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ABSTRACT
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Alfons Weersink

Efficient cost-share programs and carbon-offset markets seek to incentivize farmers to adjust
their crop management practices. The abatement cost of emissions depends on farmers’ private
value of the public goods supplied with soil conservation. Increasing diversity in cropping
rotations with legume cover crops and winter wheat sequesters greater carbon than simple cornsoy rotations yet increases nitrous oxide emissions. Due to the role of weather-dependent
uncertainty in management decisions and ecological patterns, we use a stochastic dynamic
programming model to find the optimal crop choices and cover crop use in the presence of a
carbon price. Our findings provide insight into the abatement costs of emissions with soil
conservation practices and incentive pricing given heterogeneity in farmer and field
characteristic, the inter-related nature of externalities, and weather uncertainty.
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Chapter 1: Introduction
1.1 Background
Soil is the cornerstone of agricultural productivity, ecosystem resilience, and climate change
mitigation. Managing this complex resource with its many inter-dependent properties requires an
understanding of its value to private land managers and the greater public. The most apparent
dimensions of healthy soil to a land manager are its immediate and long-term productive
capacity and its ability to sustain crop growth under adverse conditions. Greater social interest
lies in the role of soil as a climate change mitigation tool through long-term carbon storage and
improved nutrient cycling. Collectively, these ecosystem services provided by healthy soil
increase human well-being (Fisher et al., 2009).
Although many of these ecosystem services have ‘value’ within their ecosystem structures,
they lack value in markets (Farber et al., 2002; Swinton et al., 2007). This results in private land
managers ignoring the social cost (value) of their production practices, generating negative
externalities. Reduced biodiversity from the simple crop rotations, such as continuous corn or
corn-soy, observed in Eastern Canada and in the U.S Corn Belt lowers soil carbon levels (Thaler
et al., 2021). Consequently, fertilizer application continues to rise in Canada with agriculture
producing 77% of the nation’s N2O emissions (ECCC, 2019), primarily from nitrogen fertilizer
(Wagner-Riddle et al., 1997).
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Climate-smart agricultural practices1 which promote soil health benefit society through
carbon storage and reduced anthropogenic greenhouse gas emissions while providing long-term
private benefits through increased productivity and mitigation of adverse weather events (Bowles
et al., 2020; Cong et al., 2014). Despite this functional long-term value, adoption of soil
management practices and adaptation to the changing climate remains limited (Bryant &
O’Connor, 2017; Burke & Emerick, 2016).
The private value of healthy soil and subsequent management practices is heterogenous
across individual farmers, field conditions, and time. High discount rates and the prevalence of
short-term land rental contracts may contribute to the selection of simple rotations which
maximize short-term returns (Deaton et al., 2018; Duquette et al., 2012). Myopic outlook and
institutional constraints may limit investment in technologies which are not profitable initially,
but cost-effective over the long-term (Jaffe & Stavins, 1994), such as cover cropping or more
diverse rotations (Bergtold et al., 2019).
To incentivize changes in soil management, government bodies, environmental groups, and
farmer-led organizations typically implement cost-share programs. Recently, the Canadian
government announced a federal carbon market to launch in 2022 (Greenhouse Gas Pollution
Pricing Act, 2021)and the United States is reviewing legislation to support voluntary agriculture
carbon offset markets (S.1251, 2021). These markets will offer carbon offsets for practices which
sequester carbon or reduce biogenic emissions (N2O, CO2, CH4). However, to determine the

1

The term climate-smart agricultural is used interchangeably with the terms climate-smart soil practices
and soil conservation practices in this thesis.
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additionality and abatement costs of cover cropping, reductions in nitrogen application, and
diversified cropping rotations, their private value to a heterogenous population of farmers must
be understood.

1.2 Economic Problem
Effective climate mitigation policy minimizes abatement costs. The heterogeneity of
farmer behaviour and poor understanding of the private value of climate-smart soil conservation
practices leads to asymmetric information between farmers and the public. Adverse selection in
agri-environmental programs which offer financial incentives for adjustments to conservation
effort, reduces program cost-effectiveness and may undermine climate policy (Mason &
Plantinga, 2013; Stavins, 2008). Improved estimation of farmer opportunity costs for
conservation effort and responses to financial incentives allows the government to better
establish national emission reduction targets, supports budgeting decisions for agrienvironmental cost-share programs, rate-setting for ecosystem service payments, and provides
private land managers with information regarding potential future revenue streams.
Adoption of conservation practices leads to the joint production of private and public
goods (Wossink & Swinton, 2007), where there may be trade-offs between environmental and
agricultural systems (Weersink et al., 2002; Kragt & Robertson, 2014). To establish the
abatement cost of true, additional environmental gain from soil management practices such as
cover cropping, improved nitrogen management, and diversified crop rotations, optimal private
practices must be known. These are typically estimated by partial budgets and field trials which
often do not account for the adaptive capacity of producers (Pannell et al., 2000); alternative
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factors influencing adoption; the dynamic nature of soil resources (Burt, 1981; Stevens, 2018);
interdependency of multiple conservation practices (Mason & Plantinga, 2013) and ecological
uncertainty (Song et al., 2011).
The uncertainty inherent to ecological systems influences the production of ecosystem
services and balance of private-public value. Carbon sequestration, emission reductions, crop
yield, and nitrogen carry-over from a given management strategy all depend on the realization of
uncertain weather events. With farmer’s investment in new technologies limited by this
uncertainty (Antle & Crissman, 1990; Dixit & Pindyck, 2012), accounting for its presence in
abatement costs is essential. A lack of understanding of the private value of soil management
practices may leave ecosystem service markets and cost-share programs exposed to issues of
additionality and inefficiency (Mason & Plantinga, 2013).

1.3 Research Problem
Farmer’s many inter-dependent crop management decisions are dynamic where
adjustments can be made to mitigate or take advantage of changing economic and ecological
conditions (D. J. Pannell et al., 2000). The assumption of static farming practices, such as fixed
crop rotations and input use, may underestimate profitability (D. J. Pannell et al., 2000) Boussios
et al., 2019), fail to account for competing or synergistic effects between multiple practices
(Bennett et al., 2009; Mason & Plantinga, 2013), and may poorly estimate additionality.
Farmer’s intra- and inter-annual decisions concerning conservation practices may change based
on initial soil conditions (Burt & Allison, 1963; Burt, 1981), unfolding weather patterns (Antle,
1983; Rosenzweig & Udry, 2014; Boussios et al., 2019), use of other conservation practices
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(Mason and Plantinga, 2013) and changes in input and market prices (Hendricks et al., 2014;
Livingston et al., 2014) .
Ecosystem service delivery from agriculture and farmer decision-making can be guided by
soil dynamics. Inter-annual changes in soil are a fundamental consideration for taking advantage
of multi-species interactions (Baumgärtner, 2007), such as legume crop’s nitrogen fixation
within a crop rotation. The change in the state of soil from one period to the next is dependent on
the previous soil conditions, management decisions and realized weather events. Optimal control
models offer an optimization method which allows for this dynamic transition of the state of soil
(Burt, 1981; Yirga & Hassan, 2010; Stevens, 2018; Berazneva et al., 2019).
Many previous studies using optimal control theory to examine the private value of soil
health represent this transition between periods as deterministic, failing to capture the underlying
stochastic nature of soil health. This uncertainty influences the farmer decision-making process
(Moschini & Hennessy, 2001) and may contribute to the limited investment in conservation
practices (Antle & Crissman, 1990; Song et al., 2011; Dixit & Pindyck, 2012). Establishing how
a farmer responds to such uncertainty is critical when estimating the role of incentives on
ecosystem service provision. The influence practices such as cover cropping, conservation
tillage, or more complex rotations may have on future soil conditions and private value to a
farmer depend on biophysical stochastic processes.
Proper assessment of the role ecosystem services markets may have on environmental and
agronomic outcomes must be based on bio-physical models (Fisher et al., 2009; Seppelt et al.,
2011) to appropriately represent farmer soil management decisions (D. J. Pannell et al., 2000).
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Sherwood and Uphoff (2000) write, “there must be an understanding of soil ecology and of the
obstacles to be overcome to achieve and maintain effective, dynamic balances”. Integrating the
dynamic biological processes into economic models allows for an interdisciplinary approach
engaging soil science, ecology, and economics.
To properly incorporate the presence of ecosystem service payments into the farmer’s
decision-making process, their production must be considered. The intensive and extensive use
of multiple conservation practices on a given field may influence numerous ecosystem services
in different manners over time (Swinton et al., 2007; Seppelt et al., 2013). Soil management
strategies may be composed of multiple conservation practices, leading to the production of
several ecosystem services (or reduction of disservices). Quantifying the crop and weatherspecific production of greenhouse gases and asymmetric nature of carbon sequestration (Ragot &
Schubert, 2008), requires an accounting for their temporal and uncertain dynamics (Rau et al.,
2018).
A farmer’s selection of management strategies are joint decisions meaning the adoption of
one technology may influence another (Mason & Plantinga, 2013). Howard (2020) cautions that
measuring true additionality from a beneficial management practice must account for
substitution effects with other BMPs. Therefore, we can expect the abatement costs to be
dependent on sets of strategies rather than singular practices. In this thesis, three soil
management practices are considered: crop rotation, cover cropping, and nitrogen application.
Diversified crop rotations, such as those which include wheat or wheat with a legume cover crop,
sequester carbon (Jarecki et al., 2018) and produce less greenhouse gases (Drury et al., 2008).
Over-application of nitrogen leads to non-linear increases in nitrous oxide emissions (Hoben et
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al., 2011) with nitrogen rate explaining most of the variation in total nitrous oxide emissions
(Roy et al., 2014).
Using methodology similar to Boussios et al., (2019), where they allow for flexibility in
inter- and intra-seasonal choices in crop and input choices, we use dynamic programming to
model farmer decision-making behaviour in Ontario. This technique allows for optimal
sequential management decisions to be determined while including the dynamic and stochastic
nature of soil transitions and ecosystem service production.

1.4 Purpose and Objectives
The purpose of this thesis is provide further understanding of the value of soil management
practices in the presence of ecosystem service markets and cost-share programs. The specific
objectives are:
1. to determine the privately optimal crop rotation, cover crop use, and nitrogen
application rate;
2. to examine how payments for ecosystem services for carbon sequestration and nitrous
oxide emission reductions alter the use of these practices; and
3. to discuss the potential for normative modelling in estimating financial incentives for
climate-smart cropping practices.
No previous research empirically assesses ecosystem services from agriculture considering
the dynamic, uncertain, and inter-dependent role multiple management practices have on optimal
cropping management. Using a field-trial calibrated stochastic dynamic programming model,
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which allows for uncertainty in soil transitions and flexibility in the suite of management
practices a farmer may use in a given year, this paper demonstrates the importance of
understanding heterogeneity in opportunity costs across different farmers and fields in the design
of agri-environmental subsidies.

1.5 Outline
Chapter 2 reviews the literature on connections between current practices, soil health and
pressures from climate change; the role of soil management practices to mitigate and adapt to
these pressures; and the relationships between climate-smart practices and ecosystem service
production. Chapter 3 reviews agri-environmental policy options and factors influencing
adoption of conservation practices. Chapter 4 examines the costs and benefits of diversified crop
rotations in a static framework. Chapter 5 introduces optimal control theory and presents the
stochastic dynamic programming model. Chapter 6 describes the data used for the stochastic
dynamic programming model. Chapter 7 presents the majoring findings from the model. Chapter
8 offers a discussion of the results, prospects for future use of SDP models, and concluding
remarks.
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Chapter 2: Soil Health and Climate Smart Soil Management
Practices
2.1 Introduction
As a fundamental resource for past and present civilizations alike, soil’s misuse poses a
threat to stable food production and the natural environment. Healthy soil offers three distinct
functions to society: the ability to be productive, withstand immediate stress, and contribute to a
resilient ecosystem (Stevens, 2018). Over the past several decades, the management of
agricultural soils has focused on the immediate productive capacity, neglecting the latter
functions due partially to the lack of markets for the public value provided by healthy
agricultural soils. The value of agricultural soils for ecosystem services, which Fisher et al.,
(2009) defines as “the aspects of ecosystems utilized (actively or passively) to produce human
well-being”, are associated with climate change mitigation and ecosystem resilience. In this
thesis valuation attributed to soil management practices and their ecosystem services focuses on
the functional value where ecosystem services serve a quantifiable function. In contrast,
ecosystem services may also have intrinsic value to society and private land managers, which
may not require “a means to an end” (Robinson et al., 2014). Climate smart soil (CSS)
management practices shift the focus of soil health from crop production toward production
patterns that promote both the private and public value of healthy soil (Wossink & Swinton,
2007).

This chapter reviews the public and private ecosystem services provided by climate smart
soil management practices. The chapter begins with a brief review of the types of CCS practices
such as increased rotation complexity and duration, cover cropping, and improved fertilizer
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management. The next section describes how using ecosystem services to represent the state of
soil health can bridge the gap between social welfare and ecological systems. The role of CCS in
enhancing the ecosystem services associated with climate mitigation and climate adaptation are
then presented. The following section describes the several complexities between climate smart
soil practices and the provision of ecosystem services that will affect farmer decision-making
and the effectiveness of agri-environmental policy. The chapter concludes with a summary and
the major points to be carried forward to the analysis of these management practices to enhance
soil health.

2.2 Climate Smart Soil Practices
Agricultural practices which promote “climate-smart soils” are those which improve
production resiliency to changing environmental conditions while mitigating progression of
climate change. Increasing biodiversity and improving nutrient management can be achieved
through cover cropping, inclusions of small grains (i.e winter wheat), and improved fertilizer
efficiency.

The complexity and length of the crop rotation enhances biodiversity and climate
mitigation efforts. However, the trend has been towards shorter and simpler rotations over the
past forty years in Eastern Canada and many parts of the United States. As illustrated in Figure
2.1, Ontario’s planted area of soybeans grew 422% since 1981 and currently accounts for
roughly 40% of all planted grain and oilseed crop acreage (OMAFRA, n.d.). With the area of
corn production remaining relatively steady, this increased soybean acreage comes at the
expense of small grains such as oats, barley, winter wheat and other mixed grains. The primary
economic reason for the increase in soybean area is the development of shorter-season soybean
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varieties for Ontario resulting in higher yields and subsequently higher net returns relative to
small grains. The primary agronomic motivation for soy comes from the legume’s ability to
biologically fix nitrogen (Herridge et al., 2008) and increase microbial mineralization of N from
litter and organic matter (Hall et al., 2019).

The movement toward a simpler rotation involving primarily soybeans and corn has had a
negative effect on soil health. Soybeans return less residue (Paustian et al., 1997), accelerate
decomposition (Fahad et al., 1982; Ellsworth et al., 1991) and decrease soil organic carbon levels
(Huggins et al., 2007). In contrast to longer rotations with small grains, simple rotations such as
corn-soy or continuous soy or corn, lead to long-term declines in soil organic matter (Hall et al.,
2019). More complex rotations with small grains increase soil organic matter (SOM) levels,
yields, and resistance to biotic and abiotic stresses (Gaudin et al., 2015; Li et al., 2019).

Figure 2.1: Share of harvested acreage by crop in Ontario from 1981 to 2017 (OMAFRA, n.d.)
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In addition to increasing biodiversity using small grains which extends the length of a
rotation, biodiversity can be increased at the intensive margin by growing cover crops between
major grain crops at times when the field is typically fallow. Meta-analyses and Ontario-specific
studies find cover crops sequester carbon in the soil (Jarecki et al., 2018; McDaniel et al., 2014;
Poeplau & Don, 2015), reduce soil erosion, biologically fix nitrogen (Doran & Smith, 1991; Vyn
et al., 2000) and change surface albedo (Kaye & Quemada, 2017).

Losses of soil organic matter signals overall decline in soil health (Liu et al., 2006). As soil
organic matter consists of 45-60% soil carbon (Lal, 2016), the stored amount of carbon
influences other biological, chemical, and physical processes of soil. The nitrogen cycle is
closely linked to the carbon cycle. In soils with low SOM, as seen across Canada and the U.S.
corn belt, the dependency of crop production on applied nitrogen continues to increase since its
commercialization in the 1950s (Fowler et al., 2013; Robertson & Vitousek, 2009). To reduce
the nitrous oxide emissions from nitrogen fertilizer, nitrogen use efficiency must improve.

Healthy soils with higher carbon content mineralize larger amounts of plant-available
nitrogen, decreasing the requirement for synthetic fertilizers (Plante & Parton, 2006). However,
reductions in nitrogen application must be balanced with crop requirements, organic sources of
nitrogen, and nitrogen supplied through decomposition of SOM. Under-fertilization of soil may
lead to “mining” of the organic matter for nutrients, increasing the rate of decomposition.
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2.3 Climate Smart Soils Role in Climate Mitigation
The agricultural sector emits 8% of Canada’s greenhouse gases (GHGs), with crop
production primarily producing N2O and CO2 (Environment and Climate Change Canada, 2021).
Changes in land use which decrease soil carbon storage, such as deforestation, simple crop
rotations, or conventional tillage, can release this carbon to the atmosphere. N2O emissions,
which have a global warming potential 298 times greater than CO2, are primarily produced by
fertilizer in Canada (Wagner-Riddle et al., 1997). These greenhouse gas emissions incur a
significant cost to society from the environmental damage they cause through climate change.
The social costs are typically measured as the marginal costs of each additional ton of carbon
equivalents (CO2e). Estimates of the social costs of carbon are frequently studied with wide
ranges in estimates (Pindyck, 2019). A survey of experts by Pindyck (2019) finds a range of
US$80-100, while a meta-analysis by Wang et al. (2019) suggests a price of US$112.86 Mg-1.
Recently, Keeler et al. (2016) estimate the social cost of nitrogen fertilizer to range from only
US$1 kg-1 to US$10000 kg-1 with large spatial variations.

