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APPENDIX—CHAPTER 2

Forest Management Options for CO, Removal

There is a wide range of forest management practices that could increase forest CO, removal rates (Table
A2-1). Some practices may have increased benefits, for carbon and other services that forests provide to

humans, depending on the forest type and hence specific region of the United States. Professional
foresters should always be involved in writing forest management plans and assisting in selecting
regionally appropriate forest management treatments.

Table A2-1. Management practices and benefits.

Management Practice

Extended Rotation:
Lengthening the total time
between harvests

Release Treatments: Cutting
or treating shrubs that can
suppress regeneration; or
vines that can “suffocate”
the canopy of mature
forests

Low Thinning: Removing
some trees from forest to

reduce total tree density,
which can alleviate
competition among trees
and increase remaining tree
growth rates

and

Crown Thinning: Removing
some trees from the forest

canopy that are usually of
the same species as the
remaining canopy trees to
alleviate over-stocking,
increase individual tree
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Target Forests

Forest Type: Commercial forests
(natural and plantation) currently
managed for timber production

Ownership & Region(s): Private,
corporate forestland owners in
northern New England, Pacific
Northwest, or Southeast

Forest Type: Urban, riparian, and
agricultural forest fragments that
are repeatedly disturbed and/or
“high-graded” for timber, which is
preferential harvest for valuable
trees without regard for the residual
forest

Ownership & Region: Primarily
private or municipal land in eastern
North America

Forest Type: Natural forests that are
considered ‘over-stocked’ for their
growing region

Ownership & Regions: Most of the
dry western United States forests
are considered overstocked, and
most of this land is owned by
Federal agencies

Forest Type: Natural, even-aged
second growth forests comprising
stratified mixed species growing at
different rates

Ownership & Regions: Most
hardwood and mixed-wood forests
of eastern US that are privately
owned and that originate from

Considerations

Potential increased revenue for larger,
more valuable timber;

Risks of lost revenue if forest is disturbed
during deferral period,

Risk of “leakage” harvesting activities on
other forested land to make up for lost
wood production in deferral years;

Potential for increased, longer-lived wood
products.

Potential release of successional
development;

Increased sequestration of carbon from
higher growth rates.

Potential revenue or additional carbon
benefits if low-valued, thinned trees have
available market for biomass;

Low thinning/removing smaller trees
making up the subcanopy and understory
can reduce fuel loads for forests with high
wildfire risk, potentially reducing the
impact of wildfires on remaining forest
trees;

Potential increased revenue from
remaining trees that can produce higher-
quality dimensional timber or can store
carbon for longer periods of time within a
more vigorous forest capable of greater
stability with abiotic disturbances and
greater endurance to stresses from insects
and disease.



vigor and reduce self-
thinning processes; and to
accelerate succession and
increase tree size

Multi-age Regeneration*
Treatments: Regeneration
practices that leave mature
standing trees within a
harvested forest as seed
and shelter sources for new
forest trees and to increase
the age, composition, and
structural diversity of the
future forest at the site

(*also referred to as “partial
harvests” or “uneven-aged
management” in the
literature)

Best Management Practices
for Harvest: Specific logging
practices that reduce
damage to remaining trees
in logged forest, minimize
soil disturbance, and retain
‘coarse woody debris’
including tree stumps,
downed trees, and snags
through careful planning of
operations

Tree Planting: Planting new
trees within existing
forestlands to increase the
total CO2 removal capacity
of existing forestlands

agricultural cessation or heavy
exploitive cutting in the early part of
the past century

Forest Type: Non-commercial or
commercial forests in regions with
existing timber infrastructure and
economic markets (wood mills,
logging companies, etc.)
Ownership & Regions: Generally,
privately owned forests in the
eastern US or Pacific Northwest that
are monodominant and/or even-
aged—often second growth native
forests or plantations—to create
multi-aged forests

Forest Type: Any forest harvested
for timber

Forest Type: Any forestland
identified as ‘understocked’ or
poorly stocked. A higher proportion
of forestland is understocked in the
Pacific Northwest and southeastern
United States (see Domke et al.
2020 [63] for detailed map of forest
stocking densities)

In regions with high-development pressure
for commercial or residential properties,
sustainable logging income could keep
landowners from selling forestlands for
development of other land uses;

Greater composition, structure, and age-
class diversity can provide increased
resilience to abiotic and biotic stressors, in
some circumstances;

Not all forestlands should be or would
need to be managed for timber.
Management may not be appropriate for
forests currently managed for specific
biodiversity needs, cultural values, or other
ecosystem services that could be
compromised by tree harvest and removal.

These best practices should be
implemented in all forest management
and logging operations, with enforcement
and accreditation as combined tools that
already protect and increase carbon, being
expanded to all operations;

Most states have their own regulatory and
voluntary guidelines specific to forest
management in that state, but they are
developed to different extents.

Adding (or removing) trees from a forest
should be done in consultation with a
professional forester to determine target
stocking densities. Determining the
‘correct’ stocking density for a given forest
stand is influenced by environmental and
ecological conditions, as well as human
decisions on what services they wish to
prioritize—such as different types of
biodiversity, timber production, or
aesthetics—from a given forest;

Understocked and overstocked forests can
both lead to unhealthy forests, decreased
forest resilience to natural disturbances, or
lower CO2 removal rates.




Supporting Information for Section 3.1: Reforestation and Afforestation

with Southeastern Pine Plantations

We used a multi-scale dynamic life cycle assessment (LCA) framework developed by [1] to quantify the
net greenhouse gas emissions and carbon stock change of pine plantations over 100 years in the southern
United States. This framework integrates a GIS model, forest growth model, soil organic carbon turnover
model, and process-based wood product model. Different scenarios were established to explore the
environmental implications of different forestry managements. The lands used for pine restoration in the
southern United States are formerly forested land and challenging cropland and pastureland that were
identified by earlier studies [1,2]. The original GIS data (layers of the three types of lands in 30 m
resolution) were extracted from [3]. Then the original layers were downscaled from 30 m to 1 km pixels
by ArcMap 10.8.1.

The loblolly pine restoration in three prominent physiographic regions in the southern United States
including piedmont, upper coastal plain, and lower coastal plain was simulated at stand level by a growth
and yield simulator (PMRC) [4] with varied inputs including site index, planting density, physiographic
region, and other silvicultural managements for different scenarios (Table A2-2). A 25-year rotation was
assumed for the commercial plantations. Due to the limited simulating time horizon (maximum 35 years)
of the PMRC model, we simulated the first 35-year growth with PMRC and estimated the rest of 65 years
using a 100-year tree growth curve that was previously generated by study (1) using the US Department
of Agriculture Forest Service EVALIDator 2.0.3 online database [5]. Then the plantation was partitioned to
living stems (above-stump stem outside-bark), living branches, living foliage, litterfall (needles and debris
biomass that fall on the soil), and roots using equations from [6,7]. The carbon mass was converted from
dry mass biomass by an average carbon content of 50% [8]. The GIS data for the site index of loblolly pine
(base age 25) was extracted from the Gridded Soil Survey Geographic (gSSURGO) Database [9]. Detailed
calculations of carbon uptakes by each part of pine plantations can be found in the previous study [1].

Table A2-2. Input variables and silvicultural managements for the forest growth and yield model (PMRC).

Values and assumptions

Stand variables

Physiographic regions Piedmont/Lower Coastal Plain/Upper Coastal Plain

Site index (ft) 50-105

Stand density (trees/acre) 450 for low-density plantations/900 for high-density plantations
Planning horizon (years) 0-25 for commercial plantations/0-35 for pine restoration

Is the basal area of the stand known? No
Thinning

Should a thinning be included in this Yes for commercial plantations/No for pine restoration
scenario?

Thinning age (year) 10

Density removed by selective 50% of the total trees is for the high-density plantations
thinning (trees/acre)

Silviculture

Should a fertilization be included? Yes for commercial plantations/No for pine restoration
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Pounds of elemental nitrogen (lb 193

N/acre)
Is phosphorus (P) included? Yes
Year to be fertilized 10

Uncertainty range

Forest growth uncertainty range +15%

The forest soil organic carbon (SOC) change was modeled by RothC model [version 26.3; 10], which was
run on a monthly basis for 100 years. The main inputs to the model are monthly climatic data, soil clay
content, initial SOC content, and monthly carbon inputs to the soil including litterfall, uncollected
harvesting residues (branches and foliage), snags, thinning residues, and roots after harvesting. The
climate data is from the CRU TS 4.05 dataset [11] and the soil data are from the ISRIC-World Soil
Information [12]. The modeled outputs are the annual SOC content (Mg C/ha) and annual CO, emissions
(Mg CO,/ha) from soil.

