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Abstract: Globally, agricultural soils are being evaluated for their role in climate change regulation
as a potential sink for atmospheric carbon dioxide (CO2) through sequestration of organic carbon
as soil organic matter. Scientists and policy analysts increasingly seek to develop programs and
policies which recognize the importance of mitigation of climate change and insurance of ecological
sustainability when managing agricultural soils. In response, many countries are exploring options
to develop local land-use carbon inventories to better understand the flow of carbon in agriculture to
estimate its contribution to greenhouse gas (GHG) reporting. For instance, the Canadian province
of Ontario does not currently have its own GHG inventory and relies on the Canada’s National
Inventory Report (NIR). To address this, the province explored options to develop its own land-use
carbon inventory to better understand the carbon resource in agricultural soils. As part of this
undertaking, a gap analysis was conducted to identify the critical information gaps and limitations in
estimating soil organic carbon (SOC) monitoring to develop a land-use carbon inventory (LUCI) for
the cropland sector in Ontario. We conducted a review of analytical and modeling methods used to
quantify GHG emissions and reporting for the cropland sectors in Canada, and compared them with
the methods used in seven other countries (i.e., France, United Kingdom; Germany; United States of
America, Australia, New Zealand, and Japan). From this comparison, four target areas of research
were identified to consider in the development of a cropland sector LUCI in Ontario. First, there
needs to be a refinement of the modelling approach used for SOC accounting. The Century model,
which is used for Ontario’s cropland sector, can benefit from updates to the crop growth model
and from the inclusion of manure management and other amendments. Secondly, a raster-based
spatially explicit modelling approach is recommended as an alternative to using polygon-based
inputs for soil data and census information for land management. This approach can leverage readily
available Earth Observation (EO) data (e.g., remote sensing maps, digital soil maps). Thirdly, the
contributions from soil erosion need to be included in inventory estimates of SOC emissions and
removals from cropland. Fourth, establishment of an extensive network of long-term experimental
sites to calibrate and validate the SOC models (i.e., CENTURY) is required. This can be done by
putting in place a ground-truth program, through farmer-led research initiatives and collaboration,
to deal with uncertainties due to spatial variability and regional climates. This approach would
provide opportunities for farmers to collaborate on data collection by keeping detailed records of
their cropping and soil management practices, and crop yields.

Keywords: agricultural soils; soil organic carbon; crop land-use carbon inventory; CENTURY model;
greenhouse gas (GHG)
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1. Introduction

About 50% of the world’s habitable land is used for agriculture [1] and cultivated soils
encompass about 12% of the global total soil organic carbon (SOC) stock [2]. Soils can be
both a net source or sink for the three principal greenhouse gases (GHGs), carbon dioxide
(CO2), nitrous oxide (N2O), and methane (CH4). Indeed, SOC changes in cultivated
soils are regulated by complex interactions between the local soil environmental and
climatic conditions, as well as the agricultural management practices [3]. Many studies
have suggested that changes in SOC can impact atmospheric CO2 concentrations [4]. For
instance, it is well known that historical agricultural activities have resulted in a substantial
decline in SOC stocks; and that soil and cropping practices are a potentially powerful tool
for climate change mitigation through C sequestration [5–10]. Numerous international
initiatives (i.e., 4p1000, 2015) have recognized agricultural soils as an important contributor
in the mitigation of climate change suggesting that adaptability of agricultural land-use
practices can play a crucial role where food security and climate change are concerned [11].
Therefore, the development of a local land use carbon inventory (LUCI) is the first step to
better understand the importance of SOC in agricultural cropland and soil conservation.

Canadian agricultural soils are important for climate regulation by being either a
source of GHG emissions, or by sequestering organic carbon and nitrogen as a sink in stable
SOC [12]. Since agricultural soils accounted for about 8% of Canada’s total GHGs emissions
in 2015, the Canadian government is now considering strategies for SOC sequestration to
reduce GHG emissions. In addition, Canada’s policies on climate change now acknowledge
the importance of soils, and require proper, comparable and reliable information to report
on carbon stocks and GHGs emissions from soil [13]. The importance of the agricultural
land use sector and its contribution to GHG reduction has been reinforced by the 2015 Paris
Agreement of the United Nations Framework Convention on Climate Change (UNFCCC).
Thus, there is a growing interest in estimating the net GHG balance in response to land-use
changes involving agriculture for national-scale reporting.

Reports on SOC stocks and GHGs emissions from agricultural soils is of special im-
portance to the province of Ontario because it contains significant high-intensity farmland
in Canada, with a total number of 49,600 farms according to the 2016 Census of Agri-
culture [14]. Nevertheless, Ontario does not currently include emissions and removals
of GHGs from the agricultural land use sector in its GHG inventory or GHG reduction
targets. Therefore, to guide the development of a carbon policy, there is a need to develop
a LUCI for the province. This carbon inventory could (i) provide a better understanding of
the potential role of terrestrial carbon in achieving Ontario’s objectives in climate change
mitigation; (ii) provide an opportunity for the province to improve data sources and re-
duce data gaps by aligning scientific efforts with federal government departments; (iii)
develop more comprehensive estimates of carbon stored and released by landscapes; and
(iv) increase understanding of the mechanisms of how agricultural lands and soils emit
and store carbon. In this context, this study aimed to contribute to a better understanding
of the current status of land use SOC inventories for the cropland sector in Ontario and to
identify the critical information gaps and limitations in estimating agriculture management
effects on SOC monitoring.

The objectives of this report are to (i) conduct a review of scientific literature on
cropland land-use and Intergovernmental Panel on Climate Change (IPCC) best practice
guidance; (ii) review and describe practices employed to estimate SOC stocks and GHG
fluxes for Ontario, Canada’s NIR and for other national-level and sub-national jurisdictions;
(iii) compare practices used in Canada’s NIR and Ontario to best practices and other
jurisdictions; and (iv) identify gaps and limitations in the Canada’s inventory and propose
possible improvements for future LUCI for the cropland sector in Ontario.

2. Jurisdictional Scan

In this synthesis review, we reviewed 57 publications specifically designed to answer
the study objectives. These publications encompass reports (i.e., The IPCC publications);
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scientific papers; NIRs from Canada and seven other countries; selected states in the US
(i.e., California and Michigan); and from provinces across Canada. It is important to note
that this study focused only on methodologies for estimating and reporting GHGs from
the cropland sector.