There are multiple mechanisms in which climate smart agriculture can mitigate climate
change through the reduction of GHGs. The climate smart practices discussed in the previous
section can sequester carbon, lower nitrous oxide emissions, and reduce the warming potential of
sunlight. In addition to mitigating climate change, the practices can improve water quality by
lowering nitrate leaching.

2.3.1 Soil Carbon Sequestration
Carbon is stored in soils across the world, with agricultural soils acting as a major
terrestrial source within the carbon cycle. Carbon sequestration returns atmospheric CO2 to the
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soil in the form of organic carbon (SOC) supplied by the biomass of roots and crop residues. The
net balance in the soil depends on the carbon loss from decomposition and respiration and the
gain from photosynthetic contributions. Simple crop rotations such as corn-soy rotations increase
the rate of decomposition while returning less residues. Incorporating cover crops and small
grains tips the balance, increasing the organic carbon content in the soil.

In a meta-analysis of cover cropping trials from 11 countries and 139 plots, Poeplau and
Don (2015) established cover crop sequestration of 0.32 ± 0.08 Mg ha-1 yr-1, with the change in
SOC not influenced by whether the cover crop was legume or non-legume. The root mass from
cover crops provides a stable source of organic C, more so than above-ground biomass (Kätterer
et al., 2011). Based on trials from Elora Ontario, Jarecki et al. (2018) predicts 4-year rotations
with legume cover crops (CCSWrc) to sequester 0.109 Mg ha-1 yr-1.

Soil carbon is a dynamic process, influenced by crop history, weather events, management
practices and previous period levels (Stevens, 2018). Building stocks of soil carbon is an
asymmetric process characterized by slow carbon sequestration with diminishing marginal
returns under new soil management practices and rapid de-sequestration under poor management
(Ragot & Schubert, 2008). Determining short-term changes in soil carbon content is difficult to
measure due to small inter-annual changes relative to the total stock of carbon and the
dependence of the soil carbon cycle on weather events (Anjileli et al., 2021).

Agriculture soil carbon sequestration will play a role in mitigating climate change (Lal,
2004), yet is insufficient to control atmospheric CO2 alone (Sundquist et al., 2008). Sommer and
Bossio (2014) argue that carbon sequestration does not increase linearly and will abate only 1.9-
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3.9% of anthropogenic emissions by 2100, concluding that its contribution to climate mitigation
will be limited. However, they do not consider the indirect effects of carbon sequestration
practices. Climate smart practices, which sequester carbon, typically offer additional or
“stacked” ecosystem services past carbon sequestration such as emission reductions and surface
albedo changes.

2.3.2 Soil to Atmosphere N2O Emissions
A farmer’s selection of a source of nitrogen and the rate at which they apply it influences
the farm level nitrogen balance. Nitrogen fertilizer is the primary source of N2O emissions in
corn production (Jayasundara et al., 2014), with the rate applied to crop acreage continuing to
rise (Economic Research Service, 2019). Considerable evidence suggests farmers over-apply
nitrogen (Babcock, 1992; Rajsic et al., 2009) due to biological uncertainty, insurance against
under-production (Yu & Hendricks, 2020), and in the event of excellent growing conditions
(Rajsic et al., 2009). However, once the optimal rate is exceeded, nitrous oxide emissions
increase in a non-linear fashion (Hoben et al., 2011).

Synthetic fertilizer manufactured using the Haber-Bosch process, which led to the
commercialization of nitrogen in the 1950s, contributes 1.4% of CO2 emissions globally
(Capdevila-Cortada, 2019). Biologically fixed nitrogen, NH3 converted from atmospheric N2, is
more resistant to losses to the environment than synthetic sources of nitrogen. One of the primary
factors for farmer’s inclusion of soybeans in rotation with corn is the 30 kg of N per hectare
carried over (Goss et al., 2002; Thomas, 2003). Soybeans in rotation with corn also accelerates
decomposition of SOM, which mineralizes nitrogen in the form of nitrate (NO3-) and ammonium
(NH4+). However, the amount of nitrogen supplied from organic sources is proportional to the
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total organic matter in the soil (Spargo et al., 2011), suggesting the long-term increase in
nitrogen rates may be due, in part, to over-coming the limited supply from depleted soils.

Soil management practices can directly and indirectly supply nitrogen, reducing the need
for synthetic fertilizers. Cover crops supply 43 to 98 kg ha-1 nitrogen to subsequent crops through
biologically fixed nitrogen and rapid residue decay due to their low C:N ratio (Vyn et al., 2000).
However, the biomass and nitrogen contribution to subsequent crops is highly variable,
depending largely on weather conditions. More generally, diversified rotations indirectly
influence nitrogen supply through long-term increases in soil organic matter (Booth et al., 2005;
Spargo et al., 2011).

Decisions to use soil management practices, such as cover cropping and the use of small
grains, must consider adjustments to nitrogen application to maintain or improve nitrogen use
efficiency and apply at economically optimal rates. Using simulations based on field trials in
Elora, Ontario, (De Laporte et al., 2021) find small reductions in nitrogen rate to be both
economically and environmentally beneficial. Economically optimal nitrogen rates are quite
variable (Nasielski et al., 2020), with weather conditions having a large influence on optimal
application rates. Similarly, N2O emissions are highly variable between years and are expected to
increase under increasingly warm and wet conditions (Griffis et al., 2017).

2.3.3 Surface Albedo
Over-winter crops, such as winter wheat and red clover provide ground cover in place of
typically barren soil. Vegetation reflects a larger fraction of sunlight than bare soil, reducing the
warming potential of sunlight. The potential for surface albedo changes with cover crops and
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winter wheat is typically overlooked (Kaye & Quemada, 2017). Using satellite imagery, Carrer
et al., (2018) estimate albedo from cover crop inclusion could mitigate greenhouse gas emissions
by 10-13% in Europe. When switching a simple corn-soy rotation to a corn-soy-wheat rotation
with two over-winter periods covered with vegetation, the potential for warming reduction is
promising. However, in Eastern Canada the snow load and crop residues may limit the scale of
this effect (Kaye & Quemada, 2017; Quemada & Daughtry, 2016).

2.4 Soil Health and Ecosystem Provision
As the fundamental resource to agriculture, the state of soil health provides the basis for
understanding the supply of ecosystem services. It is an inherently dynamic resource with
continually changing physical, biological, and chemical characteristics. The provision of welfare
benefiting functions from agriculture can be understood through natural processes (Stevens,
2018). These processes, such as decomposition or crop production, are influenced by climate
smart soil management practices, previous conditions, and weather events (Figure 2.2). From
season to season, changes in soil health deliver a new balance of ecosystem services to farmers
and the public.
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Figure 2.2: Dynamic nature of soil health adapted from Stevens (2018).

Using ecosystem services to represent the state of soil, bridges the gap between social
welfare and ecological systems (Seppelt et al., 2011). These services can represent both tangible
and intangible aspects of human welfare (Alcamo et al., 2005). The most prominent
classification of services follows the functional capacities of soil reaching a consensus on four
distinct types: provisioning, regulatory, supportive, and cultural ecosystem services (Jónsson &
Davídsdóttir, 2016; Swinton et al., 2007; W. Zhang et al., 2007).

The primary focus of agricultural systems is provisioning ecosystem services such as the
production of crops, bio-fuels, and fiber. This productive function of soil depends on the
regulatory and supportive services provided by soil functions (Swinton et al., 2007). Supporting
services are considered the most fundamental, referring to functions which are essential to the
long-term supply of all other types of services (Alcamo et al., 2005). Services which provide the
basis for biological function, such as nutrient cycling, water cycling, and soil formation, as well
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as soil disservices such as eutrophication or soil compaction, indirectly influence human wellbeing. The private and public value of supporting (dis)services have considerable overlap2.

Similar to provisioning services, regulatory services are typically depicted to be connected
and dependent on supporting functions. Regulatory services and disservices from agriculture
carry agronomic and environmental value to both the public and land managers. Services and
disservices such as erosion control, pollination, and carbon storage, are beneficial as inputs for
provisioning services and to the public (Zhang et al., 2007).

2.5 Climate Smart Soils Role in Climate Adaptation
2.5.1 Production Resilience
Anthropogenic climate change is expected to increase in all projected climate scenarios
(IPCC, 2021). In the face of the gradual changes in weather patterns in Ontario, degraded soil is
more susceptible to crop failure under adverse growing conditions. The inherent uncertainty
associated with weather conditions for agricultural production will be magnified by increasing
weather variability (Hatfield et al., 2011). The changing climate will bring warmer temperatures,
more variable rainfall, and increased frequency of extreme weather events posing more
challenging growing conditions (Hatfield et al., 2011, 2013; Schlenker et al., 2006; Solomon et
al., 2007). Resilience to withstand immediate and sustained perturbations, requires adaptation to
changing conditions through transformation of production practices (Meuwissen et al., 2019).

2

See Swinton et al. (2007).
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While the expected increase in growing season length (GDD) and higher CO2
concentrations are beneficial for crop growth, more frequent high heat days (HHD) and greater
solar radiation negatively influence crop growth (Schlenker et al., 2006; Schlenker & Roberts,
2009). Rising air temperatures non-linearly increases the vapour pressure deficit – a measure of
atmospheric water demand – negatively influencing plant physiology and soil conditions
(Grossiord et al., 2020; Hatfield & Prueger, 2015; Lobell et al., 2013). (Challinor et al., 2014)
find the vapour pressure deficit during the third month following planting has the greatest
influence on soybean and corn yields due primarily to water stress. Surface-air temperatures
which affect vapor pressure deficits are strongly influenced by previous month’s local
precipitation and moisture content in soils (Alfaro et al., 2006; J. Huang et al., 1996; Jin Huang
& van den Dool, 1993). This suggests soil health and organic matter content affects not only
immediate crop growth but provides local environmental feedback.

Adapting to climate change will require improved ability to handle water stress such as
drought-like conditions (Challinor et al., 2014) or excessive rainfall (Hatfield et al., 2011). Based
on yield and insurance information, (Y. Li et al., 2019) find extreme rainfall conditions reduce
crop yields by an average of 17 ± 3% while drought conditions reduce yields by 32 ± 2% in the
United States. Poor levels of soil organic matter lowers the water holding capacity of soil. A 1%
increase in weight of organic matter elevates average water holding capacity (AWHC) by 1.5%,
with considerably variability between soil types (Libohova et al., 2018). SOM-improving
management practices reduce bulk density and improve water infiltration reducing crop damage
posed by waterlogged soils (Gómez-Paccard et al., 2015; King et al., 2020). King et al. (2020)

21
posit these practices also reduce soil compaction, granting root access to deeper sources of water
and nutrients.

Williams et al. (2016) recommends investing in restoration of SOM content to enhance
plant-available water capacity mitigating downside risks and volatility in rainfed corn (Zea mays
L.) in the United States. Several studies find increasing rotational complexity, either with small
grains or cover crops, reduces downside-yield risk under adverse growing conditions (Bowles et
al., 2020; Cong et al., 2014; Gaudin et al., 2015).

2.5.2 Food Security
As the world’s population continues to grow and climate change increases pressure on
agricultural production, food security is a growing concern both regionally and globally.
Sustaining or improving food supply is a vital ecosystem service which may become impaired as
the frequency of natural disasters increases and weather patterns become more uncertain (Lipper
et al., 2014). Regionally, rainfall variability is a persistent indicator of vulnerability to food
security in developing regions (Demeke et al., 2011). In a global context, adverse weather events
in major food production regions can exacerbate volatility in food prices and negatively affect
welfare in developing nations (Bellemare et al., 2013; Ceballos et al., 2017; Naylor & Falcon,
2010). The regeneration of soils while maintaining productivity in North America is inextricably
linked to the welfare of populations in developing nations.
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2.6 Relationships between Climate Smart Practices and Ecosystem Provision
In response to incentives for climate mitigation, farmers will adapt their soil management
practices, altering the state of the system and the balance of ES supplied. The social-ecological
system in which farmers produce ecosystem services involves many complex relationships for
which evidence is often lacking (Alcamo, 2005; Carpenter et al., 2009). There are several
relationships between climate smart soil practices and the provision of ecosystem services that
will affect farmer decision-making and the effectiveness of agri-environmental policy. Examples
of the complexities, which are discussed further below, include:

(1)

Interactions between multiple ecosystem services as the result of changes in soil
management.

(2)

The relationships between multiple soil management practices and ecosystem
services.

(3)

Temporal dimensions of ecosystem service provision

(4)

Uncertainty in ecosystem service provision

(5)

Flexibility and dynamic nature of crop management decisions.

2.6.1 Interactions between Ecosystem Services
The intensive and extensive use of multiple conservation practices on a given field may
influence numerous ecosystem services in different manners over time (Wossink & Swinton,
2007). These relationship between two different ecosystem services could be generally classified
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as complementary3, independent, or competing4 (Bennett et al., 2009; Wossink & Swinton,
2007) (Figure 2.3).

First, consider the competitive relationship between provisioning ecosystem services and
non-marketed ecosystem services (Figure 2.3A). Generally, conservation practices which are
complementary with marketed ecosystem services result in lower marginal abatement costs than
practices for which there are trade-offs (Wossink & Swinton, 2007). Issues of soil erosion
(Boardman et al., 2003; McConnell, 1983), soil organic carbon loss (Reicosky et al., 1995;
Thaler et al., 2021), and nitrous oxide emissions (Robertson & Vitousek, 2009) are continually
addressed as the result of intensified production of provisioning services. Using soil conservation
practices to balance the cost of these damages through increased regulatory and supporting
services of soil may be mutually beneficial or competitive with crop production.

Increased biodiversity in crop rotations through the inclusion of winter wheat may
mutually increase crop production and soil carbon levels (Figure 2.3C) (Janovicek et al., 2021;
Jarecki et al., 2018). In a meta-analysis, Miguez and Bollero (2005) find legume cover crops to
increase corn yield by 37%. These yield increases are associated with a greater supply of both
regulatory and supporting services including increased carbon inputs (Kaye & Quemada, 2017),
reductions in synthetic nitrogen application, and improved soil structure (Drury et al., 2003).
However, using cover crops to sequester carbon may require several years to be profitable,

3
4

Wossink and Swinton (2007) refer to his as “joint” production.
Bennet et al. (2009) refer these as trade-offs;
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making the practice mutually beneficial for yield, but in competition with farmer profitability
(Bergtold et al., 2019).

The relationship between crop yields and nitrogen fertilizer application is typically nonlinear. Nitrogen rates near the economically optimal nitrogen rate (EONR) are quite variable
indicating N rate can vary without significantly impacting profitability (Cabas et al., 2010; D.
Pannell et al., 2019; Rajsic et al., 2009). However, at EONR nitrogen may still be in excess and
lost to the environment (Nasielski et al., 2020; Zebarth et al., 2009). Therefore, reductions in
nitrogen rate above EONR may reduce ecosystem disservices from leaching and nitrous oxide
emissions independent of farm profitability (Figure 2.3B). Below EONR, trade-offs between
further reductions in nitrous oxide emissions and corn yields will occur.

A less apparent challenge with agri-environmental policy emerges when emission
reductions are in competition with production. The reduction in provisioning services may be
offset in regions where emissions are not considered, negating the effectiveness of a given policy
or program (Lee et al., 2007). For example, the environmental benefits from transitioning to notill experience leakage (<10%)(Murray et al., 2007) due to initial reductions in corn and cereals
yields (Pittelkow et al., 2015). Similarly, the competitive nature observed between reduction in
nitrous oxide emissions from lower N application with corn and wheat yields may result in
‘leakage’ of environmental gains. While the production gains from greater soil carbon under
diversified rotations may limit reductions in output, there are few life cycle analysis of complex
rotations (Costa et al., 2020).
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Figure 2.3: Competing (A), Independent (B), and Synergistic (C) relationships between two ecosystems
services5.

Next, consider the relationship between multiple regulatory ecosystem services in response
to a new soil management practice. The net regulatory value of carbon sequestration from cover
cropping may be partially offset by greater nitrous oxide emissions (Guenet et al., 2021; Lugato
et al., 2018). In the short-term this may be due to the low C:N content of legume cover crops
leading to fluxes of N2O during decomposition (Basche et al., 2014; Gomes et al., 2009). Over
the long-term, maintaining high levels of SOC may require greater amounts of N (Bertrand et al.,
2019), increasing the potential for N loss. Guenet et al. (2021) argue SOC sequestration is still
significant, despite N2O emissions. Therefore, aggregate changes in ecosystem services must be
considered in determining marginal abatement costs.