Forest operations for commercial plantations include site preparation, herbicide application, planting,
fertilizer application, pre-commercial thinning, and clear-cut logging. Fifty percent of the snags and
thinning residues were assumed to be collected for biochar production with the left 50% remaining in the
soil after pre-commercial thinning. After logging, logs are transported to produce cross-laminated timber
(CLT) and 50% of the harvesting residues and snags are chipped and transported to produce biochar. We
assumed that after 60 years of CLT lifetime, 50% of CLT will be recycled while the remaining 50% will be
landfilled. Biochar will be applied to agricultural lands as soil amendment and will be decayed very slowly.
The cradle-to-grave life-cycle greenhouse gas (GHG) emissions of forest operations, CLT production and
end of life (EOL), and biochar production and EOL were estimated using process- and product-based LCA
models, which are documented in the previous study [1]. CLT substitution for carbon-intensive materials
(e.g., concrete and steel) was also considered in the LCA model.

Supporting Information for Section 3.3: Silvicultural Forest Management
of Southern New England Forests

1 Introductory Material

1.1 Forest Type Description

Oak-mixed hardwood forest is an important forest type, representing 51% of all forestlands in the United
States [13,14]. Oak-mixed hardwood forests are primarily distributed east of the Connecticut river valley,
including the central Massachusetts and eastern Connecticut regions, not including the montane regions
(Table A2-3). Heavy glaciation in this subregion left a variable topography, with a network of drumlins
(elongated hills formed by glacial ice), ablation till (deposits carried on or near the surface of the glacier),
outwash (deposits carried by running water from melting ice), and kettle holes (depression or hole
formed by retreating glacier on outwash plains). The highest elevation in this subregion is about 400 m
and the lowest is about 160 m. Soils of this subregion are primarily characterized by mesic inceptisols that
are fertile and acidic [15]. The species composition comprises mostly oak (Quercus spp.) in the canopy,
red maple (Acer rubrum), black birch (Betula lenta), and sugar maple (Acer saccharum) in the subcanopy,
and eastern white pine (Pinus strobus) and eastern hemlock (Tsuga canadensis) represented as emergent
in both canopy and subcanopy; components of hickory species (Carya spp.); and appearances of white
ash (Fraxinus americana) and tulip poplar (Liriodendron tulipifera) on mesic fertile soils.



The northern hardwood forest is largely represented west of the Connecticut river valley in the Berkshire
Mountains of western Massachusetts and northwestern Connecticut and the Hudson Valley / Catskill
Mountain region of New York. This subregion is an extension of the Appalachian range, with an elevation
between 300 m and 600 m. The climate has cooler summers and colder winters compared to the oak-
mixed hardwood forest subregion, with less common occurrences of severe tornadoes or hurricanes, but
frequent microbursts in the summer. Soils of this subregion are similar to that of the oak-mixed
hardwood forests, classified as inceptisols with glacial till origin, but have more wide-spread limestone
elements leading to higher alkalinity. This forest type is dominated by American beech (Fagus
grandifolia), sugar maple, white ash, eastern hemlock, yellow birch (Betula alleghaniensis) and red maple
with presence of red spruce (Picea rubens), red oak, and eastern white pine.

Table A2-3 Estimated areas (thousand acres) of oak-mixed hardwood and northern hardwood forests in southern New
England and New York as proportions of the total forestland in the study region (Source: USDA Forest Service EVALIDator
v2.0.6 [16].

Forest Type State Area Forest Type
Connecticut 480 + 30 14%
Massachusetts 526+ 34 16%
Oak-Mixed Hardwood
Southern New York 480 + 35 14%
Sub-Total 1486 + 57 45%
Connecticut 73113 2%
Massachusetts 305 + 25 9%
Northern Hardwood
Southern New York 757 £43 23%
Sub-Total 1135+51 34%
Total Forested Area 3319 +61 100%

1.2 Land Use and Forest Management History

Most of central and southern New England forests are second-growth forests growing on former
agricultural farm and pastureland. For at least 10,000 years, indigenous people including the Algonquin
peoples and the more recent Nipmuc, Pequot, and Mohegan people stewarded the forests. Land
management followed an intermittent swidden agriculture style with controlled fire during this period
[17]. European colonists cleared forests after their arrival in the 1700s on the richer, more fertile soils of
the coastal plain and lower Connecticut river valley for agricultural and pasture grazing. European
Americans abandoned their agriculture lands in the mid-nineteenth century [18]. Much of the former
agricultural lands developed as old-field pine forests, which were subsequently cut in the late 1800s and
early 1900s for timber. Anthropogenic disturbance, in combination with stand-replacing natural hazards
such as the hurricane of 1938, led to the second-growth oak-mixed hardwoods present today.
Meanwhile, northern hardwood forests on most of the remaining poorer upland soils were never
converted during this process. Instead, the hemlock in these forests was extensively cut for the tanning
industry and the hardwoods cut for charcoal production between 1800-1890. Some of the land was
repeatedly cutover with much of the regrowth occurring between 1890-1930. Traditional timber cutting
practices dominated forest management of the region until the ‘industrial/service’ economy transition
from early 20" century. Wood product market of the region mainly involves sawtimber from sugar maple,
eastern hemlock, yellow birch, red/black oak, and some softwood species such as spruce and white pine
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(USFS Cut and Sold Reports [19]). Current forest management in the case region has an overall low
intensity, with most of the forest lands under passive management.

1.3 Forest Ownership and Management

The forests in the region are primarily privately owned (~70%) by small holder family ownership [20, 21].
Public forestlands (~30%) are owned and managed by state and local municipalities with less than 1%
federal ownership. Primary goals of private forest owners are recreation (hunting, scenery) and
protection of natural resources (biodiversity, water). Timber production is lower priority for private and
public owners. The New York City water authority manages forests to promote water quality, wildlife
habitat, recreation, carbon, and economic benefits [22]. Massachusetts DCR manages forests for
conservation, increasing resistance and resilience of trees, managing forest health and biodiversity, and
maintaining and enhancing soil, water, and air resources [23].

1.4 Impact of Forest Cutting Practices

One of the most common exploitative cutting methods is selective logging, which removes all the large,
valuable trees for sawtimber. In southern New England, mainly red oak, sugar maple, and black cherry are
removed, while the low-value, slow-growing, less-vigorous trees such as red maple, beech, and hemlock
remains. This irregular cutting produces poor growing conditions in the crowded areas of the woods, and
also often promotes tree seedlings of lower economic value [24]. Silvicultural management practices, on
the other hand, are often regeneration-focused, such as the shelterwood cut which is known to be
successful in regenerating oak-mixed hardwoods with presence of other heavy-seeded, shade-tolerant or
mid-tolerant tree species including hickory [25-28]. For northern hardwood forests, traditional
silvicultural management practices for northern hardwood can vary depending upon the composition and
structure desired, with options from group and patch selection systems to intense one-cut shelterwood
harvest that resemble a true clearcut [29].

2 Methodology

2.1 Forest Inventory Data Description

We obtained forest inventory data from various sources. The USDA Forest Service Forest Inventory and
Analysis (FIA) database [30] provides the most complete spatial coverage of forest inventory plots in
Connecticut and Massachusetts. The FIA plots consist of four 24' radius subplots, on which trees larger
than 5.0" diameter at breast height (DBH) are measured. A 6.8' radius microplot is nested within each
subplot to measure understory seedling and sapling trees less than 5.0" DBH. The latest iteration of
inventory in both Connecticut and Massachusetts happened between 2013 and 2019, with in total of 481
and 781 plots, respectively.