2.1. Synthesis of Reporting of GHG Emissions Reporting Methods from Agricultural Soils Scan

The Intergovernmental Panel for Climate Change (IPCC 2014; [15]) states that arable
and tillable land, and agroforestry systems are to be included in cropland. These lands
encompass all perennial and annual crops, as well as temporary fallow land (i.e., land
left for one or more years without cultivation or cropping). Perennial crops include trees
and shrubs, orchards, vineyards and plantations such as Christmas trees. Annual crops
include cereals, oilseeds, forages, vegetables, and root crops. Land normally used for
cultivation of annual crops, but temporarily used for forage crops or grazing as part of an
annual crop-pasture rotation (mixed system), also is included under cropland. The amount
of organic C retained in or removed from cropland depends on crop type, management
practices, and soil and climate variables. When considering above-ground C stocks, crops
such cereals that are harvested each year are not included in inventories because there is
no long-term storage of C as biomass, whereas biomass C in perennial woody vegetation
such as vineyards is included. In cropland, the major component of long-term carbon
stocks is found in soils, and changes in stocks can occur from management practices such
as crop type and rotation, tillage, drainage, residue management and application of organic
amendments. Therefore, knowledge of management information is often used to predict
whether the amount of C stored in a cropland soil is increasing or decreasing. For example,
if there has been no change in management practices over several years, the SOC stocks
are reasonably assumed to be at steady state, hence the change in C stocks can be deemed
to be zero (with the assumption that there is no soil erosion).

This study reviewed the methodology for estimating and reporting GHG emissions
from cropland remaining cropland in the IPCC 2006 [16]. These methodologies were first
produced in the IPCC 1996 [17] under the guidelines for land use, land-use change, and
forestry (LULUCF). In 2003, the IPCC [18] released the Good Practice Guidance, where
Section 3 related to LULUCF, and these practices were updated in 2006 [19]. This 2006
methodology was the effort of a large international scientific voluntary collaboration,
and represents the current Good Practices version in use. Most nations follow the 2006
guidelines as a mandatory requirement. The IPCC methodology is based on a three-tiered
levels approach (i.e., T1, T2, T3) depending on the scale and the quality of the data available.
This tiered approach is summarized in Table 1.

Table 1. Summary of the IPCC three-tiered approach for calculating soil C stock changes. Data were
compiled from the 2006 IPCC report [16].

Tier 1 Tier 2 Tier 3

Scale and
Required

Data

Corresponds to the
default method with
emission or stock change
factors listed in the
guidelines. It
corresponds to very
large-scale approaches,
with average emission
factors for large
eco-regions of the world
(e.g., boreal, tropical,
temperate).

Uses the same calculation
methods but makes use
of national or
country-representative
data in the derivation of
emissions and stock
change factors. It uses
specific data linked to a
state, region, landscape,
or even project. Requires
more accurate emission
factors usually obtained
by intensive field
measurements at the
required scale.

Much more detailed
approach that uses
dynamic modeling
and/or based on
extensive
measurements to
predict SOC stock
changes. Usually, it
includes biophysical
modeling and requiring
data on land use and
management.
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Table 1. Cont.

Tier 1 Tier 2 Tier 3

Carbon
stocks in

soil

For changes in soil C
from both organic and
mineral soils uses default
coefficients and stratifies
the land areas by climatic
region. For emissions
from liming, uses default
emission factors as given
in IPCC guidelines.

Based on direct
measurements of soil C
stocks. Mutually organic
and mineral soils use
mixture of default
and/or country-specific
coefficients and area
estimates of increasingly
high spatial resolution.

Country-specific
approach at fine spatial
scale (e.g., modeling,
measurements)

The IPCC treats mineral soils and organic soils differently. To estimate GHGs emissions
and soil C stock changes for mineral soils, the IPCC developed a series of mathematical
equations that relate data on land use management activities to emission factors to estimate
fluxes from these activities. In organic soils, carbon stocks are estimated by three-tiered
approach approaches summarized in Table 2.

∆CMineral = SOC0 − SOC(0-T)/D (1)

Table 2. Description of the methods used to estimate carbon stocks from both organic and mineral
soils according to equations in the 2006 IPCC guidance [16].

Estimation
Method

Mineral
Soils

Organic
Soils

Tier 1

Equation (1) is usually applied to
estimate change in SOC stocks in
mineral soils by subtracting the
carbon stock in the last year of an
inventory time period (SOC0) from
the carbon stock at the start of the
inventory time period (SOC (0-T)) and
dividing by the time dependence of
the stock change factors (D). Here,
country-specific data on land-use and
management are required and
classified into appropriate land
management systems (e.g., cropping
and tillage), and stratified by IPCC
climate regions and soil types. SOC
stocks are estimated for the
commencement and termination of
the inventory time period using
default reference carbon stocks and
stock change factors.

Equation (2) is applied to estimate
carbon stock change in organic soils.
A basic methodology is needed to
stratify planted organic soils by
climate region and assign a
climate-specific annual carbon loss
rate. Land areas are multiplied by the
emission factor and then summed up
to compute annual carbon emissions.
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Table 2. Cont.

Estimation
Method

Mineral
Soils

Organic
Soils

Tier 2

The same Equation (1) are employed
in Tier 1, but country-specific
information is integrated to better
identify the stock change factors,
reference carbon stocks, climate
regions, soil types, and/or the land
management classification system

The same basic Equation (2)
employed as in Tier 1, but
country-specific information is
incorporated to better specify
emission factors, climate regions,
and/or land management
classification system.

Tier 3

Tier 3 employs dynamic models
and/or detailed soil carbon inventory
measures as the source for estimating
annual carbon stock changes.
Measurements from models are
computed using coupled equations
that estimate the net variation of soil
carbon. A Tier 3 method can also be
established using a measurement
method in which a monitoring
benchmark network is sampled
periodically to estimate SOC stock
changes. A much higher density of
benchmark sites will likely be needed
than with models to adequately
represent the combination of land-use
and management systems, climate,
and soil types.

Employs dynamic models and/or
measurement networks, as described
above for mineral soils.

∆CMineral = annual change in carbon stocks in mineral soils, in tons C yr−1.
SOC0 = soil organic carbon stock in the last year of an inventory time period, in tons C.
SOC(0-T) = soil organic carbon stock at the beginning of the inventory time period, tons C.
D = time dependence of stock change factors which is the default time period for

transition between equilibrium SOC values, commonly 20 years.

LOrganic = A ∗ EF (2)

LOrganic = Annual carbon loss from cultivated organic soils in tonnes C ha−1 yr−1.
A = Land area of cultivated organic soil in ha. EF = Emission factor for climate type.
More details on Equations (1) and (2) are provided online at:
https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_14_An2_Su

mEqua.pdf (page A2.12)

2.1.1. Carbon Stock and Flux Estimation for National-Level and Sub-National Jurisdictions

This section reviews and discusses current methods and approaches used by selected
countries, including Canada, to quantify agricultural soil emissions of CO2 and/or N2O.
Even though the IPCC provides standard methodology to estimate GHG emissions from
agricultural soils, it also encourages the development of country-specific methodologies
for key sources of emissions which can account for regional variability and provide more
accurate estimates of GHG emissions (e.g., N2O). These following countries were chosen
because GHGs emissions and removals from agricultural soils are the main contributor of
the total effect of GHG in the cropland sector. Practices employed to estimate SOC stocks
and fluxes for other national-level and sub-national jurisdictions are compared to Canada’s
NIR. They provide pertinent information on the agricultural sector and its contribution to
the status of SOC.