Conversely, increased carbon storage observed from rotations with winter wheat may be
independent of increased growing-season nitrous oxide emissions. Drury et al. (2008) finds
marginal differences in growing-season nitrous oxide emissions between corn-soy and corn-soy-

5

All curves are presented as linear, but may also behave in a non-linear manner
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wheat rotations. They did find crop nitrous oxide emissions to be rotation-dependent with corn
grown following winter wheat to emitting more CO2 and N2O than corn following soybeans, yet
lower than continuous corn.
Soil’s natural processes which supply ecosystem services in response to exogenous events
are frequently non-linear (Zhang et al., 2020). The magnitude and direction of the marginal
benefits of a soil conservation practice depend on the initial state of soil health and ecosystem
services supplied. Soil carbon sequestration gradually trends towards a new equilibrium level
upon adoption of a new practice, with marginal rate of sequestration decreasing near saturation
(Ragot & Schubert, 2008; Stewart et al., 2007). Therefore, marginal abatement costs for carbon
sequestration are not expected to be linear.

A prominent example is the non-linear and competing nature of carbon sequestration and
nitrous oxide production in corn-intensive systems. Increased biodiversity with legume cover
cropping or winter-wheat may increase nitrous oxide emissions (Basche et al., 2014; Drury et al.,
2008), despite sequestering carbon. Soil N2O emissions are influenced by numerous factors
including water-filled pore space (WFPS). As soil carbon and organic matter rises, the water
holding capacity increases, increasing soil moisture, and raising nitrous oxide emissions.

2.6.2 Interdependency of Soil Management Practices
Treating crop management decisions as independent from one another poorly represents
the decision-making process of farmers. Abatement costs must consider synergies or trade-offs
in ES production from multiple practices, rather than examining each individually. A farmer’s
selection of management practices are joint decisions where the adoption of one technology may
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influence another due to ecological or financial (Mason & Plantinga, 2013; Wossink & Swinton,
2007).

Selection of crop rotation often takes advantage of inter-species interactions. Nitrogen
fixation from legume crops, such as soybeans or red clover, lowers the necessary nitrogen
application rate for the subsequent crop. If nitrogen application was assumed to be independent
of previous crop choices, nitrous oxide emissions may increase following legume use. The
nitrogen carry-over is one of the primary reasons farmers use red clover in Ontario (Ogilvie et
al., 2020).

Conservation tillage and cover cropping synergistically increase soil C inputs above
individual contributions (Huang et al., 2020). Similarly, nitrous oxide emissions are significantly
greater in crop rotations using legume cover crops if the rate of N fertilizer is not adjusted to
account for the carry-over of nitrogen. Further relationships may exist when the use of one
management practice influences the likelihood of adopting another. The marginal abatement
costs of a practice, such as red clover cover cropping, may be lower if a farmer already grows
winter wheat. While less common, the use of one practice may also preclude adoption or cause
dis-adoption of other practices.

There exists a degree of inconsistency between existing markets where some offer credits
for single practices or single ecosystem services. Mason and Plantinga (2013) warn that ignoring
the interdependence of ecosystem service production for changes in management strategies may
cause issues of additionality. An additional practice is one that would not have occurred without
the presence of ecosystem service payments. Under a ‘business-as-usual’ scenario, farmers

28
naturally use a set of practices such as conservation tillage, cover cropping, or enhanced fertilizer
management. The additionality of various agriculture conservation practices differs by individual
practice (Claassen et al., 2018; Mezzatesta et al., 2013) and sets of practices, due to changes in
cost of technology adoption over time, financial incentives, and alternative management
strategies.

2.6.3 Temporal Dimensions of Ecosystem Service Provision
Soil is an inherently dynamic resource, changing under new management practices and
changing weather conditions. The temporal nature of ecosystem service provision is typically
understudied with analysis restricted to static approaches (Rau et al., 2018; Renard et al., 2015).
Treating abatement as though it were a single-period problem overlooks the role of long-term
functions of soil ecosystem services in the private and public valuation of improved soil health.

Climate change, characterized by rising temperatures, increased CO2 concentrations, and
increased variability in rainfall influence soil’s chemical and biological processes (Hatfield et al.,
2013; Solomon et al., 2007). Warmer temperatures are suggested to accelerate organic matter
decomposition (Kirschbaum, 1995), however the decomposition depends on several independent
processes (Conant et al., 2011) and is highly dependent on soil disturbance (Moinet et al., 2018).
Sustaining and increasing carbon levels may become more difficult, requiring greater soil C
inputs at a higher cost to farmers. Conversely, increased growing pressures characterized by
more frequent high degree days (HDD), more variable rainfall, and greater solar radiation will
increase the agronomic value of greater soil carbon storage (Hatfield et al., 2013).
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There may be a temporal lag in private or public benefits or costs. Climate mitigation
benefits from carbon storage or reductions in emissions are immediate, however increased
provisioning services and decreased climate risk requires adverse years to show (Cong et al.,
2014; West & Post, 1997). Conversely, greater water-filled pore space due to improved soil
structure raises nitrous oxide emissions from legume cover crops (Kandel et al., 2018). This
temporal difference in benefits can even be negative if soil practices are reversed. For example,
when a field under no-till is returned to tillage, the nitrous oxide emissions will offset a portion
of the nitrous oxide reduction from the previous several years (Shahidi et al., 2020).

A temporal issue with carbon sequestration is the issue of permanence or reversibility
(Murray et al., 2007; Rodríguez et al., 2006; Thamo & Pannell, 2016). Carbon permanence refers
to the quantity of carbon that remains sequestered in the soil after the payment is issued. Unlike
the slow process of building soil carbon through sequestration, de-sequestration can occur quite
rapidly (Ragot & Schubert, 2008). As carbon levels raise, the opportunity cost of using
(spending) the soil capital increase the likelihood that soil conservation practices are temporarily
or permanently reversing the level of soil carbon. Various accounting methods account for the
issue of permanence in agricultural soil carbon sequestration with the most popular being
temporary credit. Temporary crediting balances debits and credits of carbon allowing for intertemporal fluctuations will maintaining environmental rigor (Murray et al., 2007).
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2.6.4 Uncertainty in Ecosystem Service Provision
A key aspect of ecological systems, often overlooked when discussing soil functions, is the
role of uncertainty. Uncertainty within ecological processes influence ecosystem service
production and future climate conditions influences farmer’s selection of these cropping
strategies (Song et al., 2011). Inter-annual differences in growing conditions, such as
precipitation or increased growing degree days, may contribute to substantial variability in
ecosystem services production. Biomass and nitrogen fixation from legume crops can change by
>50% between years (Vyn et al. 2000). Similarly, nitrous oxide emissions from corn production
can vary substantially between years, depending on temperature and precipitation (Griffis et al.,
2017). Many provisioning, regulating, and supporting functions of soil are subject to a large
degree of variability from weather realizations.

Climate variability is typically considered stochastic uncertainty, where variability is
natural and processes cannot be represented as deterministic (Refsgaard et al., 2007) . In a
review, Seppelt et al. (2011) found only a third of ecosystem services studies incorporated any
form of uncertainty into their analysis. Uncertainty in ecological outcomes of farmer’s choices is
important in designing incentives (Shortle, 2013).

2.6.5 Dynamic Nature of Soil Management Decisions
Crop management decisions are a series of sequential choices farmers make with
ecological and economic considerations. Farmers’ decisions are flexible, changing in response to
weather and market conditions. Among those decisions are crop rotation and fertilizer
application rate, both with significant contributions to the balance of ecosystem services. How
the decision-making process is represented influences the estimated marginal abatement cost of
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CO2e emissions. Crop planning is an inter-annual temporal decision where farmers seek to
maximize their net returns. Crop choices and subsequent management practices in ecosystem
service studies are often represented as fixed over multiple years (Figure 4). The assumption of
static farming practices, such as fixed crop rotations and input use, may underestimate
profitability and provide poor estimates of ecosystem service production. Previous crop choices
and management practices influence nitrous oxide emissions (Drury et al. 2008), crop yields
(Hennessy, 2006; Janovicek et al., 2021), soil organic carbon sequestration (Jarecki et al. 2018),
and other ecosystem services.

Figure 2.4: Example of a cyclical, non-variable 3-year crop rotation

Figure 2.5: Example of a non-cyclical, variable crop rotation.
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However, crop choice is a flexible decision, depending on state of soil and current
economic conditions. Farmers may change their cropping plan to take advantage of changes in
commodity and input prices (Hendricks et al., 2014; Livingston et al., 2014), changing the
balance of ecosystem services. Dynamic representation of farmer crop and fertilizer application
must account for previous crop choices influences on soil conditions and allow for multiple
decisions in the present (Figure 2.5) (Castellazzi et al., 2008; Dury et al., 2012; El‐Nazer &
McCarl, 1986; Hennessy, 2006).

2.7 Summary
This chapter has reviewed how climate smart soil practices, such as length and complexity
of crop rotations, cover crops, and fertilizer management, can enhance ecosystem services
associated with climate mitigation and adaptation. The value of these ecosystem services
provided by climate-smart soil practices depends on the balance between the private and public
benefit. The public primarily finds value in the regeneration of degraded soil from its climate
mitigative function where private landholders find value from decreased exposure to weatherinduced productions risk. The next chapter presents the concept of the socially optimal level of
ecosystem services and reviews the policy options to achieve that balance between private and
public net benefits. Effective policy design will have to consider the complex relationships
between soil management practices and the provision of ecosystem services discussed in this
chapter.
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Chapter 3: Policy Options and Evaluation to Improve Soil Health
3.1

Introduction
Healthy soil serves environmental and agronomic functions, which are of value to both

private land managers and the public. To determine the incentives required to reach a socially
optimal level of these functions, we must know the value of these functions in the present and
into the future. First, the concept of the socially optimal level of pollution is reviewed and
several alterative agri-environmental policies to achieve emission reductions are discussed.
Second, the concept of a socially optimal level of emissions is linked to ecosystem services
broadly and the different types of ecosystem services and their relationship between various
climate-smart soil management practices. The role of incentives required to achieve socially
optimal level of multiple ecosystem services are also described. Third, I discuss the role of
social, behavioral, and personal factors on farmer’s individual marginal abatement costs of soil
management practices. These factors will play a role in the appropriate policy incentive to
achieve the desired set of soil BMPs. The chapter concludes with a summary of the major
findings and relating them to the next steps of the analysis.

3.2 Agri-Environmental Policy Considerations
In order to develop effective agri-environmental policy several questions must be
answered. What is the optimal level of pollution abatement? What should be targeted? How can
success from policy be measured? And finally, what policy mechanisms should be used? This
section reviews the economic theory behind optimal pollution levels and discusses alternative
options.
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3.2.1 Optimal Target Level
Over the past several decades, the intensification of production of provisioning services
came at the cost of decreased regulatory and supporting services. Despite many regulatory and
supporting ecosystem services in agriculture having intrinsic social value, their non-marketed
nature results in externalities. When land management practices optimize private value, an e0
level of emissions are produced. The marginal damage curve represents the social cost of
damage incurred by every additional unit of pollution. The area under the curve represents the
public cost borne by the farmer’s production decisions. Conversely, the marginal abatement
curve represents the cost to reduce the externality by one unit. The area below is the private
opportunity costs to production.

The socially optimal level of emissions, say CO2 equivalents, occurs where the private
marginal benefit of pollution intensity equals to public marginal benefit of abatement at emission
level e* and price p* (Figure 3.1). At e*, the total social cost, which is the sum of the costs of
environmental damage (area a) and the costs of abatement (area b), are minimized. To achieve
this level of abatement, the social cost of emissions must be internalized.
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Figure 3.1: The socially optimal level of CO2 emissions
3.2.2 What to Target?
There are several different greenhouse gas emissions produced by the set of land
management practices farmers use. This diffuse pollution varies over both space and time which
makes assigning liability a challenge (Weersink, 1998). Not only are emissions both difficult and
costly to monitor, but due to the inter-dependent nature of ecosystem services coming from
conventional practices – targeting a single ecosystem service may have adverse consequences
(Bennett et al., 2009). By considering emissions as a symptom of unhealthy soil the focus shift to
the practices farmers use. A focus on fields’ cropping patterns, tillage protocols, and nutrient
management which influence soil health shifts focus to the easily observable practices.

3.2.3 Assessment Criteria of Options
Assessment and comparison of multiple policy instruments can be done by their ecological
and cost-effectiveness. There are three considerations for ecological effectiveness of carbon
sequestration programs. First is the temporal issue of permanence and reversibility (Murray et
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al., 2007; Rodríguez et al., 2006; Thamo & Pannell, 2016). Carbon permanence refers to the
duration for which carbon remains in the soil after allocation of credits and contracting period.
De-sequestration following the end of carbon contracts may be especially concerning when there
are trade-offs between carbon sequestration and other sources of emissions with long lifespans
(i.e N2O).

Second, if productivity falls under an environmental program it may be offset in another
region (Murray et al., 2007). Climate-smart soil practices often promote higher yields in the
long-term, suggesting leakage is minimal. The third consideration is the additionality of the
project. Does the project provide environmental gain beyond what would have occurred in its
absence?

Environmental damage in the form of greenhouse gases is produced in multiple sectors.
Cost-effective policy must target the least-cost abatement projects across all industries and, if
possible, price discriminate between producers or firms (Pannell, 2008). In addition to ecological
and cost considerations, comparisons should be drawn between potential instruments for the
incentive to innovate, administrative costs, monitoring and enforcement costs, political
feasibility, and consistency with other government policies (Weersink et al. 1998).

3.3 Types of Agri-Environmental Policy Options
Given the ecological and economic complexities associated with the production of
externalities and the political nature of public policy, different policies must be considered
(Goulder & Parry, 2008). Multiple policy mechanisms may be used to internalize the social cost
or incentivize changes in agricultural production practices. The two major types of agri-
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environmental policies are command-and-control (regulation) and incentive-based economic
instruments (Weersink et al. 1998).

3.3.1 Extension
Extension services provide farmers with informal education, disseminating research to be
practically applied. Overcoming the learning cost associated with adopting new practices can be
done with decision tools, such as the Midwest Cover Cropping Council’s Cover Crop Decision
Tool. It offers region and goal-specific cover crops with optimal planting times for
establishment. Providing education and access to information is typically a low-cost alternative
to financial incentives, especially for practices that provide private benefit once adopted.

3.3.2 Direct Regulation
In contrast to positive incentives for farmers to adopt environmentally beneficial practices,
regulation places a requirement, enforced with financial penalties for non-compliance.
Regulation is criticized for slowing technological advancement due to limited incentives for
abatement beyond the standards set. Direct regulation is often used as a preventative measure,
keeping farmers from switching to more damaging production practices (Weersink & Pannell,
2017).
The pollution standards are often inflexible – treating emissions abatement by all firms
identically. By failing to account for the heterogeneity in abatement costs between fields, lowcost abatement opportunities may be overlooked once the standard is met. It has also been
accused of providing limited motivation to innovate once standards are met. The lack of revenue
and costs associated with enforcing compliance does not make it a cost-effective policy.
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However, since the 1970’s regulations by the EPA were largely successful at reducing air and
water pollution (Vig, 2012).

3.3.3 Economic Instruments
Negative and positive economic instruments are among the most common policy
mechanisms used in agri-environmental programs. Beneficiary-pays programs are often used by
governments when they seek to change farmer’s behaviour (Weersink and Pannell, 2017). When
financial incentive is positive, it is set to the minimum necessary to stimulate adoption. In
contexts with heterogenous polluters with differing opportunity costs, price discrimination is
more efficient if possible. When the private benefits to a practice are positive but do not exceed
the learning costs, and when private benefits are negative but public benefit is equal to or greater,
positive incentives are optimal (Pannell, 2008).

Negative polluter-pays instruments, such as the carbon tax, are less frequently observed in
agri-environmental policy. Carbon taxes are low-cost alternative to positive incentives and
regulations, generating substantial revenue which may be used to promote ‘green’ growth.
Carbon taxes constitute a portion of Canada’s carbon pricing mechanisms, while raising political
tensions with agricultural producers.

Economic instruments may be performance-based or design-based. The former focuses
directly on the measured environmental impact, such as carbon sequestered. These allow the
producer to respond with flexibility in their practices, achieving abatement using the lowest-cost
strategies. However, the uncertainty associated with weather or other uncontrollable production
factors may influence payments for performance, translating into additional producer risk. Due to
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the high cost of monitoring, agri-environmental policies are often design-based relating to
specific sets of practices (i.e cover cropping) (Weersink and Pannell, 2017).

3.3.4 Which Policies to Use
Optimal policies seek to minimize the abatement costs, environmental damages, public
finance costs subject to legal and technological constraints (Richards, 2000). Weersink and
Pannell (2017) suggest the type of agri-environmental policy instrument selected should depend
on the balance of private and public benefits (Figure 3.2). The private (x-axis) and public
benefits (y-axis) divide the graph into four quadrants, each with a respective set of policy
prescriptions.

The top left-quadrant considers practices which come at a cost to farmers while benefitting
the public. Many soil conservation practices, such as winter wheat and cover cropping, are often
considered to be in this section. As the private costs of adoption fall, the necessary incentive to
shift production practices falls. When the ratio of public benefits to private cost is greater than
one, positive incentives to shift production practices is efficient (Pannell, 2008). When the
private costs outweigh public costs, technological advancements may improve the feasibility of
alternative mitigation practices.