We obtained additional forest inventory data from the Massachusetts Department of Conservation and
Recreation [31]. This data comprises state lands including state forests, parks, and reservations, covering
in total 245,000 acres of forestlands. MA DCR samples forest plots at approximately one plot per 160-acre
on a 10-year cycle. The CFl plots are circular fixed 0.2-acre plots with 52.7' radius, collecting overstory
tree records larger than 5.6" DBH. Within each plot, four 6' radius subplots centered 26' from plot center
in each cardinal directions are set up for records of sapling trees 1" — 5,5" DBH. In addition, ten 1/1000™"
acre plots, 10' apart, are measured for seedlings up to 1" DBH. The latest completed inventory cycle
between 2010 and 2019 resulted in total of 1957 plots.

We also obtained additional forest inventory data from the New York City Department of Environmental
Protection [32] that covers more than 192,000 acres of city-owned forested lands at a density of
approximately one plot per 8 acres. Plots are located west of the Hudson River within the Catskill and
Delaware River watersheds and east of Hudson River within the Croton watershed. We included plots
within the Catskill Mountain region to characterize the northern hardwood forest type, which consists of



1989 forest stands measured during the most recent inventory period from 2010 to 2018. Areas of the
forest stands ranged from 0.2—-223.5 acre. Two types of plots were measured over the same location. A
1/100" acre plot measures the numbers of understory trees, including seedlings between 1.0' — 4.49" tall,
small saplings with a DBH of 0.1" —0.9", and large saplings with a DBH of 1.0" — 4.49". DBH measurements
of understory trees are absent. Therefore, we manually assigned the median DBHSs to the three
understory categories (0.1" for seedlings, 0.5" for small saplings, and 2" for large saplings). A variable
radius overstory plot measures trees larger than 5.0" DBH using 10 basal area factor (BAF) prism that
records DBH of all tree records, but without height measurements.

We subset all 5,208 inventory plots by the location, forest type classification, stocking level (total basal
area per acre) and species composition (number of trees per species, proportion of basal area per
species). Subsetting ensured that the forest inventory plots accurately represented the two forest types
of interest (oak-mixed and northern hardwood) and were therefore compatible with management
scenarios that a forester would realistically prescribe for a given forest type. To subset the data, we
demarcated the study region by dividing the whole area into two by the Connecticut River valley
ecoregion. We defined regions west of Connecticut River valley represented northern hardwood and east
regions excluding Cape Cod costal lowland and islands area represented the oak-mixed forests [33].
Second, we selected inventory plots from within each of the two forest type regions whose compositions
matched the appropriate forest type group using the national forest typing algorithm [34].

We selected inventory plots that met Oak/Pine and Oak/Hickory type groups for oak-mixed hardwood,
and Maple-Beech-Birch type group for northern hardwood. Next, we examined stocking level of the
inventory plots by looking at the total basal area per acre. We excluded plots with total basal area less
than 60 ft?/acre or larger than 250 ft?/acre, which could be results of inventory errors, inventory of
under-stocked forest stands not ready for silvicultural treatments, or representations of rare forest stand
structures (e.g., sites with the presence of large old trees with DBH>40"). Finally, we stratified the
remaining inventory plots according to species composition to account for differences in stand dynamics
under different soil and water conditions. We developed thresholds of number of trees in the inventory
tree records and the proportion basal area per acre for the indicator species and divided the plots into
‘mesic’ (moist glacial till) and ‘xeric’ (dry skeletal soil) sites. For northern hardwood forests, we classified
plots as ‘mesic’ if over 1/3 of the total basal area comprised sugar maple (Acer saccharum), white ash
(Fraxinus americana), tulip poplar (Liriodendron tulipifera) and basswood (Tilia americana) and less than
15% of the total basal area comprised American beech (Fagus grandifolia). We classified all other
northern hardwood plots that did not meet these criteria as ‘xeric. For oak-mixed forests, we classified
plots as ‘mesic’ plots if the inventory contained large (diameter at breast height, DBH>10") white ash
and/or tulip poplar or more than two sugar maple individuals of any size. We classified all other oak-
mixed plots that did not meet this criterion as ‘xeric’. The stratification process resulted in 2202
remaining plots. Table A2-4 represents the detailed breakdown of number of plots per forest and site

types.

Table A2-4. Number of plots per forest and site types from different data sources.

Forest Type Site Type Data Source N
FIA-CT 5
‘Mesic’ FIA-MA 16
Northern Hardwood
(N=548) MA-DCR 68
(N=1692)
NYC-DEP 459

‘Xeric’ FIA-CT 14
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(N=1145) FIA-MA 55

MA-DCR 306
NYC-DEP 769
FIA-CT 32
‘Mesic’
FIA-MA 26
(N=79)
Oak-Mixed Hardwood MA-DCR 21
(N=510) FIA-CT 56
‘Xeric’
FIA-MA 89
(N=431)
MA-DCR 286

2.2 Forest Vegetation Simulator Model Description

We selected the Northeast variant of the US Forest Service Forest Vegetation Simulator (FVS-NE) model
[35, 36] for the simulation of forest management treatments. The model has been regionally calibrated
[37, 38] and extensively used by researchers and managers to summarize forest stand conditions,
produce forest inventory statistics, and project future stand conditions under various management
practices [39-41].

FVS is a distance-independent individual tree growth and yield model used for predicting forest stand
dynamics [42]. It simulates forest growth over a user-defined time period using a standard stepwise
modeling process. Users determine specific simulation parameters using two input files: (1) a forest
inventory data tree record data file, which includes individual trees, the species, DBH, and tree height.
The model can fill missing data on tree heights during the initial model stage using a species-specific
height-diameter function; and (2) a keyword record text file that instructs modeling activities, such as
describing management treatments—including the timing of harvest, the volume of trees harvested, the
specific species harvested, and/or the total basal area removed or retained—including changes in tree
mortality rates from disturbances, planting or natural regeneration conditions—including the number of
regenerating individuals of each species, and defining output variables. Tree growth is simulated by a
diameter increment model for large trees and a height increment model for small trees (threshold at
DBH=5"). Stand conditions computed include the species composition, size distribution, volume, biomass
and carbon of the forest stands. Volume estimation is based on the methods of the National Volume
Estimator Library (NVEL) by the U.S. Forest Service [43].

We estimate biomass and carbon content using the Fire and Fuel Extension (FFE) [44]. Biomass is
estimated using a combination of the NVEL (National Volume Estimator Library) biomass equations by
state and species and the species group-specific allometric equations at national level by [45]. Carbon
contents of 0.5 and 0.37 are applied to woody biomass (living and dead) and litter/duff biomass,
respectively [46]. The model calculates standing forest carbon stocks for the following categories: total
aboveground live, belowground live, belowground dead, standing dead, forest down dead wood, litter
and duff, herbs and shrubs, and total removed carbon. The total removed carbon only includes the tree
boles, and the model assumes 100% of the slash and leaves are left on the forest floor. The model
categorizes the total removed carbon into the following four end-use categories: (1) ‘products in use’,
which include all harvested wood products used for pulp and paper, packing materials, and furniture and
building materials that are in current use and storing carbon within the product; (2) ‘products in landfills’,
which are the same wood products that enter the waste stream and end up stored in the landfill,
decompose, and emit carbon to the atmosphere at a predefined rate, depending on the product and time



in the landfill; (3) ‘products burned for fuel or energy’, which are harvested woody materials directly used
as bioenergy, or retired wood products used for energy capture instead of going into landfill. Both lead to
emissions that transfer carbon from the total removed carbon to the atmosphere; (4) ‘emissions without
energy capture’, which are total removed carbon that emitted to the atmosphere through decay, or
combustions that are not for the purpose of fuel or energy use, for example only as a way of waste
disposal. The proportions of total removed carbon that goes into the four categories are based on
regional estimates of transfer and decay rates that vary by region and roundwood category [46]. In the
northeast, we assume 57% and 61% of the total removed carbon goes into softwood and hardwood
sawlogs, respectively, and stored in products while 24% and 25% are used for fuel or energy, initially after
cutting (at year zero). 26% and 18% remain in product and 16% and 24% transfer into landfill after 25
years (by 2050 in our case). Note that this is a conservative estimate, as more recent estimates showed
that up to 75% of the total removed carbon becomes products in use after the cutting [47].