https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/4_Volume4/V4_14_An2_Su
mEqua.pdf
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2.1.2. European Union Countries

Agricultural activities in the European Union (EU) 28 Member States generated
470.6 million tons of CO2 equivalent (i.e., CO2 eq) in 2012, corresponding to about 10%
of the total GHG emissions. Half of these emissions were generated from agricultural
soils [20]. Despite having detailed national SOC data sets in several EU-28 states, a con-
sistent estimation of SOC stocks at the EU scale remains problematic. To create a new
baseline of SOC in EU agricultural soils and to provide a powerful, dynamic tool to orient
future European policies for carbon sequestration, a Pan-European model application was
established [21], using the SOC model CENTURY [22]. SOC stocks were calculated for
164,000 combinations of soil–climate–land-use combinations, including the main arable
crops, orchards and pastures. The SOC model CENTURY was executed with management
practices such as fertilization (both organic and mineral), tillage, and irrigation. These data
are generated from statistics belonging to the EU statistical office, and verified with the
soil inventory and soils sampled from the Land Use/Cover statistical Area Frame Survey,
LUCAS [23] which provided ground SOC data measures.

• France: In France, about 53% of the country is used for agricultural activities [24].
The French National Inventory Report (FNIR) supplies emission data for the entire
agricultural sector, which is the second highest emitting sector and accounted for 16%
of the CO2 emissions of the country in 2017 [25]. Agriculture is the leading sector in
terms of CH4 and N2O emissions with 69% and 85%, respectively. The only sources
of CO2 on agricultural soils are caused by lime applications to reduce soil acidity
and from spreading urea fertilizers. The methodology adopted by the country for
counting SOC changes is a Tier 2 based on the 2006 IPCC guidelines, where emissions
are calculated from inputs including the amounts of post-harvest residues amounts,
estimated crop-specific area burned, and the amounts of dry matter contained in these
residues. Of the EU-28 countries, France reported the highest SOC stocks as predicted
using the CENTURY model.

• United Kingdom (UK): More than three-quarters of the land area in the UK is used for
agriculture in 2019 (i.e., 352 Mt CO2 eq) and agricultural contributions to the total
GHG emissions was 5.7 Mt CO2 eq (UK 2020). Emissions of N2O from agricultural
soils are a key category in the UK GHG inventory [26], and they have substantially
declined between the 1990 and 2019 reporting period because of reduced use of
synthetic fertilizers and changes in agricultural management practices (i.e., reduced
till). Direct emissions of N2O from agricultural soils are estimated using the 1997
IPCC recommended methodology and incorporate UK-specific parameters (e.g., crop
residue returned to soils, cultivation of organic soils, manure deposited by grazing
animals, the use of synthetic fertilizers). Soil organic carbon changes are estimated
using a matrix of land-use change (i.e., derived from land surveys) linked to the
Rothamsted soil C model, Roth–C [27], which can simulate soil carbon gains or losses
as a function of management practices. The Roth-C model is conceptually similar to
the IPCC approach, with the important difference that changes in soil carbon stocks
over time are modeled as nonlinear using an exponential function. To apply the model,
data are required from the initial and the final land-use to estimate the change in soil
C stocks during a transition period. These are calculated for each land use category as
area-weighted averages by major soil types and by country (i.e., Scotland, England,
and Wales) within the United Kingdom. The SOC stock changes reported for the NIR
(UNFCCC) using this methodology include means and estimates of uncertainty based
on a Monte Carlo approach, and computed separately for England, Scotland, and
Wales. For Northern Ireland, estimates of SOC stocks have been obtained using an
IPCC-based approach as currently no land-use change matrix is available.

The DeNitrification and DeComposition model (DNDC; [28]) has been used to estimate
N2O emissions from UK agricultural soils. UK-specific, country-level characteristics for
soils, crops, livestock and farming practices, and daily climate records are used as input
data. Model validation was done using the available, but limited, field data. The DNDC-
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based N2O estimates from indirect emissions and agricultural practices were about 40%
lower than the estimates made using the IPCC default method. The Tier 1 methodology
from the IPCC guidelines also has been applied also to calculate emissions from agricultural
soils for the UK overseas territories and Crown dependencies.

• Germany: Agriculture is an important component of the German economy and repre-
sented, in 2016, about 47% of the total land area was under agriculture with two-thirds
planted to annual crops. Fertilizer use and livestock are the major sources of GHG
emissions (N2O and CH4) in the agriculture sector. Germany uses a simulation mod-
eling approach for estimating N2O emissions from agricultural soils. Specifically,
the DNDC model is used for integration of the complex interactions among primary
drivers, biogeochemical reactions and soil environmental factors. Input parameters
for the model include crop type, soil properties (e.g., bulk density, texture, pH, and soil
OM content), land management practices, and daily climate data. The DNDC model
has been used for regional estimates of N2O emissions and predicts slightly higher
(10%) estimates compared to those based on the IPCC default method. Although CO2
emissions from organically managed soils are an important component of German
agriculture, methodology for estimating these emissions is still in development. Soil
carbon stocks for annual and perennial cropland have been estimated using remotely
sensed data, soil data; emission factors have been derived from the scientific literature.

2.1.3. United States of America (USA)

Agricultural land accounts for about 46% of total land area in the USA and is com-
prised of arable land (19%), intensive pasture (6%), and rangeland (21%). Agriculture
activities were responsible for 9.9% (i.e., 6,68 Mt CO2 eq) of 2018 GHG total country emis-
sions [29]. Emissions from the agricultural sector are mainly from agricultural soils, rice
production, and livestock. Nitrous oxide was the largest source of GHG emissions, account-
ing for 76.9%. CO2 emissions from liming and urea fertilization represented 0.2 % of total
CO2 emissions. Important trends affecting GHG emissions from agricultural soils include
reduction in tillage intensity, increase in cropping intensity and set-aside of marginal lands
in conservation reserves.

The USA uses a modified version of the IPCC default methodology to estimate soil C
stock changes with U.S.-specific reference C stocks and stock change factors. Activity data
are stratified by IPCC-defined climate and soil types. The National Resources Inventory
(NRI) is the primary source of land-use and management data. The NRI records crop
type, land-use, and other information (e.g., soil type) on more than 400,000 permanent
inventory points on agricultural lands. Supplemental data, including county-level tillage
practices, fertilizer use, and manure production, are included in the inventory. The N2O
emissions from agricultural soils are estimated using a simulation-based approach with
the DAYCENT model [30–32].

