Validation Report of the ecosys Model Version 1.0

HABITERRE
N/

Prepared for: Climate Action Reserve (CAR)

Model requirements version:

Requirements and Guidance for Model Calibration, Validation, Uncertainty, and
Verification For Soil Enrichment Projects, Version 1.1a

Prepared by: HabiTerre, Inc.

Contact: 60 Hazelwood Dr Ste. 224, Champaign, IL 61820

science@habiterre.com



Table of Contents

1. Report Type
1.1 Model validation Report type
1.2 SEP version
1.3 SEP model requirements version
1.4 Model version
1.5 Changes from previous validation report
2. Introduction
2.1 Overview of the ecosys model
3. Responsible parties
4. Model Calibration
5. Model simulations
5.1 Model setup
5.2 Documentation of model parameters
6. Project domain
6.1 Practice categories
6.2 Crop functional type
6.3 Land Resource Regions and Climate types
6.4 Soil texture classes
6.5 Emission sources
7. Description of validation data collection process and final validation dataset
7.1 Description of validation data collection process
7.2 Procedures to handle missing data
7.3 Description of validation dataset
8. Overall model performance
9. Model bias evaluation
9.1 Calculation of bias and PMU
9.2 An example of PMU calculation
9.3 Comparison between bias and PMU

9.4 Bias for each study across the PC, CFG, and ES combinations



10. Model prediction error

10.1 Model prediction error for practice change effects on SOC changes across all
practice categories and all crops

10.2 Model prediction error for practice change effects on direct N2O emissions
across all practice categories and all crops

References

Appendix A: Carbon flux modeling with HabiTerre’s advanced model-data fusion
framework

Appendix B: Key parameters used in the model employed in this model version report

Appendix C: Methods of temporal aggregation to estimate annually or seasonally
accumulated N20 emission

Appendix D: Studies in the Validation Dataset

Appendix E: The sensitivity of SOC stock to SOC sampling depth
Appendix F: Deviation Request Email Correspondence with CAR
Appendix G: Practice and crop specific model prediction errors

G.1 Model prediction error for practice change effects on SOC changes under
CROPPING practices

G.2 Model prediction error for practice change effects on SOC changes under
DISTURBANCE practices

G.3 Model prediction error for practice change effects on SOC changes with corn
under FERTILIZER practices

G.4 Model prediction error for practice change effects on SOC changes under
ORGANIC practices

G5 Model prediction error for practice change effects on SOC changes in corn fields

G.6 Model prediction error for practice change effects on SOC changes in soybean
fields

G.7 Model prediction error for practice change effects on direct N2O emissions under
CROPPING practices

G.8 Model prediction error for practice change effects on direct N2O emissions under
DISTURBANCE practices

G.9 Model prediction error for practice change effects on direct N2O emissions under
FERTILIZER practices

G.10 Model prediction error for practice change effects on direct N2O emissions under
ORGANIC practices



G.11 Model prediction error for practice change effects on direct N20 emissions in
corn fields

G.12 Model prediction error for practice change effects on direct N20 emissions in
soybean fields



1. Report Type

1.1 Model validation Report type

This model validation report is a Type 2 (Generalized) report.

1.2 SEP version

This report is following SEP Version 1.1a (dated May 31, 2022), accessed on 13
Feb, 2023.

1.3 SEP model requirements version

This report is following Requirements and Guidance for Model Calibration,
Validation, Uncertainty, and Verification for Soil Enrichment Projects, Version 1.1a (dated
April, 2022), accessed on 13 Feb 2023 (referred to hereafter as the “SEP Model
Requirements”).

1.4 Model version

The ecosys model is an hourly time-step model with multiple canopy and soil layers
that include comprehensive biophysical and biogeochemical interactions that determine
ecosystem structure and function as well as the agricultural outcomes from diverse
management practices. The ecosys model was originally developed at University of
Alberta (Grant, 2001). The ecosys model was publicly released under the BSD-3-Clause
license in 2019. HabiTerre has adapted and maintained an internal ecosys version 1.0
(ecosys_HT, hereafter ecosys is still used as the name for simplicity), spun off from the
ecosys model released in 2019, to support the carbon outcome quantification of
sustainable agricultural practices.

1.5 Changes from previous validation report
NA



2. Introduction

This report describes the validation of the ecosys model in simulating Soil Organic
Carbon (SOC) changes and direct nitrous oxide (N20) emissions from soil (hereafter N2O
emission means direct soil emission) under different conservation land management
practices in annual row crop systems covered by the validation datasets.
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Figure 1. A conceptual structure of processes represented in the ecosys model (Qin et
al., 2021).

2.1 Overview of the ecosys model

The ecosys model (Grant, 2001) is a process-based ecosystem model which
simulates the holistic and coupled energy, water, carbon, and nutrient cycles from
aboveground to belowground using a mechanistic way (Figure 1). The ecosys model
employs complete physical and chemical theories in simulating plants and soil-related
processes, and therefore is widely applicable to different soils, climates and land
management conditions. The model explicitly includes microbes’ competitive and
symbiotic nutrient interactions with plants, enabling a nutrient-based analysis of how



various management practices could affect crop productivity. Major farming practices that
affect SOC dynamics and N20 emission (i.e., crop rotation, tillage, cover crop, fertilizer
and manure application, and irrigation) can be simulated by ecosys. Previous work using
ecosys has fully demonstrated its capabilities in simulating the soil nitrogen cycle, N2O
and CHs emissions, long-term SOC trend, and impacts of different conservation land
management practices. The ecosys version evaluated in this model validation report is a
model version archived by the HabiTerre Science Team, which has been calibrated for
the major row crops and cover crops across the U.S. Midwest in previous studies (Zhou
et al., 2021; Qin et al., 2021; 2023; Li et al., 2022; Liu et al., 2021; Yang et al., 2022).

Unique strengths of the ecosys model include:

(1) The ecosys model simulates the whole carbon budget on farmland and the change
of SOC at field level is holistically related to the farmland carbon budget in ecosys
(see equation in Figure 2).

(2) The ecosys model simulates the SOC transformation rates using Michaelis-
Menten equations, which are more mechanistic than the first-order decay.

(3) The ecosys model explicitly simulates the dynamics of multiple microbial groups
and considers the microbial population and biophysiological activity in simulating
SOC change, N20 and CH4 emissions.

(4) The ecosys model explicitly simulates the environmental drivers/regulators for
microbial activities, like soil nutrient, water, temperature, oxygen, and pH
conditions.

(5) The ecosys model explicitly simulates canopy energy balance for the aboveground
processes, uses start-of-the-art representation of plant photosynthesis through
linking stomatal conductance and biochemical photosynthesis models, and
simulates plant water and nutrient uptake and transport from root to stem to leaf
with advanced plant hydraulics, which are missing in many other models.

(6) The ecosys model is readily applicable to cropland, grassland, and all other natural
ecosystems (like forest and wetland). For cropland and grassland, the impacts of
agricultural management practices (e.g., crop rotation, nutrient management,
manure application, cover cropping, conservation tillage, etc) are fully considered.

(7) With more detailed process representation and considerations of fundamental
multi-process interactions, most of the responses in ecosys (such as the
responses of SOC decomposition rate to soil water stress, and the responses of
SOC change and GHG emissions to management changes) are simulated, rather
than prescribed.
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Figure 2. The ecosys model presents the holistic carbon and nitrogen balance and its
linkage with greenhouse gas emissions throughout the agroecosystem (a) and uses a
mass-balance-based approach to quantify the change of soil organic carbon (SOC) (b).
GPP: gross primary productivity; Ra: autotrophic respiration; Rh: heterotrophic respiration;
NEE: net ecosystem exchange; DOM: dissolved organic matter; POM: particulate organic
matter; MAOM: mineral-associated organic matter. For more details, refer to Guan et al.
(2023).



3. Responsible parties

Calibration, validation, and running of ecosys for this report were all performed by
the Science Team of HabiTerre. As required in Section 5 of the SEP Model Requirements,
HabiTerre has the requisite expertise to calibrate and validate ecosys for assessing model
performance and uncertainty.

4. Model Calibration

The ecosys model has been well calibrated for the major row crops and cover
crops across the U.S. Midwest in previous studies (Zhou et al., 2021; Qin et al., 2021;
2023; Li et al., 2022; Liu et al., 2021; Yang et al., 2022). It is noteworthy that the model
calibration efforts of crop-related parameters as referenced above are totally independent
from the model validation effort documented here, as the above publications did not use
any observations from the sites referenced in this validation report. Those published
studies also did not use any observations of SOC change or direct N2O emissions as
constraints in the model calibration. Instead, crop carbon uptake (photosynthesis or gross
primary productivity, GPP), crop vyield, and their responses to environmental or
management factors (such as fertilizer application rates) were used in the model
calibration. The above studies found that ecosys can reasonably reproduce the measured
surface energy balance, carbon and water fluxes, crop yield and their responses to
environmental and management factors (Zhou et al., 2021). In this model validation report,
we employ the row crop and cover crop parameters reported in peer-reviewed, published
ecosys articles in journals that were pre-approved by the SEP Model Requirements
(section 3.6 of the SEP Model Requirements), which includes Agricultural and Forest
Meteorology (Zhou et al., 2021; Yang et al., 2022), Field Crops Research (Qin et al., 2021;
Li et al., 2021), and Global Change Biology (Qin et al., 2023). The model parameters and
processes were not calibrated for the model validation runs. Accordingly, this report relies
upon independent measurements (i.e., independent from measurements used in
developing model parameters) of SOC changes and N20 emissions to validate the
performance of the ecosys model.

The HabiTerre team acknowledges that some of the crop-related parameters can
be location- or site- specific, although all crop-related parameters were held constant here.
HabiTerre has been using the SYMFONI (The “System of Systems” Solution for
Commercial Field-Level Quantification of Soil Organic Carbon and Nitrous Oxide
Emission for Scalable Applications) solution, which is an advanced model-data fusion
(MDF) solution developed in the DOE ARPA-E SMARTFARM project, to constrain those
location-specific crop-related parameters with remote sensing observations of GPP and
crop yield, which can provide even better performance for SOC changes and N20
emissions than what is reported here from a mass-balance and systems perspective



(Guan et al., 2023). A qualitative example on applying SYMFONI to field-level greenhouse
gas emissions quantification is provided in Appendix A.