2.3 Model Process

We used the stratified forest inventory data as input for the FVS model simulations. We made 2025 as
Year O and scheduled the initial management treatment to start the post-cutting simulation with five-year
cycles for a total of 20 cycles. First, we simulated tree growth on each inventory plot from the year of the
inventory measurement to 2025 without any human or natural disturbances to generate a unified
starting point at Year O with all the plots that were measured at different times. Then, we started the 5-
year-cycle simulations with the initial cutting practices in Year O. In each cycle, we calculated the following
metrics to track stand development: basal area per acre of the total forest stand, per tree species, and
per diameter class to illustrate the changes of species composition and diameter distribution over time.
We classified trees into four categories based on their DBH: small trees (DBH <5"), medium-size trees (5"
~12"), merchantable trees (12" ~ 18") and large trees (DBH >18"). We also calculated harvested
merchantable trees in board feet per acre after every cutting for the accounting of economic costs and
benefits. We also collected the carbon stock in all carbon pools exported by the FFE extension in every
cycle. For each forest type, we modeled nine total scenarios that varied based on three stand
management options and three natural disturbance scenarios, which we describe in detail below.

2.3.1 Management Treatments

In the main report, we used the terms passive, exploitation-focused, and regeneration-focused
management. We implemented the same Diameter-Limit Timber Cut (exploitation-focused) for oak-
mixed and northern hardwood forests. We used a 25-year rotation cycle and removed all merchantable
trees (DBH>12") in each cutting operation. We implemented different Shelterwood Cut (regeneration-
focused) for the oak-mixed and northern hardwood forest types. For the oak-mixed forest, we modeled
an Irregular Shelterwood, which leaves residual trees un-uniformly in the stand to provide seedling
shelters, maintain structure, and moderate microclimate. To model this practice, we used a non-uniform
removal of trees with DBH between 2" and 18", and part of the large trees (DBH>18") with a residual
basal area of 35 ft? /acre. We scheduled two Crown Thinning treatments at 55 and 80 years after the
initial harvest, cutting one-third of the large trees (DBH>18"), for the purposes of reducing competition
and further releasing the growth of large trees. For the northern hardwood forests, we modeled a One-
cut Shelterwood harvest. To model this practice, we removed all trees with DBH >2" and did not apply
any additional thinning treatments after the initial harvest.

2.3.2 Disturbances

We modeled the following three forest disturbances scenarios: (1) “No Disturbance,” where tree
mortality arises from aging or competition; (2) “Extreme Weather,” where tree mortality arises from
regularly occurring drought (every 10 years) and windstorm (every 50 years) events in the region [48]. We
assumed drought increased birch (Betula spp.), sugar maple (A. saccharum), ash (Fraxinus spp.), and



hemlock (Tsuga spp.) mortality rates by 25%, and other species mortality rates by 10%. We assumed
windstorms increased maple (Acer spp.) and hemlock (Tsuga spp.) mortality rates by 25% and ash,
eastern white pine (Pinus strobus), and black birch (Betula lenta) by 50%. We assumed disturbances were
more likely to affect large trees versus small trees and selected the ‘uneven distribution of mortality
rates’ in FVS; (3) ‘Extreme Weather, Pests, and Diseases’ scenario that simulates tree mortality from three
common pests and disease of northeastern United States [49] in addition to the ‘Extreme Weather’
assumptions. Spongy moth (Lymantria dispar) is a generalist pest that attacks many hardwood tree
species in the region, especially oaks [50]. We also assumed higher impact on large trees which are more
susceptible to defoliation. Beech leaf disease (BLD, Litylenchus crenatae mccannii) and emerald ash borer
(EAB, Agrilus planipennis) are specialist pests that infect American beech and ash trees, respectively. We
assumed 100% tree mortality of beech (Fagus spp.) and ash (Fraxinus spp.) trees (from BLD and EAB,
respectively [51, 52]). We assumed 50% and 25% mortality rates to oak (Quercus spp.) and maple larger
than 18" DBH, respectively. For oak and maple smaller than 18" DBH, we assumed 15% mortality.

2.3.4 Regeneration

The default regeneration structure in the FVS-NE variant is a partial-establishment stump resprout model.
For this variant, the user must define seedling regeneration parameters that include the seedling species
and number of individuals that recruit into the forest. We made a series of informed assumptions about
the impact of management treatments on seedling and sapling development (Table A2-5) based on
empirical seedling recruitment data within the study region [41, 53-56].

Table A2-5. The numbers of individual seedlings by species that we assumed recruited into mesic or xeric oak-mixed and
northern hardwood forest stands after cutting in the Forest Vegetation Simulator Northeast variant model.

Mesic Xeric
Background Shelterwood Background Shelterwood
Northern red oak 0 150 25 400
Red maple 5 150 100 500
Eastern white pine 0 10 250 500
Black oak 0 0 25 400
White oak 0 0 10 150
% Sweet birch 400 2500 25 150
:S_J Scarlet oak 0 0 5 50
-§ American beech 50 250 0 50
£ Eastern hemlock 50 300 0 0
E’ Paper birch 0 300 0 100
8 sugar maple 100 500 0 0
£ Pignut hickory 0 0 50 250
G Shagbark hickory 15 200 5 10
Chestnut oak 0 0 100 150
White ash 25 300 0 0
Black cherry 0 50 25 250
Yellow birch 100 200 0 0
g Total 745 4910 620 2960
% American beech 20 55 250 400
2 Red maple 5 250 55 500
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Sugar maple 250 750 0 10

White pine 0 20 150 400
Balsam fir 5 75 30 100
Eastern hemlock 100 200 10 50
Red spruce 50 150 10 60
Yellow birch 300 2500 10 150
Paper birch 0 500 0 350
Northern red oak 5 75 0 15
White ash 10 150 0 5
Total 745 4725 515 2040

We considered every rotation of the Diameter-Limit Timber Cut and the initial cut of the Shelterwood
Regeneration Cut (excluding the two crown-thinning) as major cutting events that will introduce seedling
recruitment. We also assumed that only windstorm disturbances would create gaps in the forest stand
large enough for seedling recruitment (excluding drought, pests, and diseases). We assumed different
numbers of seedlings per forest and site types and following different types of cutting and disturbances.
We assumed a ‘background regeneration’ for seedling recruitment after Diameter-Limit Timber Cut and
windstorm disturbances, with relatively low total number of seedlings and larger proportions of shade-
tolerant species. For number of seedlings following a Shelterwood Regeneration Cut, we assumed
significantly larger numbers of total seedlings, and larger proportions of shade mid-tolerant and
intolerant species. In this way, we could reflect the different impact of cutting practices on forest
composition and structure discussed above (Section 1.4 in this appendix).

3 Results

3.1 Forest Composition through Time: No Disturbance

Under Passive management, the forest grows with the same initial species composition until the total
basal area plateaus in ca. 50 years between 180-200 ft? ac! (top row, Figure A2-1a). Exploitation-Focused
Management is systematically removing the large trees and choice species [57, 58] reflected by the
gradual decrease of oak from the basal area (middle row, Figure A2-1a). Regeneration-Focused
Management leads to reproduction similar in species composition and basal area to Passive Management
after 100 years (bottom row, Figure A2-1a). Total basal area on ‘Xeric’ sites reached over 200 ft? ac’?,
primarily because sites with dry, well-drained, deep and sandy outwash soils have high carrying capacity
[58] or the presence of evergreen pine species. The effect of oak regeneration from shelterwood cut on
oak-mixed hardwood forests [59] is not prominent, perhaps because the effects of gap-creation [46] is
not fully captured by the density-dependent growth and mortality functions in FVS. (Figure A2-1a).