The DAYCENT model is used to predict crop growth across the USA and examines
both soil nitrogen and carbon dynamics. Information on crop type for DAYCENT is
obtained using Remote Sensing techniques developed by NASA. Specifically, the NASA-
CASA production algorithm [33,34] uses MODIS satellite imagery (i.e., moderate spatial
resolution of 250 m) Enhanced Vegetation Index (EVI) products aboard the Terra and Aqua
Satellites. This model uses the soil C modeling framework developed in the CENTURY
model [22], but has been refined to simulate dynamics at a daily time-step [29]. Annual
changes are computed dynamically as a function of inputs of organic C to soil (e.g., crop
residues, manure). Emissions of CO2 from organic matter decomposition are controlled by
climate and soil factors as well as management practices. The DAYCENT model simulates
all major field crops (e.g., wheat, other small grains, corn, wheat, soybean, sorghum, and
cotton) as well as hay and pasture (i.e., alfalfa, clover, and grass). The same sources of input
data as in the IPCC-based methodology are used for management variables, and include
tillage, fertilization, irrigation, drainage, and manure addition. Although both methods
attribute C gains to conservation set-aside and reduced tillage, the simulation approach
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also accounts for the long-term trend of increasing crop productivity, which is not captured
by the IPCC method.

The U.S. modeling approach using DAYCENT has several advantages over the em-
pirical IPCC default method in that it can better capture the interaction between different
management conditions, including fertilization and manuring practices, soils, and varying
climate. A major challenge is in deriving activity data (i.e., such as synthetic fertilizer and
manure nitrogen inputs) at a suitable spatial scale, since existing fertilizer use databases are
aggregated at the county-level. Comparative studies have shown that estimates obtained
using the DAYCENT model were 10 to 15% lower than with the IPCC method and had
greater internal variability due to the inclusion of weather effects in the simulation [35]. The
largest factor contributing to this difference is that DAYCENT predicted lower emissions
under N2-fixing crops compared with the IPCC method. In addition to the USA NIR
Emissions and Sinks produced by U.S. EPA, many states have their own inventories to keep
track of GHG emissions from each sector at the state level. In this study, we present agricul-
tural GHG emissions for two states, California and Michigan, because of the importance of
agriculture to their respective economies.

• California: Agriculture is an important sector in California’s economy [36] and ac-
counts for 7.6% of the state’s total GHG emissions [37]. Of the 43 million acres used for
agriculture, 27 million acres are in cropland. The California GHG Emission Inventory
focused only on emission sources and did not consider SOC stocks or fluxes. These
sources were broad and included emissions from fuel combustion, livestock, fertilizer,
soil preparation and disturbance, and crop residue burning. Calculation method-
ologies to account the state’s total GHG emissions follow the 2006 IPCC guidelines.
Therefore, to ensure comparability with international inventories, the Californian
GHG reporting method is based on both an IPCC process-oriented classes and the
IPCC classification. The only other data sources listed that may pertain to agricultural
emissions are the U.S. EPA and the California Department of Food and Agriculture.

• Michigan is after California, the second largest agricultural state economy in the U.S.
with 10 million acres of farmland [38] with the agriculture sector accounting for
about 3% of the Michigan’s total GHG emissions. Like the California GHG Emission
Inventory, agriculture is not the major focus or contributor to total GHG emissions in
Michigan. In contrast to California, Michigan does consider agricultural SOC stocks
and soil carbon emissions in its GHG inventory. Net carbon fluxes from agricultural
soils were estimated by researchers at the Natural Resources Ecology Laboratory
at Colorado State University and are reported in the “US Inventory of Greenhouse
Gas Emissions and Sinks” and the “US Agriculture and Forestry Greenhouse Gas
Inventory” [39]. The primary GHG emissions considered from agricultural soils are for
N2O and CO2 and are estimated simultaneously using the Tier 3 approach developed
by the IPCC 2006.

2.1.4. Australia

According to the 2015 World Bank collection of development indicators, about 48%
of the Australian land is under agricultural and pastoral use. The Department of the
Environment and Energy acts as the only inventory agency [40] and is responsible for all
aspects of inventory coordination, including activity data collection, emissions estimations,
compilation of the inventory report, and publication and submission of the inventory to the
UNFCCC [40]. In 2018, agriculture accounted for approximately 13% of Australia’s total
GHG emissions. Agricultural soils and manure management contributed to 3% and 1%,
respectively of total agricultural emissions mainly as N2O from the application of fertilizers
and the use of nitrogen fixing crops and pastures.

The Australian National GHG Accounting System is based on resource inventories,
field studies, modeling, and remote sensing. Carbon stocks are estimated using the same
systems and methods as those in the National GHG inventory, which use methods consis-
tent with the guidelines of the IPCC 2006 [16]. These GHG accounts are created using a
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verified model-based accounting system, operating at highly disaggregated spatial and
temporal scales (i.e., 25 m). Australia’s Tier 3 approach to estimating C stock changes is
based on an advanced model, the Full Carbon Accounting Model, FullCAM [41], and used
in conjunction with satellite imagery and other spatial inputs to determine the carbon stock
change on forest and agricultural systems. The FullCAM consists of three sub-models: a
carbon accounting model for cropping and grazing systems (CAMAg) that calculates crop
residue C inputs; a crop residue decomposition model; and Roth-C model which has a
crop residue decay component as one of the pools of SOC. The three sub-models can be
run independently or in an integrated fashion to provide estimates of GHG emissions and
removals in all carbon pools (i.e., biomass, dead OM, and soils) and for all GHGs (e.g.,
CO2, CH4, and N2O). The FullCAM model provides a linkage between these sub-models.
CAMAg reflects the management impacts on C accumulation and allocates crop biomass to
various plant product pools and to decomposable and resistant crop residues [42]. Changes
in agricultural SOC stocks are estimated using the Roth-C model [27], based on soil type,
land use and management history, and residue inputs from different cropping systems.
The model has been calibrated against long-term field measurements and verified using
paired sites (undisturbed vs. cleared sites) in areas of major land-use change. To estimate
SOC stock changes with the Roth-C model, the soil carbon component of FullCAM requires
spatial soils data that describes the soil type, clay content, and the pre-disturbance C
content. Data describing the spatial extent of soil types within Australia as defined by the
Australian Soil Classification.

In addition to soil type data, a national SOC map was produced by
Viscarra-Rossel et al. [43] using spatial analysis techniques using data from Australia’s
National Soil Carbon Research Program (SCaRP), the National Geochemical Survey of
Australia (NGSA) and the ASRIS. SOC stocks to a depth of 30 cm were predicted at an ap-
proximately 90 m grid resolution for the entire Australian landmass. This map formed the
basis for baseline soil C stocks used by the Roth-C model [44]. Other maps describing the
spatial extent of measurable soil C pools were also produced, including particulate organic
carbon, humic organic carbon, and resistant organic carbon. These maps were produced
using 400 soil data points and a methodology similar to that used to produce the baseline
SOC map. These measurable SOC pools were used to initialize the Roth-C model in place
of the conceptual C pools normally used within Roth-C. The spatial distribution map of
soil clay content for all Australia, as part of the Soil and Landscape Grid of Australia-wide
Soil Attribute Map series, was produced using soil attribute data from existing databases
and a piecewise linear model that considered 50 environmental covariates representing
climate, biota, terrain, soil, and parent material.

