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Figure 6-1: 2023 LULUCF Chapter Greenhouse Gas Sources and Sinks

Forest Land Remaining Forest Land | (880) [N
Settlements Remaining Settlements
Land Converted to Forest Land
Cropland Remaining Cropland
Wetlands Remaining Wetlands

Non-CO2 Emissions from Peatlands Remaining Peatlands |< 0.5]
Non-COz Emissions from Drained Organic Soils |< 0.5]

CHa Emissions from Land Converted to Coastal Wetlands |< 0.5]
CH+ Emissions from Land Converted to Flooded Land |< 0.5]
Land Converted to Wetlands |< 0.5]

N20 Emissions from Forest Soils |< 0.5]

Non-COz Emissions from Grassland Fires
N20 Emissions from Settlement Soils
Non-COz Emissions from Coastal Wetlands Remaining Coastal Wetlands |
Non-CO2 Emissions from Forest Fires |
Land Converted to Grassland
Grassland Remaining Grassland
Land Converted to Cropland
Non-COz Emissions from Flooded Land Remaining Flooded Land ={N:?):?~?Ir(1)ftgr?1(| S(;ir:]annsge
Land Converted to Settlements

(250) (200) (150) (100) (50) O 50 100
MMT CO:2 Eq.

Note: Parentheses in horizontal axis indicate net sequestration.

Figure 6-2: Trends in Emissions and Removals (Net CO, Flux) from Land Use, Land-Use
Change, and Forestry
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Table 6-1: Emissions and Removals (Net Flux) from Land Use, Land-Use Change, and

Forestry (MMT CO. Eq.)
Land-Use Category 1990 2005 2019 2020 2021 2022 2023
Forest Land Remaining Forest Land (1049.3) (932.8) || (867.4) (898.0) (881.0) (827.6) (873.3)
Changes in Forest Carbon Stocks? (1054.9) (950.0) || (877.1) (926.5) (907.9) (842.4) (880.0)
Non-CO; Emissions from Forest Fires® 54 16.7 9.3 28.0 26.4 14.3 6.2
N2O Emissions from Forest Soils® 0.1 0.4 0.4 0.4 0.4 0.4 0.4
Non-CO2 Emissions from Drained
Organic Soils® 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Land Converted to Forest Land (103.6) (103.6) | (103.9) (103.8) (103.8) (103.8) (103.8)
Changes in Forest Carbon Stocks® (103.6) (103.6) || (103.9) (103.8) (103.8) (103.8) (103.8)
Cropland Remaining Cropland 1.0 (31.0) (19.3) (8.7) (31.9) (31.6) (30.5)
Changes in Mineral and Organic Soil
Carbon Stocks 1.0 (31.0) (19.3) (8.7) (31.9) (31.6) (30.5)
Land Converted to Cropland 48.5 35.5 31.4 29.2 34.9 35.0 35.6
Changes in all Ecosystem Carbon
Stocks' 48.5 35.5 31.4 29.2 34.9 35.0 35.6
Grassland Remaining Grassland 24.2 24.5 28.5 16.8 11.2 13.7 22.7
Changes in Mineral and Organic Soil
Carbon Stocks 24.0 23.7 28.2 15.8 10.2 13.1 22.0
Non-CO2 Emissions from Grassland
Fires® 0.2 0.8 0.3 1.1 0.9 0.6 0.7
Land Converted to Grassland 35.6 21.9 20.9 241 19.9 20.9 20.9
Changes in all Ecosystem Carbon
Stocksf 35.6 21.9 20.9 24.1 19.9 20.9 20.9
Wetlands Remaining Wetlands 38.5 40.9 39.7 39.7 39.7 39.7 39.7
Changes in Organic Soil Carbon Stocks
in Peatlands 1.1 1.1 0.6 0.6 0.5 0.6 0.6
Non-CO2 Emissions from Peatlands
Remaining Peatlands + + + + + + +
Changes in Biomass, DOM, and Soil
Carbon Stocks in Coastal Wetlands (10.8) (10.1) (11.1) (11.1) (11.1) (11.1) (11.1)
CHas Emissions from Coastal Wetlands
Remaining Coastal Wetlands 4.2 4.2 4.3 4.3 4.3 4.3 4.3
N20O Emissions from Coastal Wetlands
Remaining Coastal Wetlands 0.1 0.2 0.1 0.1 0.1 0.1 0.1
CHas Emissions from Flooded Land
Remaining Flooded Land 43.9 455 45.8 45.8 45.8 45.8 45.8
Land Converted to Wetlands 6.8 1.9 0.7 0.7 0.7 0.7 0.6
Changes in Biomass, DOM, and Soil
Carbon Stocks in Land Converted to
Coastal Wetlands 0.5 0.5 (+) (+) (+) (+) (+)
CHa4 Emissions from Land Converted to
Coastal Wetlands 0.3 0.3 0.2 0.2 0.2 0.2 0.2
Changes in Land Converted to Flooded
Land 3.4 0.7 0.3 0.3 0.3 0.3 0.3
CHa4 Emissions from Land Converted to
Flooded Land 2.7 0.5 0.2 0.2 0.2 0.2 0.2
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Flooded land remaining flooded land was the largest source of CH, emissions from LULUCF in 2023,
totaling 45.8 MMT CO, Eq. (1,636 kt of CH,). In 2023, coastal wetlands remaining coastal wetlands
resulted in CH, emissions of 4.3 MMT CO; Eqg. (155 kt of CH,). Forest fires resulted in CH4 emissions of
3.8 MMT CO: Eq. (135 kt of CHa4).

The largest source of LULUCF N,O emissions in 2023 was fertilizer application to settlement soils,
totaling to 2.5 MMT CO; Eq. (10 kt of N2O). This represents an increase of 23.1 percent since 1990. The
second largest source of LULUCF N,O emissions from forest fires in 2023 was 2.4 MMT CO; Eq. (9 kt
N.O), an increase of 8.0 percent since 1990. Additionally, the application of synthetic fertilizers to forest
soils in 2023 resulted in N.O emissions of 0.4 MMT CO. Eq. (2 kt of N.O). Nitrous oxide emissions from
fertilizer application to forest soils have increased by 455.1 percent since 1990 but still account for a
relatively small portion of overall emissions.

Table 6-2: Emissions and Removals from Land Use, Land-Use Change, and Forestry by

Gas (MMT CO. Eq.)

Gas/Land-Use Category 1990 2005 2019 2020 2021 2022 2023
Carbon Stock Change (CO2)? (1,096.9)|| (1,040.7) (982.6) (1,034.2) (1,043.8) (973.9) (1,000.5)
Forest Land Remaining Forest Land (1,054.9) (950.0) (877.1) (926.5) (907.9) (842.4) (880.0)
Land Converted to Forest Land (103.6) (103.6) (103.9) (103.8) (103.8) (103.8) (103.8)
Cropland Remaining Cropland 1.0 (31.0) (19.3) (8.7) (31.9) (31.6) (30.5)
Land Converted to Cropland 48.5 35.5 31.4 29.2 34.9 35.0 35.6
Grassland Remaining Grassland 24.0 23.7 28.2 15.8 10.2 13.1 22.0
Land Converted to Grassland 35.6 21.9 20.9 241 19.9 20.9 20.9
Wetlands Remaining Wetlands (9.8) (8.98) (10.51) (10.54) (10.58) (10.54) (10.53)
Land Converted to Wetlands 3.8 1.1 0.3 0.3 0.3 0.3 0.3
Settlements Remaining Settlements (111.1) (118.3) (133.9) (134.2) (134.6) (134.7) (134.3)
Land Converted to Settlements 69.5 89.0 81.4 80.3 79.7 79.8 79.8
CH. 54.4 60.9 56.1 69.0 67.8 59.6 54.7
Forest Land Remaining Forest Land:

Forest Fires® 3.2 9.9 5.5 17.9 16.8 8.8 3.8
Forest Land Remaining Forest Land:

Drained Organic Soils® + + + + + it it

Grassland Remaining Grassland:
Grassland Fires® 0.1 0.4 0.2 0.6 0.5 0.3 0.4
Wetlands Remaining Wetlands:
Flooded Land Remaining Flooded
Land 43.9 45.5 45.8 45.8 45.8 45.8 45.8
Wetlands Remaining Wetlands:
Coastal Wetlands Remaining Coastal

Wetlands 4.2 4.2 4.3 4.3 4.3 4.3 4.3
Wetlands Remaining Wetlands:

Peatlands Remaining Peatlands + + + + + T T
Land Converted to Wetlands: Land

Converted to Flooded Lands 2.7 0.5 0.2 0.2 0.2 0.2 0.2
Land Converted to Wetlands: Land

Converted to Coastal Wetlands 0.3 0.3 0.2 0.2 0.2 0.2 0.2
N20 4.7 10.9 7.0 13.7 13.1 9.0 5.9
Forest Land Remaining Forest Land: 2.3 6.8 3.8 10.1 9.6 5.5 2.4
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Gas/Land-Use Category 1990 2005 2019 2020 2021 2022 2023
Forest Fires®

Forest Land Remaining Forest Land:

Forest Soils® 0.1 0.4 0.4 0.4 0.4 0.4 0.4
Forest Land Remaining Forest Land:

Drained Organic Soils® 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Grassland Remaining Grassland:

Grassland Fires® 0.1 0.4 0.1 0.5 0.4 0.3 0.3

Wetlands Remaining Wetlands:
Coastal Wetlands Remaining Coastal

Wetlands 0.1 0.2 0.1 0.1 0.1 0.1 0.1
Wetlands Remaining Wetlands:

Peatlands Remaining Peatlands + + + + + + +
Settlements Remaining Settlements:

Settlement Soilsf 2.1 3.1 2.5 2.5 2.5 2.5 2.5
LULUCF Carbon Stock Change? (1,096.9){| (1,040.7) (982.6) (1,034.2) (1,043.8) (973.9) (1,000.5)
LULUCF Emissions® 59.1 71.8 63.2 82.6 81.0 68.6 60.6
LULUCF Sector Net Total" (1,037.9) (968.9) (919.4) (951.6) (962.9) (905.3) (939.9)

+ Absolute value does not exceed 0.05 MMT CO:. Eq.

@ LULUCF carbon stock change is the net carbon stock change from the following categories: forest land remaining forest land,
land converted to forest land, cropland remaining cropland, land converted to cropland, grassland remaining grassland, land
converted to grassland, wetlands remaining wetlands, land converted to wetlands, settlements remaining settlements, and
land converted to settlements.

Estimates include CH4 and N2O emissions from fires on both forest land remaining forest land and land converted to forest
land.

Estimates include CH4 and N2O emissions from drained organic soils on both forest land remaining forest land and land
converted to forest land.

Estimates include CH4 and N2O emissions from fires on both grassland remaining grassland and land converted to grassland.
Estimates include N2O emissions from nitrogen fertilizer additions on both forest land remaining forest land and land
converted to forest land.

Estimates include N2O emissions from nitrogen fertilizer additions on both settlements remaining settlements and land
converted to settlements.

LULUCF emissions include the CH4 and N.O emissions reported for peatlands remaining peatlands, forest fires, drained
organic soils, grassland fires, and coastal wetlands remaining coastal wetlands; CH4 emissions from flooded land remaining
flooded land, land converted to flooded land, and land converted to coastal wetlands; and N2.O emissions from forest soils and
settlement soils.

The LULUCF sector net total is the net sum of all LULUCF CH4 and N.O emissions to the atmosphere plus LULUCF net carbon
stock changes in units of MMT CO; Eq.

Notes: Totals may not sum due to independent rounding. Parentheses indicate net sequestration.

o

o

a

®

o

B

Table 6-3: Emissions and Removals from Land Use, Land-Use Change, and Forestry by
Gas (kt)

Gas/Land-Use Category 1990 2005 2019 2020 2021 2022 2023
Carbon Stock Change (CO>)* (1,096,934)[ (1,040,673)| (982,581) (1,034,188) (1,043,812 (973,902) (1,000,542)
Forest Land Remaining Forest

Land (1,054,891)[| (949,962)| (877,137) (926,477) (907,912) (842,391)  (879,957)
Land Converted to Forest Land (103,607)| (103,590)} (103,876)  (103,850) (103,847) (103,837)  (103,833)
Cropland Remaining Cropland 1,040 (31,040) (19,330) (8,729) (31,896) (31,566) (30,541)
Land Converted to Cropland 48,519 35,486 31,430 29,219 34,898 35,025 35,584
Grassland Remaining Grassland 23,991 23,684 28,209 15,761 10,247 13,058 22,013
Land Converted to Grassland 35,553 21,950 20,857 24,065 19,883 20,945 20,856
Wetlands Remaining Wetlands (9,770) (8,984) (10,509) (10,535) (10,582)  (10,543) (10,531)
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Gas/Land-Use Category 1990 2005 2019 2020 2021 2022 2023

Land Converted to Wetlands 3850 1125 289 291 285 290 293
Settlements Remaining

Settlements (111,129)f (118,296)| (133,891)  (134,217) (134,592) (134,663)  (134,273)
Land Converted to Settlements 69,509 88,955 81,378 80,284 79,705 79,779 79,847
CH, 1,943 2,174 2,005 2,464 2,423 2,129 1,953
Forest Land Remaining Forest

Land:

Forest Fires® 113 355 195 639 601 313 135
Forest Land Remaining Forest

Land: Drained Organic Soils® 1 1 1 1 1 1 1

Grassland Remaining Grassland:
Grassland Fires® 4 15 6 20 18 12 14
Wetlands Remaining Wetlands:
Flooded Land Remaining
Flooded Land 1,569 1,625 1,635 1,635 1,636 1,636 1,636
Wetlands Remaining Wetlands:
Coastal Wetlands Remaining

Coastal Wetlands 149 151 153 154 154 154 155
Wetlands Remaining Wetlands:
Peatlands Remaining Peatlands + + + + + + +

Land Converted to Wetlands:
Land Converted to Flooded
Lands 96 17 8 8 7 7 7
Land Converted to Wetlands:
Land Converted to Coastal

Wetlands 10 10 7 7 6 6 6
N20 18 a1 27 52 49 34 22
Forest Land Remaining Forest

Land:

Forest Fires® 9 26 14 38 36 21 9
Forest Land Remaining Forest

Land: Forest Soils® + 2 2 2 2 2 2

Forest Land Remaining Forest
Land: Drained Organic Soils® + + + + + + +
Grassland Remaining Grassland:
Grassland Fires® + 1 1 2 2 1 1
Wetlands Remaining Wetlands:

Coastal Wetlands Remaining
Coastal Wetlands + 1 1 1 1 1 1

Wetlands Remaining Wetlands:
Peatlands Remaining Peatlands + + + + + + +

Settlements Remaining
Settlements: Settlement Soils' 8 12 9 9 10 10 10

+ Absolute value does not exceed 0.5 kt.

@ LULUCF carbon stock change is the net carbon stock change from the following categories: forest land remaining forest land,
land converted to forest land, cropland remaining cropland, land converted to cropland, grassland remaining grassland, land
converted to grassland, wetlands remaining wetlands, land converted to wetlands, settlements remaining settlements, and
land converted to settlements.

® Estimates include CH. and N.O emissions from fires on both forest land remaining forest land and land converted to forest
land.

¢ Estimates include CHa4 and N2O emissions from drained organic soils on both forest land remaining forest land and land
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Table 6-5: Land Use and Land-Use Change for the U.S. Managed Land Base for All 50
States (Thousands of Hectares)

Land Use & Land-Use

Change Categories? 1990 2005 2019 2020 2021 2022 2023
Total Forest Land 280,523 280,064 279,748 279,626 279,538 279,484 279,430
FF 279,447 278,860 278,557 278,443 278,368 278,316 278,268
CF 209 141 86 77 75 74 73
GF 767 951 973 973 970 973 973
WF 15 23 18 16 15 15 15
SF 11 18 21 20 19 20 22
OF 75 72 94 97 91 87 80
Total Cropland 174,495 165,626 160,692 160,102 160,061 160,016 159,960
CcC 162,273 150,411 149,504 149,816 150,582 151,267 151,617
FC 170 77 62 60 61 63 65
GC 11,673 14,623 10,758 9,910 9,126 8,412 8,017
wWcC 119 178 98 86 80 75 71
SC 75 102 105 101 97 94 89
oC 186 235 166 129 115 107 102
Total Grassland 339,358 341,423 340,101 340,529 340,361 340,179 340,034
GG 330,060 317,339 320,576 321,736 322,861 323,761 324,509
FG 570 1,657 4,181 4,221 4,230 3,962 3,695
CG 8,177 17,745 13,491 13,212 12,213 11,456 10,879
WG 168 466 172 155 135 126 119
SG 43 526 189 138 99 92 88
(e]¢] 341 3,689 1,491 1,066 822 781 744
Total Wetlands 37,826 38,648 38,947 38,950 39,007 39,090 39,173
WwW 37,271 36,626 37,824 37,966 38,150 38,303 38,475
FW 37 71 83 81 75 73 70
cw 145 638 310 262 222 188 166
GW 326 1,169 501 419 350 322 261
SW 0 38 14 10 2 2 2
ow 47 107 216 212 209 204 198
Total Settlements 33,410 40,167 46,291 46,627 46,937 47,162 47,370
SS 30,553 31,434 41,609 42,460 43,185 43,745 44,281
FS 293 466 440 437 425 418 411
CS 1,231 3,605 1,727 1,529 1,366 1,228 1,094
GS 1,276 4,375 2,349 2,063 1,831 1,650 1,468
WS 4 59 25 18 14 14 13
oS 54 229 141 120 115 108 102
Total Other Land 20,921 20,602 20,751 20,697 20,626 20,600 20,564
(0]6} 20,188 17,036 18,310 18,536 18,753 18,821 18,937
FO 50 77 99 100 104 108 94
CcO 287 603 582 540 489 444 404
GO 371 2,764 1,543 1,309 1,072 1,023 927
WO 22 101 206 203 198 195 191
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Land Use & Land-Use

Change Categories® 1990 2005 2019 2020 2021 2022 2023
SO 2 22 11 10 10 10 10
Grand Total 886,533 886,530 886,531 886,531 886,531 886,531 886,531

@ The abbreviations are “F” for forest land, “C” for cropland, “G” for grassland, “W” for wetlands, “S” for settlements, and “O” for
other lands. Lands remaining in the same land-use category are identified with the land-use abbreviation given twice (e.g., “FF”
is forest land remaining forest land), and land-use change categories are identified with the previous land use abbreviation
followed by the new land-use abbreviation (e.g., “CF” is Cropland Converted to Forest Land).