The trajectory of forest stand composition changes under natural disturbances (Figure A2-1b—c). The
‘Extreme Weather’ scenario includes drought once in every 10 years and windstorm once in every 50
years, which represents an episodic disturbance regime with multi-decadal intervals (Figure A2-1b).
Episodic drought and windstorm suppress opportunist species such as sugar maple and black birch. On
‘Xeric sites, this facilitates the development of beech [60] and red maple as a slightly less drought-
sensitive species [61]. On ‘Mesic’ sites, however, regeneration of birch trees is introduced in much higher
volume, which suppresses the establishment of the more resilience species, leading to birch-dominated
stands but with lower total basal area over time (Figure A2-1b).
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Figure A2-1a. Effect of forest cutting practices (rows) on forest species composition with different forest and site types
under no simulated natural disturbances. Total live basal area reported in square feet per acre.
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The dominance of beech and red maple is prevented by beech leaf disease and spongy moth on ‘Xeric’
sites in the ‘Extreme Weather, Pests, and Diseases’ scenario (Figure A2-1c). Hickory occupies a large share
of basal area on the ‘Xeric’ oak-mixed hardwood forests, which could be explained by its reproductive
strategy as an intermediate shade tolerant but hardy and resilient species [62]. In northern hardwood
forests, absence of beech and red maple leads to the development of evergreen tree species such as
spruce and fir, categorized as ‘Other’ in the figures. On ‘Mesic’ sites, birch trees become dominant
because birch is competitive during early ages and is frequently present on harvested oak stands [63, 64].
This could explain the sole-dominance of birch on ‘Mesic’ sites under impacts from extreme weather,
pests, and diseases, especially because oak and other competitors are suppressed by these disturbances.

c) Extreme Weather & Pests & Diseases
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Figure A2-1c. Effect of forest cutting practices (rows) on forest species composition with different forest and site types
under simulated Extreme Weather natural disturbances. Total live basal area reported in square feet per acre.

3.2 Carbon Dynamics per Forest and Site Types

Total carbon storage values differ slightly between the four forest and site types (Figure A2-2a—c).
Differences in carbon storage under Passive Management are minimal (top rows). Under natural
disturbance scenarios (Figure A2-2b, c), ‘Xeric’ sites have higher total carbon storage than ‘Mesic’ sites
over time owing to higher total basal area of tree species such as red maple, hickory, spruce, and fir that
are less susceptible to disturbances.

December 2023 A-14



a) No Disturbance

Oak-Mixed Hardwood Oak-Mixed Hardwood Northern Hardwood - Northern Hardwood -
- 'Mesic' - 'Xeric' ‘Mesic' Xeric'
300
o
200 &
- 5
s 100
=
. 0
S
@ 300 m
S 3
cz 200 %
§ 100
o
o 0
g
5 300 E
w
200 %
100 g
-
0
I Avoided Emission - Energy | Landfill Down Woody Material - Baseline
Carbon Pool Avoided Emission - Product . Aboveground Live Belowground Live
[ Wood Product . Standing Dead Belowground Dead
b) Extreme Weather
Oak-Mixed Hardwood Oak-Mixed Hardwood Northern Hardwood - Nerthern Hardwood -
- "Mesic' - "Keric' ‘Mesic' "Xeric

300

200

100

=

300

200

100

=

L
=
=

Forest Carbon Storage (t ha™')

B
o
=

100

o 25 50 75 100 0 25
Year
I Avoided Emission - Energy | Landfill Down Woody Material - Baseline
Carbon Pool  Avcided Emission - Product [l Aboveground Live Belowground Live
Wood Product .~ Standing Dead Belowground Dead

December 2023



c) Extreme Weather & Pests & Diseases
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Figure A2-2. Effect of forest cutting practices on forest carbon storage on the four forest and site types under different
natural disturbance scenarios: (a) No Disturbance, (b) Extreme Weather, and (c) Extreme Weather, Pests, and Diseases.

Figure A2-3 shows CO; potentials (tonnes CO»e ha-1) of two harvest approaches, exploitation-focused
and regeneration-focused, relative to a passive management approach with no harvests.

Per hectare CO:; potential without avoided emissions

Per hectare CO; potential with avoided emissions

Year 25 none
OMH
Exploitation-
Focused NH
OMH
Regeneration-
Focused NH
Year 75
OMH
Exploitation-
Focused NH
OMH
Regeneration-
Focused NH
Year 100 none
OMH
Exploitation-
Focused NH
OMH
Regeneration-
Focused NH

'

-20

EW EWPD Year 25 none EW EWPD
OMH -26 45 56
Exploitation-
Focused NH 12 50 51
OMH -54 124 131
Regeneration-
Focused NH -53 110 128
EWPD Year 75 none EW EWPD
65 OMH 218 226 231
Exploitation-
44 Focused NH 202 211 194
180 OMH 123
Regeneration-
113 Focused NH 112
EW EWPD Year 100 none EW EWPD
111 93 OMH
Exploitation-
104 69 Focused NH
167 145 OMH
Regeneration-
189 92 Focused NH

Figure A2-3. The CO, potential changes by forest types (oak-mixed hardwood [OMH], northern hardwood [NH]) and
disturbance regimes (no disturbance [none], extreme weather [EW], or extreme weather plus pests and disease [EWPD],
and time horizons after harvest (25, 75, and 100 years). The CO2 potential is color-coded where red and orange colors
indicate carbon losses and yellow and green colors indicate carbon gains with harvesting relative to no harvest.
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APPENDIX—CHAPTER 3

Baseline cropland soil characteristics and management practices are critical to understanding how a shift
in management contributes to soil organic carbon (SOC) accrual and CO;removal. Baseline conditions for
tillage practices are particularly important to capture accurately when identifying cropland soil-based CO,
removal practices. Cropland management practices as of 2017 are shown in Figure A3-1, and the
response in crop yield of these different baseline management cases to a cover cropping soil-based CO,
removal practice is shown in Figure A3-2.
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Figure A3-1. Baseline cropland management: Baseline conditions for agricultural management in the United States [1].
Note difference in scales for color bars. Reduced till and continuous no-till land area data is modified from the agricultural
land census based on Claassen et al. 2018 [2].
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The transition from a full conventional tillage baseline to continuous no-till practice, as represented by
the DayCent biogeochemical model, is given in Figure A3-3. Whether or not these practices will be
implemented depends on the balance of income received relative to the cost of implementation (Table
A3-1) and the opportunity cost of not continuing the previous practice (e.g., the U.S. dollar value per
tonne of change in Figure A3-2).

A) Cover cropping under conventional tillage B) Cover cropping under no-till

-20

2020 2040 2060 2080 2100 2020 2040 2060 2080 2100

Figure A3-2. Cover crop grain yield: The response of annual grain yield (tonnes/ha) from commodity crops to the
implementation of cover crops for every cropland-containing county in the United States. Each line is the response
for each cropland-containing county in the United States.The dark, bold line represents the national mean annual
grain yield response across all counties. Cover cropping slightly decreased mean annual yield under conventional
tillage (A) and had no impact on yield under no-till (B) through 2050.

Table A3-1. Table implementation costs.

Mean

Management " ] Payment

practice Lrggtl*ementatlon schedule ID
e | wwneon

Cover Crop 23494 340 + E340B

Flel_d Borde_r - 461.91 386

native species

Perennial Carbon % Sk

Crop

Reduced till 79.26 345+ E345D

No-till 57.18 329

*USDA EQIP 2022

** see biomass methods for economic cost assumptions
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Figure A3-3: Biogeochemical trajectories of soil-based CO, removal in continous no-till
management since 2025 over time relative to a full-till commodity crop baseline. CO;
removal accounts for changes in soil carbon baseline as well as a penalty for any increased
nitrous oxide. Continuous no-till management was simulated across county-representative
commodity cropland using the DayCent biogeochemical model [3, 4] with future climate
inputs from the MIROC-ES2L earth system model. Trajectories for each county containing
cropland in the United States are represented with individual lines. The overall mean
trajectory across all counties is represented with a bold blue line.

Methods

Modelling Biogeochemical Response to Cropland Management

We used the latest version of the DayCent ecosystem biogeochemical model [35] that is implemented in
the current US national greenhouse gas (GHG) inventory and is being incorporated into the COMET-Farm
system. The new model version includes a number of improvements that impact modeling soil C and N

gas fluxes and now simulates SOC dynamics to 30-cm soil depth (earlier versions were parameterized for
20 cm).

The modeling sample of point locations on agricultural land was created using a random sampling
approach. The approach sampled approximately 300 points per Major Land Resource Area, subregions
identified as sharing similar parent material, water resources, climate, soil type, and crop type [5], [6]. A
total of 37,283 sites were sampled from across 2057 cropland containing counties, averaging 18 sites per
county, and ranging from 1 to 219 sample sites per county. Samples were restricted to croplands that
could be modeled in DayCent, using a mask generated from United States Department of Agriculture’s
(USDA’s) Cropland Data Layer (CDL) datasets (https://croplandcros.scinet.usda.gov/). Since our effort
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focused on annual croplands only, the sample was further refined to exclude any points with orchards or
vineyards and had to have at least one annual crop in the time series. Modelling efforts were limited to
annual croplands due to the requirement of rotation in order to plant cover crops and their large
percentage of cropland extent; however, there is also potential for soil-based CO, removal in perennial
croplands that were not included in this study.