Positive incentives are selected in conservation practices to provide public value which
outweighs the private present losses. If present private net benefits are positive due to long-term
benefits but short-term losses, extension programs should be used.
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Figure 3.2: Policy mechanisms based on a simple set of rules from Pannell (2008)6

3.4 Current and Proposed Soil Health Policy Options
3.4.1 Cost-Share Programs
As noted in the previous section, positive design-based instruments such as environmental
cost-share programs, are the most common method of internalizing the social costs of
agricultural production. Programs such as a small grains cost-share by the Ecological Farmers’
Association of Ontario (EFAO) or conservation tillage and cover cropping cost-shares by

6

This figure is a preliminary image, on which the author introduces adoption lags, benefit-cost rations and other
factors slightly altering the policy-rules (2008).
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Environmental Quality Incentives Program (EQIP) in the United States compensate farmers for a
portion of their opportunity cost. For example, in 2021 the Ecological Farmers of Ontario are
piloting a $40 ac-1 ($98.84 ha-1) subsidy to promote the use of small grains such as wheat, oats,
barley or rye to diversify corn-soy rotations.

Typically cost-share programs offer financial assistance to new adopters of a conservation
practice to maximize additionality. Evaluating the degree of additionality is a common method of
determining environmental success (Claassen et al., 2018; Mezzatesta et al., 2013). However,
tied to environmental success is the cost-effective level of abatement which requires matching
private opportunity costs with financial incentives. Adverse selection in cost-share programs can
lead to over-spending by government bodies, potentially reducing social welfare.

3.4.2 Carbon Taxes
Carbon taxes and emissions trading schemes, which are the dominant forms of carbon
pricing (World Bank, 2019), are negative economic instruments. A carbon tax stems from
Pigou’s writings in the 1920s suggesting externalities may be internalized with a tax rate equal to
the social marginal damages from an additional unit pollution. The Social Cost of Carbon (SCC)
quantifies the damage for each additional unit of carbon dioxide equivalents (Nordhaus, 2007).
Currently, all Canadian farmers are charged the regulatory tax for fuel consumption.

3.4.3 Carbon Markets
Several economics instruments which may be used to incentivize conservation practices
are hybrids of regulation and economic instruments. In a cap-and-trade system, a strict standard
is placed on the aggregate emissions of an industry, where allowances are allotted or auctioned to
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firms. This cap provides certainty in the aggregate amount of emission reductions at a low-cost,
not provided by carbon taxes or regulations (Stavins, 2008). The trading of carbon credits
between firms naturally incentivizes lowest-cost reductions in emissions to occur first,
establishing a market price for emissions. As the cap becomes more restrictive the price of
allowances rises, incentivizing investment in emission reduction technologies.

In early March of 2021, Environment and Climate Change Canada announced a GHG
offset credit system as part of the federal carbon pricing system. This program allows four
different types of projects to generate carbon offset credits which may be sold as federal offset
credits to industry for activities exceeding emission limits. Among the possible projects is soil
organic carbon sequestration, provided the carbon sequestered is additional and maintained for
30 years. Given the government’s commitment to establishing a carbon trading market, the nonexempt firms may purchase the property rights to carbon emissions from lower-cost abatements
from the agricultural sector. These positive incentives in the form of voluntary cost-share
programs and emissions trading schemes will contribute to a large portion of agri-environmental
policy in Canada.

3.4.4 Assessment of Current Carbon Policies
In contrast to a carbon tax which provides firms with certainty of the cost of their
emissions, cap-and-trade grants certainty in overall emissions. Carbon taxes are a lower-cost
alternative to a cap-and-trade system and generate tax revenues which may be put towards a lowcarbon infrastructure (Wood, 2018).
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Carbon taxes and emissions trading schemes are difficult to implement on diffuse sources
of pollution where tracing the origins is costly. The high cost of monitoring soil carbon levels
and changes in on-farm emissions provides a significant barrier to integrate agricultural land
managers into the carbon market, implement a carbon tax, and design-based mechanisms. An
immense amount of data is required to determine the effect of a practice on soil carbon stocks
and net emissions, across many different climates and soil types. Instead of payments for
performance, payments for practices are empirically derived using spatial-dependent processbased models (Niles et al., 2019). These models can estimate ecosystem services such as SOC,
emission reductions, or changes in N leaching, from a conservation practice to provide a more
cost-effective and observable approach than performance-based (Weersink & Pannell, 2017).

However, a cap-and-trade system may not provide adequate incentive in the long-run
(Stavins, 2008). Supporting policies or public investment may be required to spur research and
investment (Stavins, 2008). Long-term evidence of CO2 cap-and-trade systems is limited, with
the EU (2005-present), Switzerland (2008-present), and New Zealand’s (2008) ETS among the
oldest. However, this pollution reduction scheme was used successfully across the United States
in the 1990’s to regulate SO2 emissions, resulting in significant emission reductions (Stavins,
2008).

Determining the taxes or subsidies which internalize the social costs associated with soil
management decisions require knowing the marginal abatement costs. This poses a challenging
issue due to the impure nature ecosystem services of soil conservation - providing both private
and public value. The off-farm climate mitigation or nutrient leaching benefits of soil
management are public goods given their non-excludable and non-rival nature, while the on-farm
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benefits of nitrogen fixation and carbon sequestration are privately experienced by farmers. To
determine the private value of soil conservation and resulting marginal abatement costs, the
complex social-ecological nature of farming decisions needs to be better understood.

3.5 Understanding Incentives for Adoption of Soil Management Practices
In Ontario, less than 20% of farmers use cover crops in their rotations (Statistics Canada,
2017) and in the United States, only 4.8% of cropland grew cover crops in 2017 (Wallender et
al., 2021). Typically, diversified rotations and cover cropping are more profitable over the longterm (Janovicek et al., 2021), yet have greater upfront costs. Even in the short-term, despite cost
savings, reductions in nitrogen application to economically optimal nitrogen rates (EONR) are
not commonly practiced (De Laporte et al., 2021). Understanding how farmer behavior and
institutions within the agricultural sector may influence the current and optimal level of
greenhouse gas production will grant insight into farmer’s individual abatement costs. Providing
realistic estimates for how incentives with ecosystem services will influence producer behaviour
requires a greater understanding of factors which may influence a farmer’s decision-making
process.

Farmers are highly heterogenous in their willingness to adopt new management practices
(Feder & Slade, 1985), with no single factor predicting their adoption (Knowler & Bradshaw,
2007). Typically, the most apparent factor to influence diffusion of new practices is their
profitability. However, profitability alone may provide an insufficient predictor for adoption
(Knowler & Bradshaw, 2007; Pannell & Schilizzi, 2006; Weersink & Fulton, 2020). Several
decades of literature finds influences on cropping decisions from behavioural characteristics such
as myopic behaviour (Jaffe & Stavins, 1994) and risk preferences (Babcock, 1992; Dixit &
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Pindyck, 2012; Kahneman & Tversky, 2019); institutional influences such as farmer subsidy
programs (Annan & Schlenker, 2015; Bryant & O’Connor, 2017) and land tenure (Deaton et al.,
2018), and personal characteristics such as human capital (Huffman, 2020; Prager & Posthumus,
2011) and social networks (J. P. Chavas & Nauges, 2020; Conley & Udry, 2010).

3.5.1 Uncertainty and Risk-Taking Behaviour
A lack of predictability of weather conditions and continually changing commodity prices
are the major sources of uncertainty in farmer decision-making. The influence of uncertainty on
intensive and extensive production decisions is well documented in agricultural economics
literature (Chavas & Holt, 1990; Chavas & Nauges, 2020; Chavas, 2019; Just & Pope, 2001).
Tversky and Kahneman (1974) find that individuals often give low probability events greater
weight in their decision-making. For example, the over application of nitrogen and resulting
nitrous oxide emissions may be in response to an over-estimate of the low probability, high
benefit scenario (Rajsic et al., 2009). Farmer’s perception and management of uncertainty
influence their level of greenhouse gas production and marginal abatement costs of adopting new
practices.

The objective and subjective uncertainty about the benefits and performance of soil
management practices may impede new adoptions (Antle & Crissman, 1990). In Ethiopia,
Teklewold et al. (2013) find risk aversion to limit adoption of soil conservation practices.
Interviews conducted with farmers from Iowa found 60% remained uncertain if the benefits of
cover crops outweighed expenses (Arbuckle & Roesch-McNally, 2015). Weather and cropping
patterns can have quite variable impacts on inorganic sources of nitrogen (Iqbal et al., 2018).
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(Vyn et al., 2000) finds the carryover of nitrogen from red clover to be highly variable between
years and field trial locations.

Risk-averse farmers who seek to reduce exposure to down-side risk (Binswanger, 1980)
are typically the first to adopt risk-reducing technologies but may avoid risk-increasing practices.
With farmer knowledge of soil carbon storage limited, there may be uncertainty regarding the
best practices and the amount changing practices may sequester. Marginal abatement costs may
be higher when the outcomes are uncertain.

3.5.2 Human and Social Capital
Farmers can learn through their own experimentation to develop new beliefs concerning
the risk and benefits of a practice. However, studying the adoption of GM corn (Barham et al.,
2018) find farmers with greater ability to learn from their own experiences and who are receptive
to advice, can slow adoption. Higher levels of education and access to information typically
respond better to changes in their environment (Huffman, 1977). Generally, education and
experience are both positively related to adoption of conservation practices (Knowler &
Bradshaw, 2007). The lower cost for sustained cover cropping practices may be due in part to
farmer’s developing a new subjective assessment of risk upon learning. An example of this is the
Iowa Department of Agriculture and Land Stewardship (IDALS) program which offers $25 per
acre for new adoption of cover cropping and $15 for recurring users.

Social influences or social capital influences diffusion of new technologies through
learning by observation and peer networks. Conley and Udry (2010) and Foster and Rosenzweig
(1995) show how farmer adoption increases when neighboring farmers who adopt technology are
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successful in previous growing periods. Similarly, interviews of Peruvian farmers provides
evidence of village-level social capital to improve erosion management (Swinton, 2000)7.
However, Tjernström et al. (2021) shows the social network effect is less effective when soil
quality is heterogeneous across farmers. Functional changes to soil quality accrue incrementally
and are not directly observable to farmers - potentially limiting the role of observational learning
(Chavas & Nauges, 2020).

3.5.3 Short-Term Focus
The value individual farmer’s place on soil’s future productivity, especially under adverse
climate events, depends on their decision-making horizon and discount rate. With roughly 40%
of agricultural land in both the United States and Canada managed by renters under short-term
contracts, less value is placed on the long-term productivity of land (Deaton et al., 2018).
Uncertainty regarding future tenure limits investment, especially when the functional value of
additional soil health accrues slowly and there are opportunity costs from alternative cropping
strategies (Bergtold et al., 2019). Among U.S corn growers, cash-renters are less likely to adopt
soil conservation practices which only provide benefits over the long-term such as strip-cropping
and grassed waterways (Soule et al., 2000). Using survey results from Ontario farmers, Deaton et
al. (2018) displays that long-term soil investments, such as cover cropping, are higher on ownedland and increase with rental tenure.

7

This is a selected conference paper for the Agricultural and Applied Economics Association and is not peerreviewed.

48
Farmers with myopic outlooks behave similarly to short-term tenants, where conservation
behavior is restricted to practices which have short-term benefit. High rates at which farmers
discount future production is typically observed in resource-poor farmer’s in developing regions
(D. J. Pannell et al., 2014). However using a simple experiment involving offers of cash to
farmers from United States, Duquette et al. (2012) found mean discount rate of farmers to be
34%. Their findings were substantially different from estimates from (Lence, 2000) who
estimated rates ranging from 3% to 5%. Jaffe and Stavins (1994) suggest that technology
adoption is slowed by high discount rates. Poor short-term profitability and up-front costs pose
the largest barriers to adoption of cover cropping (Bergtold et al., 2019). Similarly, sensitivity
tests using higher discount rates8 from (Yirga & Hassan, 2010) optimal control model for
management of teff production predicted increasing rates of net soil loss.

Discount rates are of particular importance to agri-environmental programs in determining
the financial incentives required to shift practices. Cover cropping is typically not immediately
profitable with the upfront costs limiting adoption (Arbuckle & Roesch-McNally, 2015).
(Bergtold et al., 2019) suggests these negative short-term outcomes arising from large up-front
costs outweighs the long-term benefits for most farmers.

8

Initial discount rate was 9% a lower rate of 6% and two higher rates of 12 and 24% were tested (Yirga and Hassan,

2010).
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3.5.4 Practical Barriers
The decision to adopt a new management practices is typically not a univariate decision as
practices are competitively or synergistically inter-dependent (Dorfman, 1996; Feder, 1982).
Management practices are a part of larger strategy where one practice may preclude or require
another. One example may be the addition of a legume cover crop, such as red clover, into a
rotation which requires the addition of wheat to a corn-soy rotation. Another example could be
the substitution of crop insurance for soil-centric risk-management practices (Bryant &
O’Connor, 2017). (Annan & Schlenker, 2015) show yields from insured corn and soybean crops
are more sensitive to high temperature conditions than uninsured. Future considerations may be
overlooked due to short-term solutions being more profitable.

Practical barriers such as timing, labour constraints, and final markets also limit new
technology adoption. For some, timely seeding a cover crop following harvest and terminating in
the spring can be difficult when managing around cash crops (Roesch-Mcnally et al., 2018).
With greater uncertainty around spring rainfall, dealing with cover crops can be the difference
between planting on time and seeding late. The Maryland Agriculture and Water Cost-Share
Program (MACS) offers a base support of $40 per acre with additional financial support for
aerial seeding or incorporated seeding to tackle time constraints.

The net benefits from conservation practices are contextually dependent (Pannell et al.,
2014), varying by soil type and local climate. Farmers' current practices and willingness to adopt
new technologies are quite heterogeneous (Knowler & Bradshaw, 2007). Profitability is likely
not the sole factor limiting or driving producer adoption, with contribution from non-economic
factors such as timing, risk, institutional, and educational (Marra et al., 2003; Roesch-Mcnally et
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al., 2018; Weersink & Fulton, 2020). The influence of carbon offsets on adoption is typically
based on partial budgets, however including additional factors will allow for more representative
findings.

3.6 Summary
Many conservation practices which come at a cost or provide marginal benefits to private
land managers will require positive incentives (Pannell, 2008; Weersink & Pannell, 2017). To
achieve an optimal level of abatement with incentives, environmental programs must determine
farmer’s marginal abatements costs. Despite the excitement for market-based instruments and
cost-share programs for voluntary agricultural climate mitigation, several major barriers exist.
Estimating the private benefits and abatement costs of multiple different conservation practices is
a difficult ecological problem due the complex nature of soil functions, ecosystem service
production, and crop management decisions (Murray et al., 2007). Ecologically sound estimates
of marginal abatement costs must consider:

(1) Interactions between the joint production of multiple ecosystem services may limit issues
with program additionality and unexpected outcomes (Bennett et al., 2009; Seppelt et al.,
2011). The aggregate value of multiple ecosystem services change on welfare better
captures true abatement costs than a focus on a single service.
(2) The financial and ecological interactions between soil management strategies suggest
estimates of abatement should be derived from multiple management strategies (Mason
& Plantinga, 2013).
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(3) Consideration of climate change’s influence on the private value of agronomic potential
and non-linear temporal supply of ecosystem services may lead to diminishing marginal
returns and reversibility (Murray et al., 2007; Thamo & Pannell, 2016).
(4) Stochastic uncertainty from variation in climate influences farmer decision-making (Song
et al., 2011) and the supply of ecosystem services (Seppelt et al., 2011).
(5) Crop management decisions are annual and flexible where farmers adapt to the economic
and ecological considerations they face (Castellazzi et al., 2008; Hennessy, 2006).
Marginal abatement costs must consider the dynamic context in which farmer operate.

In addition to complexities involved with ecological estimation of marginal abatement
costs, farmer discount rates (Jaffe & Stavins, 1994), land tenure (Deaton et al., 2018), and
subsidized crop insurance programs (Annan & Schlenker, 2015) may influence marginal
abatement costs.

In the following chapter we present the financial feasibility of three abatement practices:
cover cropping, diverse rotations, and nitrogen fertilizer. Using long-term field trial data we
estimate the profitability of fixed rotations, offering a comparison to later modelling which
allows for dynamic selection of crop and management choices.

Chapter 4: Financial Feasibility of Soil Management Practices
4.1 Introduction
This chapter presents a simple cost-benefit analysis with the purpose of providing
profitability comparisons and motivation for the dynamic model presented in Chapter 5.
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Profitability is a major driver for practices that do not involve significant capital costs and can be
replicated (Weersink & Fulton, 2020). Despite long-term benefits, the short-term costs associated
with adjusting crop rotations to include wheat and a cover crop may be the largest barrier to their
adoption (Arbuckle & Roesch-McNally, 2015; Bergtold et al., 2019). This is by no means a new
assertion. In a 1924 discussion on legumes and rotations, A. Oakley is quoted saying:
“ the farmer who is endeavoring to wrest a living from a stubborn soil is by force of
circumstances frequently compelled to follow expedient courses without much regard for
the needs of posterity. … he cannot indulge in all the features of farming that promise
ultimately to be profitable to him.” (Edwards, 2020).

4.2 Defining Management Practices
Two different crop management practices are examined, each with different costs, effects
on crop yields, and environmental benefits. The first practice, cover cropping with red clover,
increases the biodiversity of the crop rotation. Between the harvesting of one crop and the
planting of the next, fields often sit bare. By planting a cover crop in the early spring into wheat,
in the early summer into soybeans or corn, or into the stubble of small grains in late summer, the
field will remain “covered” following harvest. The focus of this chapter and subsequent chapters
is on red clover, a legume cover crop inter-seeded in the spring into winter wheat.
From as early as Thomas Jefferson’s use of clover in the 18th century, legume crops in
rotation are understood to be beneficial for soil. The nitrogen credit and fixation provided by
legume crops such as soybeans or red clover is one of primary agronomic drivers for using crop
rotations (Thomas, 2003). Nitrogen fixed biologically is stored in its organic form making it less
prone to leaching and ammonia volatilization (Dixon & Kahn, 2004). Cover cropping provides

53
erosion protection, builds soil organic matter, and improves yield stability (Kaye & Quemada,
2017). While plant available nitrogen and emission reductions are provided over the short-term,
soil organic matter and carbon sequestration improvements accrue over decades.

