune J., & Njenga M. (2019) Use of Biochar-Pro-
ducing Gasifier Cookstove Improves Energy Use Efficiency and Indoor Air Quality in Rural Households,
ENERGIES, 12(22): 4285 1-19, 1 (“With the gasifier, the average corresponding dinner time CO, CO,, and
PM, . concentrations were reduced by 57%, 41%, and 79% respectively compared to three-stone open
fire.”).

152 IBI Standards: International Biochar Initiative (2015) Standardized Product Definition and Product
Testing Guidelines for Biochar That Is Used in Soil, version 2.1, 10 (“The materials used as feedstocks
for biochar production have direct impacts on the nature and quality of the resulting biochar. Although
the focus of this document is on the biochar material, some restrictions have been applied to feedstock
contents and quality. To qualify as biochar feedstock under these standards, the feedstock may be a
combination of biomass and diluents, but may not contain more than 2% by dry weight of contami-
nants (following Brinton 2000). Any diluents that constitute 10% or more by dry weight of the feedstock
material must be reported as a feedstock component.”).
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153 IBI Standards: International Biochar Initiative (2015) Standardized Product Definition and Product
Testing Guidelines for Biochar That Is Used in Soil, version 2.1, 50 (“Diluent/Dilutant: Inorganic material
that is deliberately mixed or inadvertently commingled with biomass feedstock prior to processing.
These materials will not carbonize in an equivalent fashion to the biomass. These materials include
soils and common constituents of natural soils, such as clays and gravel that may be gathered with
biomass or intermixed through prior use of the feedstock biomass. Diluents/dilutants may be found
in a diverse range of feedstocks, such as agricultural residues, manures, and municipal solid wastes.

(IBI)").

154 IBI Standards: International Biochar Initiative (2015) Standardized Product Definition and
Product Testing Guidelines for Biochar That Is Used in Soil, version 2.1, 50 (“Contaminant: An undesir-
able material in a biochar material or biochar feedstock that compromises the quality or usefulness of
the biochar or through its presence or concentration causes an adverse effect on the natural environ-
ment or impairs human use of the environment (adapted from Canadian Council of Ministers of the
Environment, 2005). Contaminants include fossil fuels and fossil fuel-derived chemical compounds,
glass, and metal objects. (IBI)”).

155 IBI Standards: International Biochar Initiative (2015) Standardized Product Definition and Product
Testing Guidelines for Biochar That Is Used in Soil, version 2.1, 10 (“Suitable feedstocks include but are
not limited to biomass residues, which may contain a minimal quantity of contaminants (see above)
as part of the feedstock. Feedstock that may have been grown on contaminated soils is considered
to be a processed feedstock and must meet the toxicant assessment testing frequency requirements
for processed feedstocks given in Section 5.5 Category B Testing Frequency. Municipal Solid Waste
(MSW) containing hazardous materials or wastes may not be included as eligible feedstock under
these standards. It is the manufacturer’s responsibility to ensure that biochar feedstock materials are
free of hazardous materials.”).

156 IBI Standards: International Biochar Initiative (2015) Standardized Product Definition and
Product Testing Guidelines for Biochar That Is Used in Soil, version 2.1, 12 (“These IBI Biochar Standards
identify three categories of tests for biochar materials: Test Category A - Basic Utility Properties:
Required for all biochars. This set of tests measures the most basic properties required to assess the
utility of a biochar material for use in soil. Test Category B — Toxicant Assessment: Required for all
biochars. Biochars made from processed feedstocks must be tested more frequently than biochars
made from unprocessed feedstocks, as defined in Section 5 General Protocols and Restrictions. Test
Category C — Advanced Analysis and Soil Enhancement Properties: Optional for all biochars. Biochar
may be tested for advanced analysis and enhancement properties in addition to meeting test require-
ments for Test Categories A and B. All tests in Test Category C are optional. Manufacturers may report
on none, one, some or all of the properties.”).

157 Gwenzi W., Chaukura N., Mukome, F. N. D., Machado S., & Nyamasoka, B. (2015) Biochar
Production and Applications in Sub-Saharan Africa: Opportunities, Constraints, Risks and Uncertainties.
J. ENVIRON. MANAGE. 150: 250-261, 250 (“However, most of the research on biochar production and
its applications has been conducted in the USA, Australia, South America, China and Europe. In these
regions, the potential role of biochar in improving soil fertility, soil water-holding capacity and crop
yields, while sequestering carbon and reducing greenhouse gas emissions is well-documented.”).