For all conventional agriculture points, crop rotation was determined from actual crops observed in CDL
for 2009-2018, and repeated to fill out the time series, whether for the current period (2008-2020) or
future scenarios (2021-2100). Baseline agricultural management such as plant/harvest dates and
fertilizer rates were pulled from the same database developed for modeling the Healthy Soils version of
COMET-Planner (http://comet-planner-cdfahsp.com/). Typical planting and harvest dates for common
grain/row crops were derived from USDA (USDA-NASS, 2010). For tillage, all points were run as
conventional, reduced, and continuous no tillage (Table A3-2).

Table A3-2. Management scenarios.

Starting year Baseline management Simulated practice changes

2025, 2045 Conventional till Cover crop
Reduced till, No till Commodity crops to perennial grasses (e.g., CRP or perennial
field border)
Reduced till
No till

Business as usual (baseline) and scenarios of changes for conservation management in the future were
listed in Table A3-2. The adoption of practice changes to baseline scenarios was from 2025 or 2045, and
the practice changes reported here include only the 2025 scenario from the MIROC_ES2L earth system
model climate projections. For scenarios of adding a cover crop, non-legume cereal rye [6] was planted
after any annual crop when there was a fallow period >90 days after August. Transition to perennial grass
was simulated as a native grass.

All of the above cropping and management data were converted to DayCent schedule files. Site-specific
soil characteristics required for DayCent was derived from SSURGO [7], including soil texture, soil water
holding capacity, and initial SOC contents. Daily weather for current and future climate under climate
change scenarios were downloaded from the NASA Earth Exchange Global Daily Downscaled Projections
(NEX-GDDP-CMIP6) [8]. Historic management (pre-cultivation through 2007) schedules were the same as
those used in COMET-Farm, which were determined through internal USDA staff surveys during
development of COMET-Farm. It was assumed that current croplands had been under long-term
cropping, as spatially explicit land use histories were very limited. As such, all sites were simulated for
conventional, reduced, and continuous no tillage, respectively, in the current period. For irrigated sites,
automatic irrigations occur during the growing season if the available water stored in the plant root zone
falls below 55% of the available water holding capacity. Parameter values used in the USDA COMET-Farm
platform were used in this project. Simulations ran by management scenarios, and earth system models
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under one moderate GHG emission scenario (Shared Socioeconomic Pathways or SSP 2 - 4.5 [Table A3-
3]).

Table A3-3. Climate and emission projections.

Shared Earth System
Socioeconomic Model

Pathway

2-4.5 MIROC_ES2L
FGOALS_g3
MRI_ESM2_0
NorESM2_LM
MPI_ESM1 2 LR
GFDL_ESM4

Biogeochemical Responses to Perennial Carbon Crops for Biomass

The System Approach for Land Use Sustainability model (SALUS) was used to simulate low-productivity
stable cropland [9] in the Midwest region. Required soil inputs were derived from SSURGO and daily
historical weather was provided by gridMET [10]. For these locations, conventional farming was assumed
as previous land history and as typical management before converting to a perennial carbon crop.
Conventional farming management is assumed as corn—soybean rotation with historical planting dates
derived from NASS planting progress reports [1], and nitrogen fertilizer was applied to the corn crop.
Conventional tillage was implemented as chisel plow to 20 cm depth in the fall and field cultivator to 10
cm depth in the spring. After 10 years of conventional farming, the land is converted to the perennial
carbon crop, switchgrass. Switchgrass simulations included an annual addition of 50 kg of nitrogen per
hectare, which is agnostic to the source of nitrogen and could be from legume planting or synthetic
nitrogen amendment. Soil organic carbon and nitrous oxide emissions were both simulated annually for
each sub-county, and aggregated to the county scale. SALUS has been validated to simulate switchgrass in
the Midwest [11]. Further details on assumptions for biogeochemical process modeling through the
SALUS model can be found in Chapter 6.

Perennial Carbon Crop Economic Decision Model: AgModel

The county-level agricultural outlook model covers the contiguous United States and includes six cash
crops, i.e., barley, corn, rice, sorghum, soybeans, and wheat. Previous versions of the model have been
published in Dumortier (2016) [12] and Dumortier et al. (2017) [13]. Besides cash crops, the possibility to
harvest two types of agricultural residues (i.e., corn stover and wheat straw) and switchgrass are included
as well. The model consists of supply and demand modules that take commodity, biomass, and CO.e
climate benefit (expressed in SUSD per metric tonne of COe) prices as inputs. The latter two are only
used in the supply module of the model. That is, based on the biomass and carbon prices, farmers harvest
agricultural residues and switchgrass. Climate benefit and soil-based CO, removal for each county were
calculated using historical, county-specific SALUS biogeochemical model outputs for the transition of low-
productivity stable corn and soy cropland rotation to perennial switchgrass carbon crop between 1979
and 2021, projected into the future. Planting perennial carbon crops, i.e., switchgrass, instead of annual
cash crops increases soil-based CO, removal, allowing farmers to receive CO, removal incentives in
addition to income from selling carbon crop biomass.
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The supply module uses historic county-level data from the National Agricultural Statistics Service (NASS)
of the USDA to project crop yields linearly into the future. The same data source is also used to calibrate
crop area by county given commodity prices. Cash crops cost of production are obtained from the USDA
Cost and Return Database by Farm Resource Region and are linked to energy prices and producer price
indices from the 2022 Annual Energy Outlook (AEO) published by the United States Energy Information
Administration (EIA). The AEO projects energy prices and producer price indices until 2050, which
corresponds to the time horizon used in this analysis. Land allocation among the various cash crops is
based on per hectare net returns (i.e., crop price times yield minus operating cost) of all crops. Area
allocated to a particular crop not only depends on the returns of the crop in question but also on the
returns of the other crops. For corn and wheat, the revenue from harvesting and selling crop residues are
included as well.

On the demand side, crops are consumed by the non-feed, feed, and export sectors. The demand
functions are modelled as constant elasticity functions. For corn, we also have exogenous biofuel demand
from the vehicle sector in the United States. The calculation of the biofuel demand from the
transportation sector is described in Chapter 6.

Synthesis of Biogeochemical and Economic Constraints for Cover Crop,
Perennial Field Borders, and No-till Management

DayCent biogeochemical model outputs between 2025 and 2050 were used to calculate annual and
cumulative relative changes in SOC, nitrous oxide fluxes, and commodity crop yield between new
management practices and their counterfactual management in each county.

For the practices of cover cropping and perennial field borders, tillage was assumed to remain consistent
according to the baseline tillage regime, which was either conventional full-till, reduced till, or no-till.
Baseline tillage regime was allocated within each county-based percentage of total applicable land (the
sum of full-till, reduced-till area, and no-till area) from the 2017 USDA NASS agricultural census, but
modified to estimate continuous no-till. Four-year continuous till minimum is approximately 21% of all
land area [2], so to adjust agricultural census annual no-till areas to continuous no-till, we multiplied the
classified no-till by 59%, and added the remaining 41% of classified no-till to the reduced till land area in
each county, such that total land area under at least four years of continuous no-till was 21% of cropland
in the United States. DayCent simulated cover cropping and perennial field borders within each of the
tillage scenarios in each county, accounting for county- and tillage-specific biogeochemical responses.
Transitions to reduced till were assumed to be only amenable from a full-till baseline counterfactual, and
transition to no-till was assumed to be amenable only to full- and reduced-till baseline counterfactuals.
We also explored the climate-change impacts of imposing a new management in 2045 instead of 2025,
but report only transition in 2025 in this report. Where baseline counterfactuals were missing from
DayCent simulations, we could not analyze changes in converted practices, and thus omitted counties
(FIPS codes 37003 and 22053) from the analysis.

Biogeochemical responses to new management were calculated relative to initial value and baseline
counterfactual trajectories. We tracked both annual and cumulative differences in SOC stocks, nitrous
oxide emissions, grain yield, and associated grain yield income for each county. Annual rate of total
climate benefit was calculated using SOC and nitrous oxide emissions relative to the counterfactual
baseline in 2050 and linearized over the 25 years between 2025 and 2050 such that the cumulative
relative difference reflects the accurate non-linear accumulation of soil carbon and climate benefit.