5. Model simulations

5.1 Model setup

The ecosys model was run for all relevant publicly available study sites and
measurement treatments. Besides crop-related parameters, site-specific input files
include site information, management inputs, soil inputs, and atmospheric forcing. The
reported site information and management information in the study publications were
used as inputs to the model. For soil inputs, we used soil data reported from the study
publications. When a soil parameter was not reported, we used the information from
gSSURGO, which is a gridded soil dataset from USDA. For the atmospheric forcing data,
the North American Land Data Assimilation System (NLDAS) data was used. Historical
mean atmospheric concentrations for oxygen (21%), nitrogen (78%), carbon dioxide (405
ppm), methane (1.8 ppm), nitrous oxide (0.3 ppm), and ammonia (0.005 ppm) were used,
if not measured. The tillage date, type (e.g., conservation tillage and conventional tillage),
and depth were based on the reported tillage practices, if applicable. The conversion of
manure type into elemental (carbon and nitrogen) percentages was based on the carbon
nitrogen ratios reported in Rynk et al. (1992). All the necessary model inputs, extracted
using the above-mentioned methods, are documented in Table 1. All the simulations were
performed after a 20-year spin up period for model initialization (prior to the start of the
experimental period), using the soil and atmospheric forcing data described above.

Table 1. The list of necessary input data required to run the ecosys model.

Category Input data name
Site location Latitude
Longitude
Weather conditions Near-Surface Air Temperature
(Hourly) Precipitation

Downwelling Solar Radiation
Near-Surface Relative Humidity

Wind speed
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Soil and hydrological
conditions by soil depths

Atmospheric conditions
(Historical mean or field
measurements)

Management practice

Initial soil organic carbon

Initial soil bulk density

Initial soil pH

Sand content

Silt content

Initial water content at field capacity
Initial water content at wilting point
Initial saturated hydraulic conductivity

Initial water table depth

Atmospheric oxygen concentration
Atmospheric nitrogen concentration
Atmospheric carbon dioxide concentration
Atmospheric methane concentration
Atmospheric nitrous oxide concentration

Atmospheric ammonia concentration
Crop type

Planting/harvesting date

Plant density

Plant depth

Cover crop type

Cover crop planting/termination date
Cover crop plant density

Cover crop plant depth

Tillage date

Tillage depth

Tillage type (categorical) or intensity (mixing ratio)
Fertilizer type

Fertilizer composition (NPK percentages)

Fertilizer rate
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Fertilizer application date

Manure type

Manure composition (CNP percentages)
Manure rate

Manure application date

5.2 Documentation of model parameters

The ecosys model has been extensively tested against eddy covariance fluxes and
related ecophysiological measurements with a wide range of sites and weather conditions
in croplands (Grant, 1995; Grant, 1997; Grant and Heaney, 1997; Grant and Pattey, 2003;
Grant et al., 2006; Grant and Pattey, 2008; Grant et al., 2020; Zhou et al., 2021; Qin et
al., 2021; 2022; Li et al., 2022; Yang et al., 2022), grasslands (Grant and Flanagan, 2007;
Grantet al., 2012a), forests (Grant et al., 2010), and wetlands (Mezbahuddin et al., 2014).
A qualitative summary of the ecosys model structure is provided in Grant (2001) and
Grant (2013). All ecosys model structures and key parameters are unchanged from those
described in these earlier studies.

The HabiTerre team has documented key model parameters for the SOC and N20
emissions simulations in Appendix B. The observational database used in this model
validation report, processing scripts, and the model source code necessary to reproduce
the results presented here have been archived in a version controlled Github repository.
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6. Project domain

6.1 Practice categories

This model validation report intends to validate the modeled SOC changes and
direct N20O emissions under 4 practice categories (PCs) defined in the SEP Model
Requirements: 1) Cropping practices, planting and harvesting (CROPPING), 2) Inorganic
nitrogen fertilizer application (FERTILIZER), 3) Organic amendments application
(ORGANIC), and 4) Soil disturbance and/or residue management (DISTURBANCE). The
full descriptions of each practice category is provided in Table 2. We did not include
stacked practices in this report, and there was at least one study that isolates the effect
of the practice change being validated.

Table 2. Practice categories defined by the SEP Model Requirements and examined in
this model validation report

Practice

Category Description of practice effects Abbreviation
. Variety of crops grown, which includes the CROPPING

Cropping comparison of single-crop crop rotation and

practices, planting double-crop rotation and the effects of planting
and harvesting cover crops)

o Magnitude, form (including enhanced efficiency = FERTILIZER
Inorganic nitrogen fertilizers), or timing for nitrogen fertilizer applied
fertilizer

application
. Magnitude, timing, and variation in C:N ratio for = ORGANIC
Organic the manure applied
amendments
application

Soil disturbance driven by tillage activity DISTURBANCE
Soil disturbance

13



6.2 Crop functional type

This model validation report intends to validate the modeled SOC changes and
direct N20O emissions under 2 crop functional types (CFTs): 1) Corn and 2) Soybean.

Table 3. Crop functional type (CFTs) covered in this model validation report

Crop functional types (CFTs) Crop name
Annual, C4, herbaceous, non-N-fixing, non-flooded crops Corn
Annual, C3, herbaceous, N-fixing, non-flooded crops Soybean

6.3 Land Resource Regions and Climate types

This model validation report intends to validate the modeled SOC changes and
direct N20 emissions within 8 Land Resource Regions (LRRs) spanning across 3 climate
types, as detailed in Table 4 and Table 5, respectively. The climate types appearing in
this model validation report follow the IPCC climate reference regions (IPCC, 2006).

Table 4. Land Resource Regions (LRRs) covered in this model validation report

Land Resource Regions (LRRs) LRR code
Northern Great Plains Spring Wheat Region

Western Great Plains Range and Irrigated Region G

Central Great Plains Winter Wheat and Range Region H
Northern Lake States Forest and Forage Region K

Lake State Fruit, Truck Crop, and Dairy Region L

Central Feed Grains and Livestock Region M

East and Central Farming and Forest Region N

South Atlantic and Gulf Slope Cash Crops, Forest, and

Livestock Region P

Table 5. IPCC climate types (CTs) covered in this model validation report

14



IPCC climate types Abbreviation

Cool temperate moist CT™M
Warm temperate moist WTM
Cool temperate dry CTD

6.4 Soil texture classes

This model validation report intends to validate the modeled SOC changes and
direct N20 emissions under 8 soil texture classes: 1) Clay loam, 2) Loam, 3) Loamy sand,
4) Sandy clay loam, 5) Sandy loam, 6) Silt loam, 7) Silty clay, and 8) Silty clay loam (Table
6). The soil texture classes evaluated were defined per the USDA soil texture triangle.

Table 6. Soil texture classes included in this model validation report
Clay content

Soil texture class (%)
Clay loam 30-33
Loam 20-25
Loamy sand 4
Sandy clay loam 21-30
Sandy loam 11-17
Silt loam 19-26
Silty clay 48
Silty clay loam 27-37

6.5 Emission sources

This model validation report includes two emission sources (ES): SOC changes
and direct N2O emissions. Emissions of CH4 and indirect N2O emissions are not included
in this model validation report. The practice category, crop functional type, land resource
region, climate zone, and clay content embedded in each emission source is summarized
in Table 7. The duration of direct N20 emissions measurements at each site and year is
reported in Table D2. For SOC changes, the validation is based on an equivalent mass
basis, i.e., comparing the modeled and measured SOC changes at the measurement
depth. The duration of SOC change measurements is shown in Figure E2, which ranges
from 3 to 95 years with most of the sites reporting SOC changes over 12 years.
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Table 7. The combination of practice category (PC), crop functional type (CFT), land
resource region (LRR), climate zone, clay content, study sites, and emission sources
evaluated in this model validation report. Detailed site information for each study site is
provided in Appendix D.

SOC

Climate Clay content  Study site (sampling
PC CFT LRR zone (%) depth)

Central (15 cm), Dixon

Springs (75 cm),

East Lansing (5 cm), South

(15 cm), SouthDakota (25

cm), Tenessa (15 cm),

Urbana (46 cm), Wisconsin
CROPPING Corn F,M,N,P,K CTM, WTM 11-30 (50 cm)

Central (15 cm), Crossville

(20 cm), Dixon Springs (75

cm),

South (15 cm), Urbana (46
CROPPING Soybean M, N, K CTM, WTM 11-30 cm)

Ames (60 cm), Armstrong

(60 cm), Crawfordsville (60

cm), Dixon Springs (75 cm),

Kanawha (60 cm), Hoytville2

(15 cm), McNay (60 cm),
DISTURBANC Nashua (60 cm), Sutherland
E Corn L,M,N CTM, WTM 19-48 (60 cm)

Ames (60 cm), Armstrong

(60 cm), Crawfordsville (60

cm), Dixon Springs (75 cm),

Kanawha (60 cm), Kansas

(30 cm), Hoytville2 (15 cm),
DISTURBANC McNay (60 cm), Nashua (60
E Soybean L,M,N,H CTM, WTM 19-48 cm), Sutherland (60 cm)

Central (15 cm),
Crawfordsville (60 cm),
Lexngton (30 cm), Mead (30
cm), McNay (60 cm),
Northwest (15 cm),
Rosemount, South (15 cm),
Southeast (15 cm), lthaca
FERTILIZER  Corn G, M,N CT™M 19-48 (30 cm)

Central (15 cm),
Crawfordsville (60 cm), Fort
FERTILIZER  Soybean M, N CT™M 20-48 Collins (30 cm), Mead (30
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ORGANIC

PC
CROPPING

CROPPING

DISTURBANC
E

DISTURBANC
E

FERTILIZER
ORGANIC

Corn

CFT

Corn

Soybean

Corn

Soybean

Corn

Corn

LRR
F,H KM

F,H KM P

G, M,N
G, M,N

CT™M
N:20

Climate
zone

CT™M

CT™M

CTM, CTD

CT™M

CTM, CTD
CTD

22-30

Clay content
(%)

20-31

20-31

20-25

4-20

17-25
23

cm), McNay (60 cm),
Northwest (15 cm), South
(15 cm), Southeast (15 cm)

Minnesota (30 cm), Urbana
(15 cm)

Study site

KS1, IN1, 1A1, SD1, W1

AL1, KS1, IN1, IA1, SD1,
Wi1

CO1, IA1

A1, MI1

CO1, CO3, CO4, KY1, IA2,
MN2

CO4, IN1, KY1
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7. Description of validation data collection process and final
validation dataset

7.1 Description of validation data collection process

Following SEP Model Requirements (Section 3.3 Requirement 1, p12), we
compiled a database of measured long-term SOC changes (measured using dry
combustion) and direct N20O emissions (measured using chambers) through a
comprehensive search of the published literature. For SOC, we selected studies using
the following criteria:

e SOC measurements should be taken for at least two separate years spanning a
total interval of at least five years.

e There is sufficient reported information related to site location, soil, agronomic
management and experimental treatments in the study to ensure the model
simulation can be properly set up.