Notes: All land areas reported in this table are considered managed. A planned improvement is underway to deal with an
exception for wetlands, which based on the definitions for the current U.S. Land Representation assessment includes both
managed and unmanaged lands. U.S. Territories have not been classified into land uses and are not included in the U.S. Land
Representation Assessment. See the Planned Improvements section for discussion on plans to include U.S. Territories in
future Inventories. In addition, carbon stock changes are not currently estimated for the entire land base, which leads to
discrepancies between the managed land area data presented here and in the subsequent sections of the Inventory (see land
use chapters e.g., Forest Land Remaining Forest Land for more information). Totals may not sum due to independent rounding.
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Figure 6-3: Percent of Total Land Area for Each State in the General Land Use
Categories for 2023
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National Resources Inventory

For the Inventory, the NRl is the official source of data for land use and land-use change on non-federal,
non-forest lands in the conterminous United States and Hawaii, and is also used to determine the total
land base for the conterminous United States and Hawaii. The NRI is a statistically-based survey
conducted by the USDA Natural Resources Conservation Service and is designed to assess soil, water,
and related environmental resources on non-federal lands. The NRI has a stratified multi-stage sampling
design, where primary sample units are stratified on the basis of county and township boundaries
defined by the United States Public Land Survey (Nusser and Goebel 1997). Within a primary sample
unit (typically a 160 acre [64.75 ha] square quarter-section), three sample points are selected according
to a restricted randomization procedure. Each point in the survey is assigned an area weight (expansion
factor) based on other known areas and land use information (Nusser and Goebel 1997, USDA NRCS
2023). The NRI survey utilizes data obtained from remote sensing imagery and site visits in order to
provide detailed information on land use and management, particularly for croplands and grasslands
(i.e., agricultural lands), and is used as the basis to account for carbon stock changes in agricultural
lands (except federal grasslands). The NRI survey was conducted every five years between 1982 and
1997, but shifted to annualized data collection in 1998. The land use between five-year periods from
1982 and 1997 are assumed to be the same for a five-year time period if the land use is the same at the
beginning and end of the five-year period (note: most of the data have the same land use at the
beginning and end of the five-year periods). If the land use had changed during a five-year period, then
the change is assigned at random to one of the five years. For crop histories, years with missing data are
estimated based on the sequence of crops grown during years preceding and succeeding a missing year
in the NRI history. This gap-filling approach allows for development of a full time series of land use data
for non-federal lands in the conterminous United States and Hawaii. This Inventory incorporates data
through 2017 from the NRI. The land use patterns are assumed to remain the same from 2018 through
2023 for this Inventory, but the time series will be updated when new data become available and are
integrated into the land representation analysis.

Forest Inventory and Analysis

The FIA program, conducted by the USFS, is the official source of data on forest land area and
management data for the Inventory and is another statistically-based survey for the United States. The
Forest Inventory and Analysis engages in a hierarchical system of sampling, with sampling categorized
as Phases 1 through 3, in which sample points for each consecutive phase are subsets of the previous
phase. Phase 1 refers to collection of remotely-sensed data (either aerial or satellite imagery) primarily
to classify land into forest or non-forest and to identify landscape patterns like fragmentation and
urbanization. Phase 2 is the collection of field data on a network of ground plots that enable
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urban area. Land representation for settlements on federal lands in the coterminous United
States and Alaska is based on the NLCD, federal lands in Hawaii use C-CAP.

e« Other Land: Any land that is not classified into one of the previous five land-use categories is
categorized as other land using the NRI for non-federal areas in the conterminous United States
and Hawaii and using the NLCD or C-CAP for the federal lands in all regions of the United States
and for non-federal lands in Alaska.

Some lands can be classified into one or more categories due to multiple uses that meet the criteria of
more than one definition. However, a ranking has been developed for assignment priority in these cases.
The ranking process is from highest to lowest priority based on the following order:

Settlements > Cropland > Forest Land > Grassland > Wetlands > Other Land

Settlements are given the highest assignment priority because they are extremely heterogeneous with a
mosaic of patches that include buildings, infrastructure, and travel corridors, but also open grass areas,
forest patches, riparian areas, and gardens. The latter examples could be classified as grassland, forest
land, wetlands, and cropland, respectively, but when located in close proximity to settlement areas,
they tend to be managed in a unique manner compared to non-settlement areas. Consequently, these
areas are assigned to the settlements land-use category. Cropland is given the second assignment
priority, because cropping practices tend to dominate management activities on areas used to produce
food, forage, or fiber. The consequence of this ranking is that crops in rotation with pasture are classified
as cropland, and land with woody plant cover that is used to produce crops (e.g., orchards) is classified
as cropland, even though these areas may also meet the definitions of grassland or forest land,
respectively. Similarly, wetlands are considered croplands if they are used for crop production, such as
rice or cranberries. Forest land occurs next in the priority assignment because traditional forestry
practices tend to be the focus of the management activity in areas with woody plant cover that are not
croplands (e.g., orchards) or settlements (e.g., housing subdivisions with significant tree cover).
Grassland occurs next in the ranking, while wetlands and then other land complete the list.

The assignment priority does not reflect the level of importance for quantifying greenhouse gas
emissions and removals on managed land, butis intended to classify all areas into a discrete land-use
category. Currently, the IPCC does not make provisions in the guidelines for assigning land to multiple
uses. For example, a wetland is classified as forest land if the area has sufficient tree cover to meet the
stocking and stand size requirements. Similarly, wetlands are classified as cropland if they are used for
crop production, such asrice, or as grassland if they are composed principally of grasses, grass-like
plants (i.e., sedges and rushes), forbs, or shrubs suitable for grazing and browsing. Regardless of the
classification, emissions and removals from these areas should be included in the Inventory if the land
is considered managed, and therefore impacted by anthropogenic activity in accordance with the
guidance provided by the IPCC (2006).

QA/QC and Verification

The land base obtained from the NRI, FIA, NLCD, and C-CAP was compared to the Topologically
Integrated Geographic Encoding and Referencing (TIGER) Survey (U.S. Census Bureau 2010). The United
States Census Bureau gathers data on the population and economy and has a database of land areas
for the country. The area estimates of land-use categories, based on NRI, FIA, NLCD, and C-CAP, are
obtained from remote sensing data instead of the land survey approach used by the United States
Census Survey. The Census does not provide a time series of land-use change data or land
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conditions of wetlands. All other soils are classified as mineral soil types and typically have
relatively low amounts of organic matter.

In addition, there are two harvested wood pools included when estimating carbon flux:
e« Harvested wood products (HWP) in use.

e HWP in solid waste disposal sites (SWDS).

Forest Carbon Cycle

Carbon is continuously cycled among the previously defined carbon storage pools and the atmosphere
as a result of biogeochemical processes in forests (e.g., photosynthesis, respiration, decomposition,
and disturbances such as fires or pest outbreaks) and anthropogenic activities (e.g., harvesting,
thinning, and replanting). As trees photosynthesize and grow, carbon is removed from the atmosphere
and stored in living tree biomass. As trees die and otherwise deposit litter and debris on the forest floor,
carbon is released to the atmosphere and is also transferred to the litter, dead wood, and soil pools by
organisms that facilitate decomposition.

The net change in forest carbon is not equivalent to the net flux between forests and the atmosphere
because timber harvests do not cause an immediate flux of all harvested biomass carbon to the
atmosphere. Instead, harvesting transfers a portion of the carbon stored in wood to a "product pool."
Once in a product pool, the carbon is emitted over time as CO; in the case of decomposition and as
CO,, CH4, N2O, CO, and NO,when the wood product combusts. The rate of emission varies considerably
among different product pools. For example, if timber is harvested to produce energy, combustion
releases carbon immediately, and these emissions are reported for information purposes in the Energy
sector while the harvest (i.e., the associated reduction in forest carbon stocks) and subsequent
combustion are implicitly estimated in the Land Use, Land-Use Change, and Forestry (LULUCF) sector
(i.e., the portion of harvested timber combusted to produce energy does not enter the HWP pools).
Conversely, if timber is harvested and used as lumber in a house, it may be many decades or even
centuries before the lumber decays and carbon is released to the atmosphere. If wood products are
disposed of in SWDS, the carbon contained in the wood may be released many years or decades later or
may be stored almost permanently in the SWDS. These latter fluxes, with the exception of CH, from
wood in SWDS, which is included in the Waste sector, are also estimated in the LULUCF sector.

Net Change in Carbon Stocks within Forest Land of the United States

This section describes the general method for quantifying the net changes in carbon stocks in the five
carbon storage pools and two harvested wood pools (a more detailed description of the methods and
data is provided in Annex 3.14). The underlying methodology for determining carbon stock and stock
change relies on data from the nationwide forest inventory (NFI) conducted by the Forest Inventory and
Analysis (FIA) program within the USDA Forest Service. The annual NFl is implemented across all U.S.
forest lands within the conterminous 48 states, Alaska, Puerto Rico, and the U.S. Virgin Islands, and
periodic inventories are available for Hawaii and some of the other U.S. Territories. The methods for
estimation and monitoring are continuously improved and these improvements are reflected in the
carbon estimates (Domke et al. 2022; Westfall et al. 2024). First, in the conterminous 48 states and
coastal southeast and southcentral Alaska, the total carbon stocks are estimated for each carbon
storage pool at the individual NFI plot, next the annual net changes in carbon stocks for each pool at the
population level are estimated, and then the changes in stocks are summed for all pools to estimate
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Figure 6-4: Area by Region for Forest Land Remaining Forest Land in the United States
(1990-2023)
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Forest Carbon Stocks and Stock Change

In the forest land remaining forest land category, forest management practices, the regeneration of
forest areas cleared more than 20 years prior to the inventory year, and timber harvesting have resulted
in net removal (i.e., net sequestration or accumulation) of carbon each year from 1990 through 2023.
The rate of forest clearing in the 17" century following European settlement had slowed by the late 19%"
century. Through the later part of the 20" century, many areas of previously forested land in the United
States were allowed to revert to forests or were actively reforested. The impacts of these land-use
changes still influence carbon fluxes from these forest lands. More recently, the 1970s and 1980s saw a
resurgence of federally sponsored forest management programs (e.g., the Forestry Incentive Program)
and soil conservation programs (e.g., the Conservation Reserve Program), which have focused on tree
planting, improving timber management activities, combating soil erosion, and converting marginal
cropland to forests. In addition to forest regeneration and management, forest harvests and natural
disturbance have also affected net carbon fluxes. Because most of the timber harvested from U.S. forest
land is used in wood products, and many discarded wood products are disposed of in SWDS rather than
by incineration, substantial quantities of carbon in harvested wood are transferred to these long-term
storage pools rather than being released rapidly to the atmosphere (Skog 2008). By maintaining current
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in the age-class distribution resulting from forest aging and disturbance events and then applying
carbon density estimates for each age class to obtain population estimates for the nation. In cases
where there are t; estimates in the last year (e.g., 2023) of the NFI no projections are necessary for those
plots.

To implement the gain-loss approach in interior Alaska, forest land conditions in Alaska were observed
on NFI plots from 2014 to 2023. Plot-level data from the NFl were harmonized with auxiliary data
describing climate, forest structure, disturbance, and other site-specific conditions to develop non-
parametric models to predict carbon stocks by forest ecosystem carbon pool as well as fluxes over the
entire inventory period, 1990 to 2023. First, carbon stocks for each forest ecosystem carbon pool were
predicted for the year 2016 for all NFI plot locations (each plot representing 12,015 ha). Next, the
chronosequence of sampled NFI plots and auxiliary information (e.g., climate, forest structure,
disturbance, and other site-specific data) were used to predict annual gains and losses for each forest
ecosystem carbon pool. The annual gains and losses were then combined with the stock estimates and
disturbance information to compile plot- and population-level carbon stocks and fluxes for each year
from 1990 to 2023.

To implement the gain-loss approach in Hawaii and the U.S. Territories, a combination of Tier 1 and Tier 2
methods were applied. All forest land conditions were observed on annual and periodic NFI plots from
2001 to 2019 (see Annex 3.14 for specific inventories included for each Island). Plot-level data from the
NFI were harmonized with data describing ecological zone (FAO 2010), soil attributes (Johnson and Kern
2003; Deenik and McClellan, 2007, IPCC 2019), and dead wood and litter carbon stocks (Oswalt et al.
2008; IPCC 2019). Only estimates of carbon stocks in live trees were consistently available in the NFI for
Hawaii and the U.S. Territories for each inventory. These estimates were used to obtain average annual
carbon stock change estimates for above and belowground live trees which were applied to each forest
plot to capture growth, harvest removals, and mortality. The carbon stocks and annual stock change
estimates were compared with country-specific estimates (Oswalt et al. 2008; Selmants et al. 2017),
and IPCC (2019) default estimates to ensure they were consistent with other sources. There were limited
data available on disturbances and management activities on NFI plots over the times series so Tier 1
methods were applied for dead wood and litter. It was assumed that the average transfer rate into dead
wood and litter pools is equivalent to the average transfer rate out of the dead organic matter pool so
there are no net carbon stock changes included for these pools in the time series (IPCC 2006). Similarly,
given data limitations on forest soils and changes on NFI plots over the time series, a Tier 1 approach
was also used for soil carbon with country-specific estimates (Johnson and Kern 2003) and IPCC (2019)
defaults used to estimate soil carbon stocks with no net carbon stock change reported.

To estimate carbon stock changes in harvested wood, estimates were based on factors such as the
allocation of wood to various primary and end-use products as well as half-life (the time at which half of
the amount placed in use will have been discarded from use) and expected disposition (e.g., product
pool, SWDS, combustion). An overview of the different methodologies and data sources used to
estimate the carbon in forest ecosystems within the conterminous United States and Alaska and
harvested wood products for all of the United States is provided below. See Annex 3.14 for details and
additional information related to the methods and data.

Methodological recalculations were applied to the entire time series to ensure time-series consistency
from 1990 through 2023. Details on the emission/removal trends and methodologies through time are
described in more detail in the Introduction and Methodology sections.
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Forest Ecosystem Carbon from Forest Inventory

The United States applied the compilation approach described in Woodall et al. (2015a) for the current
Inventory which removes the older periodic inventory data, which may be inconsistent with annual
inventory data, from the estimation procedures. This approach enables the attribution of forest carbon
accumulation by forest growth, land-use change, and natural disturbances such as fire. Development
will continue on a system that attributes changes in forest carbon to disturbances and delineates land
converted to forest land from forest land remaining forest land. As part of this development, carbon pool
science will continue and will be expanded to improve the estimates of carbon stock transfers from
forest land to other land uses and include techniques to better identify land-use change (see the
Planned Improvements section below).

The annual FIA inventory system does not extend into the 1970s, necessitating the adoption of a system
to estimate carbon stocks prior to the establishment of the annual forest inventory. The estimation of
carbon stocks prior to the annual national forest inventory consisted of a modeling framework
comprised of a forest dynamics module (age transition matrices) and a land use dynamics module (land
area transition matrices). The forest dynamics module assesses forest uptake, forest aging, and
disturbance effects (e.g., disturbances such as wind, fire, and floods identified by foresters on inventory
plots). The land use dynamics module assesses carbon stock transfers associated with afforestation
and deforestation (Woodall et al. 2015b). Both modules are developed from land use area statistics and
carbon stock change or carbon stock transfer by age class. The required inputs are estimated from more
than 625,000 forest and non-forest observations recorded in the FIA national database (U.S. Forest
Service 2024a, b, c). Model predictions prior to the annual inventory period are constructed from the
estimation system using the annual estimates. The estimation system is driven by the annual forest
inventory system conducted by the FIA program (Frayer and Furnival 1999; Bechtold and Patterson 2005;
Westfall et al. 2024; USDA Forest Service 2024d, 2024a). The FIA program relies on a rotating panel
statistical design with a sampling intensity of one 674.5 m? ground plot per 2,403 ha of land and water
area. A five or seven-panel design, with 20 percent or 14.3 percent of the field plots typically measured
each year within a state, is used in the eastern United States, and a ten-panel design, with typically ten
percent of the field plots measured each year within a state, is used in the western United States. The
interpenetrating hexagonal design across the U.S. landscape enables the sampling of plots at various
intensities in a spatially and temporally unbiased manner. Typically, tree and site attributes are
measured with higher sample intensity while other ecosystem attributes such as downed dead wood
are sampled during summer months at lower intensities. The first step in incorporating FIA data into the
estimation system is to identify annual and periodic inventory datasets by state and U.S. Territory.
Inventories include data collected on permanent inventory plots on forest lands and were organized as
separate datasets, each representing a complete inventory, or survey, of an individual state at a
specified time. Many of the annual inventories reported for states are represented as “moving window”
averages, which mean that a portion—but not all—of the previous year’s inventory is updated each year
(USDA Forest Service 2024d). Forest carbon estimates are organized according to these state surveys,
and the frequency of surveys varies by state.