The second practice is the inclusion of winter wheat into monoculture corn or corn-soy
rotations. In Ontario, corn-soy rotations are dominant among grain farmers, but can be extended
to include winter wheat following soybeans. The earlier harvest of soybeans allows more time
for winter wheat to grow than if it were planted following corn. The optimal planting dates for
winter wheat in Ontario are typically early to mid-October while corn harvest continues well into
November. Diversified rotations without cover crops also promote greater levels of soil organic
carbon enhancing physical, chemical, and biological processes in the soil.

4.3 Methods and Data for Cost-Benefit Analysis
Four treatments of different crop rotations from a long-term trial in Elora, Ontario are
compared in this chapter. The treatments are: continuous corn (CC); two years of corn and two
years of soy (CCSS); two years of corn, one year of soy and one year of winter wheat (CCSW);
and two years of corn, one year of soy and one year of winter wheat inter-seeded with red clover
(CCSWrc). Due to the high prevalence of a
CS rotation in Ontario and the U.S corn

Table 4.1: Differences in crops and conservation
practices between rotations for comparison

belt, a fifth rotation is estimated based on simple assumptions of the CCSS rotation.
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These 5 crop rotations are used to draw comparisons between rotations which use different
combinations of soil conservation cropping choices (Table 4.1). To determine the costs of each
rotation the 2021 cropping budgets (OMAFRA, 2021) and 2018 custom rate survey from
OMAFRA are used (OMAFRA, 2018).
The variable costs, calculated in equation
(4.1), are those which change depending
on crop yield (i.e trucking, drying, and
nutrient replacement) represented by the vector 𝜈𝑐 (Appendix 2). For example, suggested
macronutrient removal rates per megagram of dry matter corn, soybeans, and winter wheat are
7.25, 14.0, 9.8 kg P2O5 and 4.9, 23.0, and 6.0 kg K2O respectively. The prices are $1.80 kg-P2O5
-1

and $1.00 kg-K2O -1 based on commercial retailer surveys conducted by McEwan (2020).
Crop- and rotation-specific nitrogen use represented by rate 𝜂𝑟𝑐 and the price by 𝜌.

Nitrogen fertilizer is the largest variable expense for farmers. In the Elora crop rotation field
trials, the application rate of nitrogen is 172 kg ha-1 for corn and 101 kg ha-1 for winter wheat. At
mean fertilizer prices from 2014-2020 (McEwan, 2020), nitrogen costs are $230.48 and $135.34
for corn and wheat respectively.

The nitrogen credit and fixation provided by legume crops is one of primary agronomic
drivers for rotating (Thomas, 2003). Nitrogen costs on grain crops following soybeans and red
clover are adjusted to reflect the nitrogen credit they provide. We use 50 kg N ha-1 for red clover
consistent with studies which estimate 44-98 kg N ha-1 to be available for the following crop
(Schipanski et al., 2010; Vyn et al., 2000). Soybean nitrogen credits for subsequent corn were set
to 30 kg ha-1 following estimates of 25-36 kg ha-1 (Goss et al., 2002) from field trials in Ontario.
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Based on mean nitrogen prices in Ontario for Urea (43%) of $1.34 kg-1 N-1, from 2014 to 2020
(McEwan, 2020), the credit for cover cropping is $67.0 ha-1 and for soybeans is $ 40.2 ha-1.
𝑉𝐶𝑡𝑟𝑐 = 𝑌𝑡𝑟𝑐 𝜈𝑐 + 𝜌𝜂𝑟𝑐

[4.1]

Fixed costs, such as seed and machinery costs, can be found in Appendix 2. In addition to
these standard costs, the inclusion of cover crops into rotations adds additional costs. The
establishment costs of planting red clover as a cover crop include the seed and planting. Seed
prices range with differences in quality, from $1.41 kg-1 to $2.92 kg-1 (Hoorman, 2015; MARD,
2020). For our analysis we use a price of $2.24 kg-1 seeded at a rate of 13 kg ha-1. Suggested
seeding rate for red clover is 11.23kg ha-1 (Hoorman, 2015) with 70% of farmers surveyed in
Ontario using between 7 to 9 kg ha-1 (Ogilvie et al., 2020). In Ontario, custom broadcast seeding
costs $14.83 ha-1 while direct drilling costs $61.78 ha-1 (OMAFRA, 2018). An Ontario survey
found 97% of producers broadcast red clover with 87% frost seeding in March and April
(Ogilvie et al., 2020).

Clover can by terminated in the fall or spring either mechanically or with herbicides, such
as dicamba and glyphosate. OMAFRA estimates the cost of burndown herbicide to be $31.51 ha1

and custom application to be $24.71 ha-1. The estimated total cost of red clover is $128.38 ha-1

(51.95 ac-1). The cost of red clover cover cropping is likely quite heterogenous across Ontario
with the greatest differences arising from seeding rate and seed cost.

The profit for each year is calculated based on fixed and variable costs and rotationspecific revenue (Equation 4.2). The mean dry matter crop prices from 2014 to 2020 are
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represented by 𝑃̅. Corn, soybean, and wheat prices were based on nine-year averages at $209.92,
$471.91, and $231.30 Mg-1, respectively from 2011 to 20209. Rotation-specific yield data is from
the long-term crop rotation field trials in Elora, Ontario from 2001 to 201910.
𝜋𝑡𝑟𝑐 = 𝑃̅𝑐 𝑌𝑡𝑟𝑐 − 𝑉𝐶𝑡𝑟𝑐 − 𝐹𝐶𝑡𝑐

[4.2]

4.4 Yield and Profitability Changes under Climate-Smart Practices
4.4.1 Yields under Climate-Smart Agricultural Practices
Across the four rotations, crop yields are consistently higher in more diverse crop rotations.
Consistent with findings by Janovicek et al. (2021), rotations including wheat have higher yields
than continuous corn and corn-soy rotations for both corn and soybean (Table 4.2). A simple
linear model with winter wheat and winter wheat with red clover shows corn yields are 5% and
6.3% higher than under continuous corn and soy yields are 25.9% and 26.3% higher than yields
under corn soy rotations (Table 4.3)11.

9

All prices are corrected to 2021 prices using Bank of Canada inflation rates.
Field trial data exists from 1980-2019, but tillage protocols were changed in 2001.
11
Due to limited field trial data and minimal available comparisons, the model for wheat is omitted.
10
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Table 4.2: Crop Yields in Mg per ha from Elora, Ontario between 2002 and 2020

The greater corn and soybean yields coincide with higher observed soil organic carbon
levels for CCSW and CCSWrc rotations in Elora of 58.60 and 58.40 Mg ha-1 in 2015, higher
than the CC and CCSS rotations at 53.46 and 54.13 Mg ha-1, respectively (Jarecki et al. 2018).
These findings are consistent with the perceived benefits farmers attribute to cover cropping.
Using a survey of farmers using legume cover crops, Ogilvie et al. (2020) find their role in soil
health improvement as the greatest factor.

Corn is most profitable following wheat inter-seeded with red clover due to the increase in
yield and nitrogen fertilizer savings. However, the profitability from a field under CCSWrc will
experience the greatest inter-annual fluctuations in profit. Soybean profits are greatest in both
tillage protocols in the CCSW rotations due solely to increases in yield. In agreement with
Janovicek et al. (2021), the mean annual benefit across rotations is highest for CCSW under notill, but contrary to their findings a two-year CS rotation is optimal under conventional tillage
(Table 4.4).
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Table 4.3: Linear model of corn and soybean yields under various rotations
at Elora Research Station from 2001-2019
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Table 4.4: Mean annual benefit for five different rotation treatments under two tillage protocols.

Using discount rates of 28% estimated by Duquette et al. (2012), the net present value of
the CCSW rotation is consistently optimal across all planning horizons for reduced tillage
protocols (Figure 4.1). For conventional tillage, CCSW is optimal for short planning horizons
(< 4 years) and CS is optimal over longer planning horizons (Figure 4.2).

Figure 4.1: Cumulative net benefits of five crop rotations under reduced tillage at a 28% discount rate.
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Figure 4.2: Cumulative net benefits of five crop rotations under conventional tillage at a 28% discount rate

4.5 Limitations of Static Models
The cost-benefit approach under the assumption of fixed management decisions which
overlooks soil dynamics provides a limited representation of farmer’s opportunity costs to
engaging in soil conservation. Results from this chapter suggest opportunity costs between
rotations are relatively consistent across all planning horizons (Figures 4.1 & 4.2). However,
these findings are not consistent with Deaton et al. (2018) who find tenure duration to be
positively related to adoption of soil conservation practices, including cover cropping. Including
the dynamic nature of soil’s productive potential, would capture the value farmers place on
future productivity. As carbon levels rise, the opportunity cost of spending the soil capital
increases the likelihood that soil conservation practices, such as cover cropping or wheat
inclusion, are reversed (McConnell, 1983).

The trade-offs between management decisions and the physical environment are simplified
when the decision-maker is not considered. The limitations highlighted in this chapter serve as
motivation for the dynamic model presented in Chapter 5. The mean annual benefit and
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opportunity costs of conservation practices serve as a comparison to the results from the dynamic
programming model presented in Chapter 7.
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Chapter 5: Empirical Framework
5.1 Introduction
The previous chapter developed a simple static model to assess the profitability of several
climate smart soil management practices. However, the choices made about these practices in
one period affect both the financial feasibility and environmental impacts of the cropping
production methods in subsequent periods as discussed in Chapter 3. Consequently,
determination of the long-term crop and fertilizer management decisions that maximize net
social benefits requires an approach that incorporates the multi-period dynamics of agronomic
conditions. Additionally, the previous chapter does not consider the initial state of the soil in
each year or the uncertainty associated with inter-annual changes.

This chapter presents a discrete time and discrete static stochastic dynamic programming
model to predict farmers’ optimal sequential crop and fertilizer decisions and ecosystem service
provision under weather-dependent uncertainty. Dividing the long-term management decisions
into annual sub-problems allows for tractable mathematical models to determine optimal
management strategies. The approach contributes to the literature in four ways:

(1) The role of uncertainty in soil carbon transitions is incorporated into farmer decisionmaking and abatement costs.

(2) The optimal crop rotation and frequency of cover cropping is predicted in context
which considers the dynamic nature of soil carbon.

(3) Policy scenarios imposed on the model include multiple ecosystem service interactions,
providing ecologically-sound estimate of abatement.
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(4) Farmer and field heterogeneity can be represented in this modelling technique, offering
a method to reduce adverse selection in agri-environmental programs improve costeffective abatement and minimizing additionality.

5.2 Optimal Control and Soil Health
5.2.1 Optimal Control Theory for Soil Health
Optimal control theory is a set of mathematical optimization tools which determines an set
of parameters to manipulate a dynamic system. The dynamic systems may range from physical
systems in engineering or biology, to social systems in economics. The field grew out of the
calculus of variations, lead in the 20th century by mathematicians such as Edward McShane and
Laurence Young. It dealt with variations within functions to solve for maxima and minima using
sufficiency conditions such as directionality of second derivatives. In dealing with problems of
engineering and economics, Pontryagin built on the calculus to introduce optimal control theory.

The general problem of optimal control theory is to determine how control parameters
influence a system. Consider a dynamic system, such as the state of carbon storage in the soil,
which can be represented by a discrete time ordinary differential equation with a fixed-end-point
of the form12.
𝑥𝑡+1 = 𝑓(𝑥𝑡 )
𝑠. 𝑡 𝑡 > 0 𝑎𝑛𝑑 𝑥0 = 𝑥 0

12

Notation adapted from Lawrence Evans’s “An Introduction to Mathematical Optimal Control Theory”

[5.1]

64
The value of the function along the curve 𝑥𝑡 , refers to the state of the system. In a
controlled dynamic system where an action 𝑎 may be chosen from a set of control parameters 𝐴,
the equation becomes:
𝑥𝑡+1 = 𝑓(𝑥𝑡 , 𝑎𝑡 )

[5.2]

For soil carbon, this function must account for the non-linear and asymmetric nature of
sequestration under different conservation practices (Ragot & Schubert, 2008). The control
solution to a discrete time problem13 is to select the actions which maximize the pay-off
associated with the system. For farmers who seek to maximize the returns to their land, their payoff function is subject to output (𝑝𝑡 ) and the dynamic system of soil carbon.
𝑇

max ∑ 𝛿 −𝑡 𝑝𝑡 𝑔(𝑥𝑡 , 𝑎𝑡 )
𝑎𝑡

𝑠. 𝑡

[5.3]

𝑡=0

𝑥𝑡+1 = 𝑓(𝑥𝑡 , 𝑎𝑡 ) ,

𝑎𝑡 > 0

The Lagrangian for the problem is:
𝑇

𝑇

𝑇

−𝑡

max ∑ 𝛿 [𝑝𝑡 𝑔(𝑥𝑡 , 𝑎𝑡 )] + ∑ 𝜌𝑡 𝑎𝑡 + ∑ 𝜎𝑡 [𝑓(𝑥𝑡 , 𝑎𝑡 ) − 𝑥𝑡+1 ]
𝑎𝑡

𝑡=0

𝑡=0

[5.4]

𝑡=0

With the Lagrange multipliers 𝜌𝑡 and 𝜎𝑡 forming non-negativity constraints on control
parameters and ensuring system dynamics. The set of optimal actions 𝑎(∙) which achieves the
maximum pay-off for farmers is determined following the first-order conditions.

13

𝑇

The continuous time problem can be represented by integrals ∫0 𝑔(𝑥(𝑡), 𝑎(𝑡)) 𝑑𝑡
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5.2.2 Applications of Optimal Control Theory to Soil Health
Proper assessment of the role ecosystem services markets may have on environmental and
agronomic outcomes must be based on bio-physical models (Fisher et al. 2008; Seppelt et al.
2011) to appropriately represent farmer soil management decisions (Pannell et al., 2000).
Integrating the dynamic biological processes into economic models requires an interdisciplinary
approach engaging both soil science and economics. The ability of optimal control theory to
capture dynamic and time-dependent bio-physical processes lead to their wide use in assessing
the value of crop management practices and soil health.

Studies modelling crop rotations were some of the earliest to acknowledge the role of soil
conditions in private decision-making. Burt (1981) used optimal control methods for cropping
decisions representing inter-annual soil conditions as the depth of topsoil and soil organic matter.
Pope et al. (1983) examined the role of soil depth on erosion management decisions, highlighting
the importance of initial conditions on optimal control solutions. The social value of externalities
from soil management was first included in by McConnell (1983) who used a private decision
model to demonstrate when privately optimal soil management differed from socially optimal.

Barrett (1991) was the first to include the role of prices on optimal soil conservation efforts
in control models. Barrett highlights the importance of both the option value for future soil
conservation and immediate rewards. Following in the development context, Yirga and Hassan
(2010) determine optimal labour and fertilizer use by maximizing discounted future returns
under dynamic soil nutrient constraints in teff cropping in Ethiopia. They find farmer behaviour
to be more representative of their dynamic model than static models. Similarly, Berazneva et al.,
(2019) use optimal control theory to determine optimal residues rates, assess the marginal value

66
of soil carbon, and trade-offs between soil carbon and fertilizer use in continuous maize cropping
in Kenyan Highlands. Both studies restricted their focus to a single crop, limiting the focus of
conservation practices to intra-seasonal management practices.

All the previously presented optimal control models in the literature represent the biophysical process as deterministic (Berazneva et al., 2019; Burt, 1981; Pope et al., 1983;
McConnell, 1983; Stevens, 2018; Yirga & Hassan, 2010). The uncertainty in the economic and
ecological environments in land management are influential on farmer decision-making
processes (Moschini & Hennessy, 2001). Falling to account for the ecological characteristics of
farming systems may fail to accurately represent the risks and long-term benefits of farmer
adaptation (Pannell et al., 2000). To represent farmer’s decision-making context under payments
for carbon sequestration, explicit consideration must be given to the stochastic nature of weather
on soil processes. This uncertainty may influence farmer’s willingness to adopt conservation
practices (Dixit & Pindyck, 2012; Song et al., 2011).

5.2.3 Dynamic Programming vs. Optimal Control Models
Dynamic programming provides an alternative approach to solve the same problems as
optimal control modelling. While optimal control focuses on solving first-order conditions for
control solutions, discrete dynamic programming focuses on the maximizing a value function by
breaking a problem into sequential sub-problems. Longer time horizons, increasing number of
control variables, and the inclusion of random variables (i.e weather) in optimal control models
greatly increases the computational requirements. If a farmer had 10 management decisions to
make on a given field each year, by period 4 they would face 104 combinations of soil
management decisions in the previous 3 years and in the present.
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Dynamic programming is built on the Bellman equation which allows for optimization of
the long-term sequential planning problems by solving sub-problems, represented as a Markov
Decision Process (MDP) (Figure 5.1) (R. Bellman, 1954) . An MDP assumes the state (S1) in any
given period depends only on the state (S0) and the actions (A0) taken in the previous period (see
Figure 5.1).