For direct N20 emissions, we selected studies using the following criteria:

e Annual or seasonal accumulated direct N2O emissions are reported in the study or
there are sufficient N2O measurements reported in the study such that annual or
seasonal accumulated N20 values can be derived using a standard method (see
Appendix C).

e The sampling period for direct N2O emissions should cover at least 4 months in
each growing season or year.

e There is sufficient reported information related to site location, soil, agronomic
management and experimental treatments in the study to ensure the model
simulation can be properly set up.

7.2 Procedures to handle missing data

The external water table depth (EWTD) is one of the key location-specific inputs
for N2O simulations conducted by the ecosys model. In this model validation effort, as the
EWTD is not recorded or monitored at most experimental sites, we infer site-specific
EWTD with multi-year soil moisture observations. Specifically, we use monthly soil
moisture or seasonal mean soil moisture as constraints to estimate the EWTD as site-
specific inputs. We then used this inferred site-specific EWTD for all the treatments over
a particular site to quantify prediction errors driven by the model engine evaluated in this
model validation report.

We prepared SOC and N20 validation datasets based on publicly available SOC
and N20 measurements. We did not include stacked practices. The Pooled Measurement
Uncertainty (PMU, see more details in section 9.1 of this report), a key factor determining
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the model validation outcomes, was calculated at sites where measurement errors were
reported following the procedures defined in the SEP Model Requirements.

7.3 Description of validation dataset

Following the procedure and criteria described above, we evaluated the modeled
practice-change effects on SOC changes and direct N2O emissions based on the
methods described in SEP Model Requirements. The analyses for SOC changes and
direct N20 emissions were presented in the unit of Ton CO2eq per acre per year and Ton
CO2,eq per acre, respectively, to reconcile the different measurement periods and lengths
presented at different sites. A global warming potential over a 100-year time horizon of
273 (IPCC, 2013) was used for N20 to convert the emissions into the CO2 equivalent
units in this model validation report, which is consistent with US EPA's Inventory of U.S.
Greenhouse Gas Emissions and Sinks and complies with international GHG reporting
standards under the United Nations Framework Convention on Climate Change
(UNFCCC).

We evaluated field-level model performance by averaging SOC and N20
measurements replicates collected from the same field under the same treatment. The
SOC dataset includes 269 pairs of observed practice-change effects for the corn and
soybean crops examined in this report (Figure 3). The soil sampling depths range from 5
to 75 cm across the SOC dataset. Treatment-pairs for SOC change were required to
share a common soil sampling depth and length between sampling dates over each site.
The N20 dataset includes 175 pairs of observed practice-change effects for the corn and
soybean crops examined in this report (Figure 4). Among the SOC and N20 datasets,
eight sites have measurement error reported for SOC and six sites have measurement
error reported for N2O for corn and soybean (Appendix D). Treatment-pairs for N20O
emissions were required to share a common sampling coverage length over each site.

We note that 70% of the SOC measurements used in the validation report are
collected at 30 cm or deeper soil depth (62% are deeper than 60 cm). Though some SOC
measurements collected at shallower soil depths (<30cm) are used to improve data
availability and thereby extend the validity of this model validation report, those shallower
SOC measurements do not appear to overestimate SOC changes as compared to SOC
measurements collected at deeper soil depths (>30 cm) (Appendix E).
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SOC Dataset, N=269 (ALL PCs x ALL CFTs)
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Figure 3. The histogram of measured changes in SOC emissions used for model
validation, including all practice categories (PCs) and all crop functional types (CFTs)
evaluated in this report. The treatment pairs were generated by averaging replicates
within the same fields under the same treatment.
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N->O Dataset, N=175 (ALL PCs x ALL CFTs)
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Figure 4. The histogram of measured changes in direct N2O emissions used for model
validation, including all practice categories (PCs) and all crop functional types (CFTs)
evaluated in this report. The treatment pairs were generated by averaging replicates
within the same fields under the same treatment.
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8. Overall model performance

We evaluated the overall performance of the modeled practice change effects on
SOC changes and direct N20 emissions by comparing the simulations against
observations collected from publicly available dataset (Figure 5 and Figure 6). The R?
values were found to be 0.58 and 0.45 for the modeled practice change effects on
changes in SOC and direct N20 emissions, respectively.
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Figure 5. Overall performance of the modeled changes in SOC emissions in response to
practice changes across the SOC Dataset evaluated in this report. Darker color
represents denser data points. The treatment pairs were generated by averaging
replicates within the same fields under the same treatment.
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replicates within the same fields under the same treatment.
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9. Model bias evaluation

9.1 Calculation of bias and PMU

We calculated bias and Pool Measurement Uncertainty (PMU) for each
PC/CFG/ES combination. Specifically, the bias was calculated as the mean difference
between modeled and observed practice-change effects:

bias = %Z?zl (modeled; — observed;)
(1)

Where modeled; and observed; represent the ecosys-simulated and measured practice-
change effects on SOC changes and direct N20O emissions, and n is the number of
treatment pairs.

The PMU is calculated as:

k 2(m. o
PMU = \/Zz=1 7 iz ti;2) 2

Zi'(:]_ (ni1+niz—-2)

Where k is the total number of treatment pairs with reported measurement uncertainty
information; ¢; is the standard error of the i*" measurement of practice-change effects on
SOC changes or direct N2O emissions; n;; and n;, are the number of replicates in the two
different treatments of a particular treatment pair; and n;; + n;; — 2 is the degrees of
freedom of o7,

9.2 An example of PMU calculation

Table 8. An example of calculating the pooled measurement uncertainty (PMU) based
on available estimates of measurement uncertainty from the FERTILIZER x Corn SOC
validation dataset.

Standard
Number of Number of Standard Standard error in the
samples in samples in  errorin error in Degree of measurem
treatment1 treatment2 treatment! treatment2 freedom ent pair
site (n1) (n2) (01) (02) (df) (07+a3) (0%+03) * df
12 4 4 4.48 4.72 6 42.39 254.33
12 4 4 4.48 3.80 6 34.54 207.25
12 4 4 4.48 6.07 6 56.96 341.75
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12 4 4 4.48 5.30 6 48.20 289.23

sum NA NA NA NA 24 182.09  1092.56

6.00

PMU = (MgC/ha)

) =8.90 (Ton
M Coz,eq per
2 df NA NA NA NA NA NA acre)

9.3 Comparison between bias and PMU

We followed the protocol defined in the SEP Model Requirements to assess the
performance of our simulated practice change effects on SOC changes and direct N2O
emissions, except for one deviation. The bias and PMU were calculated and reported
against an emissions source specific domain (i.e., one for SOC and one for N20
emissions) comprising multiple land resource regions, crop functional types, soil texture
classes and practice changes to improve the representativeness of validation data
collected from public datasets. This deviation was necessary as the granular
requirements for model validation combinations defined in the SEP Model Requirements
are untenable for a generalized model validation report, which limits the spatial coverage
and practice change can be validated with publicly available datasets. This deviation has
been approved by CAR to ensure the best use of public data for model validation
(Appendix F). Our evaluation below (Table 9) demonstrates that the mean bias is less
than the estimated PMU for both SOC and N20O emissions, which fulfills the SEP Model
Requirements.

Table 9. PMU and Bias for SOC and N20 for different practice categories and crop
functional types

SOC
PMU Bias
Crop functional (Ton COzeq (Ton COzeq Is Bias smaller
Practice categories (PCs) types (CFTs) acre”'year') acre’'year') than PMU?
All PCs All CFTs 0.60 0.09|Yes
CROPPING All CFTs - 0.20|Yes
DISTURBANCE All CFTs - 0.05|Yes
FERTILIZER All CFTs - 0.08|Yes
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ORGANIC All CFTs - -0.16|Yes

All PCs Corn - 0.08|Yes
All PCs Soybean - 0.08|Yes
N:20
PMU Bias
Crop functional (Ton CO3,.q (Ton CO, ., IS Bias smaller
Practice categories (PCs) types (CFTs) acre™) acre™) than PMU?
All PCs All CFTs 0.13 0.01)Yes
CROPPING All CFTs - 0.06 Yes
DISTURBANCE All CFTs - -0.002|Yes
FERTILIZER All CFTs - -0.01|Yes
ORGANIC All CFTs - -0.24|No*
All PCs Corn - 0.01|Yes
All PCs Soybean - -0.001|Yes

*Represent 4% of the data points evaluated in this model validation report.

9.4 Bias for each study across the PC, CFG, and ES combinations

We followed the protocol defined in the SEP Model Requirements to report the
bias of our simulations of practice change effects on SOC change (Table 10) and direct
N20 emissions (Table 11) at individual study sites. The study sites below are reported
and ranked according to protocol requirements from highest to lowest bias values
calculated from all practice categories and crop functional types.

Table 10. Study site specific bias for simulated practice change effects on SOC change
from each study site across different practice categories and crop functional types.