2.1.5. New Zealand

Agriculture is the primary economic activity in New Zealand with intensive and
extensive pastoral systems predominant [45]. Only 1% of the land area is devoted to annual
crops. In 2015, agriculture was the major contributor (50%) to total national GHG emissions.
Methane (i.e., from enteric fermentation) and N2O (from soils) were the largest sources
of the emissions within the agriculture sector, contributing 73% and 21%, respectively.
The Ministry for the Environment acts as the inventory agency and is in charge of the
coordination, compilation of report and publication and submission of the inventory to
the IPCC.

New Zealand uses a soil Carbon Monitoring System (CMS) to account for changes
in soil C stocks, which is a country-specific database [46]. These changes are mostly due
to land cover changes (e.g., conversion of grazing land to plantation forestry). The soil
CMS is based on an empirical model, similar in concept to the IPCC approach. New
Zealand uses a Tier 2 method for accounting SOC stock changes in mineral soils, which
are triggered by changes in land-use, and uses a Tier 1 for organic soils. The IPCC default
20-year equilibrium period is used for estimating SOC stock additions and removals to a
depth of 30 cm due to land-use change in the absence of country- and land-use-specific
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data [47]. The soil CMS model uses three data layers (i.e., land use, climate and soil
types), for which steady state soil carbon stocks are assigned using georeferenced soil
carbon measurements. New Zealand’s approach to estimating SOC changes does not
explicitly ponder the impact of farm management practices on soil carbon stocks. Instead,
it assumes that the driving force regulating SOC stocks in mineral soils is land-use change.
Other factors influencing soil carbon stocks, including soil type, climate, and erosivity, are
assumed to remain constant at the temporal scale of the inventory time series [47]. Thus,
the only cropland management change considered when estimating soil C stock changes
for the GHG inventory is the change between annual cropland to perennial cropland.

2.1.6. Japan

Japan has limited arable land (approx. 13%) suitable for agriculture. Rice is by far the
most important crop planted on the best agricultural land (approx. an area of 1.55 million
hectares in 2012/2013); and other crops grown include wheat, soybeans, and barley [48].
Japan’s emissions in the 2019 year dropped to 1.2 billion Mt CO2 eq. The agricultural sector
accounted for 2.5% of total GHG emissions in 2015 of which N2O emissions accounted
for 0.4% (excluding LULUCF). The largest sources of agricultural emissions (i.e., CH4)
were from rice farming, accounting for 41%, enteric fermentation (i.e., CH4) for 22%, and
agricultural soils (N2O) because of nitrogen-based fertilizer applications for 16% of total
GHG emissions. The Tier 2 method in accordance with the decision tree of the 2006
IPCC guidelines [16] are employed to estimate N2O emissions. The country inventory is
reported in agreement with the UNFCCC Guidelines on Annual Inventories reporting.
Japan’s estimation methodologies of GHG inventories are principally in line with the 2006
IPCC guidelines [16] and both Tier 1 and 2 approaches are used. The cropland remaining
cropland subcategory describes SOC stock changes in cropland which has remained as
cropland in the past 20 years. Soil carbon stock changes at the national level are estimated
as the sum of measurements conducted at each local area. Carbon stock changes in live
biomass are estimated for the carbon stock change in perennial tree crops in accordance
with the 2006 IPCC guidelines [16]. Carbon stock changes in dead OM are considered as
zero by applying the Tier 1 method. The latter assumes that the carbon stock does not
change. In the case of mineral soils, Carbon stock changes are determined by applying a
Tier 3 modeling approach using the Roth-C model. On-site CO2 emissions from drained
inland organic soils planted to rice fields and upland fields are both estimated.

2.1.7. Canada

In 2015, estimated 7% of the total land area in Canada was under agriculture with
two-thirds used for crops and improved pasture. Canada is publishing EO satellite-
acquired data for cropland cover under its Annual Crop Inventory information (Figure 1).
Environment Canada is the single national entity responsible for the preparation and
submission of the annual National Inventory (NIR) to the UNFCCC. Canada’s total GHG
emissions in 2017 were estimated at 716 Mt CO2 eq [49]; agricultural activities accounted
for 8.4% of total GHG emissions. The main GHGs emitted from agricultural activities
include CO2 emitted from decay of soil organic matter, CH4 emissions associated with
cattle production and livestock manure storage, and N2O emissions from soil and soil
management (i.e., nitrogen fertilizers and animal manures). The IPCC Tier 1 method for
N2O and the CENTURY model for CO2 are used for estimating GHG emissions from
agricultural soils for the NIR. The CENTURY model has been calibrated for Canadian
conditions and uses Soil Landscapes of Canada (SLC) polygons as the basic geographic
unit. There are 3393 SLC georeferenced polygons in the entire country with agricultural
activities and they contain 12,909 unique soil landscape combinations, according to the
Canada’s NIR [50]. The SLC polygons have an agricultural area in the range of 1000 to
100,000 ha and are suitable for digital mapping at the scale of 1:1,000,00. The Agricultural
Production Census (i.e., Statistics Canada) is the main source for data describing on-farm
management practices within the country.
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Figure 1. Cropland distribution (green area) in Ontario and the other Canadian provinces.
AB = Alberta, BC= British Columbia, ON= Ontario; QC= Quebec; MB= Manitoba, SK= Saskatchewan;
NB= New Brunswick; NS= Nova Scotia; NL= Newfoundland and Labrador; PEI= Prince Edward
Island. Cropland data were generated from the 2020 annual space-based crop inventory for Canada.

The inventory of the agricultural land sector is included under the cropland remaining
cropland (CRC) categories. It contains CO2 emissions from cultivation of organic soils,
CO2 emissions/removals in mineral soils, and CO2 emissions/removals resulting from
changes in woody biomass from crops. Mineral and organic soils account for 99% and
1% of the total cropland areas, respectively. Canada’s inventory uses an enhanced Tier 2
approach for estimating CO2 emissions from, and removals by, mineral soils generated
by changes in land management practices. Thus, specific cropping systems and soil
management practices determine SOC stocks and whether the amount of SOC stored in
a soil is increasing, decreasing, or remaining stable. The SOC retained in soil represents
the difference between the rate of inputs from crop residues and losses through SOC
decomposition. Thus, if no change in management practices occurs, the soil organic C
stocks are assumed to be in a steady state (i.e., the SOC stock change is zero). An SOC
change factor is used to calculate carbon emissions and removals for the inventory. The
SOC change factor (F), which is specific for each combination of SLC polygons and land
management change (LMC), is multiplied by the land area affected by the change. The SOC
change factor is the average rate of SOC change per year and per unit area of LMC and it is
derived using a modeling approach (CENTURY). The annual CO2 emissions/removals by
mineral soils undergoing a specific LMC are expressed as:

∆C = F × A (3)

∆C = change in SOC stock for inventory year, Mg C; F = average annual change in
SOC subject to LMC in Mg C/ha/year; A = LMC area in ha.