Figure 5.1: A Markov Decision Process

The deterministic Bellman equation is solved recursively, starting with the terminal state of
the system.
𝑉(𝑥𝑡 ) = max[𝑔(𝑥𝑡 , 𝑎𝑡 ) + 𝛿𝑉(𝑥𝑡+1 )]
𝑎𝑡

[5.5]

The optimal control solution to this equation is found using Bellman’s principal of
optimality. It states, “An optimal policy has the property that whatever the initial state and initial
decision are, the remaining decisions must constitute an optimal policy regarding the state
resulting from the first decision.” (Bellman & Dreyfus, 2015). Equation (5.5) is simply equation
(5.3) re-arranged where the solution can be determined recursively rather than using the firstorder conditions.
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A further advantage of dynamic programming and the principal reason for its use in this
work, is the ability to feasibly integrate random variables. Random variables can be captured in
the stochastic Bellman equation with the form:
𝑇−𝑡

𝑉(𝑥𝑡 ) = max[𝑝𝑡 𝑔(𝑥𝑡 , 𝑎𝑡 ) + ∑ 𝑃(𝑥𝑡+1 |𝑥𝑡 , 𝑎𝑡 )𝑉(𝑥𝑡+1 )]
𝑎𝑡

[5.6]

𝑡+1

Stochastic dynamic programming has been used in a wide range of management decisions
in agriculture ranging from irrigation management (Anvari et al., 2017; Sunantara & Ramírez,
1997), weed management (Benjamin et al., 2009; Sells, 1995), stocking rates (Passmore &
Brown, 1991; Ritten et al., 2010), fertilizer decisions and crop rotations (Boussios et al., 2019;
Burt & Allison, 1963; Cai et al., 2013; Livingston et al., 2014). However, few grant explicit
consideration to the stochastic dynamic nature of soil conditions.

Early work by Burt and Allison (1963) modelled a dichotomous land management choice
between wheat and fallow using soil moisture to represent the state of soil. Capturing more
characteristics of soil health, Boussios et al. (2018) represent soil conditions with three variables
– soil nitrates, extractable soil water, and soil organic matter. However, with only three possible
states for soil organic matter its dynamic nature and value as natural capital in crop yields and
weather risk management is over-looked (Cong et al. 2014).
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5.3 Empirical Model
5.3.1 Stochastic Dynamic Programming Model Overview
Farmers are managers of ecological systems, where crop choices and fertilizer
management decisions are made without knowing the growing conditions that will affect the
response of crop yield to fertilizer. In addition to the random weather events, soil health is
influenced by previous period soil conditions, and crop management strategies (Castellazzi et al.,
2008; Dury et al., 2012). The stochastic and dynamic processes underlying soil health are
incorporated into our dynamic programming model for which the objective is to determine the
suite of optimal management actions that maximize the long-term decision-maker’s profit, given
the conditions of the soil.

The state of soil health can be represented as a Markov Decision Process (Figure 5.1)
which depends on initial soil conditions, the actions taken, and the randomness of weather. The
transition of soil health from one state of the system to another can be represented by the
function:
𝑆𝑡+1 = 𝑔(𝑆𝑡 , 𝐴𝑡 , 𝛽𝑡 )

[5.7]

We represent the state of soil health 𝑆𝑡 with two variables: the content of soil organic
carbon in the top 20 cm and a two-year crop history14. Soil organic carbon is a commonly used
metric to represent soil health (Cong et al., 2014; Lal, 2016). Organic matter in the soil consists

14

Adding further state variables would improve the representation of soil dynamic, however it requires
exponentially increasing amounts of data.
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of 45-60% soil carbon, with the stored amount influencing other biological, chemical, and
physical processes of soil (Lal, 2016).

Previous literature proposing the use of MDP to model crop rotations and soil conditions
assume they are first-order processes (Boussios et al., 2019; Castellazzi et al., 2008; Schneider,
2007). However, using soil organic carbon as a state variable alone fails to represent a Markov
Decision Process because it is not a first-order process (Zhang et al. 2020). Similar to Livingston
et al. (2015), the introduction of a second state variable, a two-year crop history, allows the
process to be represented as pseudo first-order. This higher order nature of soil carbon is likely
due to the slow rate of residue decomposition and the non-linear pattern of sequestration (Ragot
& Schubert, 2008; Stewart et al., 2007).

The randomness in soil transitions (𝛽t) introduced by weather on soil functions prompts
the use of transition probabilities (Williams, 2009). The transition function then becomes:

𝑃(𝑆𝑡+1 |𝑆𝑡 , 𝐴𝑡 )

[5.8]

State transitions can be represented by a stochastic matrix of conditional probabilities of
each soil state, given previous soil conditions and actions taken on the system (Castellazzi et al.,
𝑙𝑎
2008; Cox & Miller, 2017). We define 𝑠𝑗ℎ𝑡
to be the probability of soil organic carbon state j,

and crop history h, at time t transitioning to soil organic matter state l, at time t + 1, given action
a. A matrix for a single action at time t is defined as follows:
1𝑎
𝑠1𝑡
1𝑎
𝑀𝑡𝑎 = {𝑠2𝑡
1𝑎
𝑠𝐽𝑡

2𝑎
𝑠1𝑡
⋱
⋯

𝐿𝑎
𝑠1𝑡
⋮ }
𝐿𝑎
𝑠𝐽𝑡

[5.9]
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As an illustration of the stochastic transition matrix consider a model with only corn and
soybeans as an option with two soil carbon states (Figure 5.2). With the initial state of soil
represented by crop history and soil carbon level in the rows and the final states represented in
the columns, the transition probabilities can be easily depicted

Figure 5.2: An illustration of a transition matrix for soil organic carbon and crop history for
corn (Initial state in rows and final states in columns).

The model allows for three separate management decisions. This allows for different
combinations of crop rotations, cover crop use, and corn nitrogen application as adaptation
options to different climate scenarios and carbon prices. The three management practices (At)
available include crop choice, fertilizer rate, and inclusion of a legume cover crop. To date, most
dynamic programming models compares two crops, such as corn and soybeans, likely due to
regional crop production, available agronomic data, and state space limitations (Cai et al. 2013;
Livingston et al. 2015). Our crop choices allow for corn, soybeans, and wheat. Wheat is an
important element to our model because it is major grain crop in Ontario (OMAFRA, 2020),
shown to increase soil carbon when included in a corn-soy rotation (Jarecki et al. 2018). The
option to add inter-seeded red clover, allows for a greater ability to sequester carbon (Poeplau
and Don, 2015) and fix nitrogen for subsequent corn (Vyn et al. 2000). A two-year crop history
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with more than two crop choices greatly increases state space (Cai et al. 2013), however we limit
crop histories to possible rotations observed in Ontario (see Figure 5.3).

Figure 5.3: Non-cyclical and semi-flexible cropping rotation

In addition to crop choices, nitrogen fertilizer application rate is considered. Applied
fertilizer is the dominant source of nitrous oxide emissions in corn production and small
reductions from over-application carry a low opportunity cost to farmers (De Laporte et al.,
2021). We choose 9 levels of nitrogen application for corn, ranging from 0 to 240 kg N ha-1 by
increments of 30 kg N ha-1. The range of states allows for the lowest environmental impact and
multiple possible agronomically optimal levels. The economically optimal nitrogen rate (EONR)
depends on soil type (Scharf et al. 2005), weather (Deen et al. 2015), application method
(Nasielski et al. 2020) and nitrogen price. Nitrogen rates near EONR are quite variable indicating
N rate can change without substantially impacting profitability (Pannell 2006; Rajsic and
Weersink 2008; Pannell, Gorfander, and Weersink 2019). However, at EONR, nitrogen may still
be in excess and lost to the environment (Nasielski et al. 2020).
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Over the long-term, the close relation between the carbon and nitrogen cycles in soil
requires the consideration of fertilizer inputs. Mineralization of soil organic matter may be
suppressed under the application of N fertilizer (Zang et al. 2016; Mahal et al. 2019). This may
influence the change in soil carbon and organic matter under crops such as corn or wheat. The
resulting ecosystem services from soil, represented as R1 in Figure 1, such as crop yield or
sequestered carbon, depend on the initial state of the system and the soil management practices.
Every state-action combination has an associated reward a land manager may obtain. The
reward, or profit, depends on crop yields, fixed and variable management costs, and payments
for ecosystem services. Crop yield is represented as an expectation due to the presence of the
random variable weather, 𝛽t.
𝑌𝑡 = E[𝑓(𝑆𝑡 , 𝐴𝑡 , 𝛽𝑡 )]

[5.10]

The expected revenue from a representative hectare of land is the yield multiplied by crop
price 𝑃t, the mean harvest price from 2014 to 2019. The annual variable costs (i.e drying,
trucking, nitrogen) are a function of crop yields and fixed costs are crop-specific (See Chapter 4).
A farmer’s sole objective is assumed to be profit maximizing over a finite horizon for a single
field with no economies of scale. Their multi-stage optimization problem for a hectare is the sum
of current and future private benefits. These rewards are dependent on the state of the system and
actions taken.

max
𝑆𝑡 ,𝐴𝑡

𝑃𝑉 = 𝛿 𝑡−1 ∑𝑁−1
𝑡=0 𝑓𝑡 (𝑆𝑡 , 𝐴𝑡 ) + 𝑓𝑇 (𝑆𝑇 , 𝐴 𝑇 )

𝑠. 𝑡 𝑃(𝑆𝑡+1|𝑆𝑡 , 𝐴𝑡 , 𝛽𝑡 ),

𝑡 = 0,1, 2 … 𝑁 − 1

[5.11]
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The solution to the equation is a set of management actions for each state of the system.
We denote the recursive for of the finite horizon model as:

𝑉𝑡 (𝑆𝑡 ) = max [𝑓(𝑆𝑡 , 𝐴𝑡 ) + 𝛿 𝑡−1 ∑ 𝑃(𝑆𝑡+1 |𝑆𝑡 , 𝐴𝑡 ) ∗ 𝑉𝑡+1 (𝑆𝑡+1 )]
𝐴𝑡

[5.12]

𝑆𝑡+1

The optimal control solution is an optimal policy for each state:
𝜋(𝐴|𝑆) = 𝑃(𝐴𝑡 = 𝐴|𝑆𝑡 = 𝑆)

[5.13]

Finite Markov Decision Processes in resource management are preferential to infinite MDP
because the optimal policy is specific to each initial state. In addition, finite models allow for
time-dependent processes or planning due to changes in climate, environmental incentives, or
land rental duration.

5.3.2 Policy Scenarios
Assessing the influence of policy scenarios on optimal state-action combinations and
outcome expectations requires a baseline optimal control solution. Emission pricing scenarios
adjust revenue expectations conditional on baseline nitrous oxide emissions and carbon
sequestration. We base the public value on their respective global warming potential relative to
carbon dioxide15.

Nitrous oxide and carbon sequestration credits are calculated based on the difference
between the optimal action (𝐴𝑜𝑡 ) determined from the baseline condition and alternative actions

15

While several studies show that it may be an imperfect measure (Schmalensee, 1993; Fankhauser, 1994), the
resulting abatement costs will only differ by a few percentage points (Aahiem et al., 2006; Johansson et al., 2006).
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available at each state of the system. A comprehensive approach is used for soil organic carbon,
where a credit-debit system establishes a net balance between reductions and increases in soil
organic carbon levels (Murray et al. 2007). While this accounting method would be costly to
implement in reality due to the expense of soil testing, it internalizes the social cost of carbon
storage and monitors permanence.

Incentives for actions which reduce nitrous oxide emissions are restricted to reductions.
The highly weather-dependent nature of nitrous oxide emissions, which are difficult to monitor,
prohibits charging farmers for emissions above a baseline.

Determining the optimal crop and fertilizer choices, expected profit, and soil organic
carbon trends from the optimal policy requires use of the state transition probabilities. In the
analysis comparisons are drawn across model predictions which depend on the initial state of the
system. The time path of cropping strategies and probability of observing soil states can be found
by taking the summation of the product of initial state (𝑆 0 ) and the transition probabilities for the
prescribed optimal action.

𝑃(𝑆𝑡+1 ) = ∑ 𝑃(𝑆 0 ) ∗ 𝑃(𝑆𝑡+1 | 𝐴𝑜𝑡 , 𝑆𝑡 )

[5.16]
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Unlike infinite horizon dynamic programming which returns a single vector of actions,
the optimal set of actions in the finite model can change over time.
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Chapter 6: Data
6.1 Data Requirement for Stochastic Dynamic Programming
A core element of stochastic dynamic programming is the transition matrix which
represents the probability of subsequent periods soil states given initials states. There are two
state variables, soil organic carbon and a two-year crop history, to represent soil conditions in the
SDP model16. Soil organic carbon is represented by 41 equally spaced states between 45 and 55
Mg C ha-1 in the top 20 cm of the soil. This range is sufficiently wide to not restrict soil dynamics
over long-term horizons yet allows for movement between soil states. Restricting movement
through the use of large bins (> 0.5 Mg C ha-1) reduces the role of soil carbon uncertainty in
optimal decision-making. While there are 16 permutations of crop combinations, crop history is
restricted to 9 common patterns observed in practice. This pared down set of crop histories
reduces the required state space and removes irrelevant rotation combinations. The system can
therefore be represented by 369 possible states.

There are 12 possible actions available to the representative decision-maker. The four
possible grain crop choices are grain corn, soybeans, winter wheat and winter wheat inter-seeded
with red clover. Nitrogen application on corn may vary across 9 equally spaced levels from 0 to
240 kg N ha-1. In each year, the SDP model determines the optimal action for each of the 3608
state-action combinations. Inclusion of additional variables to represent soil conditions, such as a

16

Livingston et al. (2015) does not include a nitrogen history, stating negligible effects of fertilizer application on
subsequent crop yields. However, the relationship between fertilizer application and crop biomass would likely
improve the SOC transition function in future work.
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nitrogen history, longer crop history, or another set of management actions (i.e. tillage practices)
would increase number of evaluation points exponentially.

The data requirement of stochastic dynamic programming poses a major barrier to its use.
As the planning horizon and number of possible actions increases, all possible future
combinations of crop rotation and fertilizer decisions increases exponentially. If a farmer had 10
management decisions to make on a given field each year, by period 4 they would face 104
combinations of soil management decisions in the previous 3 years and in the present. It is
impractical to expect field trials to directly provide sufficient ecological information. Simulation
models calibrated to field trials, lend themselves well to overcome the data limitation allowing
for optimization over both intensive and extensive use of management practices (Weersink et al.,
2002). Due to calibration limitations, a simulation model was not used in this thesis. However, I
consider this to be the “gold standard” as data generated from validated simulation models can
include a wide range of management practices and different climate patterns

6.2 Data and Parameters
A dataset is created which resembles realistic conditions from Ontario and allows for the
trial of the dynamic programming model. The soil organic carbon information for the Elora crop
rotation trials comes from Jarecki et al. (2018); yield information from the crop rotation trials at
Elora and nitrous oxide parameters from Wagner-riddle et al. (2007) and Drury et al. (2008).
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6.2.1 Soil Carbon
I start by making the assumption that soil organic carbon changes from corn are dependent
only on the previous crop and that a CS rotation will change soil carbon over the long-term in the
same manner as a CCSS rotation. While these may not hold true, they are necessary in creating
our dataset. Jarecki et al. (2018) validated DNDC to soil carbon levels from Elora and presented
predicted slope parameters from 2016-2020 under RCP scenario 4.5 (Table 1). The slope
coefficients for each rotation are extrapolated the slopes of 4 fixed rotations from Jarecki et al.
(2018) to soybeans and wheat. While their assumption of a linear trend may not be consistent
with soil carbon dynamics (Ragot et al. 2008), it provides a general trend on which to base our
transition function. Due to limited access to information, the carbon change for any individual
crop is assumed to be the same across all rotation histories. Given the predicted mean rate of
sequestration by Jarecki et al. (2018) for the four-year CCSS rotation is – 35.38 Kg ha-1 yr-1 and
for CC is – 11.78 Mg ha-1 yr-1, a simple extrapolation yields – 58.98 Kg ha-1 yr-1 as the mean rate
of de-sequestration for soybeans.
If the mean annual rate of sequestration is 41.74 kg C ha-1 for CCSW and 108.5 kg C ha-1
for CCSWrc, based on the previously determined changes under corn and soybeans, the carbon
sequestration of wheat is 249.5 kg C ha-1 and wheat with red clover is 516.54 kg C ha-1. The role
of red clover is then assumed to be 267 kg C ha-1, similar to estimates of 0.32 Mg C ha-1 yr-1
from Poeplau and Don (2015). Given the short time horizon considered in this research a linear
change is not unrealistic. Jarecki et al. (2018) does not report the residual standard error on
which to base the stochastic nature of carbon changes. The standard deviations for carbon
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sequestration are set to 40, 20, 40, and 60 kg C ha-1 for corn, soy, wheat, and wheat with red
clover, respectively.
6.2.2 Crop Yields
Using nearly 40 years of crop yields across the 4 rotations allows for yield benefits and
penalties to be determined for 2-year crop histories. Due to all rotations having at least 2-years of
corn in sequence, unobservable sequences (i.e W-C-S) are interpolated between existing
measures. However, the yield benefits from rotation include long-term changes in soil organic
carbon. The relationship between corn, wheat, and soybean yields and soil organic carbon is
positive and non-linear (Lehman et al., 2017). The omitted variable bias from failing to account
for soil organic carbon changes in yield would lead to exaggerated benefits and penalties from
rotations.
The mean SOC in 1999 was 53.5, 53.7 and 54.2 Mg C ha-1 for corn, soy, and wheat
rotations respectively. Based on these measures and slope parameters from Jarecki et al. (2018),
38 years of carbon levels are established for each rotation17. The relationship between yield and
soil carbon is represented as logarithmic, where the marginal benefit of soil carbon is decreasing.
Using the SOC trends and observed yields between 1980 and 2018 from Elora field trials, cropspecific production functions for yield based on soil organic carbon and two-year crop histories
is established (Table 6.2). A yearly trend (Year) is added to capture the time trend in yield which
may not be related to soil conditions, such as improved plant genetics.