Site Measured change  Modeled change Bias
(Ton COzeqacre?  (Ton COzeqacre’  (Ton CO2eqacre™
year) year) year)
Wisconsin -1.38 1.102 2.482l
Ithaca -0.417 0.361 0.778
Crossville 0.203 0.733 0.53
Tenessa 0.125 0.531 0.407
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Southeast
South
Nashua
Crawfordsville
Rosemount
Armstrong
McNay
Sutherland
Lexington
Central

East Lansing
Ames
Northwest
Kanawha
Mead

Dixon Springs
Urbana2
Urbana
SouthDakota
Kansas
Hoytville2
Minnesota

Fort Collins

-0.075
0.084
-0.352
-0.399
-1.178
-0.381
-0.376
-0.311
0.155
0.353
0.011
-0.37
0.12
-0.313
0.14
0.354
-0.115
-0.065
-0.179
0.24
0.185
0
0.737

0.247
0.3
-0.204
-0.266
-1.054
-0.303
-0.335
-0.286
0.18
0.345
0.001
-0.382
0.099
-0.336
0.115
0.328
-0.148
-0.106
-0.357
0.019
-0.158
-0.387
-0.427

0.321
0.216
0.148
0.133
0.125
0.078
0.04
0.025
0.025
-0.008
-0.01
-0.012
-0.022
-0.023
-0.025
-0.026
-0.033
-0.041
-0.178
-0.221
-0.344
-0.387
-1.164

Table 11. The bias of simulated practice change effects on direct N2O emissions
calculated from each study site across different practice categories and crop functional

types.
Site Measured change Modeled change Bias
(Ton CO2eqacre’)  (Ton COzeqacre) (Ton CO2.eqacre™)
'MN2 -0.546) 0.11] 0.436|
Wi1 -0.854 -0.583 0.271
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KY1 0.555 0.633 0.079
CO1 0.14 0.206 0.066
SD1 -0.048 0.011 0.059
CO4 0.032 0.086 0.054
KS1 0.043 0.048 0.004
AL1 -0.006 -0.002 0.004
MI1 0.027 -0.034 -0.061
CO3 0.018 -0.063 -0.081
A1 0.02 -0.074 -0.094
IN1 0.038 -0.151 -0.189
A2 1.924 0.781 -1.142
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10. Model prediction error

We followed the analytical error propagation (SEP Appendix D.1) method to
quantify the model prediction error. Specifically, we calculated the mean squared error
(MSE) of validation simulations for individual practice category and crop functional type
combinations:

_ Z{-‘zl (modeled;—observed;)? (3)
- k

MSE

We then followed the protocol defined in the SEP Model Requirements (SEP
Section 3.5) to compute the confidence coverage rate (CCR) of the 90% prediction
intervals against the model validation datasets for both SOC and N20 (Section 7.3). The
90% prediction intervals were defined as the predicted effects plus and minus 1.64 times
the standard deviation of the calculated bias (SEP Section 3.5). The protocol requires a
minimum confidence coverage rate of 90% for 90% prediction intervals (i.e., the 90%
prediction intervals should contain the measured value for at least 90% of the validation
data); however, it is recognized that there may be circumstances where model uncertainty
bounds are appropriately set even if 90 % conference coverage is not achieved. Besides
MSE and CCR, we included the scatterplot of the model predictions versus
measurements and histogram of residuals (the differences between predictions and
measurements) in this report, as requested by the SEP Model Requirements. Besides
the overall model prediction error below, practice change and crop functional type specific
model prediction errors are provided in Appendix G.

10.1 Model prediction error for practice change effects on SOC changes across
all practice categories and all crops

The mean square error is calculated as 0.140 (Ton COz, «q acre™ year™)? for the
modeled practice change effects on SOC changes effects across all practice categories
and all crops. The confidence coverage rate is 94.8%, which is within the 90% prediction
intervals recommended in the SEP Model Requirements.
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All PCs x All CFTs, Coverage:94.8 (%)

2
255 pairs within the 90% confidence
14 pairs outside the 90% confidence ’
7
1- s
0 _
-1 1
-2 4
7/
/
7/
-394
/

-1 0 1

2

Measured changes in ASOC (Ton CO,eq acre™! year—1)

Figure 7. Modeled versus measured practice change effects on SOC changes in
response to practice changes across all practice categories and all crop functional types.
The treatment pairs were generated by averaging replicates within the same fields under
the same treatment. The black dashed line represents the one-to-one line between
measurements and predictions. Error bars show 90% prediction intervals, which overlaps
with the one-to-one line when predictions meet the SEP Model Requirements.
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Figure 8. Histogram of the differences between modeled and measured practice change
effects in SOC changes in response to practice change across all practice categories and
all crop functional types. The treatment pairs were generated by averaging replicates
within the same fields under the same treatment. The dashed line represents the mean
value among the validation dataset. MSE and RMSE stand for mean squared error and
root mean squared error, respectively.
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10.2 Model prediction error for practice change effects on direct N2O emissions
across all practice categories and all crops

The mean square error is calculated as 0.030 (Ton COz2, ¢q acre™') for the modeled
practice change effects on direct N2O emissions effects across all practice categories and
all crops. The confidence coverage rate is 93.1%, which is within the 90% prediction
intervals recommended in the SEP Model Requirements.
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Figure 9. Modeled versus measured practice change effects on direct N2O emissions in
response to practice changes across all practice categories and all crop functional types.
The treatment pairs were generated by averaging replicates within the same fields under
the same treatment. The black dashed line represents the one-to-one line between
measurements and predictions. Error bars show 90% prediction intervals, which overlaps
with the one-to-one line when predictions meet the SEP Model Requirements.
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Figure 10. Histogram of the differences between modeled and measured practice change
effects on direct N2O emissions in response to practice changes across all practice
categories and all crop functional types. The treatment pairs were generated by averaging
replicates within the same fields under the same treatment. The dashed line represents
the mean value among the validation dataset. MSE and RMSE stand for mean squared
error and root mean squared error, respectively.
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Appendix A: Carbon flux modeling with HabiTerre’s advanced
model-data fusion framework

A.1 The “System of Systems” Solutions for Commercial Field-Level Quantification of Soil
Organic Carbon and Nitrous Oxide Emission for Scalable Applications (SYMFONI)
HabiTerre’s Carbon Solution, i.e. SYMFONI, is an advanced model-data fusion
(MDF) framework to quantify the carbon footprints and carbon outcomes of farming (Guan
et al., 2023). This solution uses the novel “System-of-Systems" concept, meaning a single
sensor or a model alone could not solve the complex agroecosystem problems, and only
by effectively integrating various approaches (e.g. diverse observations, sensor/in-situ
data, modeling) a viable solution is made possible. There are three major components in
HabiTerre’s carbon solution: model engine, observation suite for Crop (C), Management
(M), and Environmental (E) conditions, and model-data fusion (MDF) module (Figure A1).

e Model engine: HabiTerre’s carbon solution uses an internal version of an advanced
process-based biogeochemistry model - ecosys (Grant, 2001) as its model engine.
For more detailed description of the ecosys model, please refer to section 2.1.

e C-M-E observation suite: The C-M-E observation suite in HabiTerre’s carbon
solution provides capability to track the daily changes at each individual farmland
parcel by using advanced sensing (ground, airborne hyperspectral imaging, and
satellite remote sensing), including crop conditions (crop type, crop variety traits,
phenology, maturity groups, photosynthetic capacity, crop carbon uptake, crop
water use, and yield), management practices (planting/harvesting date, tillage
practices, intercropping, crop rotation, cover cropping, fertilizer/pesticide
applications), and environment conditions (weather information, soil temperature
and moisture).

e Model-data fusion module: All the above observations will be digested and
integrated with the model engine in the model-data fusion (MDF) module of
HabiTerre’s carbon solution (Figure A1). Some observations are directly used as
model inputs (e.g. crop type, management practices, and weather information),
while others are used as model constraints to reduce the model uncertainties. The
MDF module uses advanced Al techniques to train deep neural network models
as surrogates of Ecosys and GPU-based optimization to speed up the MDF such
that it can be scaled up to millions of fields in a highly cost-efficient manner.
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Figure A1. The overall model-data fusion (MDF) framework of HabiTerre’'s carbon
solution.

In SYMFONI, changes in the carbon stock of a system are equal to the sum of the
total carbon inflows and outflows of the system, as detailed above as a mass balance
equation (Figure 2b). Therefore, validating the changes in carbon stock can be achieved
by validating the carbon inflows and outflows. In a cropland system, gross primary
productivity (GPP) and crop yield are the two most important carbon flows. GPP, i.e.,
photosynthesis, is the main source of carbon input into the system (~100% for systems
with no addition of organic matter), while crop yield is a major source (~20%-30%) of
carbon moving out of the system. The largest source of carbon moving out of the system
is plant respiration (Ra in Figure 2b, ~50% of carbon efflux), which is closely related to
GPP. Therefore, accurate measurement of crop yield and GPP at the field level enables
more accurate estimation of SOC changes and N20 emissions because:

1) Verifying GPP and crop yield using the mass balance approach validates
approximately 100% of the carbon influx and 75% of carbon efflux in total;

2) The difference between GPP and crop yield upper bounds the potential changes
in carbon stock;

3) Crop yield and GPP data are used as strong constraints to the carbon cycle
simulation in HabiTerre’s MDF solution, which helps to constrain the remaining 25%
of the carbon efflux (i.e. Rh in Figure 2b) and thus improves the overall accuracy
of the “measure + model approach” for estimation of SOC changes;

4) As the nitrogen cycle and carbon cycle are intrinsically linked together (Figure 2a),
better constraining the carbon cycle through MDF will also lead to better estimation
of the nitrogen cycle, including N2O emissions.

According to SEP Model Requirements, model validation requires direct
observations of SOC change and GHG emissions, which are usually difficult to obtain. In
addition, for most of the literature, SOC changes and N20O emissions were measured at
small agronomic trial plots and thus cannot represent the field or landscape scale. We
strongly suggest that validating a model through comparing the simulated carbon budget
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with observations (such as those from eddy-covariance towers at the landscape scale)
should be added as one of the options in the SEP Model Requirements. In this version of
HabiTerre’s model validation report, advanced MDF-based calibration was not conducted
at the validation sites because: (1) the current SEP Model Requirements recommend use
of direct measurements of SOC changes and N20O emissions from small trial plots, which
greatly limits the feasibility of conducting MDF with remote sensing observations; and (2)
the validation data periods for SOC changes and N20 emissions largely do not overlap
with periods with available remote-sensing-based GPP and crop yield estimations.

A.2 Field-level carbon outcome quantification with SYMFONI

We evaluated the performance of carbon flux modeling with and without
implementing HabiTerre’s advanced model-data fusion module at three agricultural sites
in the U.S. Midwest using eddy covariance measurements from the AmeriFlux network
(https://ameriflux.lbl.gov/). The three sites (US-Ne1, US-Ne2, and US-Ne3) have reported
the necessary measurements to perform model-data fusion, and they cover the
continuous corn and corn-soybean rotation systems examined in this model validation
report.