Historically, provincial and territorial GHG emissions have varied significantly as a
result of population, energy sources and economic structure. Alberta and Ontario have
been the highest emitting provinces, whereas the agriculture sector in the combined three
territories generated less than 0.5% of the total Canadian’s GHG emissions. A detailed
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description of Canada’s provinces and territories of the agricultural soils sector GHG
emissions is provided in Figure 2. Although the Canadian government is responsible
for preparing the NIR [50] each year under its UNFCCC reporting requirement, the NIR
encourages provinces and territories to develop inventories more appropriate for their own
conditions and data availability [51]. However, development of such inventories requires
considerable time and resources, including testing and validation, before implementation.
Consequently, relatively few provinces have implemented specific systems. The following
sections outline provincial and territorial emissions and the specific methods developed to
estimate carbon emissions and removals (CO2 and/or N2O) from agricultural soils.

Figure 2. Greenhouse gas emissions by province and territory in 2017. Province and territory codes are shown in Figure 1.

• The province of Québec (QC) has 29,000 farms corresponding to 15% of Canada’s total
farm numbers [52]. In 2017, Québec accounted for 11% of Canada’s total GHG
emissions (79 Mt CO2 eq) and agriculture represented 9.2% of Québec’s total GHG
emissions. Emissions from the agriculture sector increased by 4.2% during the period
from 1990 to 2013. Agricultural soils were the main source of these emissions (43%),
followed by manure management (31%), and livestock (27%). Farming practices and
agricultural soil management, such as the use of synthetic fertilizers, are responsible
for GHG emissions from farmland. CO2 and N2O are the main gases emitted from
agricultural soils with 77.7% and 5.3%, respectively.

• The Atlantic Provinces (i.e., Nova Scotia (NS), New Brunswick (NB), Prince Edward
Island (PEI), and Newfoundland and Labrador (NL)) encompasses about 3.9% of
Canada’s total number of farms was reported in the Atlantic Provinces [53]. NS had
the highest number of farms with 3478, followed by NB, PEI, and NL with 2255; 1353;
and 407 farms, respectively. NS’s Climate Change Action Plans focus mainly on the
energy and transportation sectors to meet their GHG targets, and do not consider GHG
emissions from the agriculture sector or from soils. In 2017, agriculture accounted
for 2% of NB’s GHG emissions and were mainly from livestock. PEI generates less
than 1% of Canada’s total GHGs, with agriculture contributing 23% of the provincial
total from livestock, manure and synthetic fertilizer use being the main sources. N2O
is the main GHG emitted from PEI’s agricultural soils. Agricultural land accounted
for less than 2% of NLs’ GHG emissions with about 13% of these emissions from
agricultural soils. NS produces 2.2% of Canada’s total GHG. Detailed information of
the Atlantic Provinces GHG emission and removal estimates from agricultural soils
are contained in Canada’s GHG inventory as these provinces do not have their own
detailed inventory reporting systems.

• The Prairie Provinces (i.e., Alberta (AB), Saskatchewan (SK), and Manitoba (MB)) con-
tain 90,000 farms, which represent 46.5% of Canada’s total according to the 2016
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Census. AB has the highest number of farms with 40,638, followed by Saskatchewan
with 34,523 and Manitoba with 14,791. The main source of the GHG emissions from
agricultural soils in the Prairie Provinces is the application of synthetic fertilizers. In
2017, GHG emissions from the agriculture sector in AB were estimated at 22 Mt CO2
eq, which was 8% of AB’s total GHG emissions and accounted for 30% of Canada’s
agricultural emissions. About half of AB’s agricultural emissions are from crop pro-
duction and management practices (e.g., fertilizer use, tillage practices) whereas the
remainder is from livestock production and from manure management. The main
GHGs emitted by agriculture are N2O and CO2. In 2015, SK accounted for 10% of
Canada’s total GHG emissions (75 Mt CO2 eq). Agriculture accounted for 24% of the
provincial GHG emissions with N2O being the main GHG emitted. Agriculture was
the main source of the GHG emitted in MB in 2015, accounting for 31% of the total.
These emissions were from agricultural soils (48%), livestock production (39%), and
manure management (13%). N2O and CH4 were the main GHGs emitted, and they
resulted from applications of synthetic fertilizers (soil management) and anaerobic
manure storage (manure management), respectively.

• British Columbia Province (BC) has 17,528 farms which represent 9% of Canada’s total
farms according to the 2016 Census of Agriculture. In 2015, the agriculture sector
accounted for 3.7% of BC’s total GHG emissions. Agricultural soils were the third
main source of these emissions (18.4%), after livestock production (60.4%) and manure
management (20.2%). N2O is the major GHG emitted from agricultural soils. With
its own provincial greenhouse Gas inventory, estimates for most sectors, including
cropland, are taken from the NIR and Canada’s Submission to the UNFCCC. The
emissions from cropland are presented as memo items and is not currently counted
towards the total inventory of the province.

• The province of Ontario (ON) has about 26% of Canada’s total farms according to the
2016 Census [53]. The emissions from the agriculture sector have remained constant
since 1990. Ontario does not currently include GHG emissions and removals from
the land use sector in its GHG inventory or in GHG reduction targets. As of 2018,
Ontario does not produce its own land use carbon inventory (LUCI). GHG emission
estimates for the province are mainly derived from the federal NIR. In 2012, the
agricultural sector in Ontario was responsible for 6% of total GHG emissions (6.5%
below 1990 levels).

2.2. Comparison of National GHG Inventories and Models Used in Accounting Carbon Stocks
2.2.1. Canada’s NIR vs. Other Countries

Although many countries including Canada use a Tier 2 based approach for estimating
SOC stock changes in minerals soils on cropland and a Tier 1 approach for estimating C
emissions from organic soils, some significant differences exist between the approach used
by Canada and the other countries: (1) Canada’s activity data are linked to a geographical
boundary (i.e., SLC polygons) and is not spatially explicit. Many countries (e.g., New
Zealand) use activity data (i.e., land-use) that are spatially explicit. (2) Canada takes a
process-based approach to estimate SOC stock changes in mineral soils, where initial
estimates of steady state C stock are not as important as the influence of land management
change (i.e., LMC) on the steady state stocks. In contrast, New Zealand take a stock-based
approach where the SOC stocks are estimated at two discrete points in time and the change
in SOC stocks over time is assumed to be linear. One fundamental result of this difference
in stock change methods is that Canada does not explicitly estimate initial SOC stocks.