158 Gross A., Bromm T, & Glaser B. (2021) Soil Organic Carbon Sequestration after Biochar Applica-
tion: A Global Meta-Analysis, AGRONOMY 11(12): 2474, 1-21, 1 (“Field experiments covered experimental
durations between 1 and 10 years with biochar application amounts between 1 and 100 Mg ha™'. They
showed a mean increase in soil organic carbon (SOC) stocks by 13.0 Mg ha™' on average, correspon-
ding to 29%. Pot and incubation experiments ranged between 1 and 1278 days and biochar amounts
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between 5 g kg™ and 200 g kg™". They raised SOC by 6.3 g kg™ on average, corresponding to 75%.").

159 Gross A., Bromm T., & Glaser B. (2021) Soil Organic Carbon Sequestration after Biochar Appli-
cation: A Global Meta-Analysis, AGRONOMY 11(12): 2474, 1-21, 1 (“Organic fertilizer co-applications
significantly further increased SOC.").

160  Xu H., Cai A, Wu D,, Liang G., Xiao J., Xu M., Colinet G., & Zhang W. (2021) Effects of biochar
application on crop productivity, soil carbon sequestration, and global warming potential controlled by
biochar C:N ratio and soil pH: A global meta-analysis, SoIL TILLAGE REs. 213, 1-10, 1 (“Overall, the effect
sizes were different between B and BF in both improving crop yield (15.1% and 48.4%, respectively) and
decreasing GWP (27.1% and 14.3%, respectively), whereas there were almost no differences in terms of
increasing SOC (32.9% and 34.8%, respectively).”).

161 Xu H., Cai A,, Wu D., Liang G., Xiao J., Xu M., Colinet G., & Zhang W. (2021) Effects of biochar
application on crop productivity, soil carbon sequestration, and global warming potential controlled by
biochar C:N ratio and soil pH: A global meta-analysis, SoiL TILLAGE Res. 213, 1-10, 1 (“The wetness
index, soil properties (SOC, pH, and clay), and biochar properties (type, pH, C:N ratio, and application
rate) jointly explained 70%-79%, 90%-93%, and 70%—-97% of the effect variations in crop yield, SOC,
and GWP respectively.”).

162 Cayuela M. L., van Zwieten L., Singh B. P, Jeffery S., Roig A., & Sanchez-Monedero M. A. (2014)
Biochar’s role in mitigating soil nitrous oxide emissions: A review and meta-analysis, AGRIC. ECOSYST.
ENVIRON. 191: 5-16, 5 (“Overall, we found that biochar reduced soil N,O emissions by 54% in labora-
tory and field studies. The biochar feedstock, pyrolysis conditions and C/N ratio were shown to be
key factors influencing emissions of N,O while a direct correlation was found between the biochar
application rate and N,O emission reductions. Interactions between soil texture and biochar and the
chemical form of N fertilizer applied with biochar were also found to have a major influence on soil N,O
emissions.”).

163 Cayuela M. L., van Zwieten L., Singh B. P, Jeffery S., Roig A., & Sanchez-Monedero M. A. (2014)
Biochar’s role in mitigating soil nitrous oxide emissions: A review and meta-analysis, AGRIC. ECOSYST.
ENVIRON. 191: 5-16, 10 (“The sample mean shows a general strong and significant reduction (-54
+ 6%) in N,O emissions. The largest number of studies has been undertaken on wood (415 direct
comparisons) and herbaceous materials (282 direct comparisons) and in both cases the mean change
(reduction) in N,O emissions was significant. There were a considerable number of studies on manure-
based biochars (107 direct comparisons), with the mean effect size close to zero, with a confidence
interval from -46% to +39%.").

164 Cayuela M. L., van Zwieten L., Singh B. P, Jeffery S., Roig A., & Sdnchez-Monedero M. A. (2014)
Biochar's role in mitigating soil nitrous oxide emissions: A review and meta-analysis, AGRIC. ECOSYST.
ENVIRON. 191: 5-16, 5 (“While there is clear evidence that, in many cases, emissions of N,O are reduced,
there is still a significant lack in understanding of the key mechanisms which result in these changed
emissions.”).

165 Borchard N., Schirrmann M., Cayuela M. L., Kammann C., Wrage-Moénnig N., Estavillo J. M.,
Fuertes-Mendizabal T., Sigua G., Spokas K., Ippolito J. A., & Novak J. (2019) Biochar, soil and land-use
interactions that reduce nitrate leaching and N.,O emissions: A meta-analysis, Scl. TOTAL ENVIRON. 651:
2354-2364, 2354 (“The overall N,O emissions reduction was 38%, but N,O emission reductions tended
to be negligible after one year.").

166 Borchard N., Schirrmann M., Cayuela M. L., Kammann C., Wrage-Monnig N., Estavillo J. M.,
Fuertes-Mendizéabal T., Sigua G., Spokas K., Ippolito J. A., & Novak J. (2019) Biochar, soil and land-use
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