The hourly gap-filled meteorological variables from AmeriFlux, soil information
from the Gridded Soil Survey Geographic Database (gSSURGO), and management
practices from site records were used to drive the ecosys model. We performed two sets
of simulations at each site: (1) MDF run with HabiTerre’s advanced model-data fusion
module to optimize model parameters based on constraints inferred from gross primary
productivity (GPP) observations, and (2) default run with default corn and soybean
parameters. Both sets of simulations were evaluated by the daily gap-filled net ecosystem
exchange (NEE) observations from 2001 to 2012, which presents the mass balance of
carbon uptake and respiration at the field-level scale.

Our results show that using parameters optimized by HabiTerre’s advanced
model-data fusion framework improves the model performance of the corn and soybean
systems simulated in the U.S. Midwest (Figure A1). The higher correlation coefficient (r)
and slope values suggest that observational constraints, either from in situ measurements
and/or remote sensing techniques, can be used to inform location specific parameters to
reduce the modeling uncertainties in field-level greenhouse gas emissions quantification.
Importantly, HabiTerre’s SYMFONI solution (Guan et al., 2023) has integrated a range of
observational constraints into a machine-learning based algorithm to optimize field-level
greenhouse gas emissions quantification for agroecosystems, which has been validated
by extensive ground truth data including eddy covariance flux measurements, long-term
soil organic carbon observations, water quantity and quality observations. We note here
that the parameter optimization process conducted by HabiTerre’s model-data fusion
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module is an objective data driven algorithm without human intervention, providing

auditability for field-level greenhouse gas emissions quantification.

Default parameters

r:0.87
1 Slope:0.59

IS

Modeled NEE (gCm~2d~1)

[ T S S S
Measured NEE (gCm~2d~1)

Modeled NEE (gCm~2d~1)

MDF generated parameters

r:0.91
1 Slope:0.90

-2

0 2 4 6

Measured NEE (gCm~2d~1)

Figure A2. Overall performance of the net ecosystem exchange (NEE) modeled at the
U.S Midwest corn and soybean systems. Red and black dashed represent linear best fit
and one-to-one lines, respectively. Darker color represents denser data points. The
simulations were conducted by two sets of parameters: (1) default model parameters; (2)
MDF generated parameters based on parameter optimization performed by HabiTerre’s
advanced model-data fusion (MDF) technique.

Appendix B: Key parameters used in the model employed in

this model version report

Category Description Value
Soil C, N and P |Michaelis—Menten constant for NH4*
Transformations (uptake at microbial surfaces 04
Michaelis—Menten constant for NOs
uptake at microbial surfaces 0.35
Michaelis—Menten constant for
reduction of Oz by microbes, roots and
mycorrhizae 0.064

Unit

gN/m3

gN/m3

gO2/m?3
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Soil-Plant Water
Relations

Gross Primary
Productivity,
Autotrophic

specific heterotrophic respiration of
microbial biomass under non-limiting
DOC, Oz, nutrients, and water at 25°C

specific maintenance respiration at
25°C

specific decomposition rate of labile
component of microbial mass pool at
25°C

specific decomposition rate of resistant
component of microbial mass pool at
25°C

energy requirement for growth of
microbial biomass

energy requirement for non-symbiotic
N2 fixation by heterotrophic diazotrophs

fraction of microbial growth allocated to
labile component of microbial biomass

fraction of microbial growth allocated to
labile component of resistant biomass

axial resistivity to water transport along
root or mycorrhizal axes for deciduous
plants

axial resistivity to water transport along
root or mycorrhizal axes for deciduous
plants

radial resistivity to water transport from
surface to axis of roots or mycorrhizae

radius of secondary roots or
mycorrhizae for trees

radius of secondary roots or
mycorrhizae for bushes

radius of secondary roots or
mycorrhizae for mycorrhizae

0.125

0.0115

1.6*1073

8*10°

25

0.55

0.45

4*10°

1*101°

1*104

2*10*

1*104

5*10

gC/m?/h

gC/m?/h

gC/m?/n

gC/m?/n
kd/gC
gC/gN
NA

NA

MpA h
/m#

MpA h

MpA h
/m?
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Respiration,
Growth and
Litterfall

Symbiotic N2
Fixation

energy cost of nutrient uptake
fraction of leaf protein in chlorophyll
fraction of leaf protein in rubisco

rate constant for shoot-root N, P
transfer

rate constant for root-mycorrhizal C
transfer

rate constant for root-mycorrhizal N, P
transfer

energy of activation for electron
transport

energy of activation for oxygenation
energy of activation for carboxylation

inhibition constant for remobilization of
leaf or root N during senescence

Michaelis-Menten constant for NH4*
uptake at root or mycorrhizal surfaces

Michaelis-Menten constant for NO3
uptake at root or mycorrhizal surfaces

Michaelis-Menten constant for root or
mycorrhizal Oz uptake

N content of protein remobilized from
leaf or root

specific chlorophyll e” transfer at 25 °C

specific rubisco oxygenation at 25 °C

2.15
0.025
0.125

0.1

0.1

0.1

43 * 103

60 * 10°

65 * 10°

0.1

0.4

0.35

0.064

0.4

450

9.5

gC/gN or
gC/gP

NA
NA

per hour
per hour
per hour

J/mol
J/mol

J/mol
gN/gC
gN/m3
gN/m3
g/m3

gN/gC

umol g !
chlorophy
Il s~

umol g !

rubisco s
1
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direct energy cost of N2 fixation 0.25 gN/gC

Michaelis-Menten constant for nodule
N2 uptake 0.14 gN/m3

nodule growth yield 0.67 gC/gC

Inorganic N
Transformations

Michaelis-Menten constant for oxidation

of NHs by nitrifiers 0.01 gN/m3
Michaelis-Menten constant for microbial

NH4* uptake 0.35 gN/m3
Michaelis-Menten constant for reduction

of NO2 by denitrifiers 35 gN/m3
Michaelis-Menten constant for reduction

of NO2 by nitrifiers 35 gN/m3
Michaelis-Menten constant for oxidation

of NO2 by nitrifiers 10 gN/m3
Michaelis-Menten constant for reduction

of NOs by denitrifiers 35 gN/m3
Michaelis-Menten constant for reduction

of N20O by denitrifiers 0.35 gN/m3
Michaelis-Menten constant for reduction

of Oz by heterotrophs 0.064 gO2/m?3
Michaelis-Menten constant for reduction

of O2 by NHs oxidizers 0.32 gO2/m?3
Michaelis-Menten constant for reduction

of O2 by NO2 oxidizers 0.32 gO2/m?3

Michaelis-Menten constant for oxidation
of DOC by heterotrophs 12 gC/m3



Appendix C: Methods of temporal aggregation to estimate
annually or seasonally accumulated N2O emission

For studies with reported aggregated values, we directly used the reported values
for model validation. For sites lacking standard deviation/standard error of annually or
seasonally aggregated N20O emission, we derive them using the following steps: (1) For
each daily observation with reported mean and corresponding standard deviation,
sampling n pseudo-measurements within the range of [mean-3*std,mean+3*std] following
uniform distribution where n is the number of measurement replicates, and mean and std
represent the mean and standard deviation of daily observations reported in the
experimental studies; (2) Using linear interpolation to get annually or seasonally
aggregated values for the n sampled sequences; and (3) calculate the standard
deviations of the n aggregated values.
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Appendix D: Studies in the Validation Dataset

Table D1. The study sites analyzed in the model validation report. ES, LRR, CFTs, PCs,
and N stand for Emissions sources, Land Resource Region, Crop Functional Types,
Practice Categories, and Number of paired measurements respectively.

Soil Clay
Study Fertilizer Texture content
site ES LRR CFTs PCs treatment Classes (%) N DOls
Magnitude  Silt loam 25 10.1016/j.agee.2
004.08.002;
Corn, 10.1002/saj2.20
Ames SOC M Soybean FERTILIZER 8 003
NA Silt loam 25 10.1016/j.agee.2
004.08.002;
Corn, DISTURBANC 10.1002/saj2.20
Ames SOC M Soybean E 19 003
Magnitude  Silty clay loam 35 10.1016/j.agee.2
004.08.002;
Armstron Corn, 10.1002/saj2.20
g SOC M Soybean FERTILIZER 10 003
NA Silty clay loam 35 10.1016/j.agee.2
004.08.002;
Armstron Corn, DISTURBANC 10.1002/saj2.20
g SOC M Soybean E 11 003
NA Loam 21 10.137
Corn, 1/journal.pone.0
Central SOCM Soybean CROPPING 4 172293
Magnitude Loam 21 10.137
Corn, 1/journal.pone.0
Central SOC M Soybean FERTILIZER 12 172293
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Crawford

sville SOC M
Crawford

sville SOC M
Crossvill

e SOCN
Dixon

Springs SOC N
Dixon

Springs SOC N
East

Lansing SOC P
Fort

Collins SOC G
Hoytville

2 SOC L
Ithaca SOC M

Kanawha SOC M

Corn,
Soybean

Corn,
Soybean

Soybean

Corn,
Soybean

Corn,

Soybean

Corn

Corn

Corn,
Soybean

Corn

Corn,
Soybean

FERTILIZER

DISTURBANC
E

CROPPING

CROPPING

DISTURBANC

E

CROPPING

FERTILIZER

DISTURBANC
E

FERTILIZER

FERTILIZER

Magnitude

NA

NA

NA

Magnitude

Magnitude

Magnitude

Magnitude

Silty clay loam

Silty clay loam

Sandy loam

Silt loam

Silt loam

Silty clay loam

Loam

Clay loam

Silty clay loam

Silt loam

30

30

11

19

19

30

25

33

33

26

10.1016/j.agee.2

004.08.002;

10.1002/s3j2.20
8 003

10.1016/j.agee.2
004.08.002;
10.1002/s3j2.20

21 003

10.2136/sssaj199
2.036159950056
1 00050040x

10.1097/8S.0b01
4 3e3181cfr959

10.1097/8S.0b01
2 3e3181cf7959

10.1097/SS.0000
2000000000131

10.2134/agron;j2
1 .015.0402

10.1097/01.ss.0
000162286.9513
27.70

10.2136/sssaj20
2 15.02.0053

8 10.1016/j.agee.2
004.08.002;
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https://doi.org/10.2136/sssaj1992.03615995005600050040x
https://doi.org/10.2136/sssaj1992.03615995005600050040x
https://doi.org/10.2136/sssaj1992.03615995005600050040x
https://doi.org/10.1097/SS.0b013e3181cf7959
https://doi.org/10.1097/SS.0b013e3181cf7959
https://doi.org/10.1097/SS.0b013e3181cf7959
https://doi.org/10.1097/SS.0b013e3181cf7959
https://doi.org/10.1097/SS.0000000000000131
https://doi.org/10.1097/SS.0000000000000131