Annualized total climate benefit (tonne COye ha 1 y™1)
= (5011 organic Cpractice,ZOSO — Soil organic Cbaseline,ZOSO )

(Cumulative NZ Opractice,ZOSO — Cumulative NZ Obaseline,ZOSO)
(2050 — 2025 y)

SOC accumulation was converted to CO; by mass (44 g CO; per 12 g C), and nitrous oxide emissions were
converted to COze through mass and 100 year global warming potential of 273 COe per mol of N,O [14].
Total climate benefit includes avoided losses of SOC and avoided nitrous oxide emissions, which do not
count toward CO; removal but are important components of agricultural climate change mitigation.
Incentivizing climate benefit avoids any potential perverse incentive to remove atmospheric CO; at the
cost of emitting additional nitrous oxide. We calculate mean annual soil-based CO, removal through
triangulation from the time of practice implementation and baseline trajectories for soil carbon and
nitrous oxide emissions.

Annualized soil carbon dioxide removal (tonne CO, ha™! y=1)
= (SOil organic Cpractice,ZOSO — Soil orgam'c Cpractice,ZOZS
— positive values only of : (Soil organic Cpgserine 2050
— Soil organic Cbaseline,zozs)) - Positive values only of : (Cumulative N;Opractice2050
— Cumulative N,Opgseline,2050) / (2050 — 2025 y)

Land area economically amenable to implementing each new practice was determined as cropland where
income to the farmer is greater than the cost to the farmer for each tillage regime for each county.
Because the DayCent biogeochemical model used a 10-year rotation of representative crops from the
CDL that implement cover cropping during different years throughout that rotation, we chose a time
horizon of 10 years over which to compare the difference in cumulative income to determine whether a
practice will be implemented or not.

Cost ($USD per ha) = Foregone income + Implementation cost * Area modifier

Area modifier accounts for the fraction of cropland area over which the practice could be implemented
and is equal to one for cover cropping and no-till but is modified to 0.01 for perennial field borders,
where only 1% of cropland would be modified to create a field border, due to the primary goal of keeping
99% of the land planted in cash crops. The per-area cost of implementing each practice was determined
by existing state-specific public payment schedules for the USDA Environmental Quality Incentive
Program. National average implementation costs are found in Table A3-4.

We used DayCent yield projections combined with the most recent land area data under each crop [1] to
calculate farmer crop income in SUSD (valued in year 2022) for each of the following commodity crops:
corn, wheat, cotton, soybean, oats, barley, sorghum grain, hay, and peanuts. Grain yield data from
DayCent was reported in units of g C per m2and converted to metric tonne of dry grain biomass per
hectare using the assumption that grain is ~40% carbon [15] averaged across commodity crops. We
acknowledge that this is a coarse assumption, where carbon percentage of grain is crop-dependent and
ranges between 33 and 45% carbon [16]. Crop prices were consistent with the prices used for the
sophisticated POLYSYS and AgModel economic models used for the carbon crop biomass in this chapter
and in Chapter 6, and are detailed in Table A3-4. We tracked cumulative income from commodity crop
yield in both baseline counterfactual and for new management in each county and tillage case and
calculated foregone income as the total yield-based income in the counterfactual baseline minus yield-
based income under the new practice. In any case for which the new practice increases yield relative to
counterfactual, the negative cost counts offsets rather than adds to costs of implementation.



Foregone Income ($USD per ha)
_ (Cumulative yield incomepggeiine,2025-2035 — Cumulative yield incomepyqctice2025-2035 )

Area of cropland under baseline tillage regime * 10 years

To determine potential income to the farmer in each county, we calculated county-specific USD per
hectare incentives using the payment-per-tonne method:

Incentive ($USD ha™' y™1)
= €0, price ($ per tonne C0O,e) * Total climate benefit (tonne CO,e ha™* y™1)

Table A3-4. Crop price inputs for economic land-use decisions for farmers in a county, multiplied by loss (or gain) in yield to
determine foregone income (or increased income) due to a practice. Prices are given per dry metric tonne of grain earned
by farmers in terms of 2022 USD.

POLYSYS crop price
$USD per dry tonne

Corn 184.64

Grain sorghum 134.64

Oats 124.8

Barley 118.5

Wheat 235.16

Soybeans 385.44

Cotton 1748.26

Hay 187.89

Peanut 386.46

We analyzed the sensitivity of regional and national soil-based CO, removal to a range of incentive rates,
which closely paralleled the sensitivity of land area to convert to a new practice given each incentive rate.
Separately, we summed CO, removal and climate benefit across all tillage regime baselines for each
county, weighted by the land area in each tillage regime where cropland converts to the new practice.
That is, for each county:

CO;2 removalgu gn (tonne COz hat y-1)* Land area converted to practicesu «i (ha) +

CO2 removalreduced tin (tonne CO; ha1 y'1)* Land area converted to practicereduced tin (ha) +

CO; removaln, s (tonne COz hat y-1)* Land area converted to practiceno «n (ha)

= Annual CO; removal per county (tonnes y-1)

While field borders and cover crops could be planted in the same fields, neither cover crops nor field
borders would co-occur with perennial carbon crops. To deconflict land such that no land could be
double-counted for multiple practices, we subtracted the area of land converted to perennial carbon
crops in each county from the land area converted to any of the other practices. Perennial carbon crops
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were prioritized in this report because the biomass produced for carbon removal and sequestration was
used as inputs to Chapter 6 section 1 (Biomass and BiCRS conversion technologies) of this report. With
land area deconflicted, we are able to sum the combined value for area for each practice in each county
to get county-wide CO, removal in each year for combined use of cover crops, perennial field borders,
and perennial carbon crops. National potential at each CO; price point was calculated by taking the sum
of each response variable across all counties in the year 2050.

We calculated “Cost” of CO, removal for Figure 3-14 (see main document) by summing the total dollars
given as incentives for additional removal (540 per tonne CO-e incentive * (total climate benefit for
practice with $40 incentive—total climate benefit for practice with SO incentive in tonnes CO»e) and
dividing by true atmospheric CO, removal (tonnes CO,) instead of total climate benefit. Because climate
benefits of the practices examined also include avoiding GHG emissions, the climate benefit is greater
than the true CO; removal, resulting in a higher per tonne cost of CO, removal relative to the prescribed
price of the COe incentive.
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APPENDIX — CHAPTER 4

Storage of supercritical phase fluid CO; may need to be deployed in areas where capture and geologic
storage from existing point sources has not been previously considered and, as such, the suitability of the
subsurface for storage is not well understood. We are re-evaluating storage feasibility and costs in
conventional deep saline formations using a series of recently updated national databases (Table A4-1).
This appendix comprises three sections: previous studies of storage cost; storage project mapping
methods; and mean storage cost estimation methods.

Previous Studies of Storage Cost

Table A4-1. Map inputs to project-based storage cost

Low High
cost cost
Citation Storage type per per
tonne tonne
C0 C0
Allinson et al. (2003) [1] 20 sites onshore Australia $0.2  $5.1/
Bock et al. (2003) [2] Onshore storage US depleted gas fields $0.5 $12.2
Bock et al. (2003) [2] Onshore US oil fields S0.5  $4.0
Budinis et al. (2018) [3] Onshore saline formations $3.1 S$18.8
Dahowski et al. (2005) [4] Available CO; storage capacity $12 $15
Eccles et al. (2012) [5] 75% storage capacity for 15 US saline Less n.a.
formations than
S2
Middleton et al. [6] n.a. S7 n.a.
Grant [7, 8] n.a. n.a. n.a.