Canada uses the CENTURY model to estimate a baseline initial C stock for all cropland
prior to LMC. Estimates of SOC stock change in mineral soils due to a LMC are obtained
from simulating the change in specific management practices. This is accomplished via
stock change factors that are specific to the unique soil–climate–management conditions
occurring within an SLC polygon (the smallest spatial unit of analysis). In contrast, New
Zealand relies on estimates of the initial and inventory year C stocks to calculate the
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change in SOC stocks over time. For example, if New Zealand were to consider the
impact of cropland management on C stocks (e.g., tillage), significant resources would
be required to collect empirical soil data to calibrate the soil CMS and estimate SOC
stocks for all combinations of soil type–climate–management categories. Other differences
between Canada and New Zealand are in term for erosion; i.e., Canada does not account
for erosion when calculating SOC stock changes; whereas New Zealand incorporates a
slope X rainfall factor to account for the influence of erosion on estimates of SOC stock
changes. Canada stratifies the cropland land-use category by climate and soil type. It
considers management when incorporating activity data into the CENTURY model to
determine stock change factors. New Zealand further stratifies the cropland category
based on management to consider annual and perennial cropland, as well as soil type and
climate data. Most countries (e.g., Australia), including Canada, use a Tier 1 approach to
estimate C emissions from organic soils. Canada does not stratify the C emission factor
for organic soils by climate whereas other most countries do. For example, New Zealand
stratifies its organic soils into two groups based on climate. Like Canada, none of the
cited countries attempt to estimate emissions from soil inorganic C parent material (i.e.,
carbonate-containing minerals).

2.2.2. Recommended Ontario-Specific Solution to Estimating C Emissions and Removals in
Cropland

Although the Tier 3 approach can produce more accurate estimates of SOC stock
changes than either the Tier 1 or Tier 2 approaches, we believe this approach might not be
appropriate for an Ontario-specific solution to estimating C emissions and removals in the
cropland sector. It is unlikely that the first iteration of Ontario’s GHG inventory will include
Tier 3 methodologies due to the resources and time required to undertake an empirically
based calibration, validation, and initialization of an Ontario-specific model. A combination
of the approaches taken by Canada and other countries (e.g., New Zealand and Australia)
would allow Ontario to lead in the development of an approach that more accurately
estimates SOC stock changes in cropland soils. Canada’s current Tier 2 approach for
estimating the effect that LMC has on the SOC pool could be adopted and combined with
a spatially explicit approach as used by other countries (e.g., New Zealand) for defining its
land-base and activity. High-resolution cropland land-base information and management
data in the form of the second-generation Ontario Agricultural Resource Inventory is
readily accessible. This georeferenced database provides land management activity data at
the field-scale and allows inventory compliers to track LMC and land-use change at high
temporal and spatial scales (i.e., on a field-by-field and year-by-year basis). Furthermore,
high-resolution topographic data for key cropland areas in the form of LiDAR-derived
digital elevation models are available. These datasets allow incorporation of the influence
of erosivity into inventory estimates of SOC emissions and removals from cropland.

3. Synthesis of the Main Gap Analysis

In this study, we have identified four main gaps in the methodology used by the
Canada’s NIR for estimating GHG emissions from the cropland sector.

3.1. Modeling Approach

Computer simulation models allow prediction of different agricultural management
scenarios and climate change on SOC stocks. In particular, these models can compare
different soil management practices (e.g., reduced tillage), the influence of crop yield in-
creases (i.e., residue inputs) with improved varieties, changes in agronomic practices over
time (e.g., fertility, cropping systems), and changes in climate due to global warming. In
Canada, the CENTURY model has been used to predict soil C stocks for the NIR. This
model describes the entire agricultural ecosystem, incorporating crop growth, plant residue
inputs and tillage management effects on plant residue decay and on the dynamics of the
constituent pools of SOM. A modified version of the CENTURY model was selected by
several countries (e.g., EU, USA, Serbia, Bosnia and Herzegovina, Croatia, Montenegro,
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Albania, Macedonia, Denmark, and Norway) as being most suitable because of its ability
to simulate the effects of the main management practices in agricultural fields (tillage,
fertilization, grazing, etc.), and to simulate mixed management systems. In addition, com-
putational time was reduced when modeling large numbers of management combinations
because of the monthly time-step.

Two other soil-only Process Models applied in Canada to predict SOC stocks in Cana-
dian agricultural soils are Roth-C and the Introductory Carbon Balance Model (ICBM) [54].
Roth-C has an advantage in that Plant-C inputs are easy to capture as they are added
externally (i.e., empirical measurement). Satellite images or drone data could be used for
obtaining site-specific crop C inputs. Both Australia and Japan use their own modified
versions of Roth-C. The ICBM model, which has two SOC pools, is considered too simplistic
and does not consider effects of soil texture on regulating SOC dynamics.

Even though Canada and other countries use the CENTURY model to estimate an
initial baseline C stocks for all cropland, this model remains too complicated to implement
in most developing countries (i.e., African countries) because of the limited or inexistent
required input datasets. In these cases, an alternative modeling approach for prediction of
SOC changes on agricultural land can be using an improved version of the Roth-C model.
This model is also promising because of its simplicity and the availability of input data.

3.2. Model Input Data

Although this study supports and recommends continuing the use of the CENTURY
model for estimating SOC stocks and SOC changes due to management, we have targeted
input gaps which require solutions. The two most important gaps are manure management
and soil erosion. Indeed, the effects of manure application and management on C cycling
is not yet included in the Canada’s NIR; manure is included in N2O cycling but the
C component is not yet considered. Soil erosion (both redistribution and deposition)
also is not included in C stock changes or in GHG emissions, and these factors have a
significant influence on field-level SOC stocks. There is currently a lack of understanding
of the effects of animal manure management and soil erosion on net GHG emissions, so
a comprehensive review of the literature is necessary for these factors to be incorporated
into the CENTURY model.

In terms of existing data inputs, many of the input parameters and calibration factors
are not necessarily generalized for applicability within Ontario. Model performance could
be improved by tuning of input parameters specific for Ontario soil types, soil management
practices, cropping systems and climatic conditions. For example, the parameters used
to calibrate the crop growth sub-model in the Century model need to be specific for each
crop and for each region of Ontario. Therefore, for estimations of crop C inputs, Ontario
should use regionally specific crop yields, and include both the quantity and quality
(chemical properties) of the residues and how they are managed (left on the field or baled
and removed).

3.3. Geographic Units and Input Data

As noted above, the CENTURY model simulation in Canada is carried out for each SLC
polygon. A SLC polygon is described by a standard set of attributes derived from Census
of Agriculture data, with areas ranging from 1000 to 100,000 ha. Given the small scale
(i.e., 1:1,000,000) described by a SLC polygon, it is not possible to obtain small/medium
spatial resolution data, nor is it possible to correlate GHG drivers (i.e., topography, soil
type, management practices) within a single polygon because these data are aggregated.
A raster-based spatially explicit modeling approach which uses EO data (e.g., remote
sensing maps) is a promising alternative. Information on agricultural soils/crops and
Enhanced Vegetation Indices could be derived from satellite imagery (e.g., MODIS with
moderate resolution of 250 m) and inputted to the model to produce maps of SOC stocks
on a raster basis.
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A recent development in digital soil mapping includes the use of remotely sensed co-
variates and machine learning techniques to study space-time variation of SOC stocks [55].
Because of its importance for spatial prediction of SOC in topsoil, these techniques could
play a major role in LUCI implementation. The Canadian Annual Crop Inventory infor-
mation published cropland cover (i.e., shown in Figure 1) can be of benefit LUCI imple-
mentation. We believe that a non-spatially explicit approach can impose limits on properly
defining cropland areas and conversions between other land use areas and cropland. This
has been acknowledged, for instance, in Australia’s most recent NIR where planned im-
provements are underway to develop a fully spatially explicit time series of land-use maps
to apply land representation to all land-uses. Such improvements would enable reporting
of separate activity data and emissions estimates for all conversion categories.