Kanawha SOC M

Kansas SOCH

Lexngton SOC N

McNay SOCM

Corn,
Soybean

Soybean

Corn

Corn,
Soybean

10.1002/s3j2.20
003

NA Silt loam 26 10.1016/j.agee.2
004.08.002;
DISTURBANC 10.1002/s3j2.20
E 14 003

NA Silt loam 20 https://www.rese
archgate.net/prof
ile/Charles-Rice-
2/publication/228
647002_Soil_Ca
rbon_Sequestrati
on_in_Kansas_L
ong-
Term_Effect of
Tillage_N_Fertili
zation_and_Crop
_Rotation/links/0
0b49528d246d3
9222000000/Soil
-Carbon-
Sequestration-in-
Kansas-Long-
Term-Effect-of-

Tillage-N-
Fertilization-and-
DISTURBANC Crop-
E 1 Rotation.pdf
Magnitude  Silt loam 20 10.2136/sssaj19
94.03615995005
FERTILIZER 6 800010028x
NA Silty clay 48 10.1016/j.agee.2
004.08.002;
DISTURBANC 10.1002/s3j2.20
E 15 003
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McNay SOCM

Mead SOC M

Mead SOC M

Minnesot
a SOC M

Nashua SOC M

Nashua SOCM

Northwes
t SOC M

Rosemo
unt SOC M

Rosemo
unt SOC M

Corn,
Soybean

Corn,
Soybean

Corn,
Soybean

Corn

Corn,
Soybean

Corn,
Soybean

Corn,
Soybean

Corn,
Soybean

Corn

FERTILIZER

CROPPING

FERTILIZER

ORGANIC
(manure)

DISTURBANC
E

FERTILIZER

FERTILIZER

CROPPING

FERTILIZER

Magnitude

NA

Magnitude

NA

NA

Magnitude

Magnitude

NA

Magnitude

Silty clay

Silty clay loam

Silty clay loam

Clay loam

Silt loam

Silt loam

Silty clay loam

Silt loam

Silt loam

48

30

30

30

20

20

37

23

23

10.1016/j.agee.2

004.08.002;

10.1002/s3j2.20
8 003

10.2134/agron;j1
994.0002196200
2 8600020021x

10.2134/agron;j1
994.0002196200
2 8600020021x

10.2136/sssaj2
1.017.09.0344

10.1016/j.agee.2
004.08.002;
10.1002/s3j2.20

12 003

10.1016/j.agee.2

004.08.002;

10.1002/s3j2.20
8 003

0.137
1/journal.pone.0

18 172293

10.1016/S0167-
21987(00)00110-0

10.1016/S0167-
21987(00)00110-0
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https://doi.org/10.1016/S0167-1987(00)00110-0
https://doi.org/10.1016/S0167-1987(00)00110-0
https://doi.org/10.1016/S0167-1987(00)00110-0
https://doi.org/10.1016/S0167-1987(00)00110-0

South SOC M

South SOC M

SouthDa
kota SOCF

Southeas
t SOC M

Sutherla
nd SOC M

Sutherla
nd SOC M

Tenessa SOC P

Urbana SOC M
Wisconsi
n SOC K

Corn,
Soybean

Corn,
Soybean

Corn

Corn,
Soybean

Corn,
Soybean

Corn,
Soybean

Corn

Corn

Corn,
Soybean

NA

CROPPING

Magnitude

FERTILIZER

NA
CROPPING

Magnitude

FERTILIZER

NA

DISTURBANC
E

Magnitude

FERTILIZER

CROPPING NA

NA
ORGANIC
(manure)

NA
CROPPING

Silty clay loam

Silty clay loam

Sandy clay
loam

Silt loam

Silty clay

Silty clay

Silt loam

Silt loam

Silt loam

27

27

30

21

48

48

22

22

22

0.137
1/journal.pone.0
2 172293

0.137
1/journal.pone.0
18 172293

10.2136/sssaj200
28.0020

0.137
1/journal.pone.0
17 172293

10.1016/j.agee.2

004.08.002;

10.1002/s3j2.20
11 003

10.1016/j.agee.2

004.08.002;

10.1002/s3j2.20
8 003

https://link.spring

er.com/chapter/1

0.1007/978-3-
2319-04084-4_28

10.1016/S0167-
1987(99)00051-
23

10.1016/j.still.20
1 15.09.008
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https://doi.org/10.2136/sssaj2008.0020
https://doi.org/10.2136/sssaj2008.0020
https://link.springer.com/chapter/10.1007/978-3-319-04084-4_28
https://link.springer.com/chapter/10.1007/978-3-319-04084-4_28
https://link.springer.com/chapter/10.1007/978-3-319-04084-4_28
https://link.springer.com/chapter/10.1007/978-3-319-04084-4_28

AL1

CO1

CO1

CO3

CO4

CO4

A1

A1

IN1

N20 P

N20 G

N20 G

N20 G

N20 G

N20 G

N20 M

N20 M

N20 M

Soybean

Corn

Corn

Corn

Corn

Corn

Corn,
Soybean

Corn,
Soybean

Corn,
Soybean

Sandy clay
CROPPING NA loam

Magnitude Loam
FERTILIZER

DISTURBANC Loam
E NA

Loam
FERTILIZER Form

Loam
FERTILIZER Form
ORGANIC Loam
(manure) NA

Loam
CROPPING NA
DISTURBANC Loam
E NA

Silt loam

CROPPING NA

21

25

25

23

23

23

20

20

24

10.2489/jswc.202
93.00042

10.2134/jeq2007.
240268

10.2134/jeq2007.
90268

10.2134/jeq2007.
420268

10.2134/jeq2015.
18 08.0426

10.2134/jeq2015.
308.0426

10.2134/agron;j20
418.03.0187

10.2134/agron;j20
418.03.0187

10.2134/agronj2
013.0184
Nitrification
Kinetics and
Nitrous Oxide
Emissions when
Nitrapyrin is
Coapplied with
Urea”CAmmoniu
4 m Nitrate
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http://doi.org/10.2489/jswc.2023.00042
http://doi.org/10.2489/jswc.2023.00042
https://doi.org/10.2134/jeq2007.0268
https://doi.org/10.2134/jeq2007.0268
https://doi.org/10.2134/jeq2007.0268
https://doi.org/10.2134/jeq2007.0268
https://doi.org/10.2134/jeq2007.0268
https://doi.org/10.2134/jeq2007.0268
https://doi.org/10.2134/jeq2015.08.0426
https://doi.org/10.2134/jeq2015.08.0426
https://doi.org/10.2134/jeq2015.08.0426
https://doi.org/10.2134/jeq2015.08.0426
https://doi.org/10.2134/agronj2018.03.0187
https://doi.org/10.2134/agronj2018.03.0187
https://doi.org/10.2134/agronj2018.03.0187
https://doi.org/10.2134/agronj2018.03.0187

IN1

IN2

KS1

KY1

KY1

N20 M

N20 M

N20 H

N20 N

N20O N

Corn

Corn,
Soybean

Corn,
Soybean

Corn

Corn

ORGANIC
(manure)

FERTILIZER

CROPPING

FERTILIZER

ORGANIC
(manure)

Form

Magnitude

NA

Silt loam

Silt loam

Clay loam

Silt loam

Silt loam

24

20

31

10.2134/agronj2
013.0184
Nitrification
Kinetics and
Nitrous Oxide
Emissions when
Nitrapyrin is
Coapplied with
Urea"CAmmoniu

2 m Nitrate

10.2134/agronj2
013.0184
Nitrification
Kinetics and
Nitrous Oxide
Emissions when
Nitrapyrin is
Coapplied with
Urea”CAmmoniu
2 m Nitrate

10.2134/agronj20
618.03.0187

10.2134/jeq2011
.0197
Atmospheric
emissions of
nitrous oxide,
methane, and
carbon dioxide
from different
nitrogen

22 14 fertilizers

22

10.2134/jeq2011
.0197
Atmospheric
emissions of

2 nitrous oxide,
methane, and
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https://doi.org/10.2134/agronj2018.03.0187
https://doi.org/10.2134/agronj2018.03.0187

MI1

MN2

SD1

W1

N20 L

N20 M

N20 F

N20 K

Soybean

Corn

Corn,
Soybean

Corn,
Soybean

DISTURBANC
E

FERTILIZER

CROPPING

CROPPING

NA

Form

NA

NA

Loamy sand

Sandy loam

Clay loam

Silt loam

carbon dioxide
from different
nitrogen
fertilizers

10.2134/jeq2005

4 21 .0166

17

30

22

10.2136/sss2aj20
509.0078

10.2136/sssaj20
8 16.01.0021

10.2134/jeq2014.
2 02.0077
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Table D2. The duration of direct N2O emissions measurements analyzed in the model
validation report.