Using this FIA data, separate estimates were prepared for the five carbon storage pools identified by
IPCC (2006) as described above. All estimates for the conterminous United States and Alaska were
based on data collected from the extensive array of permanent, annual forest inventory plots and
associated models (e.g., live tree belowground biomass) in the United States (USDA Forest Service
2024b, 2024c). Carbon conversion factors were applied at the disaggregated level of each inventory plot
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and then appropriately expanded to population estimates. Only live (and in some cases) standing dead
wood estimates are available in the annual and periodic FIA inventories in Hawaii and the U.S.
Territories. For this reason, a combination of approaches was used to obtain estimates for all carbon
pools for the time series in these locations.

Carbon in Biomass

Live tree carbon pools include aboveground and belowground (coarse root) biomass of live trees with
diameter at breast height (dbh) of at least 2.54 cm at 1.37 m above the litter. Separate estimates were
made for above- and belowground biomass components. Over the last decade, the USDA Forest
Service’s FIA program and collaborators from universities and industry have been developing a national
methodology for the prediction of individual-tree volume, biomass, and carbon content. The resulting
methodology is referred to as the National-Scale Volume and Biomass (NSVB) framework (Westfall et al.
2024). The previous methodology used was the Component Ratio Method (CRM) (Woodall et al. 2010).
While CRM was nationally consistent, tree biomass was still based on the volume predicted by regional
models and tree carbon was assumed to be 50-percent of biomass, regardless of species. Hence, the
need for NSVB, a nationally consistent methodology for compatible predictions of tree volume,
biomass, and carbon content (Westfall et al. 2024).

The NSVB covers timber tree species in the conterminous United States and coastal Alaska. All other
trees (i.e., trees that are woodland species and trees within Pacific and Caribbean Islands) use regional
models for volume and biomass, with updated carbon fractions (when available). While NSVB did not
directly update models for trees that are considered woodland species or trees within the Pacific (USDA
Forest Service 2022a, b) and Caribbean Islands (collectively referred to hereafter as “non-NSVB trees”),
volume, biomass, and carbon estimates for these trees changed compared to the CRM. For non-NSVB
trees, the standardization of tree defects and how variables are reported (i.e., whether models for total-
stem or merchantable-bole volumes are available) may be reflected as differences in volume estimates.
Additionally, biomass estimates for non-NSVB trees are based on regional biomass models and no
longer are adjusted as they were under the CRM. Finally, updates to carbon fractions (when available)
and calculation of aboveground biomass are reflected in aboveground and belowground biomass
carbon estimates (see Annex 3.14 for more details).

Understory vegetation is a minor component of biomass, which is defined in the FIA program as all
biomass of undergrowth plants in a forest, including woody shrubs and trees less than 2.54 cm dbh. For
this Inventory, it was assumed that ten percent of total understory carbon mass is belowground (Smith
et al. 2006). Estimates of carbon density were based on information in Birdsey (1996) and tree biomass
estimates from the FIA database. Understory biomass represented over one percent of carbon in
biomass, but its contribution rarely exceeded two percent of the total carbon stocks or stock changes
across all forest ecosystem carbon pools each year.

Carbon in Dead Organic Matter

Dead organic matter is calculated as three separate pools—standing dead trees, downed dead wood,
and litter—with carbon stocks estimated from sample data or from models as described below. The
standing dead tree carbon poolincludes aboveground and belowground (coarse root) biomass for trees
of at least 2.54 cm dbh. Calculations followed the basic methods applied to live trees (Westfall et al.
2024) with additional modifications to account for decay and structural loss (Harmon et al. 2011).
Downed dead wood estimates are based on measurement of a subset of NFI plots for downed dead
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carbon conversion factors, were used to determine the HWP uncertainty using IPCC Approach 2. See
Annex 3.14 for additional information. The 2023 net annual change for forest carbon stocks was
estimated to be between -959.5 and -801.3 MMT CO, Eq. around a central estimate of -880.0 MMT CO,
Eqg. at a 95 percent confidence level. This includes a range of —-864.4 to -713.7 MMT CO, Eq. around a
central estimate of =789.1 MMT CO. Eq. for forest ecosystems and -116.4 to -68.4 MMT CO, Eq. around
a central estimate of -90.9 MMT CO., Eq. for HWP.

Table 6-12: Quantitative Uncertainty Estimates for Net CO, Flux from Forest Land
Remaining Forest Land: Changes in Forest Carbon Stocks (MMT CO. Eq. and Percent)

Uncertainty Range Relative to Flux Estimate
2023 Flux (MMT CO: Eq.) (%)
Estimate Lower Upper Lower Upper
Source Gas (MMT CO: Eq.) Bound Bound Bound Bound
Forest Ecosystem C Pools® CO2 (789.1) (864.4) (713.7) -9.6% +9.6%
Harvested Wood Products® CO: (90.9) (116.4) (68.4) -28.1% +24.7%
Total Forest CO: (880.0) (959.5) (801.3) -9.0% +8.9%

@ Range of flux estimates predicted through a combination of sample-based and model-based uncertainty for a 95 percent
confidence interval, IPCC Approach 1.

®Range of flux estimates predicted by Monte Carlo stochastic simulation for a 95 percent confidence interval, IPCC Approach 2.
Notes: Parentheses indicate negative values or net uptake. Totals may not sum due to independent rounding.

QA/QC and Verification

The FIA program has conducted consistent forest surveys based on extensive statistically-based
sampling of most of the forest land in the conterminous U.S., dating back to 1952. The FIA program
includes numerous quality assurance and quality control (QA/QC) procedures, including calibration
among field crews, duplicate surveys of some plots, and systematic checking of recorded data. Because
of the statistically-based sampling, the large number of survey plots, and the quality of the data, the
survey databases developed by the FIA program form a strong foundation for carbon stock estimates.
Field sampling protocols, summary data, and detailed inventory databases are archived and are publicly
available (USDA Forest Service 2024d).

General quality control procedures were used in performing calculations to estimate carbon stocks
based on survey data. For example, the carbon datasets, which include inventory variables such as
areas and volumes, were compared to standard inventory summaries such as the forest resource
statistics of Oswalt et al. (2019) or selected population estimates generated from the FIA database,
which are available at an FIA internet site (USDA Forest Service 2024b). Agreement between the carbon
datasets and the original inventories is important to verify accuracy of the data used.

Estimates of the HWP variables and the HWP contribution under the production estimation approach
use data from USDC Bureau of the Census and USDA Forest Service surveys of production and trade,
among other sources (Hair and Ulrich 1963; Hair 1958; USDC Bureau of Census 1976; Ulrich 1985,
1989; Steer 1948; AF&PA 2006a, 2006b; Howard 2003, 2007; Howard and Jones 2016; Howard and Liang
2019; AF&PA 2021; AF&PA 2023; FAO 2023). Factors to convert wood and paper to units of carbon are
based on estimates by industry and USDA Forest Service published sources (see Annex 3.14). The
WOODCARB Il model uses estimation methods suggested by IPCC (2006). Estimates of annual carbon
change in solid wood and paper products in use were calibrated to meet two independent criteria. The
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Table 6-15: Recalculations of Net Carbon Flux from Forest Ecosystem Pools in Forest
Land Remaining Forest Land and Harvested Wood Pools (MMT C)

2022 Estimate, 2022 Estimate, 2023 Estimate,
Carbon Pool (MMT C) Previous Inventory Current Inventory Current Inventory
Forest Ecosystem (189.3) (204.4) (215.2)
Aboveground Biomass (134.1) (132.9) (134.6)
Belowground Biomass (26.4) (26.2) (26.3)
Dead Wood (35.8) (53.9) (54.5)
Litter 7.2 8.4 (0.0)
Soil (Mineral) (0.3) (0.1) (0.1)
Soil (Organic) (0.0) 0.0 0.0
Drained organic soil 0.2 0.2 0.2
Harvested Wood (25.3) (25.3) (24.8)
Products in Use (7.9) (7.9) (7.5)
SWDS (17.4) (17.4) (17.3)
Total Net Flux (214.6) (229.7) (240.0)

Note: Totals may not sum due to independent rounding. Parentheses indicate net sequestration.

Table 6-16: Recalculations of Net Carbon Flux from Forest Ecosystem Pools in Forest
Land Remaining Forest Land (MMT C) in Interior Alaska

2022 Estimate, 2022 Estimate, 2023 Estimate,
Carbon Pool (MMT C) Previous Inventory Current Inventory Current Inventory
Forest Ecosystem 8.9 11.0 (3.0)
Aboveground Biomass (0.2) 0.4 (3.5)
Belowground Biomass (0.0) 0.1 (0.5)
Dead Wood 1.1 1.1 0.0
Litter 8.0 9.4 0.9
Soil (Mineral) 0.0 0.0 0.0
Soil (Organic) 0.0 0.0 0.0

Notes: Totals may not sum due to independent rounding. Parentheses indicate net sequestration.

Planned Improvements

Reliable estimates of forest carbon stocks and changes across the diverse ecosystems of the United
States require a high level of investment in both annual monitoring and associated analytical
techniques. Development of improved monitoring/reporting techniques is a continuous process that
occurs simultaneously with the annual Inventory. Planned improvements can be broadly assigned to the
following categories: development of a robust estimation and reporting system, individual carbon pool
estimation, coordination with other land-use categories, and periodic and annual inventory data
incorporation.

While this Inventory includes carbon change by forest land remaining forest land and land converted to
forest land and carbon stock changes for all IPCC pools in these two categories, there are many
improvements that are still necessary:

Land Use, Land-Use Change, and Forestry 6-47




e The estimation approach used for the conterminous United States in the current Inventory for
the forest land category operates at the state scale, whereas previously the western United
States and southeast and southcentral coastal Alaska operated at a regional scale. While this is
an improvement over previous inventories and led to improved estimation and separation of
land-use categories in the current Inventory, including coastal Alaska, research is underway to
leverage all FIA data (periodic and annualinventories) and auxiliary information (i.e., remotely
sensed information) to operate at finer spatial and temporal scales. As in previous Inventories,
emissions and removals associated with natural (e.g., wildfire, insects, and disease) and human
(e.g., harvesting) disturbances are implicitly included in the report given the design of the annual
NFI, but not explicitly estimated. In addition to integrating auxiliary information into the
estimation framework and leveraging all NFI plot measurements, alternative estimators are also
being evaluated which will eliminate latency in population estimates from the NFI, improve
annual estimation and characterization of interannual variability, facilitate attribution of fluxes
to particular activities, and allow for streamlined harmonization of NFl data with auxiliary data
products. This will also facilitate separation of prescribed and wildfire emissions in future
reports. The transparency and repeatability of estimation and reporting systems will be
improved through the dissemination of open-source code (e.g., R programming language) in
concert with the public availability of the periodic and annual NFI (USDA Forest Service 2024b).
Also, several FIA database processes are being institutionalized to increase efficiency and
QA/QC in reporting and further improve transparency, completeness, consistency, accuracy,
and availability of data. Finally, a combination of approaches was used to estimate uncertainty
associated with carbon stock changes in the forest land remaining forest land category in this
report. There is research underway investigating more robust approaches to estimate total
uncertainty (Clough et al. 2016), which will be considered in future Inventories.

e Components of various carbon pools, such as carbon in belowground biomass (Russell et al.
2015) and understory vegetation (Russell et al. 2014; Johnson et al. 2017), are being explored
but may require additional investment in field inventories, beyond those incorporated in the
NSVB approach, before improvements can be realized in the Inventory report.

e The foundation of forest carbon estimation is the annual NFI. The ongoing annual surveys by the
FIA program are expected to improve the accuracy and precision of forest carbon estimates as
new state surveys become available (USDA Forest Service 2024b). With the exception of
Wyoming (which will have sufficient remeasurements in the years ahead), all other states in the
conterminous United States and coastal Alaska now have sufficient annual NFI data to
consistently estimate carbon stocks and stock changes for the future using the state-level
compilation system. The FIA program continues to install permanent plots in interior Alaska as
part of the operational NFI, and as more plots are added to the NFI, they will be used to improve
estimates for all managed forest land in Alaska. Estimates of carbon stocks and stock changes
for Hawaii and the U.S. Territories were included in this Inventory using Tier 1 and Tier 2
methods. The methods used to include all managed forest land in the conterminous United
States will be used in future Inventories for Hawaii and U.S. Territories as additional forest
carbon data become available (only a small number of plots from Hawaii are currently available
from the annualized sampling design). To that end, research is underway to incorporate all NFI
information (both annual and periodic data) and the dense time series of remotely sensed data
in multiple inferential frameworks for estimating greenhouse gas emissions and removals as
well as change (i.e., disturbance or land-use changes) detection and attribution across the
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Table 6-20: N.O Fluxes from Soils in Forest Land Remaining Forest Land and Land
Converted to Forest Land (MMT CO. Eq. and kt N.O)

1990 2005 2019 2020 2021 2022 2023
Direct N2O Fluxes from Soils
MMT CO: Eq. 0.1 0.3 0.3 0.3 0.3 0.3 0.3
kt N2O 0.2 1.2 1.2 1.2 1.2 1.2 1.2
Indirect N2O Fluxes from Soils
MMT CO: Eq. + 0.1 0.1 0.1 0.1 0.1 0.1
kt N2O 0.1 0.4 0.4 0.4 0.4 0.4 0.4
Total (MMT CO: Eq.) 0.1 0.4 0.4 0.4 0.4 0.4 0.4
Total (kt N2O) 0.3 1.5 1.5 1.5 1.5 1.5 1.5

+ Does not exceed 0.05 MMT CO; Eq. or 0.05 kt.

Notes: Totals may not sum due to independent rounding. The N2O emissions from land converted to forest land are included with
forest land remaining forest land because it is not currently possible to separate the activity data by land use conversion
category.

Methodology and Time-Series Consistency

The IPCC Tier 1 approach is used to estimate N,O from soils within forest land remaining forest land and
land converted to forest land. According to USDA Forest Service statistics for 1996 (USDA Forest Service
2001), approximately 75 percent of trees planted are for timber, and about 60 percent of national total
harvested forest area is in the southeastern United States. Although southeastern pine plantations
represent the majority of fertilized forests in the United States, this Inventory also incorporated N
fertilizer application to commercial Douglas-fir stands in western Oregon and Washington. For the
Southeast, estimates of direct N,O emissions from fertilizer applications to forests are based on the
area of pine plantations receiving fertilizer in the southeastern United States and estimated application
rates (Albaugh et al. 2007; Fox et al. 2007). Fertilizer application is rare for hardwoods and therefore not
included in the inventory (Binkley et al. 1995). For each year, the area of pine receiving N fertilizer is
multiplied by the weighted average of the reported range of N fertilization rates (121 lbs. N per acre).
Area data for pine plantations receiving fertilizer in the Southeast are not available for 2005 through
2023, so data from 2004 are used for these years. For commercial forests in Oregon and Washington,
only fertilizer applied to Douglas-fir is addressed in the inventory because the vast majority
(approximately 95 percent) of the total fertilizer applied to forests in this region is applied to Douglas-fir
stands (Briggs 2007). Estimates of total Douglas-fir area and the portion of fertilized area are multiplied
to obtain annual area estimates of fertilized Douglas-fir stands. Similar to the Southeast, data are not
available for 2005 through 2023, so data from 2004 are used for these years. The annual area estimates
are multiplied by the typical rate used in this region (200 lbs. N per acre) to estimate total N applied
(Briggs 2007), and the total N applied to forests is multiplied by the IPCC (2006) default emission factor
of one percent to estimate direct NoO emissions.

Forindirect emissions, the volatilization and leaching/runoff N fractions for forest land are calculated
using the IPCC default factors of 10 percent and 30 percent, respectively. The amount of N volatilized is
multiplied by the IPCC default factor of one percent for the portion of volatilized N that is converted to
N,O off-site. The amount of N leached/runoff is multiplied by the IPCC default factor of 0.075 percent for
the portion of leached/runoff N that is converted to N,O off-site. The resulting estimates are summed to
obtain total indirect emissions.
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over the time series across all conversion categories (see Table 6-32). The net flux of carbon from all forest
pool stock changes in 2023 was -103.8 MMT CO; Eq. (-28.3 MMT C) (see Table 6-32 and Table 6-33).

Mineral soil carbon stocks increased slightly over the time series for land converted to forest land. The
small gains are associated with cropland converted to forest land, settlements converted to forest land,
and other land converted to forest land. Much of this conversion is from soils that are more intensively
used under annual crop production or settlement management, or are conversions from other land,
which has little to no soil carbon. In contrast, grassland converted to forest land leads to a loss of soil
carbon across the time series, which negates some of the gain in soil carbon with the other land-use
conversions. Managed pasture to forest land is the most common conversion. This conversion leads to
a loss of soil carbon because pastures are mostly improved in the United States with fertilization and/or
irrigation, which enhances carbon input to soils relative to typical forest management activities.

Table 6-26: Net CO; Flux from Forest Carbon Pools in Land Converted to Forest Land
by Land Use Change Category (MMT CO. Eq.)