17

In absence of historical information, future projections from Jarecki et al. (2018) were deemed sufficient.
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Table 6.2: Three linear-log models of crop yield based on Elora field trial data

Coefficients for crop histories (i.e. WSC) not in the field trial data are assigned based on
next-closest parameters. For example, the coefficient for the soil carbon and yield relationship
for corn on corn-soy (CSC) is set to be the same as corn after two years of soy (SSC).
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Due to the fixed nitrogen application strategy in the field trial treatments, a yield-response
function to nitrogen application is created. In the Elora crop rotation field trials, the application
rate of nitrogen is 172 kg ha-1 for corn and 101 kg ha-1 for winter wheat. The response of corn
yield to nitrogen application is typically quadratic, plateauing at high rates of application
(Bullock & Bullock, 1994). Achieving economically optimal nitrogen rate (EONR) may require
adjustments to fertilizer application, effecting total input costs. Due to the previously mentioned
nitrogen credit from legumes, accounting for this carry-over between years in application may
change the net profitability of crop rotations which include legumes. Simulated data used in (De
Laporte et al., 2021) to establish the economic and environmental benefits of various 4R
practices is used to compare optimal application between rotations. Using a quadratic yieldresponse function, corn yields are predicted for the 9 levels of nitrogen application.

6.2.3 Nitrous Oxide Emissions
N2O emission data is collected from multiple published studies based on crop rotations
grown in Ontario. Drury et al. (2008) examines growing season emissions from crops in
monocultures and in rotations. However, non-growing season (NGS) emissions from crop
production can contribute 29 to 53% of annual nitrous oxide (Wagner-Riddle et al., 2017).
Estimates for full-year emissions from a conventionally managed corn-soy-wheat rotation are
taken from Wagner-Riddle et al. (2007). Due to single observations of non-growing season
emissions from Wagner-Riddle et al. (2007), the same emission for each crop is used across all
other rotations. For growing-season emissions, observations from Harrow are scaled to similar
observations from Elora. Legume cover crops typically increase N2O emissions (Basche et al.,

83
2014), however measures of wheat with and without red clover can not be found. A 10%
increase in emissions is added to wheat measures with red clover in an attempt to capture this
relationship.
The values in Table 2 are benchmarked for 54 Mg C ha-1, roughly the mean soil organic
carbon level observed a few years prior to Wagner-Riddle et al. (2007) in the rotation trial in
1999. For all missing information, the most similar single-year crop history is used.
Table 6.3: Growing season nitrous oxide emissions from Drury et al. (2008) adjusted to growing season
emissions from Wagner-Riddle et al. (2007) in Elora.

Further, nitrous oxide emissions from Elora are higher in diverse rotations due to a legacy
effect (Machado, 2020). The decreasing soil bulk density as result of greater soil organic carbon
may be a driving factor (King et al., 2020). The greater water-filled pore space (WFPS) available
under high carbon levels influences nitrous oxide levels above the increase in SOM-N
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(Thilakarathna & Hernandez-Ramirez, 2021). To capture this relationship, nitrous oxide
measures are stylized and set to rise by 1% per Mg C ha-1.
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Chapter 7: Results
7.1 Introduction
The chapter demonstrates the ability of the SDP model to predict optimal cropping patterns
under heterogeneity in farmer behaviour, institutional constraints, and initial soil conditions.
Predictions of abatement costs under three alternative design-based policies shows red clover
subsidies are more cost-effective than subsidies for winter wheat; highlights the importance of
capturing relationships between multiple ecosystem services; and demonstrates the potential for
adverse selection in fixed rate and reverse auction delivery of payment for ecosystem services.

7.2 Baseline Model Predictions
7.2.1 Comparison to fixed strategies

Conceptually, a dynamic model better represents the ecological system on which a farmer
makes their cropping decisions. This section compares SDP model predictions to the results from
the fixed strategy, cost-benefit analysis in Chapter 4 and to observations in Wellington county
and across Ontario.
Dynamic vs. Fixed strategies
Using the same initial soil conditions as the fixed crop management strategies in Chapter
418, the SDP model predicts higher profitability over a 20-year horizon (Table 7.1). While a

18

The initial soil state across all static rotations is assumed to be 54 Mg ha-1, the mean value of all soil measures taken from
1998 to 2005 from the Elora Field Trials (Jarecki et al., 2018)
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corn-soy rotation is predicted to the most optimal in agreement with the conventional tillage
results from Chapter 4 (Table 7.1; Appendix 2), the dynamic model predicts a considerably
higher nitrogen application rate than the rate used in the static model19 (Table 7.1). The increase
in nitrogen rates is due to two factors: the quadratic yield response not exhibiting a plateau and
the relationship between higher N application and reduced organic matter decomposition.
The static model’s predictions of soil carbon levels are lower for a CS rotation than the
dynamic’s CS prediction because of long-term adaptations to de-sequestration. The fixed
strategies assume the same crop will be planted with certainty given a preceding crop history,
regardless of changes to ecological conditions.
Table 7.1: Comparisons between static and dynamic crop management decisions with initial SOC of 54 Mg C
ha-1

While measures of nitrous oxide are unavailable for the fixed crop rotations, the dynamic
model predicts a cumulative total of 18.4 Mg CO2e ha-1 over the 20 years. These emissions are
likely higher than all fixed rotations except for continuous corn due to a higher level of nitrogen
applied. This will inevitably have consequences for estimates of abatement cost.

19

The yield-response function to nitrogen was quadratic with no observed plateau.
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7.2.2 Modelling heterogeneity in farmer, field, and economic conditions.
Field Conditions
Based on acreage allocations from 2011 and 2020 in Wellington county, where the Elora
Field trials are located, and across Ontario, a single cropping strategy is not dominant. Wheat and
other small grains (oats and mixed grains) are grown on roughly 30% of grain crop acreage, corn
on 30-35%, and soybeans on 35-40%. Across all of Ontario, wheat and small grains compose
20-25%, corn 30-35%, and soybeans 40-45%. Unique to the SDP model, optimal planning
patterns can be determined across multiple initial soil conditions, different farmer behaviour, and
economic conditions.
Consider a farmer who manages the three plots of land with different soil carbon levels
over a 20-year horizon20. The optimal sequential pattern of crop choice in plots with 54 and 50
Mg ha-1 of soil carbon in the top 20 cm is strictly dominated by a two-year corn-soy rotation
(Appendix 5). For the low carbon field with 46 Mg ha-1, a three-year corn-soybean-wheat
rotation is initially the most optimal rotation, but after 5 years a corn soy rotation becomes
increasingly the probable rotation (Figure 7.1). In this case, early investment into greater soil
carbon storage with winter wheat is strictly the dominant strategy. However, as soil carbon levels
rise and fewer years remain in the planning horizon, the probability of a crop choice being
optimal depends on the distribution of marginal benefits and costs of sequestration across soil
states21.

20
21

The assumption of a 20-year horizon is used in baseline in comparison to
In a deterministic context, McConnell (1983) finds soil erosion decisions to depend on its opportunity costs.
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Figure 7.1: Probability of Optimal Cropping Rotations over a 20-year horizon for 46 Mg-1 SOC (<20 cm).

Farmer Behaviour
In addition to field carbon levels, heterogeneity of farmer’s behaviour is easily represented
with the dynamic programming model. Using discount rates of 28% and 47% from two separate
groups of farmers surveyed by Duquette et al. (2012), and 5% estimated using asset return data
by Lence (2000), optimal cropping choices are compared. At the highest discount rate, the
inclusion of wheat is only a strictly dominant strategy for two years (a single rotation) before a
gradual reduction in CSW optimality for CS (Figure 7.2). At the middle discount rate of 28%, a
CSW rotation has a higher probability of optimality for the first 13 years of the planning horizon
(Figure 7.1). Finally, at the lowest discount rate of 5% a CSWrc rotation is the strictly dominant
management strategy for the first 12 years before CS becomes optimal. These findings are
consistent with Yirga and Hassan (2010) who find farmer’s conservation practices to decline
with rising discount rates.
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Figure 7.2: Probability of Optimal Cropping Rotations over a 20-year horizon for 46 Mg-1 SOC (<20 cm)
under a discount rate of 47%.

Figure 7.3: Probability of Optimal Cropping Rotations over a 20-year horizon for 46 Mg-1 SOC (<20 cm)
under a discount rate of 5%.

A crude test of risk aversion is performed by taking the log of all possible state-action
rewards prior to solving the model following (Livingston et al., 2014). Using the moderate
discount rate of 28% on a field with 46 Mg SOC ha-1, the optimal SOC levels are slightly higher
than if the decision-maker was assumed to be risk-neutral (Figure 7.4)22. In higher SOC fields,
risk-neutral and risk-averse farmers manage soil carbon in the same manner (Appendix 6). The
influence of risk-aversion on soil carbon levels would be larger if higher moments of yields were
considered (Cong et al., 2014).

22

Due to the limited influence of our simple comparison of risk-aversion, the remainder of the results are
presented under risk-neutrality.
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Figure 7.4: Mean predicted soil carbon levels of risk-neutral and risk-averse farmers

Planning Horizons
Increasing a land manager’s planning horizon non-linearly influences soil carbon
management and depends on their valuation of future returns (Figure 7.5). For planning horizons
of 4 years or less, the future potential profits under conservation practices are outweighed by
immediate returns using conventional practices for farmers with 28% discount rates.
Conservation practices including winter wheat and red clover are not probable in horizons of 6
years or less for farmers with 47% discount rates.

Figure 7.5: Net balance of soil carbon between early and late adopting farmers with discount rates of 28%
and 47%23 over planning horizons of increasing duration.

These findings are consistent with Deaton et al. (2018)who find tenure duration to be
positively related to voluntary farmer engagement in soil conservation practices. With over 40%

23

See Duquette et al. (2012)
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of agricultural land in Ontario and the United States operating under short-term rental contracts,
their influence on land management decisions and emission abatement costs must be considered.
Commodity Prices
Farmers face two major sources of uncertainty – ecological and economic. The decision to
focus on the former excluded the latter for the sake of model simplicity. Using historical prices,
optimal rotations are examined for 2- and 20-year horizons. The short-term horizon may
represent a renter making decisions based on current market prices. As one would expect, the
price effect of corn and soybeans in the short-run is competitive with conservation cropping
decisions.

Figure 7.6: Predicted crop rotation under continuous historical corn and soybean prices and discretized
wheat prices for a two-year horizon under a 28% discount rate.

The 20-year horizon predicts optimal rotations under long-term changes to the average
price. In contrast to the short-term horizon, a soy-wheat rotation is optimal under moderate to
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high wheat prices and low corn prices. However consistent with the short-term horizon
predictions, corn-soybean rotations are most probable under high corn prices. Wheat and corn
prices are weakly correlated (r = 0.57), suggesting future rotation decisions under higher wheat
prices will depend largely on corn prices.

Figure 7.7: Predicted crop rotation under continuous historical corn and soybean prices and discretized
wheat prices for a twenty-year horizon under a 28% discount rate.

Based on historic crop and input prices, Livingston et al. (2014) found the always rotate
rule for soy and corn farmers was often optimal. However, their dynamic programming model
did not consider winter wheat or cover cropping. Price projections suggests there may be higher
wheat prices and lower soybean prices in the future (Hertel et al., 2016). These prices may also
vary spatially, such as permanently higher corn prices seen near ethanol plants (McNew &
Griffith, 2005).
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The option value of rotating for agronomic benefit to take advantage of long-term high
prices is captured in our model through the stochastic transition in soil states24. If the decisionmaker spends the soil capital immediately it reduces the probability of being able to receive high
rewards in future states from soil capital.

7.3 Comparisons Between Design-based Programs
Using the previous section’s results as a “business-as-usual” benchmark on which to
measure environmental improvements, this section compares three beneficiary-pays programs
for ecosystem services. There are two main findings we present in the section:
1) Higher abatement costs are predicted for payments for winter wheat and payments for
practice of red clover cover cropping provide similar abatement to payments for
performance.
2) Fixed-rate cost-share programs and carbon markets, as well as market-based techniques
such as reverse auctions, may suffer from adverse selection.
7.3.1 Payments for Performance
While payments from cost-share programs and carbon credits are almost exclusively
delivered as payments for practice due to monitoring costs25, our initial test of response to
incentives are tied to performance. Payments for performance, under the assumption of zero
monitoring costs, achieves the lowest-cost abatement by allowing for the most flexible response

24

The affect of price volatility on cropping decisions is not captured in this model due to the focus on soil
uncertainty rather than price uncertainty. See Cai et al. (2013) and Livingston et al. (2015) for this discussion.
25
Carbon sequestration measures may be periodically measured to ensure permanence, however nitrous oxide
emissions are much more difficulty to measure directly.
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to incentives by the decision-maker26. With varying responses based on initial soil carbon levels,
optimal crop rotations shift to CSWrc as prices for CO2e abatement rise (Figure 7.8).

Figure 7.8: Mean 20-year probability of optimal crop rotations for three soil carbon levels (46, 50, and 54 Mg
C in the top 20 cm) for various carbon prices at a 28% discount rate.

For predictions at the lowest carbon level, winter wheat without red clover is only optimal
for carbon prices of $10 Mg-1 or less. When the subsidy is not large enough to offset the
opportunity costs of growing red clover, the carbon sequestration from wheat is partially offset
by the increase in nitrous oxide emissions (Figure 7.9). As prices rise, the dual benefit of carbon

26

I do not consider monitoring, transaction, or aggregating costs.
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sequestration from red clover and nitrous oxide reductions from reduced N application on corn
becomes the superior choice to a CSW rotation.

Figure 7.9: Nitrous oxide, carbon sequestration, and net CO2 equivalent emission changes with initial soil
carbon of 46 Mg under carbon prices. (Negative values are reductions)

For the highest level of soil carbon (54 Mg), a reduction in nitrogen application occurs at
$30 Mg-1 which does not occur at the lower two levels. This is due to greater nitrogen
contribution of high SOC soil resulting in a smaller opportunity cost of nitrogen application. A
notable difference on emissions abatement between the two higher soil carbon levels and the
lower is role of nitrous oxides upon adoption of winter wheat with red clover. Switching to a
CSWrc rotation only provides nitrous oxide emission reductions for lower carbon fields because
the baseline predictions include moderate probabilities of winter wheat (Figure 7.1).

Figure 7.10: Nitrous oxide, carbon sequestration, and net CO 2 equivalent emission changes with initial soil
carbon of 50 Mg under carbon prices.
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Figure 7.11: Nitrous oxide, carbon sequestration, and net CO 2 equivalent emission changes with initial soil
carbon of 54 Mg under carbon prices.

With the exception of a small amount of abatement below $50 Mg-1 CO2e in the high soil
carbon plot, predicted abatement costs are generally increasing with soil carbon levels (Figure
7.12). Under payments for performance, revenue from carbon sequestration tends to change
farmer decision-making more than revenue from nitrous oxide reductions under high soil carbon
baselines. However, for fields with low initial levels of soil carbon the nitrous oxide reductions
and carbon sequestration are complementary, leading to much lower abatement costs (Table 7.2)

Figure 7.12: Abatement Cost Curves for Plots a, b, and c under a 20-year horizon at a 28% discount rate.

Due to the consistent prediction of CSWrc under increasing carbon prices, the carbon
price at which the rotation becomes the optimal choice in over half of all probable outcomes is
presented in Table 7.2. The table also presents the carbon price and per hectare cost which
minimize abatement costs when abatement costs are below $300 Mg-1 CO2e. The carbon price at
which the optimal rotation switches, is increasing with soil carbon levels and discount rates. The
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land manager’s revenue under the stacked payments of both nitrous oxide reduction and carbon
sequestration is greatest for the lower soil conditions.
Table 7.2: Carbon prices at switching cost and minimum abatement cost.

When abatement costs are minimized, the optimal strategies in moderate and high soil
carbon fields require infeasibly high carbon prices (>$300 Mg-1). The optimal incentive per
hectare under carbon pricing may not be simply the switching cost between rotations. Each
possible outcome under uncertainty carries its own opportunity cost for emission reduction. For
lower soil carbon levels, optimal abatement occurs when red clover use is only optimal in less
than half of all possible outcomes (Table 7.2).
In addition to the policy relevant question of “what practice to target?” (Weersink &
Pannell, 2017), which this chapter has established depends on the state of a farmers’ soil and set
of optimal practices in absence of the program, this motivates the question “when to target the
practice?”. Given the uncertainty of weather and economic outcomes, the necessary incentives
and opportunity costs will likely change on an annual basis.