Study Measurement

site

AL1

AL1

AL1

AL1

AL1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

start date

2012-05-01

2013-05-01

2014-05-01

2015-05-01

2016-05-01

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

Measurement
end date

2012-11-01 AL1_1

2013-11-01 AL1_2

2014-11-01 AL1_3

2015-11-01 AL1_4

2016-11-01 AL1_5

2005-11-04 CO1_1

2006-10-02 CO1_2

2005-11-04 CO1_3

2006-10-02 CO1_4

2005-11-04 CO1_5

2006-10-02 CO1_6

2005-11-04 CO1_7

Measurement ID

Measurement
duration (days)

184

184

184

184

184

186

157

186

157

186

157

186
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CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-10-02 CO1_8

2005-11-04 CO1_9

2006-10-02 CO1_10

2005-11-04 CO1_11

2006-10-02 CO1_12

2005-11-04 CO1_13

2006-10-02 CO1_14

2005-11-04 CO1_15

2006-10-02 CO1_16

2005-11-04 CO1_17

2006-10-02 CO1_18

2005-11-04 CO1_19

2006-10-02 CO1_20

2005-11-04 CO1_21

157

186

157

186

157

186

157

186

157

186

157

186

157

186
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CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO1

CO3

CO3

CO3

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2005-05-02

2006-04-28

2009-05-05

2010-05-06

2009-05-05

2006-10-02 CO1_22

2005-11-04 CO1_23

2006-10-02 CO1_24

2005-11-04 CO1_25

2006-10-02 CO1_26

2005-11-04 CO1_27

2006-10-02 CO1_28

2005-11-04 CO1_29

2006-10-02 CO1_30

2005-11-04 CO1_31

2006-10-02 CO1_32

2009-09-29 CO3_1

2010-09-29 CO3_2

2009-09-29 CO3_3

157

186

157

186

157

186

157

186

157

186

157

147

146

147
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CO3

CO3

CO3

CO3

CO3

CO3

CO3

CO3

CO3

CO3

CO3

CO3

CO3

CO3

2010-05-06

2009-05-05

2010-05-06

2009-05-05

2010-05-06

2009-05-05

2010-05-06

2009-05-05

2010-05-06

2009-05-05

2010-05-06

2009-05-05

2010-05-06

2009-05-05

2010-09-29 CO3_4

2009-09-29 CO3_5

2010-09-29 CO3_6

2009-09-29 CO3_7

2010-09-29 CO3_8

2009-09-29 CO3_9

2010-09-29 CO3_10

2009-09-29 CO3_11

2010-09-29 CO3_12

2009-09-29 CO3_13

2010-09-29 CO3_14

2009-09-29 CO3_15

2010-09-29 CO3_16
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Appendix E: The sensitivity of SOC stock to SOC sampling
depth

CAR SEP provided the following measurement guideline to quantify changes in
soil organic carbon (SOC) stocks: “Measured datasets of SOC stock change may be
made at any depth, but the model must also predict SOC stock change at the
corresponding depth. Thus, a fully compiled dataset for validating model performance and
uncertainty may contain different depths for SOC stock change measurements as long
as the model is predicting SOC stock change at each corresponding depth”.

We followed the guidelines provided in the SEP Model Requirements and
evaluated the measured and modeled SOC stock changes at the same depth (based on
the SOC measurement depth). We further examined the sensitivity of SOC stock to SOC
sampling depth to evaluate the validity of aggregating SOC stock collected among
different depths into the same SOC dataset. Our results showed that changes in SOC
stock are comparable when aggregated into different measurement depth groups (Figure
E1). Therefore, it is beneficial to include SOC stock measured at different depths to
improve the data availability in the model validation dataset used in this model validation
report.
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Figure E1. Boxplots showing the distribution of measured changes in SOC stock driven
by different treatment pairs among study sites collected in this model validation report.
Orange lines represent the median of the SOC stock change measured at the
corresponding measurement depth. The bottom and top edges of each box indicate the
25th and 75th percentiles, respectively. The black whiskers extend to the most extreme
data points not considered outliers.
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Figure E2. The duration of SOC change measurements used for model validation,
including all practice categories (PCs) and all crop functional types (CFTs) evaluated in
this report. The dashed line represents the mean duration of SOC change measurements
(13 years).

Appendix F: Deviation Request Email Correspondence with
CAR

Approval email from CAR:

From: McKenzie Smith <msmith@climateactionreserve.org> Fri, Oct 13, 2023 at
10:31 AM

To: Nick Reinke <nick.reinke@habiterre.com>

Cc: Brian McConkey <brianmcc.soils22@gmail.com>, Bin Peng
<bin.peng@habiterre.com>, reserve <reserve@climateactionreserve.org>, Kaiyu Guan
<kaiyu.guan@habiterre.com>, Kuangyu Chang <kuangyu.chang@habiterre.com>
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Good morning,

Thank you again for reaching out with your question as it relates to the SEP Model
Guidance and for your patience as we reviewed internally.

We can approve you moving forward with the described deviation from the SEP Model
Guidance but will note that the approval of the model validation itself is dependent on our
review of the model validation report. We will be designing and implementing a new
template to summarize and communicate the applicability of various tool as it relates to
these available data inputs and the reviewer's comments. More specifically, it is our goal
to create a template that could communicate what areas the model has been validated
for relative to the crop functional groups and practice change comparisons for emission
sources over LRRs. It is our hope that this form will help summarize and communicate
any model applicability specifics to the public and the verification body as it relates to
these input parameters.

In terms of timelines, please feel free to move forward with your model review and will try
to design this template as soon as possible to send back to you and Brian to complete as
a part of your review. This document would be made public on our webpage along with
the model validation report.

Please feel free to reach out with any questions or to discuss further.
Best,

McKenzie

McKenzie Smith, M.Sc.

Associate Director

msmith@climateactionreserve.org

Climate Action Reserve, the most trusted global offset registry.

(she/her) | California | office: (213) 542-0282 | mobile: 408-759-3125

CAR Notification of receiving the request:

On Fri, Sep 8, 2023 at 2:24 PM McKenzie Smith <msmith@climateactionreserve.org>
wrote:
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Good afternoon,

Thank you both for your time to develop this report and provide additional context as it
relates to the geographical coverage.

We will conduct our review of the report internally and get back with any questions or
concerns. We will do our best to complete this by the end of the month but it will depend
on our review of this variance.

Thanks again and please don’t hesitate to reach out in the meantime.
Best,

McKenzie

McKenzie Smith, M.Sc.

Associate Director

msmith@climateactionreserve.org

Climate Action Reserve, the most trusted global offset registry.

(she/her) | California | office: (213) 542-0282 | mobile: 408-759-3125

Comments from model reviewer:
From: Brian McConkey <brianmcc.soils22@gmail.com>
Sent: Wednesday, August 30, 2023 9:58 AM

To: Bin Peng <bin.peng@habiterre.com>

Cc: McKenzie Smith <msmith@climateactionreserve.org>; reserve
<reserve@climateactionreserve.org>; Chloe Ney <cney@climateactionreserve.org>;
Kaiyu Guan <kaiyu.guan@habiterre.com>; Kuangyu Chang

<kuangyu.chang@habiterre.com>; Nick Reinke <nick.reinke@habiterre.com>
Subject: Re: HabiTerre model validation update
Dear McKenzie:
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| am the formal reviewer of the model validation report of Habiterre. | believe that
Habiterre has thoroughly searched for data suitable for validating the model Ecosys.
Unfortunately, there is insufficient data available to provide an adequate geographical
coverage, as indicated by having at least 3 LRR included, for validation based on
CFGxPCXES. In practice, for application for a project, the model will be used across a
wide range of sites (farms and fields). In addition, for model validation, most of the
variation in model performance variation is by site, so the more sites involved in each
validation provides the best evaluation of the model. Therefore, | recommend that they
be allowed the variance from the Requirements and Guidance for Model Calibration,
Validation, Uncertainty, and Verification For Soil Enrichment Projects, Version 1.1a to
have the validation can be done across CFG and PC for each ES (SOC and N20) as
Habiterre has requested. This recommendation also relieves another problem of
insufficient data for validation by CFGXPCXES of enabling calculation of a more
representative PMU based on multiple studies (only a fraction of the studies provide the
data required for PMU so more studies included in the PMU calculation is preferred).

To increase transparency of the validation and show that the validation across the CFG
and PC does not hide weak performance for a CFG or PC, | will require the model
validation report include an appendix with validation results by CFG across PC and by
PC across CFG. This breakdown allows for finer resolution but provides a good number
of locations, although not enough locations to always meet the LRR requirements as laid
out in the Model Validation Guidance. This appendix would not be used for the final
assessment of validity as that would be for the recommended validation across PC and
CFG as described earlier. Although the current results do not indicate any weaknesses
by CFG or PC, if there were obvious problems by CFG and/or PC shown in these
validation results in the Appendix that cannot be resolved, these problems would affect
my assessment regarding the valid scope for model application in projects.

Thanks for your consideration of this recommendation.
Best regards,
Brian McConkey, PhD

Validation Report Reviewer

Initial request from HabiTerre:
On Mon, Aug 28, 2023 at 12:09 PM Bin Peng <bin.peng@habiterre.com> wrote:

Dear McKenzie,
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Hope you are doing very well. We are writing to provide you a quick progress update and
inquire about a potential exception for our validation report with regard to data availability
by the Land Resource Region (LRR). We have prepared the model validation report and
have been making good progress with our independent reviewers toward a final report to
be shared for review and approval in the near future.

One specific question we have for you is about the 3 Land Resource Regions (LRRs)
requirements for validating a model for each combination of Crop Functional Group (CFT)
and Practice Category (CFTxPC). We have conducted comprehensive literature surveys
and collected all available studies with the data required to validate ecosys within the
domain. However, we found most CFTxXPC do not have 3 LRRs to meet the requirements
for both soil organic carbon (SOC) and nitrous oxide(N20). Given this, we validated
ecosys and evaluated its bias and uncertainty for both SOC and N20O over a single
validation domain comprising multiple LRRs, CFPs, and PCs, which is a decision we have
to make because there is insufficient data at finer resolution.

Given that this exception has been granted for other validated models, we wish to inquire
as to whether an exception could be granted here for the above approach. We look
forward to guidance from CAR on this before we move forward to finalize our model
validation report for your review.

Thanks a lot,

Bin.

Appendix G: Practice and crop specific model prediction
errors

Table G1. Model prediction bias, root mean square error (RMSE), and confidence
coverage rate (CCR) for practice change effects on SOC changes and direct N20
emissions for different practice categories and crop functional types. LRR stands for Land
Resource Regions.