Land Use/Carbon Pool 1990 2005 2019 2020 2021 2022 2023
Cropland Converted to Forest Land (18.2) (18.1) (17.9) (17.8) (17.8) (17.8) (17.8)
Aboveground Biomass (9.9) (9.9) (9.8) (9.8) (9.8) (9.8) (9.8)
Belowground Biomass (1.7) (1.7) (1.7) (1.7) (1.7) (1.7) (1.7)
Dead Wood (3.2) (3.1) (3.1) (3.1) (3.1) (3.1) (3.1)
Litter (3.2) (3.2) (3.2) (3.2) (3.2) (3.2) (3.2)
Mineral Soil (0.2) (0.2) (0.1) (0.1) (0.1) (0.1) (0.1)
Grassland Converted to Forest Land (38.3) (38.5) (38.9) (38.9) (38.9) (38.9) (38.9)
Aboveground Biomass (22.2) (22.3) (22.5) (22.5) (22.5) (22.5) (22.5)
Belowground Biomass (2.6) (2.7) (2.7) (2.7) (2.7) (2.7) (2.7)
Dead Wood (5.9) (5.9) (6.0) (6.0) (6.0) (6.0) (6.0)
Litter (7.8) (7.8) (7.9) (7.9) (7.9) (7.9) (7.9)
Mineral Soil 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Other Land Converted to Forest Land (5.3) (5.4) (5.6) (5.6) (5.6) (5.6) (5.6)
Aboveground Biomass (2.1) (2.2) (2.2) (2.2) (2.2) (2.2) (2.2)
Belowground Biomass (0.3) (0.3) (0.3) (0.3) (0.3) (0.3) (0.3)
Dead Wood (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0)
Litter (1.1) (1.1) (1.1) (1.1) (1.1) (1.1) (1.1)
Mineral Soil (0.7) (0.8) (0.9) (0.9) (0.9) (0.9) (0.9)
Settlements Converted to Forest Land (33.0) (32.7) (32.5) (32.5) (32.5) (32.5) (32.5)
Aboveground Biomass (18.7) (18.6) (18.4) (18.4) (18.4) (18.4) (18.4)
Belowground Biomass (3.2) (3.1) (3.1) (3.1) (3.1) (3.1) (3.1)
Dead Wood (6.2) (6.2) (6.1) (6.1) (6.1) (6.1) (6.1)
Litter (4.9) (4.8) (4.8) (4.8) (4.8) (4.8) (4.8)
Mineral Soil (0.0) (0.0) (0.1) (0.1) (0.1) (0.1) (0.1)
Wetlands Converted to Forest Land (8.8) (8.9) (9.0) (9.0) (9.0) (9.0) (9.0)
Aboveground Biomass (4.6) (4.7) (4.7) (4.7) (4.7) (4.7) (4.7)
Belowground Biomass (0.8) (0.8) (0.8) (0.8) (0.8) (0.8) (0.8)
Dead Wood (1.7) (1.7) (1.7) (1.7) (1.7) (1.7) (1.7)
Litter (1.7) (1.7) (1.7) (1.7) (1.7) (1.7) (1.7)
Mineral Soil 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Total Aboveground Biomass Flux (57.6) (57.6) (57.6) (57.6) (57.6) (57.6) (57.6)
Total Belowground Biomass Flux (8.6) (8.6) (8.6) (8.6) (8.6) (8.6) (8.6)
Total Dead Wood Flux (17.9) (17.9) (18.0) (18.0) (18.0) (18.0) (18.0)
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carbon was assumed to be 50-percent of biomass, regardless of species. Hence, the need for NSVB, a
nationally consistent methodology for compatible predictions of tree volume, biomass, and carbon
content (Westfall et al. 2024).

The NSVB covers timber tree species in the conterminous United States and coastal Alaska. All other
trees (i.e., trees that are woodland species and trees within Pacific and Caribbean Islands) use regional
models for volume and biomass, with updated carbon fractions (when available). While NSVB did not
directly update models for trees that are considered woodland species or trees within the Pacific (USDA
Forest Service 2022a, b) and Caribbean Islands (collectively referred to hereafter as “non-NSVB trees”),
volume, biomass, and carbon estimates for these trees changed compared to the CRM. For non-NSVB
trees, the standardization of tree defects and how variables are reported (i.e., whether models for total-
stem or merchantable-bole volumes are available) may be reflected as differences in volume estimates.
Additionally, biomass estimates for non-NSVB trees are based on regional biomass models and no
longer are adjusted as they were under the CRM. Finally, updates to carbon fractions (when available)
and calculation of aboveground biomass are reflected in aboveground and belowground biomass
carbon estimates (see Annex 3.14 for more details). Understory vegetation is a minor component of
biomass and is defined as all biomass of undergrowth plants in a forest, including woody shrubs and
trees less than 2.54 cm dbh. For the current Inventory, it was assumed that 10 percent of total
understory carbon mass is belowground (Smith et al. 2006). Estimates of understory carbon density
were based on information in Birdsey (1996) and biomass estimates from Jenkins et al. (2003).
Understory biomass represented over one percent of carbon in biomass, but its contribution rarely
exceeded 2 percent of the total.

Biomass losses associated with conversion from grassland and cropland to forest land were assumed to
occur in the year of conversion. To account for these losses, IPCC (2006) defaults for aboveground and
belowground biomass on grasslands and aboveground biomass on croplands were subtracted from
sequestration in the year of the conversion. As previously discussed, for all other land use (i.e., other
lands, settlements, wetlands) conversions to forest land no biomass loss data were available, and no
IPCC (2006) defaults currently exist to include transfers, losses, or gains of carbon in the year of the
conversion, so none were incorporated for these conversion categories. As defaults or country-specific
data become available for these conversion categories, they will be incorporated.

Carbon in Dead Organic Matter

Dead organic matter was initially calculated as three separate pools—standing dead trees, downed
dead wood, and litter—with carbon stocks estimated from sample data or from models. The standing
dead tree carbon poolincludes aboveground and belowground (coarse root) biomass for trees of at
least 2.54 cm dbh. Calculations followed the basic method applied to live trees (Westfall et al. 2024,
Woodall et al. 2011a) with additional modifications to account for decay and structural loss (Harmon et
al. 2011). Downed dead wood estimates are based on measurement of a subset of NFI plots for downed
dead wood (Domke et al. 2013; Woodall and Monleon 2008; Woodall et al. 2013). Downed dead wood is
defined as pieces of dead wood greater than 7.5 cm diameter, at transect intersection, that are not
attached to live or standing dead trees. This includes stumps and roots of harvested trees. To facilitate
the downscaling of downed dead wood carbon estimates from the state-wide population estimates to
individual plots, downed dead wood models specific to regions and forest types within each region are
used. Litter carbon is the pool of organic carbon (also known as duff, humus, and fine woody debris)
above the mineral soil and includes woody fragments with diameters of up to 7.5 cm. A subset of NFI
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Figure 6-6: Total Net Annual Soil Carbon Stock Changes for Mineral Soils under
Agricultural Management within States, 2020, Cropland Remaining Cropland
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Notes: Only national-scale soil organic carbon stock changes are estimated for 2021 to 2023 in the current Inventory using a
surrogate data method, and therefore the fine-scale emission patterns in this map are based on Inventory data from 2020.
Negative values represent a net increase in soil organic carbon stocks, and positive values represent a net decrease in soil
organic carbon stocks. This figure was developed using a kriging method to develop a continuous surface from the NRI sample
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Uncertainty Range Relative to Flux Estimate?

Estimate Lower Upper Lower Upper
Source (MMT CO:2 Eq.) Bound Bound Bound Bound
Mineral Soil C Stocks: Cropland Remaining (3.2) (8.6) 2.1 -166% +166%
Cropland, Tier 2 Inventory Methodology
Organic Soil C Stocks: Cropland Remaining 30.4 10.7 50.1 -65% +65%
Cropland, Tier 2 Inventory Methodology
Combined Uncertainty for Flux associated (30.5) (100.6) 39.5 -229% +229%
with Agricultural Soil Carbon Stock Change
in Cropland Remaining Cropland

2 Range of C stock change estimates is a 95 percent confidence interval.

Notes: Totals may not sum due to independent rounding. Parentheses indicate net sequestration.

Uncertainty is also associated with lack of reporting of agroforestry practices, such as shelterbelts,
riparian forests and intercropping with trees, which may have more significant changes over the
Inventory time series at least in some regions of the United States. This source of biomass carbon stock
changes is not reported because there are currently no datasets to evaluate the trends. Changes in litter
carbon stocks are also assumed to be negligible in croplands over annual time frames, although there
are certainly significant changes at sub-annual time scales across seasons. This trend may change in
the future, particularly if crop residue becomes a viable feedstock for bioenergy production.

QA/QC and Verification

Quality control measures included checking input data, model scripts, and results to ensure data are
properly handled throughout the inventory process consistent with the U.S. Inventory QA/QC plan,
which is in accordance with Volume 1, Chapter 6 of the 2006 IPCC Guidelines (see Annex 8 for more
details). Inventory forms and text are reviewed and revised as needed to correct transcription errors. In
addition, results from the DayCent model are compared to field measurements and soil monitoring sites
associated with the NRI (Spencer et al. 2011), and a statistical relationship has been developed to
assess uncertainties in the predictive capability of the model (Ogle et al. 2007). The comparisons
include 69 long-term experiment sites and 145 NRI soil monitoring network sites, with 1406
observations across all of the sites (see Annex 3.13 for more information).

Recalculations Discussion

Recalculations are associated with estimating perennial woody biomass C stock changes and
conversions between crop types, including perennial hay, annual crops, perennial woody crops, or
systems with no biomass, such as bare summer fallow. The combined impact from these improvements
resulted in an average annual decrease in biomass and soil C stocks of 1.4 MMT CO; Eq., or 8.0 percent,
from 1990 to 2023 relative to the previous Inventory.

Planned Improvements

There are several planned improvements underway related to the plant production module in DayCent
which are expected to be completed by the next 1990 through 2024 Inventory:
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Area (Thousand Hectares)

Year Managed Land Inventory Difference
1993 159,573 159,551 22
1994 157,888 157,864 24
1995 157,279 157,251 28
1996 156,641 156,613 28
1997 156,020 155,992 28
1998 152,338 152,309 29
1999 151,438 151,406 32
2000 151,262 151,231 31
2001 150,733 150,708 25
2002 150,425 150,400 25
2003 151,054 151,029 25
2004 150,782 150,761 20
2005 150,411 150,391 20
2006 149,903 149,882 21
2007 150,112 150,091 21
2008 149,713 149,692 22
2009 149,654 149,634 20
2010 149,221 149,196 25
2011 148,625 148,600 25
2012 148,296 148,271 25
2013 148,661 148,633 28
2014 149,142 149,115 27
2015 148,527 148,499 28
2016 148,437 148,410 26
2017 148,331 148,305 27
2018 149,721 149,694 27
2019 149,504 149,477 27
2020 149,816 149,796 20
2021 150,582 * *
2022 151,267 * *
2023 151,617 * *

* Note: Activity data on land use have not been incorporated into the Inventory after 2020, designated with asterisks (*).

6-84 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2023







Table 6-36: Net CO. Flux from Soil, Dead Organic Matter and Biomass Carbon Stock
Changes in Land Converted to Cropland by Land-Use Change Category (MMT CO, Eq.)

1990 2005 2019 2020 2021 2022 2023
Grassland Converted to Cropland 30.5 18.3 13.2 10.7 16.2 16.4 16.9
Aboveground Live Biomass' 3.3 1.2 0.2 0.2 0.2 0.2 0.2
Belowground Live Biomass + + + + + + +
Dead Wood 0.1 0.1 il & il i i
Litter + + + + + + +
Mineral Soils 24.6 13.7 10.1 8.0 13.5 13.6 14.1
Organic Soils 2.4 3.3 2.7 2.4 2.4 2.4 2.5
Forest Land Converted to Cropland 19.4 19.4 19.9 19.9 19.9 19.9 19.9
Aboveground Live Biomass' 10.9 111 11.5 11.5 11.5 11.5 11.5
Belowground Live Biomass 1.9 1.9 2.0 2.0 2.0 2.0 2.0
Dead Wood 3.0 3.0 3.0 3.0 3.0 3.0 3.0
Litter 3.1 3.2 3.3 3.3 3.3 3.3 3.3
Mineral Soils 0.4 0.2 0.1 0.1 0.1 0.1 0.1
Organic Soils 0.1 + + + + it +
Other Lands Converted to Cropland (2.1) (2.6) (1.7) (1.4) (1.2) (1.2) (1.2)
Total Live Biomass' (0.3) (+) (0.1) (0.2) (0.1) (0.2) (0.1)
Mineral Soils (1.9) (2.6) (1.6) (1.2) (1.1) (1.1) (1.1)
Organic Soils 0.1 0.1 + 0.0 0.0 0.0 0.0
Settlements Converted to Cropland 0.0 (0.2) (0.2) (0.2) (0.2) (0.2) (0.2)
Total Live Biomass' 0.1 (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Mineral Soils (0.1) (0.1) (0.2) (0.2) (0.2) (0.2) (0.2)
Organic Soils + + + + + + +
Wetlands Converted to Cropland 0.7 0.6 0.3 0.2 0.2 0.3 0.3
Total Live Biomass' 0.0 (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Mineral Soils 0.2 0.2 0.2 0.2 0.1 0.1 0.1
Organic Soils 0.5 0.5 0.2 0.2 0.2 0.2 0.2
Aboveground Live Biomass' 14.0 121 11.4 11.3 11.3 11.2 11.3
Belowground Live Biomass 1.9 1.9 2.0 2.0 2.0 2.0 2.0
Dead Wood 3.0 3.0 3.1 3.1 3.1 3.1 3.1
Litter 3.2 3.2 3.3 3.3 3.3 3.3 3.3
Total Mineral Soil Flux 23.2 11.3 8.6 6.9 12.5 12.6 13.1
Total Organic Soil Flux 3.2 3.9 3.0 2.6 2.6 2.7 2.8
Total Net Flux 48.5 35.5 314 29.2 34.9 35.0 35.6

+ Does not exceed 0.05 MMT CO; Eq.

"Biomass C stock changes associated with conversions to croplands have been estimated as the total live biomass change and
reported as aboveground live biomass.

Notes: 0.0 indicates a true zero. Totals may not sum due to independent rounding. Parentheses indicate negative values or net
sequestration.
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Table 6-37: Net CO. Flux from Soil, Dead Organic Matter and Biomass Carbon Stock
Changes in Land Converted to Cropland (MMT C)

1990 2005 2019 2020 2021 2022 2023

Grassland Converted to Cropland 8.3 5.0 3.6 2.9 4.4 4.5 4.6
Aboveground Live Biomass' 0.9 0.3 0.1 0.1 + it +
Belowground Live Biomass + + + + + + +
Dead Wood & & il il il i i
Litter + + + + + + +
Mineral Soils 6.7 3.7 2.8 2.2 3.7 3.7 3.8
Organic Soils 0.7 0.9 0.7 0.6 0.6 0.7 0.7
Forest Land Converted to Cropland 5.3 5.3 5.4 5.4 5.4 5.4 5.4
Aboveground Live Biomass' 3.0 3.0 3.1 3.1 3.1 3.1 3.1
Belowground Live Biomass 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Dead Wood 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Litter 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Mineral Soils 0.1 + + + + + +
Organic Soils + + + + + it +
Other Lands Converted to Cropland (0.6) (0.7) (0.5) (0.4) (0.3) (0.3) (0.3)
Total Live Biomass' (0.1) (+) (+) (0.1) (+) (0.1) (+)
Mineral Soils (0.5) (0.7) (0.4) (0.3) (0.3) (0.3) (0.3)
Organic Soils + + + 0.0 0.0 0.0 0.0
Settlements Converted to Cropland + (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Total Live Biomass' + (+) (+) (+) (+) (+) (+)
Mineral Soils (+) (+) (+) (+) (+) (+) (+)
Organic Soils + + + + + + +
Wetlands Converted to Cropland 0.2 0.2 0.1 0.1 0.1 0.1 0.1
Total Live Biomass' + (+) (+) (+) (+) (+) (+)
Mineral Soils 0.1 0.1 + + + + +
Organic Soils 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Aboveground Live Biomass 3.8 3.3 3.1 3.1 3.1 3.1 3.1
Belowground Live Biomass 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Dead Wood 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Litter 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Total Mineral Soil Flux 6.3 3.1 2.4 1.9 3.4 3.4 3.6
Total Organic Soil Flux 0.9 1.1 0.8 0.7 0.7 0.7 0.8
Total Net Flux 13.2 9.7 8.6 8.0 9.5 9.6 9.7

+ Does not exceed 0.05 MMT C.

"Biomass C stock changes associated with conversions to croplands have been estimated as the total live biomass change and
reported as aboveground live biomass.

Notes: Totals may not sum due to independent rounding. Parentheses indicate negative values or net sequestration.
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1990 2005 2015 2016 2017 2018-2023

Non-Woody Crops - 0.8 1.7 1.6 2.4 *
Perennial Woody Crops - 0.1 0.1 - 0.2 *
Wetlands Converted to Croplands 2.3 2.5 2.7 2.8 1.4 *
Annual Crops 1.5 2.3 2.7 2.6 1.3 *
Non-Woody Crops 0.8 0.2 - 0.2 0.1 *
Perennial Woody Crops - 0.0 - - - *
Total: Land Converted to Croplands 458.4 467.4 336.9 288.7 264.8 *

* NRI data have not been incorporated into the Inventory after 2017, designated with asterisks (*). Data splicing methods are
used to estimate the carbon stock changes for the remaining years in the time series.