98
7.3.2 Comparing Red Clover and Winter Wheat Subsidies
Due to the difficulties and costs of monitoring for payments for performance, payments for
practice are used as a more blunt but cost-effective method (Weersink & Pannell, 2017). For
these design-based programs, the lowest cost practice must be selected and efficient incentives
determined. Red clover subsidies are a lower cost alternative to winter wheat subsides, but
should be delivered to farmers matching specific criteria to ensure additional environmental gain
and to minimize adverse selection.

Figure 7.13: Abatement (Mg CO2e) costs under subsidies ($0-300) for red clover cover cropping.

Figure 7.14: Abatement (Mg CO2e) costs under subsidies ($0-300) for winter wheat.

For all initial soil conditions, abatement cost for red clover are lower than winter wheat
(Figures 7.13 & 7.14). In a similar manner as under payments for performance, the nitrous oxide
emissions from increased wheat without red clover leads to competing ecosystem services and
disservices (Figure 7.15). However, with no incentive to reduce nitrogen application, the
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complementary benefits from nitrous oxide reductions are less under red clover subsidies than
payments for performance (Figure 7.14).

Figure 7.15: CO2e nitrous oxide, carbon sequestration, and net emission changes under red clover
subsidies with initial soil organic carbon level of 46 Mg.

Figure 7.16: CO2e nitrous oxide, carbon sequestration, and net emission changes under winter wheat
subsidies with initial soil organic carbon level of 46 Mg.

At higher levels of initial soil carbon, the environmental responses to winter wheat and
red clover subsidies are more similar. Due to the corn-soy baseline, shifting to CSW and CSWrc
under the respective subsidies leads to increased nitrous oxide emissions which are offset by
sequestration to a larger degree under red clover (Figures 7.18 & 7.19). This is due to greater
sequestration and the nitrogen credit for corn.
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Figure 7.17: CO2e nitrous oxide, carbon sequestration, and net emission changes under red clover subsidies
with initial soil organic carbon level of 50 Mg.

Figure 7.18: CO2e nitrous oxide, carbon sequestration, and net emission changes under winter wheat
subsidies with initial soil organic carbon level of 50 Mg.

In Table 7.3, the required incentives to increase the probability of rotations including a
cover crop and subsidies for minimum abatement costs are presented. Predicted costs to make
cover cropping optimal in 50% of outcomes with initial soil carbon levels of 46 Mg ranges from
$90-150 ha-1 ($36-61 ac-1), similar to state and federal incentives in the United States which
range from $41-312 ha-1 ($16-119 ac-1) (Wallender et al., 2021)27,28. Model predictions are also
similar to the incentives for small grains and cover crops offered by the EFAO at $98.84 ha-1
($40 ac-1). Critical to these rates is the specific conditions under which they were estimate –

27
28

Prices converted to 2018 CAD dollars at the 2018 currency conversion rate of $1 USD = $1.2957.
Incentives exclude the Conservation Stewardship Program (CSP).
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moderate discount rates and low soil organic carbon levels. The necessary incentives exceed
$300 ha-1 in higher soil organic matter fields, resulting in large abatement costs29.
Table 7.3: Red clover costs to adoption and minimal abatement costs

Drawing a comparison back to the cost-benefit results presented in Chapter 4, the
predictions for necessary subsidies to make CSWrc optimal in the high soil carbon condition
exceed $300 ha-1, despite the static opportunity costs of $125.2 ha-1 30. This drastic difference in
abatement costs between the static and dynamic modelling techniques, suggests the inclusion of
soil’s dynamic and productive capacity and flexible decision-making of farmers contribute to
higher opportunity costs than assumed in the static models.
Farmers’ opportunity costs (subsidies required) and the corresponding abatement costs are
relatively consistent across discount rates, but not risk-behaviour or soil carbon levels (Table
7.4). Risk-averse individuals have lower abatement costs at 46 Mg of carbon, consistent with

29

As discussed in further detail in Chapter 8, inclusion of additional ecosystem services which provide public
benefit (i.e. nitrogen leaching) would reduce these abatement costs.
30
For reduced tillage the cost to switch optimal rotations is lower at $68.5 ha -1. A lack of soil carbon and N2O data
does not allow for calculation of abatement costs.
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opportunity costs. Under higher soil carbon levels, risk-averse farmers’ cropping decisions and
responses to incentives are homogenous. The findings presented in this table suggest fixed-rate
and reverse auction methods of delivering financial incentives may be prone to substantial
adverse selection. The implications of reducing the asymmetric information with the normative
model are discussed in Chapter 8.
Table 7.4: Predicted subsidies across three low soil carbon levels, two risk behaviours and nine discount rates
required to shift cover-cropping to be the most optimal practice.
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Chapter 8: Discussion
The stochastic dynamic programming model presented provides predictions of farmer crop
management responses and environmental outcomes under various farmer and field
characteristics and agri-environmental policies. This section discusses the implications of the
model’s predictions from Chapter 7 for policy; prospects for dynamic programming as predictive
tool; and the role and challenges of furthering interdisciplinary work.

8.1 Implications of Results
The results presented in the previous chapter have several implications for determining
financial incentives within beneficiary-pays agri-environmental programs.
Finding 1: The normative baseline and model predictions under incentives demonstrates the
importance of including multiple ecosystem services.
In examining the importance of the relationship between carbon sequestration and nitrous
emissions we find it to be complementary for red clover adoption on low carbon soil, but
competitive for the adoption of winter wheat alone. In higher carbon plots the relationship
between emission types depends on the predicted baseline management strategies, which are
subject to individual farmer and soil characteristics. Therefore, the value of “stacking” payments
for multiple ecosystem services within carbon markets or alternative programs is highly
dependent on farmer soil conditions and behaviour.
Under increased winter wheat acreage, roughly a third of the CO2e emissions sequestered
were offset by increased nitrous oxide emissions. Conservation cropping programs should
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exercise cautious when incentivizing nitrogen-requiring crops, especially due to the longevity of
nitrous oxide emissions and permanence uncertainties with carbon contracts.
Finding 2: Subsidies for red clover are a more cost-effective design-based program than
subsidies for winter wheat and are only cost-effective in select scenarios.
For efficient internalization of external costs, agri-environmental programs must target the
practices with the lowest abatement costs (Richards, 2000; Weersink, 1998). Based on our
findings31,32, design-based positive financial incentives for red clover are a lower-cost alternative
to incentivizing winter wheat adoption. However, abatement costs calculated from net changes in
emissions suggest farmers with low to moderate discount rates (typically early adopters) and low
carbon plots should be targeted. The public benefit from any intervention on fields with high
carbon levels and farmers with high discount rates and short planning horizons is not justified
($>300/Mg) given the current carbon price.
The model generally predicts high minimum abatement costs, even under payments for
performance (Table 7.2). These costs will be even higher once monitoring, administrative,
aggregating, and leakage costs are considered33. While the stacking of further ES benefits such as
reduced N leaching may lower these costs, cost-share programs for red clover are only justified
in specific scenarios and may exceed alternative sources within Ontario and the rest of Canada.
However, this does not necessarily mean no action should be taken.

31

The stylized components of the data are unvalidated
The analysis is restricted to conventionally managed crops. Reduced tillage practices not considered.
33
Aggregating costs would be specific to generation of carbon offsets.
32
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Following Weersink and Pannell (2017) and (D. J. Pannell, 2008), positive incentives must
not be used for projects where the private costs exceeds the public benefit. Under low discount
rates and over long-term planning horizons cover cropping is predicted to be the strictly optimal
rotation (Figure 7.3). While information regarding discount rates of farmers within Ontario is
limited, lower discount rates across the province would suggest greater use of extensions services
as opposed to positive incentives.
Based on the model’s current predictions of high abatement costs for all farmer and soil
scenarios (Table 7.1), why do programs such as EQIP and EFAO run cost-share programs? And
why do studies such as (Mezzatesta et al., 2013) and (Claassen et al., 2018) find such programs
to provide largely additional benefits?
First, this study had a relatively narrow range of possible initial soil conditions, which may
not be representative of many different soil types and carbon levels in Ontario34. The abatement
costs are decreasing with soil carbon levels, suggesting positive incentives may be fruitful on
more marginal land. However, as soil carbon content falls, the normative prediction finds the
probability of three-year rotations with winter wheat (CSW) should increase. Therefore, farmers
with degraded soils who are engaged in cost-share programs may be behaving normatively suboptimally resulting in cost-share programs measured as additional (Claassen et al., 2018;
Mezzatesta et al., 2013), yet possibly not cost-effective.

34

A recent publication by OMAFRA cites 82% of agricultural land in Ontario is losing soil organic carbon on an
annual basis (Ontario Ministry of Agriculture, 2016)
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Second, these predictions do not include costs associated with learning and adopting a new
management strategy (D. J. Pannell, 2008) or farmer altruism (Chouinard et al., 2008). Higher
incentives may be required to shift production than what is normatively predicted. Typically, for
practices which are privately optimal and deliver social benefits, extensions services are better
suited to increase the rate of adoption (Weersink & Pannell, 2017). Overcoming farmer’s
“interia” may require additional incentives, even if the practices have small private benefits.
Finally, the implicit assumption in the SDP model is that farmers make decisions with
unbounded rationality. However, not only do farmers not possess the ability to evaluate all future
options, but don’t have perfect information regarding the system. Farmer’s departure from purely
rational decisions may be due to their beliefs of outcomes from uncertain events (Tversky &
Kahneman, 1974). Their subjective assessment of soil carbon levels, future market conditions, or
climate change pressures will influence their selection of cropping strategies and perceived
benefits.
Finding 3: Farmer and field heterogeneity can be represented in this modelling technique,
offering a method to reduce adverse selection in agri-environmental programs improve costeffective abatement and minimizing non-additional participation.
The constructed model allows for estimates of price discrimination across practices, fields,
and farmers. The predicted “business-as-usual” use of both diversification practices is sensitive
to initial soil conditions and farmer behaviour rates, suggesting the selected policy to increases
social welfare must differ between individual farmers and fields (D. J. Pannell, 2008; Weersink
& Pannell, 2017).
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Adverse selection in cost-share programs occurs when the private opportunity costs are
known by the farmer to be lower than the incentive. Typically, programs are considered
“additional” when the practice is new35, however they might not be cost-effective. Normative
baselines ‘zero’ the social benefit of the optimal set of practices and emissions, allowing for a
clearer distinction of the predicted role of incentives. Programs which use less strict baselines
may provide non-additional and cost-effective credits will undermine the effectiveness of carbon
policy (Mason & Plantinga, 2013) and may even lead to net increases in emissions.
The heterogeneity in farmer behaviour and soil quality makes efficient agri-environmental
policy challenging. Reverse auctions, where farmers tender to participate in conservation
programs, proves successful at allocating funds at a lower-cost (Selman et al., 2008; Stoneham et
al., 2003). However, Messer et al. (2017) find the cost-savings are reduced when the private
opportunity costs are more heterogenous. For beneficiary-pays mechanisms, such as those tested
in Chapter 7, price discrimination using the normative model may better align incentives with
abatement costs to minimize overall expenditures.
In agreement with previous literature, farmer valuation of future productivity plays a large
role in soil carbon management (McConnell, 1983; Yirga & Hassan, 2010). While abatement
costs are well-ordered over these discount rates, they are not consistent across soil conditions or
risk-behaviour (Table 7.4). The dynamic programming model’s flexibility to represent different
initial field conditions and farmer behaviour, capturing the private value of soil conservation,

35

Many cost-share programs, such as cover cropping programs by EQIP or EFAO, require new practices. However
some, such as Bayer Carbon, do not require practices to be new.
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reduces the asymmetric information between private land managers and public programs. Pairing
a normative model with alternative methods of delivering financial incentives may minimize
public expenditures, increasing the amount of climate mitigation possible.

8.2 Prospects for Stochastic Dynamic Programming
As is the nature of academic research, this project provides many new ideas for future
improvements and extensions to dynamic programming in the context of ecosystem services.
The ability of dynamic programming to evaluate over thousands of possible sequential paths
under uncertainty, while representing multiple interactions between ES and conservation
practices, presents an effective tool for understanding how farmers might respond to changes in
their environment. Dynamic programming is a normative technique where the accuracy of
recommendations for agri-environmental programs may be restricted by how well farmers’
decision-making is represented (Rust, 2019).
One adjustment would to better capture farmer risk-behaviour into the model. Modelling
the role of incentives on farmer decision-making under the assumption of risk-neutrality may
poorly estimate participation in uncertain programs (Holt & Laury, 2002). The typical dynamic
programming model assumes a deterministic reward where each state-action combination is
associated with a single reward. The stability under adverse weather conditions provided by
higher soil organic carbon levels (Cong et al., 2014), typically see under diverse rotations
(Bowles et al., 2020; Gaudin et al., 2015), is not captured by deterministic yield functions.
Capturing this uncertainty in crop yields and returns to fertilizer application may better represent

109
farmer behaviour under risk (Rajsic et al., 2009). Penalizing high-variance yields or rewards
(Gosavi, 2014) or introducing stochastic dominance constraints (Haskell & Jain, 2013) may
capture farmer risk preferences.
Second, the importance of tactical decision-making in agricultural decisions should extend
beyond inter-seasonal decisions. Intra-seasonal adaptive management to unfolding weather
patterns is important to decision-making (Antle, 1983), such as allocations of labour and wages
(Rosenzweig & Udry, 2014), profitability (Boussios et al., 2019), and environmental outcomes
(Hyytiäinen et al., 2011). Allowing for the second nitrogen application to vary depending on
realized weather conditions would better capture farmer input use and resulting environmental
conditions.
Third, alternative support programs for farmers (i.e crop insurance) may act as a substitute
for improved soil management (Bryant & O’Connor, 2017). Subsidized crop insurance reduces
farmer exposure to down-side production risk, limiting their adaptation to extreme weather
conditions (Annan & Schlenker, 2015). Similarly, Yu and Hendricks (2020) use a stylized model
to depict how weather forecasts influence input use differently between insured and uninsured
farms. Increased exposure to weather risk may increase the private value of soil conservation,
which may influence marginal abatement costs. Tying cost-share programs directly to riskmanagement programs may be fruitful, if the net benefit of pairing programs exceeds their
individual benefit (Rude & Weersink, 2018).
Finally, and possible most importantly, future research examining the role of stochastic
carbon dynamics on farmer decision-making within a carbon market should consider using
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Partially-Observed Markov Decision Processes (POMDP). These represent the state of the
system with a set of beliefs the decision-maker holds, introducing a greater behavioural
component (Hoey et al., 2016). Additionally, it considers the unobservability of the state of soil
carbon, rather than assuming the farmer performs annual soil tests.

8.3 Interdisciplinary Research
As climate and food security pressures rise globally, increase attention is being drawn to soil as a
resource. Fresco et al. (2021) encourages agricultural economists to engage in interdisciplinary
research, such as the economics of soil health, to contribute to the discussion on sustainable food
systems. Economists bring an alternative set of tools to the table, allowing for different insight
and analysis. Approaches, such as stochastic dynamic programming, incorporates farmer
decision-making and policy interventions into the management of soil resources.
The possibilities interdisciplinary research unlocks are not without additional requirements
and barriers. Potentially the most formidable obstacle is for the researcher to gain a greater
understanding of literature from other disciplines. Without an elementary grasp of soil
characteristics or knowledge regarding the influence various management choices may have on
the resource, models may fail to appropriately capture the system. Communication between
economists and other disciplines may be a further impedance to interdisciplinary work. The
methodological approach economists use, and data required, must be clearly communicated to
soil scientists, to ensure the ecological information shared is suitable. When sharing tools and
datasets, the limitations must be effectively communicated to prevent improper use and invalid
conclusions.
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8.4

Conclusions
The use of agricultural cost-share programs and increasing use of voluntary carbon offset

markets to tackle environmental issues calls for further study of the private value of soil
conservation practices. The flexible representation of farmers’ forward-looking behaviour and
planning horizons and the stochastic dynamic representation of ecological conditions represents
more realistic conditions than static models. A stochastic dynamic programming model presented
provides normative recommendations for crop management practices in Elora, Ontario and
informs agri-environmental program design through ecologically-sound estimates of abatement
costs for multiple climate-smart agricultural practices.
The model’s ability to account for uncertainty in soil dynamics and interactions between
multiple different ecosystem services in addition to individual farmer characteristics allows it to
provide insight into distinguishing between optimal policy (i.e extension versus positive
incentives) and individual- or region-specific rate setting. For normative models to provide high
quality recommendations for cost-share rate-setting or determining budgets, a larger focus should
be given to the behavioural aspects of the decision-maker. Two promising avenues are PartiallyObserved Markov Decision Processes which include farmer’s perceptions of soil quality into
sequential decision-making and the introduction of risk-constraints.
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APPENDIX

Appendix 1: Per tonne variable costs for corn, soybeans, and wheat with the option to remove wheat straw
(OMAFRA, 2021).

Appendix 2: Fixed costs and mean nitrogen costs for corn, soybeans, and wheat with the option to include red
clover and remove wheat straw. OMAFRA Publication 60.
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Appendix 3: Optimal crop rotations for plots with 54 Mg of soil carbon (top) and 50 Mg of soil carbon
(bottom) using a 28% discount rate.

Appendix 4: Predicted soil organic carbon levels over a 20-year planning horizon with a 28% discount rate
with initial levels of 54 (top) and 50 (bottom) Mg ha-1 in the top 20 cm.
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Appendix 5: Probability of optimal crop rotations under carbon prices delivered as payments for
performance under 43% discount rate across three unique initial soil carbon conditions (SOC in top 20 cm).
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