SOoC
Practice Bias (Ton CO2eq RMSE (Ton CO2eq CCR (%) Clay LRR
category acre™ year™) acre™ year™) content
(%)
F,.K,M, N,
CROPPING 0.298 0.59 90.9 11-30 P
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FERTILIZER 0.084 0.34 96.3 19-48 G, M, N
DISTURBANCE 0.054 0.36 93.5 19-48 H,L,M, N
ORGANIC -0.156 0.23 100 22-30 M

F,K,M,N,
Soybean 0.102 0.41 97.1 11-48 P

H, K, L, M,
Corn 0.078 0.40 93.4 11-48 N

N20
Practice Bias (Ton CO2eq RMSE (Ton CO2.q CCR (%) Clay LRR
category acre™) acre™) content
(%)

F,H K, M,
CROPPING 0.057 0.13 93.6 20-31 P
FERTILIZER -0.008 0.18 93.2 17-25 G, M, N
DISTURBANCE -0.002 0.08 100.0 4-25 G, L, M
ORGANIC -0.236 0.387 57.1 23 G, M, N

F,L, H, K,
Soybean -0.001 0.09 97.7 4-31 M, P

F! G’ H! K’
Corn -0.006 0.19 91.6 17-31 M, N

G.1 Model prediction error for practice change effects on SOC changes under
CROPPING practices

The mean square error is calculated as 0.344 (Ton COz2, eq acre™ year')? and the
confidence coverage rate is 90.9% for the modeled practice change effects on SOC
changes under CROPPING practices.
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Figure G1. Modeled versus measured practice change effects on SOC changes in
response to cropping practice changes for corn. The black dashed line represents the
one-to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G2. Histogram of the differences between modeled and measured practice change
effects on SOC changes in response to cropping practice change for corn. The dashed
line represents the mean value among the observation dataset. MSE and RMSE stand
for mean squared error and root mean squared error, respectively. The treatment pairs
were generated by averaging replicates within the same fields under the same treatment.
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G.2 Model prediction error for practice change effects on SOC changes under
DISTURBANCE practices

The mean square error is calculated as 0.131 (Ton COz2, eq acre™ year')? and the
confidence coverage rate is 93.5% for the modeled practice change effects on SOC
changes under DISTURBANCE practices.
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Figure G3. Modeled versus measured practice change effects on SOC changes in
response to disturbance practice changes for corn. The black dashed line represents the
one-to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G4. Histogram of the differences between modeled and measured practice change
effects on SOC changes in response to disturbance practice change for corn. The dashed
line represents the mean value among the observation dataset. MSE and RMSE stand
for mean squared error and root mean squared error, respectively. The treatment pairs
were generated by averaging replicates within the same fields under the same treatment.
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G.3 Model prediction error for practice change effects on SOC changes with corn
under FERTILIZER practices

The mean square error is calculated as 0.117 (Ton COz2, q acre™ year')? and the
confidence coverage rate is 96.3% for the modeled practice change effects on SOC
changes with corn under FERTILIZER practices.
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Figure G5. Modeled versus measured practice change effects on SOC changes in
response to fertilizer practice changes for corn. The black dashed line represents the one-
to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G6. Histogram of the differences between modeled and measured practice change
effects on SOC changes in response to fertilizer practice change for corn. The dashed
line represents the mean value among the observation dataset. MSE and RMSE stand
for mean squared error and root mean squared error, respectively. The treatment pairs
were generated by averaging replicates within the same fields under the same treatment.

G.4 Model prediction error for practice change effects on SOC changes under
ORGANIC practices

The mean square error is calculated as 0.053 (Ton CO2, eq acre-1 year-1)? and
the confidence coverage rate is 100% for the modeled practice change effects on SOC
changes with corn under ORGANIC practices.
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Figure G7. Modeled versus measured practice change effects on SOC changes in
response to organic practice changes for corn. The black dashed line represents the one-
to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G8. Histogram of the differences between modeled and measured practice change
effects on SOC changes in response to organic practice change for corn. The dashed line
represents the mean value among the observation dataset. MSE and RMSE stand for
mean squared error and root mean squared error, respectively. The treatment pairs were
generated by averaging replicates within the same fields under the same treatment.

G5 Model prediction error for practice change effects on SOC changes in corn
fields

The mean square error is calculated as 0.161 (Ton COz2, eqacre' year')? and the
confidence coverage rate is 93.4% for the modeled practice change effects on SOC
changes in corn fields.
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Figure G9. Modeled versus measured practice change effects on SOC changes in
response to practice changes in corn fields. The black dashed line represents the one-to-
one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G10. Histogram of the differences between modeled and measured practice
change effects on SOC changes in response to practice changes in corn fields. The
dashed line represents the mean value among the observation dataset. MSE and RMSE
stand for mean squared error and root mean squared error, respectively. The treatment
pairs were generated by averaging replicates within the same fields under the same
treatment.

G.6 Model prediction error for practice change effects on SOC changes in soybean
fields

The mean square error is calculated as 0.107 (Ton COz2, eqacre’ year')? and the
confidence coverage rate is 97.1% for the modeled practice change effects on SOC
changes in soybean fields.
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Figure G11. Modeled versus measured practice change effects on SOC changes in
response to practice changes in soybean fields. The black dashed line represents the
one-to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G12. Histogram of the differences between modeled and measured practice
change effects on SOC changes in response to practice changes in soybean fields. The
dashed line represents the mean value among the observation dataset. MSE and RMSE
stand for mean squared error and root mean squared error, respectively. The treatment
pairs were generated by averaging replicates within the same fields under the same
treatment.

82



G.7 Model prediction error for practice change effects on direct N2O emissions
under CROPPING practices

The mean square error is calculated as 0.018 (Ton CO2eq acre™')? and the
confidence coverage rate is 93.5% for the modeled practice change effects on direct N20
emissions under CROPPING practices.
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Figure G13. Modeled versus measured practice change effects on direct N2O emissions
in response to cropping practice changes. The black dashed line represents the one-to-
one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G14. Histogram of the differences between modeled and measured practice
change effects on direct N2O emissions in response to cropping practice change. The
dashed line represents the mean value among the observation dataset. MSE and RMSE
stand for mean squared error and root mean squared error, respectively. The treatment
pairs were generated by averaging replicates within the same fields under the same
treatment.
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G.8 Model prediction error for practice change effects on direct N2O emissions
under DISTURBANCE practices

The mean square error is calculated as 0.007 (Ton CO2eq acre™')? and the
confidence coverage rate is 100.0% for the modeled practice change effects on direct
N20 emissions under DISTURBANCE practices.
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TA 1.00 4 34 pairs within the 90% confidence //
g 0 pair outside the 90% confidence L,
T 0.75 4 7
S Ve
& ’
/7
S 050 L
/7
c ’
E 025 N //
@] /)
2” 0.00 A
£ 7
n —0.25 -
& ”~
c y
o —0.50 ~ R4
Q /7
U /
o —0.75 A e
o 7’
% 1.00 2
2 . /l T T T T
-1.0 -0.5 0.0 0.5 1.0

Measured changes in N0 (Ton COjeq acre™1)

Figure G15. Modeled versus measured practice change effects on direct N20 emissions
in response to disturbance practice changes. The black dashed line represents the one-
to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G16. Histogram of the differences between modeled and measured practice
change effects on direct N20 emissions in response to disturbance practice change. The
dashed line represents the mean value among the observation dataset. MSE and RMSE
stand for mean squared error and root mean squared error, respectively. The treatment
pairs were generated by averaging replicates within the same fields under the same
treatment.
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G.9 Model prediction error for practice change effects on direct N2O emissions
under FERTILIZER practices

The mean square error is calculated as 0.034 (Ton CO2eq acre™')? and the
confidence coverage rate is 93.2% for the modeled practice change effects on direct N20
emissions under FERTILIZER practices.

FERTILIZER, Coverage:93.2 (%)

TA 1.00 4 96 pairs within the 90% confidence R4
g 7 pairs outside the 90% confidence L,
T 0.75 4 R
S Ve

& ’

S  0.50- /’

U .

C

£ 0.25-

o

= 0.00 A

£

b —0.25 ~

o

C

o —0.50 A

9]

$ —0.75

L]

3 —1.00

S )

-1.0 -0.5 0.0 0.5 1.0
Measured changes in N0 (Ton COjeq acre™1)

Figure G17. Modeled versus measured practice change effects on direct N2O emissions
in response to fertilizer practice changes. The black dashed line represents the one-to-
one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G18. Histogram of the differences between modeled and measured practice
change effects on direct N2O emissions in response to fertilizer practice change. The
dashed line represents the mean value among the observation dataset. MSE and RMSE
stand for mean squared error and root mean squared error, respectively. The treatment
pairs were generated by averaging replicates within the same fields under the same
treatment.

G.10 Model prediction error for practice change effects on direct N2O emissions
under ORGANIC practices

The mean square error is calculated as 0.147 (Ton CO2eq acre’)? and the
confidence coverage rate is 57.1% for the modeled practice change effects on direct N20O
emissions under ORGANIC practices.

88



Modeled changes in N,O (Ton COeq acre™1)

ORGANIC, Coverage:57.1 (%)

1.00 A

0.75 A

0.50 A

0.25 -

0.00 A

—0.25 4

—0.50 A

—0.75 A

—1.00 A

4 pairs within the 90% confidence
3 pairs outside the 90% confidence

-1.0 -0.5 0.0 0.5

Measured changes in N>;O (Ton COj¢q acre 1)

1.0

Figure G19. Modeled versus measured practice change effects on direct N2O emissions
in response to organic practice changes. The black dashed line represents the one-to-
one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G20. Histogram of the differences between modeled and measured practice
change effects on direct N2O emissions in response to organic practice change. The
dashed line represents the mean value among the observation dataset. MSE and RMSE
stand for mean squared error and root mean squared error, respectively. The treatment
pairs were generated by averaging replicates within the same fields under the same
treatment.

G.11 Model prediction error for practice change effects on direct N2O emissions in
corn fields

The mean square error is calculated as 0.038 (Ton CO2eq acre™')? and the
confidence coverage rate is 91.6% for the modeled practice change effects on direct N20
emissions in corn fields.
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Figure G21. Modeled versus measured practice change effects on direct N2O emissions
in response to practice changes in corn fields. The black dashed line represents the one-
to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G22. Histogram of the differences between modeled and measured practice
change effects on direct N2O emissions in response to practice changes in corn fields.
The dashed line represents the mean value among the observation dataset. MSE and
RMSE stand for mean squared error and root mean squared error, respectively. The
treatment pairs were generated by averaging replicates within the same fields under the
same treatment.

G.12 Model prediction error for practice change effects on direct N2O emissions in
soybean fields

The mean square error is calculated as 0.009 (Ton CO2eq acre’)? and the
confidence coverage rate is 97.7% for the modeled practice change effects on direct N20O
emissions in soybean fields.
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Figure G23. Modeled versus measured practice change effects on direct N2O emissions
in response to practice changes in soybean fields. The black dashed line represents the
one-to-one line between measurements and predictions. Error bars show 90% prediction
intervals, which overlaps with the one-to-one line when predictions meet the SEP Model
Requirements. The treatment pairs were generated by averaging replicates within the
same fields under the same treatment.
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Figure G24. Histogram of the differences between modeled and measured practice
change effects on direct N2O emissions in response to practice changes in soybean fields.
The dashed line represents the mean value among the observation dataset. MSE and
RMSE stand for mean squared error and root mean squared error, respectively. The
treatment pairs were generated by averaging replicates within the same fields under the
same treatment.
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