Table 6-39: Carbon Stock Change Factors for Total Live Biomass Associated with Land-
Use Conversions to Cropland

Biomass C
Stock/
Subcategory/ Annual
Land Use Climate Type Maturity C gain' Source
Biomass C Stock tha’
Settlements, - - - 0 IPCC 2006
Wetlands and
Other Lands
Grasslands Cold Temperate - Dry - - 3.07 £75% IPCC 2006 (Table 6.4)
Cold Temperate - Moist - - 6.39 £ 75% IPCC 2006 (Table 6.4)
Warm Temperate - Dry - - 2.87 +75% IPCC 2006 (Table 6.4)
Warm Temperate - Moist - - 6.35+75% IPCC 2006 (Table 6.4)
Tropical - Dry - - 4.09 = 75% IPCC 2006 (Table 6.4)
Tropical - Moist & Wet - - 7.57 £ 75% IPCC 2006 (Table 6.4)
Non-Woody - Annual Crops - 4.70 £ 75% IPCC 2019 (Table 8.4)
Crops
Cold Temperate - Dry Hay - 3.07 £ 75% IPCC 2006 (Table 6.4)
Cold Temperate - Moist - 6.39 £ 75% IPCC 2006 (Table 6.4)
Warm Temperate - Dry - 2.87 £ 75% IPCC 2006 (Table 6.4)
Warm Temperate - Moist - 6.35+75% IPCC 2006 (Table 6.4)
Tropical - Dry - 4.09 = 75% IPCC 2006 (Table 6.4)
Tropical - Moist & Wet - 7.57 £75% IPCC 2006 (Table 6.4)
Annual C Gain tha'yr’
Perennial Woody Temperate Orchards Immature 0.43 = 46% IPCC 2019 (Table 5.3)
Crops
Vineyards Immature 0.28 +26% IPCC 2019 (Table 5.3)

TBiomass C Stock for Hay and Grasslands obtained by multiplying biomass values by 0.47 carbon fraction (IPCC 2019, Table 5.8).

ATier 2 method is applied to estimate biomass, dead wood, and litter carbon stock changes for forest
land converted to cropland. Estimates are calculated in the same way as those in the forest land
remaining forest land category using data from the USDA Forest Service, Forest Inventory and Analysis
(FIA) program (USDA Forest Service 2024). However, there is no country-specific data for cropland
biomass, so only a default biomass estimate (IPCC 2006) for croplands was used to estimate carbon
stock changes (litter and dead wood carbon stocks were assumed to be zero since no reference carbon
density estimates exist for croplands). The difference between the stocks is reported as the stock
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surrounding the Great Lakes in the upper Midwest and Northeast, and a few isolated areas along the
Pacific Coast.

Figure 6-8: Total Net Annual Soil Carbon Stock Changes for Mineral Soils under
Agricultural Management within States, 2020, Grassland Remaining Grassland
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Notes: Only national-scale soil organic carbon stock changes are estimated for 2021 to 2023 in the current Inventory using a
surrogate data method, and therefore the fine-scale emission patterns in this map are based on inventory data from 2020.
Negative values represent a net increase in soil organic carbon stocks, and positive values represent a net decrease in soil
organic carbon stocks. This figure was developed using a kriging method to develop a continuous surface from the NRI sample.
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Figure 6-9: Total Net Annual Soil Carbon Stock Changes for Organic Soils under
Agricultural Management within States, 2020, Grassland Remaining Grassland
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Notes: Only national-scale soil organic carbon stock changes are estimated for 2021 to 2023 in the current Inventory using a
surrogate data method, and therefore the fine-scale emission patterns in this map are based on inventory data from 2020. This
figure was developed using a kriging method to develop a continuous surface from the NRI sample.

Methodology and Time-Series Consistency

The following section includes a description of the methodology used to estimate carbon stock changes
for grassland remaining grassland, including (1) aboveground and belowground biomass, dead wood
and litter carbon for woodlands, as well as (2) soil organic carbon stocks for mineral and organic soils.

Biomass, Dead Wood and Litter Carbon Stock Changes

Woodlands are lands that do not meet the definition of forest land or agroforestry (see Section 6.1), but
include woody tree vegetation with carbon storage in aboveground and belowground biomass, dead
wood and litter carbon (IPCC 2006) as described in the Forest Land Remaining Forest Land section.
Carbon stocks and net annual carbon stock change were determined according to the stock-difference
method for the conterminous United States, which involved applying carbon estimation factors to
annual forest inventories across time to obtain carbon stocks and then subtracting the values between
years to estimate the stock changes. The methods for estimating carbon stocks and stock changes for
woodlands in grassland remaining grassland are consistent with those in the forest land remaining
forest land section and are described in Annex 3.14. All annual National Forest Inventory (NFI) plots
available in the public FIA database (USDA Forest Service 2024) were used in the current Inventory.

Land Use, Land-Use Change, and Forestry 6-99


































1990 2005 2019 2020 2021 2022 2023
Dead Wood 5.4 5.3 5.2 5.2 5.2 5.2 5.2
Litter 8.6 8.4 8.1 8.1 8.1 8.1 8.1
Mineral Soils (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Organic Soils + 0.1 0.1 0.1 0.1 0.1 0.1
Other Lands Converted to Grassland (4.8) (10.3) (12.2) (10.0) (9.9) (9.9) (10.1)
Aboveground Live Biomass' (0.9) (0.8) (1.8) (1.9) (2.0) (2.0) (2.0)
Belowground Live Biomass (+) (+) (+) (+) (+) (+) (+)
Dead Wood () (+) (+) (+) (+) (+) ()
Litter (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Mineral Soils (3.8) (9.4) (10.4) (8.1) (7.9) (7.9) (8.1)
Organic Soils (+) (+) 0.1 0.1 0.1 0.1 0.1
Settlements Converted to Grassland (0.6) (0.9) (1.1) (1.1) (1.1) (1.1) (1.1)
Aboveground Live Biomass' (0.2) (0.3) (0.4) (0.5) (0.5) (0.5) (0.5)
Belowground Live Biomass (+) (+) (+) (+) (+) (+) (+)
Dead Wood (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Litter (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Mineral Soils (0.1) (0.3) (0.5) (0.4) (0.4) (0.4) (0.4)
Organic Soils + + + + + it +
Wetlands Converted to Grassland (0.4) (0.1) + (+) (+) (+) (+)
Aboveground Live Biomass' (0.4) (0.2) (0.2) (0.2) (0.2) (0.2) (0.2)
Belowground Live Biomass (+) (+) (+) (+) (+) (+) (+)
Dead Wood (+) (+) (+) (+) (+) (+) (+)
Litter (+) (+) (+) (+) (+) (+) ()
Mineral Soils (+) (+) (+) (+) (+) (+) (+)
Organic Soils 0.1 0.2 0.2 0.2 0.2 0.2 0.2
Aboveground Live Biomass' 31.4 30.4 24.3 24.3 24.2 24.2 24.2
Belowground Live Biomass 4.7 4.5 4.3 4.3 4.3 4.3 4.3
Dead Wood 5.1 5.1 5.0 5.0 5.0 5.0 5.0
Litter 8.3 8.2 7.9 7.9 7.8 7.8 7.8
Total Mineral Soil Flux (14.6) (27.9) (22.1) (18.7) (22.8) (21.7) (21.8)
Total Organic Soil Flux 0.7 1.8 1.5 1.4 1.4 1.4 1.4
Total Net Flux 35.6 21.9 20.9 24.1 19.9 20.9 20.9

+ Does not exceed 0.05 MMT CO: Eq.

' Biomass C stock changes associated with conversions to grasslands that are not woodlands have been estimated as the total
live biomass change and reported as aboveground live biomass. The Tier 1 method that has been used for the conversions to
non-woodland grasslands only estimates the total live biomass change. The exception is perennial woody crop conversions to
grasslands in which only the aboveground live biomass is estimated with the Tier 1 method.

Notes: Totals may not sum due to independent rounding. Parentheses indicate negative values or net sequestration.

Table 6-51: Net CO, Flux from Soil, Dead Organic Matter and Biomass Carbon Stock
Changes for Land Converted to Grassland (MMT C)

1990 2005 2019 2020 2021 2022 2023
Cropland Converted to Grassland (3.1) (4.9) (4.0) (3.7) (4.8) (4.5) (4.5)
Aboveground Live Biomass' (0.4) (0.4) (1.2) (1.2) (1.1) (1.1) (1.1)
Belowground Live Biomass (+) (+) (+) (+) (+) (+) (+)
Dead Wood (+) (+) (+) (+) (+) (+) (+)
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1990 2005 2019 2020 2021 2022 2023
Litter (+) (+) (+) (+) (*+) *) *)

Mineral Soils (2.8) (4.9) (3.0) (2.8) (3.9) (3.6) (3.6)
Organic Soils 0.2 0.4 0.3 0.3 0.3 0.3 0.3
Forest Land Converted to Grassland 14.4 14.0 13.3 13.2 13.2 13.2 13.2
Aboveground Live Biomass' 9.3 9.0 8.5 8.5 8.5 8.5 8.5
Belowground Live Biomass 1.3 1.3 1.2 1.2 1.2 1.2 1.2
Dead Wood 1.5 1.4 1.4 1.4 1.4 1.4 1.4
Litter 2.3 2.3 2.2 2.2 2.2 2.2 2.2
Mineral Soils () (+) (+) (+) (+) (+) (+)
Organic Soils + + + + + + +
Other Lands Converted to Grassland (1.3) (2.8) (3.3) (2.7) (2.7) (2.7) (2.8)
Aboveground Live Biomass' (0.2) (0.2) (0.5) (0.5) (0.5) (0.5) (0.6)
Belowground Live Biomass (+) (+) (+) (+) (+) (+) (+)
Dead Wood (+) (+) (+) (+) (+) (+) (*)
Litter (+) (+) (+) (+) (+) (+) (+)
Mineral Soils (1.0) (2.6) (2.8) (2.2) (2.2) (2.1) (2.2)
Organic Soils + + + + + + +
Settlements Converted to Grassland (0.2) (0.2) (0.3) (0.3) (0.3) (0.3) (0.3)
Aboveground Live Biomass' (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Belowground Live Biomass (+) (+) (+) (+) (+) (+) (+)
Dead Wood (+) (+) (+) (+) (+) (+) (+)
Litter (+) (+) (+) (+) (+) (+) (*)
Mineral Soils (+) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
Organic Soils + + + + + + +
Wetlands Converted to Grassland (0.1) (+) + (+) (+) (+) (+)
Aboveground Live Biomass' (0.1) (0.1) (+) (+) (+) (+) (+)
Belowground Live Biomass (+) (+) (+) (+) (+) (+) (+)
Dead Wood (+) (+) (+) (+) ) (+) (+)
Litter ) (+) (+) (+) (+) (+) (+)
Mineral Soils (+) (+) (+) (+) (+) (+) (+)
Organic Soils + 0.1 0.1 0.1 0.1 0.1 0.1
Aboveground Live Biomass' 8.6 8.3 6.6 6.6 6.6 6.6 6.6
Belowground Live Biomass 1.3 1.2 1.2 1.2 1.2 1.2 1.2
Dead Wood 14 1.4 1.4 1.4 1.4 1.4 1.4
Litter 2.3 2.2 21 21 21 21 21
Total Mineral Soil Flux (4.0) (7.6) (6.0) (5.1) (6.2) (5.9) (5.9)
Total Organic Soil Flux 0.2 0.5 0.4 0.4 0.4 0.4 0.4
Total Net Flux 9.7 6.0 5.7 6.6 5.4 5.7 5.7

+ Does not exceed 0.05 MMT C.

" Biomass C stock changes associated with conversions to grasslands that are not woodlands have been estimated as the total
live biomass change and reported as aboveground live biomass. The Tier 1 method that has been used for the conversions to
non-woodland grasslands only estimates the total live biomass change. The exception is perennial woody crop conversions to
grasslands in which only the aboveground live biomass is estimated with the Tier 1 method.

Notes: Totals may not sum due to independent rounding. Parentheses indicate negative values or net sequestration.
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Table 6-53: Carbon stock factors for total live biomass associated with land use
conversions to grassland (non-woodland).

Subcategory/ Biomass C
Land Use Climate Type Maturity  Stock (t ha')? Source
Settlements, - - - 0 IPCC 2006
Wetlands and
Other Lands
Perennial Woody Temperate Orchards Immature 0.43* £ 46% IPCC 2019 (Table 5.3)
Crops
Vineyards Immature 0.28* £ 26% IPCC 2019 (Table 5.3)
Orchards Mature 8.50 £ 19% IPCC 2019 (Table 5.3)
Vineyards Mature 5.50+18% IPCC 2019 (Table 5.3)
Non-Woody - Annual Crops - 4.70 £ 75% IPCC 2019 (Table 8.4)
Crops
Cold Temperate - Dry Hay - 3.07 £75% IPCC 2006 (Table 6.4)
Cold Temperate - Moist - 6.39+75% IPCC 2006 (Table 6.4)
Warm Temperate - Dry - 2.87 +75% IPCC 2006 (Table 6.4)
Warm Temperate - - 6.35+75% IPCC 2006 (Table 6.4)
Moist
Tropical - Dry - 4.09 = 75% IPCC 2006 (Table 6.4)
Tropical - Moist & Wet - 7.57 £ 75% IPCC 2006 (Table 6.4)
Grasslands Cold Temperate - Dry - - 3.07£75% IPCC 2006 (Table 6.4)
Cold Temperate - Moist - - 6.39 £ 75% IPCC 2006 (Table 6.4)
Warm Temperate - Dry - - 2.87 +75% IPCC 2006 (Table 6.4)
Warm Temperate - - - 6.35+75% IPCC 2006 (Table 6.4)
Moist
Tropical - Dry - - 4.09 £ 75% IPCC 2006 (Table 6.4)
Tropical - Moist & Wet - - 7.57 £ 75% IPCC 2006 (Table 6.4)

T Biomass C Stock for Hay and Grasslands obtained by multiplying biomass values by 0.47 carbon fraction (IPCC 2006, page
* B6i;)2rr?)a;ss C stock from immature perennial woody crops converted to grasslands was obtained by multiplying annual
aboveground biomass C accumulation rate (IPCC 2019, Table 5.3) by the age of the stand.
ATier 2 method is applied to estimate biomass, dead wood and litter carbon stock changes for forest
land converted to grassland. Estimates are calculated in the same way as those in the forest land
remaining forest land category using data from the USDA Forest Service, Forest Inventory and Analysis
(FIA) program (USDA Forest Service 2024) and in the Eastern U.S., IPCC (2006) defaults for biomass in
grasslands. There is limited data on grassland carbon stocks so only default biomass estimates (IPCC
2006) for grasslands were used to estimate carbon stock changes (litter and dead wood carbon stocks
were assumed to be zero since no reference carbon density estimates exist for croplands) in the eastern
United States. The difference between the stocks is reported as the stock change under the assumption
that the change occurred in the year of the conversion.

The amount of biomass carbon that is lost abruptly with forest land converted to grasslands is estimated
based on the amount of carbon before conversion and the amount of carbon following conversion
according to remeasurements in the FIA program. This approach is consistent with IPCC (2006) that
assumes there is an abrupt change during the first year, but does not necessarily capture the slower
change over the years following conversion until a new steady state is reached. It was determined that
using an IPCC Tier 1 approach that assumes all carbon is lost in the year of conversion for forest land
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Uncertainty Range Relative to Flux Estimate?
2023 Flux (MMT CO:Eq.) (%)
Estimate? Lower Upper Lower Upper
Source (MMT CO:2 Eq.) Bound Bound Bound Bound
Mineral Soil C Stocks: Tier 2 (8.1) (14.0) (2.2) -73% 73%
Organic Soil C Stocks: Tier 2 0.1 (0.1) 0.2 -212% 212%
Settlements Converted to Grassland (1.1) (2.2) (0.0) -97% 96%
Aboveground Live Biomass (0.5) (1.6) 0.5 -208% 208%
Belowground Live Biomass (+) (+) + -45% 100%
Dead Wood (0.1) (0.1) (+) -62% 46%
Litter (0.1) (0.1) (+) -55% 61%
Mineral Soil C Stocks: Tier 2 (0.4) (0.6) (0.2) -54% 43%
Organic Soil C Stocks: Tier 2 + (+) + -451% 451%
Wetlands Converted to Grasslands (+) (0.7) 0.7 -3,705% 3,705%
Aboveground Live Biomass (0.2) (0.8) 0.5 -411% 410%
Belowground Live Biomass (+) + + -100% 100%
Dead Wood (+) (+) + -46% 100%
Litter (+) (+) + -138% 100%
Mineral Soil C Stocks: Tier 2 (+) (0.1) + -213% 213%
Organic Soil C Stocks: Tier 2 0.2 (0.1) 0.5 -147% 147%
Total: Land Converted to Grassland 20.9 (22.1) 63.8 -206% 206%
Aboveground Live Biomass 24.2 (12.0) 60.4 -150% 150%
Belowground Live Biomass 4.3 (0.2) 8.8 -106% 106%
Dead Wood 5.0 (0.4) 10.3 -108% 108%
Litter 7.8 (0.5) 16.2 -107% 107%
Mineral Soil C Stocks: Tier 3 (11.5) (30.9) 7.8 -168% 168%
Mineral Soil C Stocks: Tier 2 (10.2) (16.5) (4.0) -61% 61%
Organic Soil C Stocks: Tier 2 1.4 0.2 2.6 -88% 88%

+ Absolute value does not exceed 0.05 MMT CO: Eq.