The main benefit of this approach to LUCI would be its ability to represent land-use
categories in the LULUCF sector in a spatially explicit way. As stated in the 2006 IPCC
guidelines, “this analytical capacity can improve emissions estimates by better aligning
land-use categories (and conversions) with strata mapped for classification of carbon stocks
and emission factors by soil type, [and] vegetation type. This may be particularly applicable
for Tier 3 emission estimation methodologies” (IPCC, 2006; [16]). We believe that the shift
to a spatially explicit description of cropland area within Ontario and conversions between
other land use categories and the cropland category would represent a great opportunity
to improve cropland emission and removal estimates for Canada’s NIR.

3.4. Ground-Truth Program and Farmer Collaboration

Given that levels of SOC stocks respond slowly to changes in agricultural management
practices, several years of monitoring are required to detect changes in stocks by current
analytical procedures. Compared to other countries, Canada’s NIR uses a relatively small
number of long-term experimental sites to calibrate and validate the CENTURY model.
Ontario’s LUCI will need to put in place a ground-truth program to deal with uncertainties
due to spatial variability and regional climates, and to calibrate the CENTURY model.
These selected sites need to be where management practices, soil conditions and cropping
practices can be carefully monitored over a long period. At these sites, soil C stock
sampling should be conducted every 5 years, including measurements of soil bulk density,
and samples analyzed following reference procedures (i.e., high temperature combustion)
after removal of inorganic C. Given the important role of nitrogen in decomposition and
SOC stabilization, total N stocks should also be measured.

In addition to the existing long-term sites in Ontario [56,57], we recommend further
establishment of an extensive network of long-term field sites throughout Ontario through
farmer-led research initiatives. In this context, the Ontario Government should provide
opportunities for farmers and farmland owners to collaborate on the data collection for
LUCI by keeping detailed records of their cropping and soil management practices, and
crop yields. This collaboration would provide opportunities for farmers to demonstrate to
government agencies and consumers their husbandry of agricultural soils, and evidence of
their individual and collective on-farm efforts to improve the environmental performance
and sustainability of their land. Ultimately, this approach will lead to reductions in GHG
emissions from agriculture. Financial compensation, income derived from the market
carbon, or property tax reduction to farmers who use beneficial management practices
(i.e., conservation tillage, crop residue return, cover crops and green manures) should be
considered by the provincial government. For example, to monitor progress in reducing
emissions through a range of agricultural land management practices, the Australian Gov-
ernment has developed a voluntary Carbon Farming Initiative (CFI) whereby landholders
may generate credits for reducing emissions and/or sequestering carbon. Currently it is not
clear how Ontarian C offset credits generated by farmers would be managed; nevertheless,
any C offset program would require a cost-effective LUCI and GHG estimation protocol
to encourage farm owner participation and to facilitate C tracking and monitoring from
agricultural soils.
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4. Implementing the LUCI and Its Implication

Cropland remaining cropland has been identified as a key category for Canada’s GHG
inventory, and the NIR acknowledges that the amount of carbon stored in, emitted by
or removed from agricultural soils depends mainly on management practices. Since the
intensively cultivated lands for agriculture in Ontario are a major component of Canada’s
total cropland area, changes in their management are expected to affect SOC stocks and
impact Ontario’s SOC budget. The CENTURY model can describe the main agricultural
cropping systems and soil management practices (e.g., tillage intensity, crop rotations,
cover crops) in Ontario for mineral soils. Should the province decide to implement a Tier
3 approach to estimate emissions and removals of CO2 within the LULUCF sector, the
spatial framework to do so at a detailed sub-national scale is already in place. However,
the accuracy of CO2 emissions and removals for the cropland category could be improved
greatly using the current Tier 2 approach by incorporating more land-use-specific activity
data that describe the influence of cropland management (e.g., erosion, manure) on SOC
stocks beyond the segmentation of annual and perennial cropping systems. The Tier 1
approach for estimating SOC emissions from organic soils could also be improved by
adopting a Tier 2 approach; both improvements would require substantial investment in
empirical studies to determine appropriate estimates of C stocks and C emission factors for
each of the unique soil–climate–management categories in which cropland is found.

5. Conclusions and Recommendation

This study reviewed current methods and approaches used to quantify C stocks and
GHG emissions for the cropland sectors in the context of emissions reporting from Canada
and other countries. We have found that methods used to estimate emissions ranged from
simple empirical factors to complex process-based ecosystem models. We have identified
key gaps and proposed improvements to the methods used and the input data for models.
For Ontario, we emphasize that a cropland specific method for carbon inventory GHG
emission is needed to inform the development of mitigation strategies in the agricultural
cropland sector. Such a method must balance accuracy with expense and ease of data
collection. There is a requirement for a high number of detailed field sites, frequent on-site
monitoring and soil C measurements to calibrate and validate the exiting CENTURY model.

Although there are some anomalies in the Canada’s current soil carbon modeling
approach, we have concluded that the CENTURY model is suitable for use under Ontario’s
conditions. There is, however, a need to refine the model, including the plant growth
sub-model, to accommodate regional and management differences in agricultural soil
C emissions and sequestrations to reduce model uncertainty. Should Ontario decide to
implement its own LUCI, we recommend that a raster-based, spatially explicit, modeling
approach be used instead of SLC-based polygon/census data. A raster-based spatially-
explicit modeling approach would require the use of EO data (e.g., remote sensing maps,
LiDAR). High-resolution topographic data for key cropland areas within the province is
already (or becoming) available in the form of LiDAR-derived digital elevation models.
This dataset, in combination with digital soil maps and EO data, could be incorporated into
the model to include the influence of parameters such as erosion and manure management
into inventory estimates of SOC emissions and removals from cropland. We recommend
that harmonizing the LUCI to be compatible and consistent with the NIR should be a
priority for the province. Fundamental to the approach is that it should be on a solid
platform (i.e., a platform with High-performance computing web services), thus it is critical
that a long-term program be initiated whereby detailed monitoring sites are identified and
monitored, and possibly involving farmer cooperators. The data obtained from these sites
would also provide valuable information that could be used for other purposes. Finally,
an expected Ontarian carbon inventory should use high quality data and an improved
modeling approach, thus, it should provide a better estimate than does NIR. The key is
that the provincial inventory will need to be comparable and coherent with NIR, so that
one can understand why there might be differences. Finally, it is important to emphasize
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that the final recommendations of this study could be used by some developing countries
(i.e., African countries) as an inspiring document for the implementation and improvement
of the compilation and reporting of their respective GHG inventories.
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