Mapping the Sedimentary CO, Storage Window

Large-volume, deep saline formation storage requires that the following criteria be met in order to be
permittable and feasible:

e layered sedimentary rocks (both injection and confining zones)

e Adepth of at least 750 m below the top of the saturated zone so that the CO, will be stored as
efficient, dense phases (supercritical or, in a few cases, liquid)

e Adepth below regulatorily protected (defined as >10,000 ppm total dissolved solids or “TDS”)
underground sources of drinking water (USDW)

® Depthin the normally pressured section above the top of overpressure

e Above low permeability rocks at depth (defined as crystalline basement, low- to high-grade
metamorphic rocks, or deeply buried (>4 km) sediments in which porosity has been lost by
compaction)

In our analysis, we screened out those parts of the subsurface where these five criteria are not met and
produced a map (Chapter 4, Figure 4-3) that shows the distribution of rock volumes that are prospective

December 2023 A-30



for further evaluation. We then combined, rectified, and documented previously compiled data from the
DOE-National Energy Technology Laboratory (NETL)-funded University of Texas Bureau of Economic
Geology brine database [9], the US Geological Survey CO; storage assessment units inventory [10], and
the National Carbon Sequestration (NATCARB) database [11] to add detail to our feasibility database. We
used these data to annotate where storage potential is high (prospective deep saline formations are both
thick and permeable) and moderate (prospective deep saline formations are thinner or less permeable).

The top and bottom CO, storage window boundaries delineate physical boundaries in sedimentary
formations within which CO; can be stored conventionally (Figure A4-1). The sedimentary CO, storage
window (SSW) is calculated by taking the difference between the depth to the bottom storage window
boundary and the depth to the top storage window boundary (eq. 2.1).

SSW = depth to bottom boundary — depth to top boundary (2.1)
D;E“_" UE. Ground surface
No Storage Window '
Thickness T R
Storage Window 2+ Groundwaiter level
Novel concept: considers T
storage potential within |
sedimentary rocks
- . BB: Top of
No Storage Window ail Basement
Thickness 1 Rocks

Figure A4-1. Sedimentary CO, storage window (SSW) schematic. TB = top SSW boundary, BB = bottom SSW boundary.

The shallowest depth at which CO; remains is as a warm dense fluid (supercritical) and is estimated with a
simplification to be 750 meters below the top of groundwater. The bottom window delineates the base
of the sedimentary rock below which Precambrian-aged basement rocks begin. The Gulf of Mexico Basin
formations are an exception in that the bottom window represents depth to top of overpressure rather
than base of the sedimentary rock section.

Sedimentary CO, Storage Window Input Data

Calculation of the storage window is the result of the compilation, editing, and grid algebra applied to
pre-existing spatial data. To process and edit the data, ArcGIS software and tools (i.e., Raster Calculator)
were utilized for spatial data calculations. Table A4-2 summarizes the input data and data sources utilized
to calculate both the top and bottom SSW boundaries.
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Table A4-2. Storage window analysis input data summary table.

Storage window analysis Input data Data sources
Depth to groundwater table De Graaf et al. 2017 [12]
Continental digital elevation models Porter et al. 2018 [13]
Top SSW boundary
USGS 2022 [14]
Laske and Masters 1997 [15]
US wide sedimentary rock thickness Marshak et al. 2017 [16]
Bottom SSW boundary Depth to overpressure (Gulf Shah et al. 2018 [17]

of Mexico) Burke et al. 2012 [18]

Three sources delineating different regions in the United States: western US [17], central US [16], and
eastern US [15] were utilized and modified to create a cohesive, national-scale sedimentary rock
thickness dataset. To merge all three sources, contour lines were created from each data source, and
later rasterized utilizing ArcGIS’s topo to raster interpolation tool. The western US sediment thickness
map covers the western states and continues east until reaching the Precambrian basement craton edge
[17]. Unlike the central and eastern US sources, where sedimentary thickness extends to the Precambrian
basement, the western US thickness map includes sediment thickness up to the top of the Mesozoic
basement. Additionally, the contour lines in the eastern US data source were edited such that they do not
overlap with data from the middle US data source to avoid overlapping sources of data when compiling
all three data sources together.

The groundwater depth data utilized for this project is a two-layer global groundwater model utilizing a
combination of the hydrological model PCR-GLOBWYV and a groundwater model using MODFLOW [12].
The model is presented in monthly time-steps with December 2015 as the last iteration of the model.
Thus, December 2015 was chosen to represent the depth to top of groundwater. The global groundwater
model is split into two layers, Layer 1 and Layer 2. Layer 2 is described as the top of the confining
geological layer, while Layer 1 is the top of the confined aquifer underneath it. De Graaf et al. (2017) [12]
delineated the layers based on grain sizes of unconsolidated sediments (GLiM). Since De Graaf et al.
defines Layer 1 to include top of “partially” confined aquifers as well (meaning there is still transmissivity
through Layer 1 to Layer 2), this study utilizes Layer 2 to represent depth to top of groundwater.

Continental digital elevation models (DEMs) from the lower 48 states [14] and Alaska [13] were utilized to
edit spatial datasets. For example, the central US original database [16] provided depth to top of
Precambrian basement relative to mean sea level; therefore, 3DEP DEM data were needed to create an
accurate sediment thickness map of this data source. DEM data were also utilized to exclude areas of
steep elevation change, as mentioned in Chapter 4.
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Burke et al., 2012 [18] comprises a geopressure-gradient model consisting of 200,000 mud-weight
measurements from 70,000 wells and depth-created contour maps of these geopressure-gradient
surfaces ranging from 0.6 psi/ft to 1.0 psi/ft. This study utilizes the geopressure-gradient surface of 0.7
psi/ft to delineate depth to top of overpressure in the Gulf of Mexico Basin, as this surface is considered
to represent the top of the overpressure transition zone.

No Storage Window Criteria

This section discusses the three different ‘no storage window’ criteria considered for the SSW data. All
three compose the no storage window spatial data that complements the SSW data.

We screened out areas where metamorphic or igneous rocks are present at the surface. As a broad
category, igneous and metamorphic rocks commonly lack the geologic characteristics necessary for
subsurface fluid storage, such as alternating layers of high porosity and permeability rocks with low
porosity and permeability rocks. We added basalts and other igneous rocks that may be prospective for
storage back in as an alternate resource where mineral trapping may be effective.

Insufficient Sedimentary Thickness

In some areas of the United States, there is a lack of sufficient sedimentary thickness to successfully store
CO; in the subsurface. CO; needs to be stored deeper than 750 meters below the top of groundwater to
maintain its dense fluid state. In locations where the sedimentary rock column is shallower than 750
meters, no conventional supercritical storage potential is available.

We excluded areas of steep slopes and areas where the elevation is greater than 1000 meters, because
these conditions will make storage infrastructure construction and logistics more complicated and
increase costs.

Pressure-based CO, Storage Capacity Methodology

As CO; is injected into the subsurface, the resulting pressure increase extends outward from the injection
well, typically surpassing the plume itself (Figure Ad-2). The pressure space needed to support a project
directly impacts total storage costs.



Injecting CO, Figure A4-2. Diagram of the ‘pressure space’
concept. CO, plume and pressure build-up
Saturation plume Pressure Space (pressure space) plropagaﬁon in the ‘
subsurface (modified from S. Bakhshian,
unpublished figure).

Pressure space considers the induced pressure increase and propagation from injected CO; within a
porous volume in a given geologic formation (eq. 3.1):

Pressure Space = (Allowable Pressure Increase) * (Pore Volume) (3.1)

Pressure-based CO; storage capacity takes the concepts of pressure space as given in equation 3.1, and
can be rewritten with the following parameters:

P, x Cp * * (bxAxSWFT «N:G
Capp=(1 T * Pcoz ) 1800 ) (3.2)

Where the parameters are:
Capp is pressure-based capacity (in million tons (Mt) of CO,)
P, is pressure increase (MPa)
Cr is total compressibility (1/MPa)
Pcoz is CO, density (kg/m?)
o is porosity (decimal)
A is area (m?)
SWEFT is storage window formation thickness (m)

N:G is netto gross injectable interval (decimal)
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Pressure-based CO, Storage Capacity Parameters

The parameters considered to calculate pressure-based CO, storage capacity (Table A4-3) are a
combination of (1) input data from sources such as the Gulf Coast Carbon Center’s (GCCC) CO; Brine
database [9] and US Geological Survey’s Carbon Dioxide Storage Assessment, [10] 2) calculated
parameters from input data (i.e., midpoint formation depth, MDF), and (3) calculated parameters derived
from other calculated parameters (i.e., CO, density).

Table A4-3. Inputs for pressure space calculations used in this report.

Input ‘ Description Units

Pressure increase Amount of pressure increase that can occur as a result of COz MPa
injection without fracturing the storage reservoir (see Figure 4-4)

Total compressibility Volume change of the reservoir rock and fluid i