2 Range of C stock change estimates is a 95 percent confidence interval.

Notes: Totals may not sum due to independent rounding. Parentheses indicate negative values or net sequestration.
Uncertainty is also associated with a lack of reporting on biomass, dead wood and litter carbon stock
changes for conversions to agroforestry systems in grasslands. The influence of agroforestry is difficult
to address because there are currently no datasets to evaluate the trends in the area and associated
carbon stocks in agroforestry systems. The influence of land use change to agroforestry will be further
explored in a future Inventory.

QA/QC and Verification

See the QA/QC and Verification section in Cropland Remaining Cropland for information on QA/QC
steps. In addition, land use conversions had errors in identifying the C stocks for lands converted
between federal and non-federal ownership. A unit conversion error was identified in the uncertainty
analysis for perennial woody biomass. All errors were corrected.
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Area (Thousand Hectares)

Year Managed Land Inventory Difference
1991 9,490 9,488 2
1992 9,703 9,706 -3
1993 11,613 11,615 -2
1994 13,371 13,368 4
1995 14,034 14,035 -1
1996 14,718 14,723 -5
1997 15,402 15,408 -5
1998 19,279 19,285 -6
1999 20,132 20,139 -7
2000 21,244 21,253 -8
2001 22,341 22,345 -4
2002 23,080 22,817 263
2003 22,978 22,445 533
2004 23,913 23,108 805
2005 24,084 23,009 1,075
2006 24,684 23,341 1,343
2007 24,683 23,072 1,611
2008 25,252 23,373 1,879
2009 25,412 23,260 2,152
2010 25,757 23,336 2,422
2011 26,164 23,471 2,693
2012 26,151 23,292 2,859
2013 25,137 22,116 3,020
2014 23,960 20,776 3,183
2015 24,080 20,730 3,351
2016 23,513 19,993 3,521
2017 22,792 19,270 3,522
2018 19,953 16,429 3,524
2019 19,525 16,008 3,517
2020 18,792 15,168 3,624
2021 17,500 * *
2022 16,418 * *
2023 15,525 * *

Note: Activity data on land use have not been incorporated into the Inventory after 2020, designated with asterisks (*).

6.8 Wetlands Remaining Wetlands
(Source Category 4D1)

Wetlands remaining wetlands includes all wetlands in an inventory year that have been classified as a
wetland for the previous 20 years, and in this Inventory, the flux estimates include:

e peatlands,
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e coastal wetlands, and

o flooded land.

Peatlands Remaining Peatlands

Emissions from Managed Peatlands

Managed peatlands are peatlands that have been cleared and drained for the production of peat. The
production cycle of a managed peatland has three phases: land conversion in preparation for peat
extraction (e.g., clearing surface biomass, draining), extraction (which results in the emissions reported
under peatlands remaining peatlands), and abandonment, restoration, rewetting, or conversion of the
land to another use.

Carbon dioxide emissions from the removal of biomass and the decay of drained peat constitute the
major greenhouse gas flux from managed peatlands. Managed peatlands may also emit CH4 and N2O.
The natural production of CH, is largely reduced but not entirely eliminated when peatlands are drained
in preparation for peat extraction (Strack et al. 2004 as cited in the 2006 IPCC Guidelines). Drained land
surface and ditch networks contribute to the CH, flux in peatlands managed for peat extraction.
Methane emissions were considered insignificant under the IPCC Tier 1 methodology (IPCC 2006), but
are included in the emissions estimates for peatlands remaining peatlands consistent with the 2073
Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands (IPCC
2013). Nitrous oxide emissions from managed peatlands depend on site fertility. In addition, abandoned
and restored peatlands continue to release greenhouse gas emissions. Although methodologies are
provided to estimate emissions and removals from rewetted organic soils (which includes
rewetted/restored peatlands) in IPCC (2013) guidelines, information on the areal extent of
rewetted/restored peatlands in the United States is currently unavailable. The current Inventory
estimates CO,, CH;and N,O emissions from peatlands managed for peat extraction in accordance with
IPCC (2006 and 2013) guidelines.

CO., N20O, and CH4 Emissions from Peatlands Remaining Peatlands

IPCC (2013) recommends quantifying CO,, N.O, and CH4 emissions from lands undergoing active peat
extraction (i.e., peatlands remaining peatlands) as part of the estimate for emissions from managed
wetlands. Peatlands occur where plant biomass has sunk to the bottom of water bodies and water-
logged areas and exhausted the oxygen supply below the water surface during the course of decay. Due
to these anaerobic conditions, much of the plant matter does not decompose but instead forms layers
of peat over decades and centuries. In the United States, peat is extracted for horticulture and
landscaping growing media, and for a wide variety of industrial, personal care, and other products. It has
not been used for fuel in the United States for many decades. Peat is harvested from two types of peat
deposits in the United States: Sphagnum bogs in northern states (e.g., Minnesota) and wetlands in
states further south (e.g., Florida). The peat from Sphagnum bogs in northern states, which is nutrient-
poor, is generally corrected for acidity and mixed with fertilizer. Production from more southerly states is
relatively coarse (i.e., fibrous) but nutrient-rich.

IPCC (2006 and 2013) recommend considering both on-site and off-site emissions when estimating CO»
emissions from peatlands remaining peatlands using the Tier 1 approach. Current IPCC methodologies
estimate only on-site N,O and CH, emissions. This is because off-site N,O estimates are complicated
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CH4 (On-site) + + + + + + +
N:O (On-site) + +
Total 1.1 1.1 0.6 0.6 0.6 0.6 0.6

+ Does not exceed 0.05 MMT CO; Eq.
Note: Totals may not sum due to independent rounding.

Table 6-57: Emissions from Peatlands Remaining Peatlands (kt)

Gas 1990 2005 2019 2020 2021 2022 2023
CO: 1,055 1,101 613 590 547 588 604
Off-site 985 1,030 572 550 509 548 563
On-site 70 71 41 41 38 40 41
CHa (On-site) + + + + + + +
N20 (On-site) + + + + + + +

+ Does not exceed 0.5 kt.
Note: Totals may not sum due to independent rounding.

Methodology and Time-Series Consistency

Off-Site CO, Emissions

Carbon dioxide emissions from domestic peat production were estimated using a Tier 1 methodology
consistent with IPCC (2006). Off-site CO, emissions from peatlands remaining peatlands were
calculated by apportioning the annual weight of peat produced in the United States (Table 6-58) into
peat extracted from nutrient-rich deposits and peat extracted from nutrient-poor deposits using annual
percentage-by-weight figures. These nutrient-rich and nutrient-poor production values were then
multiplied by the appropriate default C fraction conversion factor taken from IPCC (2006) in order to
obtain off-site emission estimates. For the conterminous 48 states, both annual percentages of peat
type by weight and domestic peat production data were sourced from estimates and industry statistics
provided in the Minerals Yearbook and Mineral Commodity Summaries from the U.S. Geological Survey
(USGS; USGS 1995 through 2018; USGS 2024a; USGS 2024b; USGS 2024c; USGS 2024d). Hawaii is
assumed to have no peat production due to its absence from these sources. To develop these data, the
USGS (U.S. Bureau of Mines prior to 1997) obtained production and use information by surveying
domestic peat producers. On average, about 75 percent of the peat operations respond to the survey;
USGS estimates data for non-respondents on the basis of prior-year production levels (Apodaca 2011).

The estimates for Alaska rely on reported peat production from the annual Alaska’s Mineral Industry
reports (DGGS 1993 through 2015). Similar to the U.S. Geological Survey, the Alaska Department of
Natural Resources, Division of Geological & Geophysical Surveys (DGGS) solicits voluntary reporting of
peat production from producers for the Alaska’s Mineral Industry report. However, the report does not
estimate production for the non-reporting producers, resulting in larger inter-annual variation in
reported peat production from Alaska depending on the number of producers who report in a given year
(Szumigala 2011). In addition, in both the conterminous United States and Alaska, large variations in
peat production can also result from variation in precipitation and the subsequent changes in moisture
conditions, since unusually wet years can hamper peat production. The methodology estimates
emissions from Alaska separately from the conterminous United States because Alaska previously
conducted its own mineral surveys and reported peat production by volume, rather than by weight (Table
6-59). However, volume production data were used to calculate off-site CO, emissions from Alaska

Land Use, Land-Use Change, and Forestry 6-123































Table 6-65: Net CO, Flux from Carbon Stock Changes in Vegetated Coastal Wetlands
Remaining Vegetated Coastal Wetlands (MMT CO, Eq.)

Year 1990 2005 2019 2020 2021 2022 2023
Biomass Flux (+) (+) (+) (+) (+) (+) (+)
Soil Flux (12.5) (12.6) (12.5) (12.5) (12.5) (12.5) (12.5)
Total C Stock Change (12.6) (12.6) (12.5) (12.5) (12.5) (12.5) (12.6)

+ Absolute value does not exceed 0.05 MMT CO0: Eq.
Note: Parentheses indicate net sequestration. Totals may not sum due to independent rounding.

Table 6-66: Net CO, Flux from Carbon Stock Changes in Vegetated Coastal Wetlands
Remaining Vegetated Coastal Wetlands (MMT C)

Year 1990 2005 2019 2020 2021 2022 2023
Biomass Flux (+) + (+) (+) (+) (+) (+)
Soil Flux (3.4) (3.4) (3.4) (3.4) (3.4) (3.4) (3.4)
Total C Stock Change (3.4) (3.4) (3.4) (3.4) (3.4) (3.4) (3.4)

+ Absolute value does not exceed 0.05 MMT C.
Note: Parentheses indicate net sequestration. Totals may not sum due to independent rounding.

Table 6-67: CH, Emissions from Vegetated Coastal Wetlands Remaining Vegetated
Coastal Wetlands (MMT CO. Eq. and kt CH,)

Year 1990 I 2005 I 2019 2020 2021 2022 2023
Methane Emissions (MMT CO: Eq.) 4.2 4.2 4.3 4.3 4.3 4.3 4.3
Methane Emissions (kt CH4) 149 151 153 154 154 154 155

Methodology and Time-Series Consistency

The following section includes a description of the methodology used to estimate changes in biomass
carbon stocks, soil carbon stocks and emissions of CH4 for vegetated coastal wetlands remaining
vegetated coastal wetlands. Dead organic matter is not calculated for vegetated coastal wetlands
remaining vegetated coastal wetlands since it is assumed to be in steady state (IPCC 2014).

Methodological recalculations were applied to the entire time series to ensure time-series consistency
from 1990 through 2023.

Biomass Carbon Stock Changes

Above- and belowground biomass carbon stocks for palustrine (freshwater) and estuarine (saline)
marshes are estimated for vegetated coastal wetlands remaining vegetated coastal wetlands on land
below the elevation of high tides (taken to be mean high water spring tide elevation) and as far seawards
as the extent of intertidal vascular plants according to the national LiDAR dataset, the national network
of tide gauges and land use histories recorded in the 1996, 2001, 2006, 2010, and 2016 NOAA C-CAP
surveys (NOAA OCM 2020). C-CAP areas are calculated at the state/territory level and summed
according to climate zone to national values. Federal and non-federal lands are represented. Trends in
land cover change are extrapolated to 1990 and 2023 from these datasets. Based upon NOAA C-CAP,
coastal wetlands are subdivided into palustrine and estuarine classes and further subdivided into
emergent marsh, scrub shrub and forest classes (Table 6-68). Biomass is not sensitive to soil organic
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matter content but is differentiated based on climate zone. Aboveground biomass carbon stocks for
non-forested wetlands data are derived from a national assessment combining field plot data and
aboveground biomass mapping by remote sensing (Byrd et al. 2017; Byrd et al. 2018; Byrd et al. 2020).
The aboveground biomass carbon stock for subtropical estuarine forested wetlands (dwarf mangroves
that are not classified as forests due to their stature) is derived from a meta-analysis by Lu and
Megonigal (2017). Root to shoot ratios from the Wetlands Supplement (Table 6-70; IPCC 2014) were
used to account for belowground biomass, which were multiplied by the aboveground carbon stock.
Above- and belowground values were summed to obtain total biomass carbon stocks. Biomass carbon
stock changes per year for wetlands remaining wetlands were determined by calculating the difference
in area between that year and the previous year to calculate gain/loss of area for each climate type,
which was multiplied by the mean biomass for that climate type.

Table 6-68: Area of Vegetated Coastal Wetlands Remaining Vegetated Coastal
Wetlands, Vegetated Coastal Wetlands Converted to Unvegetated Open Water
Coastal Wetlands, and Unvegetated Open Water Coastal Wetlands Converted to
Vegetated Coastal Wetlands (hectares)

Year 1990 2005 2019 2020 2021 2022 2023

Vegetated Coastal
Wetlands Remaining
Vegetated Coastal
Wetlands

Vegetated Coastal
Wetlands Converted to
Unvegetated Open Water
Coastal Wetlands

2,975,477 || 2,985,783 || 2,975,789 2,977,055 2,978,322 2,979,588 2,981,231

1,720 2,515 1,488 1,488 1,488 1,488 1,488

Unvegetated Open Water

Coastal Wetlands

Converted to Vegetated

Coastal Wetlands 952

1,769 2,406 2,406 2,406 2,406 2,406

Table 6-69: Aboveground Biomass Carbon Stocks for Vegetated Coastal Wetlands (t C
ha”)

Climate Zone

Wetland Type Cold Temperate = Warm Temperate Subtropical Mediterranean
Palustrine Scrub/Shrub Wetland 3.25 3.17 2.24 4.69
Palustrine Emergent Wetland 3.25 3.17 2.24 4.69
Estuarine Forested Wetland N/A N/A 17.83 N/A
Estuarine Scrub/Shrub Wetland 3.05 3.05 2.43 3.44
Estuarine Emergent Wetland 3.05 3.10 2.43 3.44

Source: All data from Byrd et al. (2017, 2018 and 2020) except for subtropical estuarine forested wetlands, which is from Lu and
Megonigal (2017); N/A means there are currently no estuarine forested wetlands that are less than 5 meters tall; these forested
wetlands meet the definition of forest land and are included in the Forest Land section.

Table 6-70: Root to Shoot Ratios for Vegetated Coastal Wetlands

Climate Zone

Wetland Type

Cold Temperate

Warm Temperate

Subtropical

Mediterranean

Palustrine Scrub/Shrub Wetland

1.15

1.15

3.65

3.63
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e Investigating and then quantifying the distribution, area, and emissions resulting from
impounded waters (i.e., coastal wetlands where tidal connection to the ocean has been
restricted or eliminated completely).

Box 6-5: State-Level Case Studies for the Estimation of GHG Removals in Seagrasses

North Carolina and Maryland are the first states to include seagrasses within their state-level inventory.
North Carolina has the largest extent of seagrass coverage along the U.S. Atlantic coast, measuring
approximately 86,412 acres in 2021. Seagrass mapping efforts occurred in 2007, 2013, and 2020 using a
field-validated aerial image classification. The Tier 1 soil carbon accumulation rate was used and
currently, biomass is not included due to lack of local data. The analysis shows that these high salinity
seagrass habitats provided a net carbon sink to the state, although greenhouse gas removals decreased
over time due to loss in seagrass coverage. Overall, seagrass beds in 2021 sequestered approximately
0.055 MMT CO, Eq. (55.14 kt CO; Eq.) in the soils alone.

In Maryland, the state greenhouse gas inventory comprises blue carbon stocks and fluxes from
estuarine wetlands and seagrasses. Maryland currently has long-term monitoring of submerged aquatic
vegetation (SAV) extent and density through annual surveying, and the rate of carbon sequestration and
methane emission was a regional average for coastal wetlands. This study at state-level calculation
offers an opportunity to maintain consistency in quantification efforts across spatial scales and allows
positioning SAV in its role as a carbon sink, in addition to its benefits in water quality and habitat
conservation.

These two case studies demonstrate the importance of refining emission factor data and harmonizing
the inclusion of this ecosystem in the land representation analysis (reconciling the National Ocean and
Atmospheric Administration [NOAA] Coastal Change Analysis Program [C-CAP] data with the National
Resource Inventory, Forest Inventory Analysis, and the National Land Cover Database).

Emissions from Vegetated Coastal Wetlands Converted to
Unvegetated Open Water Coastal Wetlands

Vegetated coastal wetlands converted to unvegetated open water coastal wetlands is a source of
emissions from soil, biomass, and DOM carbon stocks. An estimated 1,488 ha of vegetated coastal
wetlands were converted to unvegetated open water coastal wetlands in 2023, which largely occurred
within estuarine and palustrine emergent wetlands. Prior to 2006, annual conversion to unvegetated
open water coastal wetlands was higher than current rates: 1,720 between 1990 and 2000 and 2,515 ha
between 2001 and 2005. The Mississippi Delta represents more than 40 percent of the total coastal
wetland of the United States, and over 90 percent of the area of vegetated coastal wetlands converted to
unvegetated open water coastal wetlands. The drivers of coastal wetlands loss include legacy human
impacts on sediment supply through rerouting river flow, direct impacts of channel cutting on hydrology,
salinity and sediment delivery, and accelerated subsidence from aquifer extraction. Each of these
drivers directly contributes to wetland erosion and subsidence, while also reducing the resilience of the
wetland to build with sea-level rise or recover from hurricane disturbance. Over recent decades, the rate
of Mississippi Delta wetland loss has slowed, though episodic mobilization of sediment occurs during
hurricane events (Couvillion et al. 2011; Couvillion et al. 2016). The land cover analysis between the
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DOM carbon stocks during the year of conversion; therefore, emissions are calculated by multiplying the
C-CAP derived area of vegetated coastal wetlands lost that year by its Tier 1 DOM carbon stock.

Soil Carbon Stock Changes

Soil carbon stock changes are estimated for vegetated coastal wetlands converted to unvegetated open
water coastal wetlands. Soil carbon stocks for all coastal states were updated in 2018 based upon
analysis of an assembled dataset of 1,959 cores from across the conterminous United States
(Holmquist et al. 2018). Based on carbon stock samples from all coastal climate zones in the
coterminous U.S., using a constant 270 t C ha™ (the mean stock of the cores) resulted in higher
performance in predicting carbon stocks than models that accounted for soil type, climate zone,
salinity, and vegetation type. This analysis demonstrated that it was not justified to stratify carbon stocks
based upon mineral or organic soil classification, climate zone, or wetland classes; therefore, a single
soil carbon stock of 270 t C ha™ was applied to all wetland classes as the stock present before LULC
change. Following the Tier 1 approach for estimating CO, emissions with extraction provided within the
Wetlands Supplement, soil carbon loss with conversion of vegetated coastal wetlands to unvegetated
open water coastal wetlands is assumed to affect soil carbon stock to one-meter depth (Holmquist et
al. 2018) with all emissions occurring in the year of wetland conversion, and multiplied by activity data
of vegetated coastal wetland area converted to unvegetated open water wetlands. The methodology
follows Eq. 4.6 in the Wetlands Supplement.

Soil Methane Emissions

ATier 1 assumption has been applied that salinity conditions are unchanged and hence CH4 emissions
are assumed to be zero with conversion of vegetated coastal wetlands to unvegetated open water
coastal wetlands.

Uncertainty

Underlying uncertainties in estimates of soil and biomass carbon stock changes are associated with
country-specific (Tier 2) literature values of these stocks, while the uncertainties with the Tier 1
estimates are associated with subtropical estuarine forested wetland DOM stocks. Assumptions that
underlie the methodological approaches applied and uncertainties linked to interpretation of remote
sensing data are also included in this uncertainty assessment. The IPCC default assumption of 1 m of
soil erosion with anthropogenic activities was adopted to provide standardization in U.S. tidal carbon
accounting (Holmquist et al. 2018). This depth of potentially erodible tidal wetland soil has not been
comprehensively addressed since most soil cores analyzed were shallow (e.g., less than 50 cm) and do
not necessarily reflect the depth to non-wetland soil or bedrock (Holmquist et al. 2018). Uncertainty
specific to coastal wetlands include differentiation of palustrine and estuarine community classes,
which determines the soil carbon stock applied. Because mean soil and biomass carbon stocks for
each available community class are in a fairly narrow range, the same overall uncertainty was assigned
to each (i.e., applying approach for asymmetrical errors, the largest uncertainty for any soil carbon stock
value should be applied in the calculation of error propagation; IPCC 2000). For aboveground biomass
carbon stocks, the mean standard error was very low and largely influenced by the uncertainty
associated with the estimated map area (Byrd et al. 2018). Uncertainty for root to shoot ratios, which are
used for quantifying belowground biomass, are derived from the Wetlands Supplement. Uncertainty for
subtropical estuarine forested wetland DOM stocks was derived from those listed for the Tier 1
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which food supplement is supplied be they pond or coastal open water and that salinity conditions were
not a determining factor in production of N.O emissions.

Recalculations Discussion

No recalculations were performed for the current Inventory.

Planned Improvements

No planned improvements have been identified for N,O emissions from aquaculture production in
coastal wetlands.

Flooded Land Remaining Flooded Land

Flooded lands are defined as water bodies where human activities have 1) caused changes in the
amount of surface area covered by water, typically through water level regulation (e.g., constructing a
dam), 2) waterbodies where human activities have changed the hydrology of existing natural
waterbodies there by altering water residence times and/or sedimentation rates, in turn causing
changes to the natural emission of greenhouse gases, and 3) waterbodies that have been created by
excavation, such as canals, ditches and ponds (IPCC 2019). Flooded lands include waterbodies with
seasonally variable degrees of inundation, but these waterbodies would be expected to retain some
inundated area throughout the year under normal conditions.

Flooded lands are broadly classified as “reservoirs” or “other constructed waterbodies” (IPCC 2019).
Reservoirs are defined as flooded land greater than 8 ha. Other constructed waterbodies include
canals/ditches and ponds. Ponds are defined as flooded land that is not a canal/ditch with surface area
<8 ha. IPCC guidance (IPCC 2019) provides default emission factors for reservoirs and other
constructed waterbodies.

Land that has been flooded for greater than 20 years is defined as flooded land remaining flooded land.
Land flooded for 20 years or less is defined as land converted to flooded land. The distinction is based
on literature reports that CH, and CO, emissions are relatively high immediately following flooding but
decline to a steady background level approximately 20 years after flooding (Abril et al. 2005; Barros et al.
2011; Teodoru et al. 2012). Emissions of CH, are estimated for flooded land remaining flooded land, but
CO; emissions are not included as they are primarily the result of decomposition of organic matter
entering the waterbody from the catchment or contained in inundated soils and are captured in Chapter
6, Land Use, Land-Use Change, and Forestry.

Nitrous oxide emissions from flooded lands are largely related to input of organic or inorganic nitrogen
from the watershed. These inputs from runoff/leaching/deposition are largely driven by anthropogenic
activities such as land-use change, wastewater disposal or fertilizer application in the watershed or
application of fertilizer or feed in aquaculture. These emissions are not included here to avoid double-
counting of N,O emissions which are captured in other source categories, such as indirect N.O
emissions from managed soils (Section 5.4, Agricultural Soil Management) and wastewater
management (Section 7.2, Wastewater Treatment and Discharge).
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Figure 6-11: Total CH, Emissions (Downstream + Surface) from Reservoirs in Flooded
Land Remaining Flooded Land in 2023 (kt CH,)

kt CHyy™

Hawaii

500 mi 100 mi 500 mi

Note: Alaska map scale is 1000 miles, Hawaii and contiguous United States map scale is 500 miles, Puerto Rico map scale
is 100 miles.

Table 6-83: Surface and Downstream CH,; Emissions from Reservoirs in Flooded Land
Remaining Flooded Land in 2023 (kt CH,)

State Surface Downstream Total
Alabama 22 2 24
Alaska 1 + 1
Arizona 14 1 15
Arkansas 25 2 27
California 36 3 40
Colorado 1 7
Connecticut + 3

Delaware + 4
District of Columbia + 1
Florida 99 9 108
Georgia 33 3 36
Hawaii 1 + 1
Idaho 11 1 12
Ilinois 16 1 17
Indiana 5 + 5
lowa 6 1 7
Kansas 10 1 10
Kentucky 14 1 15
Louisiana 56 5 61
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Table 6-85: National Totals of Reservoir Surface Area in Flooded Land Remaining
Flooded Land (millions of ha)

Surface Area (millions of ha) 1990 2005] 2019 2020 2021 2022 2023
Reservoir 9.1 95 9.6 9.6 9.6 9.6 9.6

Table 6-86: State Breakdown of Reservoir Surface Area in Flooded Land Remaining
Flooded Land (millions of ha)

State 1990 2005 2019 2020 2021 2022 2023
Alabama 0.22 0.22 0.22 0.22 0.22 0.22 0.22
Alaska 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Arizona 0.06 0.06 0.06 0.06 0.06 0.06 0.06
Arkansas 0.25 0.28 0.28 0.28 0.28 0.28 0.28
California 0.34 0.35 0.35 0.35 0.35 0.35 0.35
Colorado 0.07 0.08 0.08 0.08 0.08 0.08 0.08
Connecticut 0.03 0.03 0.04 0.04 0.04 0.04 0.04
Delaware 0.05 0.05 0.05 0.05 0.05 0.05 0.05
District of Columbia 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Florida 0.69 0.70 0.70 0.70 0.70 0.70 0.70
Georgia 0.27 0.28 0.28 0.28 0.28 0.28 0.28
Hawaii + + + + + + +
Idaho 0.16 0.18 0.18 0.18 0.18 0.18 0.18
Ilinois 0.15 0.16 0.20 0.20 0.20 0.20 0.20
Indiana 0.05 0.06 0.06 0.06 0.06 0.06 0.06
lowa 0.08 0.09 0.09 0.09 0.09 0.09 0.09
Kansas 0.09 0.10 0.10 0.10 0.10 0.10 0.10
Kentucky 0.16 0.17 0.17 0.17 0.17 0.17 0.17
Louisiana 0.39 0.40 0.40 0.40 0.40 0.40 0.40
Maine 0.25 0.26 0.27 0.27 0.27 0.27 0.27
Maryland 0.15 0.15 0.15 0.15 0.15 0.15 0.15
Massachusetts 0.07 0.07 0.07 0.07 0.07 0.07 0.07
Michigan 0.15 0.16 0.17 0.17 0.17 0.17 0.17
Minnesota 0.36 0.36 0.37 0.37 0.37 0.37 0.37
Mississippi 0.17 0.18 0.18 0.18 0.18 0.18 0.18
Missouri 0.18 0.20 0.20 0.20 0.20 0.20 0.20
Montana 0.27 0.28 0.28 0.28 0.28 0.28 0.28
Nebraska 0.06 0.07 0.07 0.07 0.07 0.07 0.07
Nevada 0.08 0.09 0.09 0.09 0.09 0.09 0.09
New Hampshire 0.06 0.06 0.06 0.06 0.06 0.06 0.06
New Jersey 0.12 0.12 0.12 0.12 0.12 0.12 0.12
New Mexico 0.05 0.05 0.05 0.05 0.05 0.05 0.05
New York 0.28 0.28 0.29 0.29 0.29 0.29 0.29
North Carolina 0.39 0.40 0.40 0.40 0.40 0.40 0.40
North Dakota 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Ohio 0.08 0.09 0.09 0.09 0.09 0.09 0.09
Oklahoma 0.26 0.29 0.29 0.29 0.29 0.29 0.29
Oregon 0.20 0.21 0.21 0.21 0.21 0.21 0.21
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State Canals and Ditches Freshwater Ponds Total

Massachusetts 18 2.0 353
Michigan 5.6 8.6 14.2
Minnesota 14.8 10.1 24.8
Mississippi 5.1 12.6 17.7
Missouri 6.6 19.8 26.4
Montana 6.4 8.8 15.2
Nebraska 7.7 7.3 14.9
Nevada 1.8 + 2.1
New Hampshire + 1.0 1.1
New Jersey 2.1 2.5 4.5
New Mexico + 2.1 24
New York 3.7 7.8 11.4
North Carolina 6.2 11.2 17.4
North Dakota 4.3 19.3 23.6
Ohio 1.8 9.3 11.1
Oklahoma 0.9 19.0 19.9
Oregon 5.3 2.3 7.6
Pennsylvania + 4.0 4.2
Puerto Rico il & i
Rhode Island + + +
South Carolina 3.4 9.6 13.0
South Dakota 4.7 14.8 19.5
Tennessee 2.3 6.3 8.6
Texas 17.5 30.1 47.6
Utah 3.8 1.3 5.1
Vermont + 0.7 1.1
Virginia 1.3 7.0 8.3
Washington 3.3 1.5 4.8
West Virginia + 2.0 2.0
Wisconsin 0.7 3.6 4.4
Wyoming 5.0 3.6 8.6
Total 258.4 371.9 630.3

+ Indicates values less than 0.5 kt.
Note: Totals may not sum due to independent rounding.
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Figure 6-13: 2023 CH, Emissions from A) Ditches and Canals and B) Freshwater Ponds
in Flooded Land Remaining Flooded Land (kt CH,)

A. CH; Emissions from Ditches and Canals
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B. CH4 Emissions from Freshwater Ponds
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Note: Alaska map scale is 1000 miles, Hawaii and contiguous United States map scale is 500 miles, Puerto Rico map scale is
100 miles.
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Table 6-93: State Totals of Surface Area in Flooded Land Remaining Flooded Land—
Canals and Ditches (hectares)

State 1990 2005 2019 2020 2021 2022 2023
Alabama 1,125 1,125 1,125 1,125 1,125 1,125 1,125
Alaska 217 217 217 217 217 217 217
Arizona 4,221 4,221 4,221 4,221 4,221 4,221 4,221
Arkansas 15,155 15,155 15,155 15,155 15,155 15,155 15,155
California 51,834 51,834 51,834 51,834 51,834 51,834 51,834
Colorado 16,694 16,694 16,694 16,694 16,694 16,694 16,694
Connecticut 249 249 249 249 249 249 249
Delaware 2,405 2,405 2,405 2,405 2,405 2,405 2,405
District of Columbia 4 4 4 4 4 4 4
Florida 121,192 121,192 121,192 121,192 121,192 121,192 121,192
Georgia 6,175 6,175 6,175 6,175 6,175 6,175 6,175
Hawaii 1,170 1,170 1,170 1,170 1,170 1,170 1,170
Idaho 18,080 18,080 18,080 18,080 18,080 18,080 18,080
Illinois 19,394 19,394 19,394 19,394 19,394 19,394 19,394
Indiana 21,026 21,026 21,026 21,026 21,026 21,026 21,026
lowa 24,174 24,174 24,174 24,174 24,174 24,174 24,174
Kansas 4,397 4,397 4,397 4,397 4,397 4,397 4,397
Kentucky 1,506 1,506 1,506 1,506 1,506 1,506 1,506
Louisiana 29,310 29,310 29,310 29,310 29,310 29,310 29,310
Maine 1,422 1,422 1,422 1,422 1,422 1,422 1,422
Maryland 641 641 641 641 641 641 641
Massachusetts 3,239 3,239 3,239 3,239 3,239 3,239 3,239
Michigan 13,361 13,361 13,361 13,361 13,361 13,361 13,361
Minnesota 35,480 35,480 35,480 35,480 35,480 35,480 35,480
Mississippi 12,196 12,196 12,196 12,196 12,196 12,196 12,196
Missouri 15,804 15,804 15,804 15,804 15,804 15,804 15,804
Montana 15,453 15,453 15,453 15,453 15,453 15,453 15,453
Nebraska 18,429 18,429 18,429 18,429 18,429 18,429 18,429
Nevada 4,324 4,324 4,324 4,324 4,324 4,324 4,324
New Hampshire 462 462 462 462 462 462 462
New Jersey 4,936 4,936 4,936 4,936 4,936 4,936 4,936
New Mexico 750 750 750 750 750 750 750
New York 8,809 8,809 8,809 8,809 8,809 8,809 8,809
North Carolina 14,873 14,873 14,873 14,873 14,873 14,873 14,873
North Dakota 10,230 10,230 10,230 10,230 10,230 10,230 10,230
Ohio 4,282 4,282 4,282 4,282 4,282 4,282 4,282
Oklahoma 2,068 2,068 2,068 2,068 2,068 2,068 2,068
Oregon 12,753 12,753 12,753 12,753 12,753 12,753 12,753
Pennsylvania 393 393 393 393 393 393 393
Puerto Rico 656 656 656 656 656 656 656
Rhode Island 6 6 6 6 6 6 6
South Carolina 8,064 8,064 8,064 8,064 8,064 8,064 8,064
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State 1990 2005 2019 2020 2021 2022 2023
South Dakota 11,402 11,402 11,402 11,402 11,402 11,402 11,402
Tennessee 5,494 5,494 5,494 5,494 5,494 5,494 5,494
Texas 41,969 41,969 41,969 41,969 41,969 41,969 41,969
Utah 9,196 9,196 9,196 9,196 9,196 9,196 9,196
Vermont 1,120 1,120 1,120 1,120 1,120 1,120 1,120
Virginia 3,138 3,138 3,138 3,138 3,138 3,138 3,138
Washington 8,010 8,010 8,010 8,010 8,010 8,010 8,010
West Virginia 40 40 40 40 40 40 40
Wisconsin 1,779 1,779 1,779 1,779 1,779 1,779 1,779
Wyoming 12,110 12,110 12,110 12,110 12,110 12,110 12,110
Total 621,220 621,220 621,220 621,220 621,220 621,220 621,220

Note: Totals may not sum due to independent rounding.

Table 6-94: State Totals of Surface Area in Flooded Land Remaining Flooded Land—
Freshwater Ponds (hectares)

State 1990 2005 2019 2020 2021 2022 2023
Alabama 56,255 56,619 56,643 56,643 56,643 56,643 56,643
Alaska 2,192 2,199 2,199 2,199 2,199 2,199 2,199
Arizona 3,016 3,056 3,066 3,069 3,069 3,069 3,069
Arkansas 43,706 44,041 44,043 44,043 44,043 44,043 44,043
California 34,981 35,155 35,227 35,230 35,230 35,236 35,242
Colorado 17,161 17,380 17,412 17,412 17,412 17,412 17,415
Connecticut 9,464 9,534 9,539 9,539 9,539 9,539 9,539
Delaware 4,099 4,102 4,102 4,102 4,102 4,102 4,102
District of Columbia 11 11 11 11 11 11 11
Florida 147,166 147,252 147,283 147,283 147,288 147,290 147,290
Georgia 110,800 112,443 112,521 112,521 112,521 112,521 112,521
Hawaii 921 929 931 931 931 931 931
Idaho 6,293 6,394 6,394 6,394 6,395 6,395 6,395
Illinois 56,236 56,752 56,834 56,844 56,845 56,849 56,850
Indiana 51,757 52,209 52,286 52,286 52,286 52,295 52,302
lowa 45,414 47,366 48,558 48,676 48,770 48,800 48,809
Kansas 78,258 80,482 80,576 80,581 80,603 80,604 80,618
Kentucky 40,608 40,967 41,001 41,001 41,001 41,001 41,001
Louisiana 24,017 24,137 24,147 24,153 24,153 24,153 24,154
Maine 18,046 18,070 18,079 18,079 18,079 18,079 18,079
Maryland 20,045 20,214 20,272 20,274 20,276 20,277 20,277
Massachusetts 10,733 10,776 10,820 10,826 10,827 10,831 10,833
Michigan 46,821 46,960 47,004 47,011 47,011 47,011 47,011
Minnesota 54,666 54,905 54,964 54,982 54,991 54,999 54,999
Mississippi 68,315 68,638 68,753 68,765 68,771 68,779 68,789
Missouri 104,956 108,267 108,395 108,399 108,406 108,411 108,417
Montana 47,596 47,942 47,962 47,963 47,963 47,963 48,049
Nebraska 38,290 39,492 39,701 39,720 39,729 39,733 39,742
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wetlands in warm temperate climates. Methane emissions were the highest between 1990 and 2002

(0.28 MMT CO, Eq., 10.0 kt CH4) and have continually decreased to current levels. This decrease was
driven by a reduction in the rate of conversion of forest land to palustrine scrub-shrubs and emergent
wetlands.

Table 6-96: Net CO, Flux from Carbon Stock Changes in Land Converted to Vegetated
Coastal Wetlands (MMT CO. Eq.)

Land Use/Carbon Pool 1990 | 2005 | 2019 2020 2021 2022 2023
Cropland Converted to Vegetated Coastal Wetlands (+) (+) (+) (+) (+) (+) (+)
Biomass C Stock (+) +) (+) +) (+) (+) (+)
Soil C Stock (+) (+) (+) (+) (+) (+) (+)
Forest Land Converted to Vegetated Coastal Wetlands 0.49 0.50 0.01 0.02 0.03 0.04 0.05
Biomass C Stock 0.62 0.62 0.13 0.13 0.13 0.13 0.13
Dead Organic Matter C Flux 0.11 0.12 0.03 0.03 0.03 0.03 0.03
Soil C Stock (0.24) § (0.24) §| (0.15) (0.14) (0.13) (0.12) (0.11)
Grassland Converted to Vegetated Coastal Wetlands (+) (+) (+) (+) (+) (+) (+)
Biomass C Stock (+) (+) (+) (+) (+) (+) (+)
Soil C Stock (+) (+) (+) (+) (+) (+) (+)
Other Land Converted to Vegetated Coastal Wetlands (0.03) | (0.03) || (0.02) (0.02) (0.02) (0.02) (0.02)
Biomass C Stock (0.01) ff (0.02) § (0.01) (0.01) (0.01) (0.01) (0.01)
Soil C Stock (0.02) § (0.02) §| (0.02) (0.02) (0.02) (0.02) (0.02)
Settlements Converted to Vegetated Coastal Wetlands (+) (+) (+) (+) (+) (+) (+)
Biomass C Stock (+) (+) (+) (+) (+) (+) (+)
Soil C Stock (+) (+) (+) (+) (+) (+) (+)
Total Biomass Flux 0.60 0.60 0.12 0.12 0.12 0.12 0.12
Total Dead Organic Matter Flux 0.11 0.12 0.03 0.03 0.03 0.03 0.03
Total Soil C Flux (0.25) || (0.25) | (0.17) (0.16) (0.15) (0.14) (0.13)
Total Flux 0.46 0.47 | (0.02) (0.01) (0.00) 0.01 0.02

+ Absolute value does not exceed 0.005 MMT CO: Eq.
Notes: Totals may not sum due to independent rounding. Parentheses indicate net sequestration.

Table 6-97: Net CO. Flux from Carbon Stock Changes in Land Converted to Vegetated
Coastal Wetlands (MMT C)

Land Use/Carbon Pool 1990 | 2005 | 2019 2020 2021 2022 2023
Cropland Converted to Vegetated Coastal Wetlands (+) (+) (+) (+) (+) (+) (+)
Biomass C Stock (+) (+) (+) (+) (+) (+) (+)
Soil C Stock () (+) (+) (+) (+) (+) (+)
Forest Land Converted to Vegetated Coastal Wetlands 0.13 0.14 + 0.1 0.01 0.01 0.01
Biomass C Stock 0.17 0.17 0.04 0.04 0.04 0.04 0.04
Dead Organic Matter C Flux 0.03 0.03 0.01 0.01 0.01 0.01 0.01
Soil C Stock (0.06) || (0.06) || (0.04) (0.04) (0.04) (0.03) (0.03)
Grassland Converted to Vegetated Coastal Wetlands (+) (+) (+) (+) (+) (+) (+)
Biomass C Stock (+) (+) *+) *+) (+) +) +)
Soil C Stock (+) () (+) (+) () (+) (+)
Other Land Converted to Vegetated Coastal Wetlands (0.01) | (0.01) f| (0.01) (0.01) (0.01) (0.01) (0.01)
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Land Use/Carbon Pool 1990 || 2005 | 2019 2020 2021 2022 2023
Biomass C Stock (+) | (0.01) (+) (+) (+) () ()
Soil C Stock (+) § (0.01) (+) (+) (+) (+) (+)
Settlements Converted to Vegetated Coastal Wetlands (+) (+) (+) (+) (+) (+) (+)
Biomass C Stock (+) (+) (+) (+) (+) (+) (+)
Soil C Stock (+) (+) (+) (+) (+) (+) (+)
Total Biomass Flux 0.16 0.16 0.03 0.03 0.03 0.03 0.03
Total Dead Organic Matter Flux 0.03 0.03 0.01 0.01 0.01 0.01 0.01
Total Soil C Flux (0.07) | (0.07) || (0.05) (0.04 (0.04) (0.04) (0.03)
Total Flux 0.13 0.13 (+) (+) + + +

+ Absolute value does not exceed 0.005 MMT C.
Notes: Totals may not sum due to independent rounding. Parentheses indicate net sequestration.

Table 6-98: CH, Emissions from Land Converted to Vegetated Coastal Wetlands (MMT
CO. Eq. and kt CH,)

Land Use/Carbon Pool 1990 | 2005 |{ 2019 2020 2021 2022 2023
Cropland Converted to Vegetated Coastal Wetlands

CHs Emissions (MMT CO2 Eq.) + + + + + + +
CH4 Emissions (kt CHa) + 0.01 0.04 0.05 0.05 0.05 0.05
Forest Land Converted to Vegetated Coastal Wetlands

CHa4 Emissions (MMT CO: Eq.) 0.28 0.27 0.18 0.17 0.16 0.15 0.14
CH. Emissions (kt CHa) 9.88 |{9.74 | 648 6.10 576 541 5.07
Grassland Converted to Vegetated Coastal Wetlands

CHs4 Emissions (MMT CO; Eq.) + + + + + + +
CH. Emissions (kt CHa) 0.01 0.01 0.07 0.08 0.08 0.09 0.09
Other Land Converted to Vegetated Coastal Wetlands

CHa Emissions (MMT CO:z Eq.) + + 0.01 0.01 0.01 0.02  0.02
CH. Emissions (kt CHa) 0.08 }{0.14 § 047 050 052 054 0.56
Settlements Converted to Vegetated Coastal Wetlands

CHa4 Emissions (MMT CO: Eq.) + + + + + + +
CH4 Emissions (kt CHa) 0.01 + + + + + +
Total CH4 Emissions (MMT CO: Eq.) 0.28 || 0.28 | 0.20 0.190 0.18 0.17 0.16
Total CH4 Emissions (kt CHa) 9.98 | 9.91 7.06 6.73 6.41 6.09 5.78

+ Absolute value does not exceed 0.005 MMT CO: Eq. or 0.005 kt CHa.
Note: Totals may not sum due to independent rounding.

Methodology and Time-Series Consistency

The following section provides a description of the methodology used to estimate changes in biomass,
dead organic matter and soil carbon stocks and CH,emissions for land converted to vegetated coastal
wetlands. Methodological recalculations were applied to the entire time series to ensure time-series
consistency from 1990 through 2023.

Biomass Carbon Stock Changes

Biomass carbon stocks for land converted to vegetated coastal wetlands are estimated for palustrine
and estuarine marshes for land below the elevation of high tides (taken to be mean high water spring
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2016). QA/QC and verification of soil carbon stock dataset has been provided by the Smithsonian
Environmental Research Center and coastal wetland inventory team leads. Biomass carbon stocks are
derived from peer-review literature, reviewed by U.S. Geological Survey prior to publishing, by the peer-
review process during publishing, and by the coastal wetland inventory team leads prior to inclusion in
the Inventory and from IPCC reports. As a QC step, a check was undertaken confirming that coastal
wetlands recognized by C-CAP represent a subset of wetlands recognized by the NRI for marine coastal
states. A team of two evaluated and verified there were no computational errors within the calculation
worksheets. Soil carbon stock, emissions/removals data are based upon peer-reviewed literature and
CH,4 emission factors are derived from the Wetlands Supplement.

Recalculations Discussion

No recalculations were performed for the current Inventory.

Planned Improvements

Currently, the only coastal wetland conversion that is reported in the Inventory is lands converted to
vegetated coastal wetlands. The next Inventory (i.e., publishing in 2026) is expected to include carbon
stock change data for lands converted to unvegetated open water coastal wetlands.

Land Converted to Flooded Land

Flooded lands are defined as water bodies where human activities have 1) caused changes in the
amount of surface area covered by water, typically through water level regulation (e.g., constructing a
dam), 2) waterbodies where human activities have changed the hydrology of existing natural
waterbodies thereby altering water residence times and/or sedimentation rates, in turn causing changes
to the natural production of greenhouse gases, and 3) waterbodies that have been created by
excavation, such as canals, ditches and ponds (IPCC 2019). Flooded lands include waterbodies with
seasonally variable degrees of inundation but would be expected to retain some inundated area
throughout the year under normal conditions.

Flooded lands are broadly classified as “reservoirs” or “other constructed waterbodies” (IPCC 2019).
Reservoirs are defined as flooded land greater than 8 ha and includes the seasonally flooded land on the
perimeter of permanently flooded land (i.e., inundation areas). IPCC guidance (IPCC 2019) provides
default emission factors for reservoirs and several types of “other constructed waterbodies” including
freshwater ponds and canals/ditches.

Land that has been flooded for 20 years or greater is defined as flooded land remaining flooded land and
land flooded for less than 20 years is defined as land converted to flooded land. The distinction is based
on literature reports that CO, and CH,4 emissions are high immediately following flooding as labile
organic matter is rapidly degraded but decline to a steady background level approximately 20 years after
flooding (Abril et al. 2005, Barros et al. 2011, Teodoru et al. 2012). Both CO, and CH, emissions are
estimated for land converted to flooded land.

Nitrous oxide emissions from flooded lands are largely related to inputs of organic or inorganic nitrogen
from the watershed. These inputs from runoff/leaching/deposition are largely driven by anthropogenic
activities such as land-use change, wastewater disposal or fertilizer application in the watershed or
application of fertilizer or feed in aquaculture. These emissions are not included here to avoid double-
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Figure 6-16: 2023 A) CH, and B) CO, Emissions from U.S. Reservoirs in Land Converted
to Flooded Land

A. CH4 Emissions from Reservoirs B. CO, Emissions from Reservoirs
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Note: Alaska map scale is 1000 miles, Hawaii and contiguous United States map scale is 500 miles, Puerto Rico map scale is
100 miles.

Table 6-104: Methane and CO, Emissions from Reservoirs in Land Converted to
Flooded Land in 2023 (kt CH4; kt CO,)

CH. CO2?
State Surface Downstream Total Surface
Alabama 0.0 0.0 0.0 0.0
Alaska 0.0 0.0 0.0 0.0
Arizona 0.0 0.0 0.0 0.0
Arkansas 0.0 0.0 0.0 0.0
California + + + +
Colorado i & il 1.4
Connecticut + + + +
Delaware 0.0 0.0 0.0 0.0
District of Columbia 0.0 0.0 0.0 0.0
Florida + + + 13.4
Georgia + + + 0.8
Hawaii 0.0 0.0 0.0 0.0
Idaho + + + 1.5
Ilinois + + + 4.1
Indiana 0.0 0.0 0.0 0.0
lowa + + + 1.9
Kansas + + + +
Kentucky 0.0 0.0 0.0 0.0
Louisiana + + + +
Maine + + + +
Maryland + + + +
Massachusetts + + + 4.3
Michigan + + + +
Minnesota 4.6 + 5.0 203.2
Mississippi + + + +
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State 1990 2005 2019 2020 2021 2022 2023
Hawaii 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Idaho 17.8 1.0 0.4 0.4 0.4 0.4 0.4
Ilinois 49.3 39.2 1.3 1.3 0.8 0.8 0.8
Indiana 9.8 0.2 0.0 0.0 0.0 0.0 0.0
lowa 9.5 2.2 0.6 0.5 0.5 0.4 0.4
Kansas 9.7 0.4 0.2 0.1 0.1 0.0 0.0
Kentucky 3.8 0.1 0.0 0.0 0.0 0.0 0.0
Louisiana 8.8 3.0 0.9 0.9 0.0 0.0 0.0
Maine 11.4 4.5 0.0 0.0 0.0 0.0 0.0
Maryland 0.6 0.0 0.0 0.0 0.0 0.0 0.0
Massachusetts 1.4 0.2 1.1 1.0 1.0 1.0 1.0
Michigan 11.9 1.0 0.1 0.1 0.1 0.1 0.1
Minnesota 8.1 5.1 54.0 53.8 53.7 53.5 54.3
Mississippi 5.2 2.5 0.1 0.1 0.1 0.1 0.1
Missouri 16.3 0.1 0.0 0.0 0.0 0.0 0.0
Montana 14.3 3.9 2.1 2.1 2.1 2.1 0.0
Nebraska 5.4 1.3 0.3 0.2 0.2 0.2 0.2
Nevada 1.3 1.1 0.1 0.1 0.1 0.1 0.1
New Hampshire 0.4 0.0 0.0 0.0 0.0 0.0 0.0
New Jersey 0.6 0.5 0.0 0.0 0.0 0.0 0.0
New Mexico 3.6 1.5 0.2 0.2 0.2 0.2 0.1
New York 13.9 12.0 0.1 0.1 0.1 0.1 0.1
North Carolina 11.6 0.3 0.4 0.4 0.4 0.4 0.4
North Dakota 1.9 3.5 6.4 6.4 6.3 6.0 6.0
Ohio 6.6 0.5 0.2 0.2 0.2 0.1 0.1
Oklahoma 34.0 6.8 0.0 0.0 0.0 0.0 0.0
Oregon 9.7 0.3 0.2 0.2 0.1 0.1 0.0
Pennsylvania 6.9 0.3 0.1 0.1 0.1 0.1 0.1
Puerto Rico 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Rhode Island 0.1 0.0 0.0 0.0 0.0 0.0 0.0
South Carolina 17.7 9.5 0.0 0.0 0.0 0.0 0.0
South Dakota 0.6 3.9 0.8 0.0 0.0 0.0 0.0
Tennessee 58.5 0.0 0.1 0.1 0.1 0.1 0.1
Texas 72.3 0.5 0.0 0.0 0.0 0.0 0.0
Utah 1.8 0.1 0.2 0.2 0.2 0.2 0.2
Vermont 0.2 0.1 0.0 0.0 0.0 0.0 0.0
Virginia 6.6 0.2 0.0 0.0 0.0 0.0 0.0
Washington 5.6 1.1 0.0 0.0 0.0 0.0 0.0
West Virginia 3.4 1.6 0.2 0.2 0.2 0.1 0.1
Wisconsin 1.9 0.3 0.1 0.1 0.1 0.1 0.1
Wyoming 14.6 5.2 0.2 0.2 0.2 0.2 0.1
Total 549.9 124.7 72.6 71.2 69.3 68.4 66.9

Note: Totals may not sum due to independent rounding
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Freshwater Ponds

State CHa CO: Total
Alaska 0 0 0
Arizona 0 0 0
Arkansas 2 2 5
California 38 44 82
Colorado 274 213 487
Connecticut 0 0 1
Delaware 0 0 1
District of Columbia 0 0 0
Florida 15 30 45
Georgia 260 470 730
Hawaii 0 0 0
Idaho 4 5 9
Illinois 73 63 136
Indiana 29 30 59
lowa 290 269 559
Kansas 369 387 756
Kentucky 13 13 26
Louisiana 56 112 168
Maine 1 1 2
Maryland 48 50 98
Massachusetts 307 283 590
Michigan 48 35 84
Minnesota 172 125 297
Mississippi 354 540 894
Missouri 177 185 363
Montana 69 50 119
Nebraska 406 367 772
Nevada 83 65 148
New Hampshire 90 66 156
New Jersey 0 0 0
New Mexico 58 59 117
New York 46 34 80
North Carolina 141 147 288
North Dakota 226 165 390
Ohio 183 175 358
Oklahoma 319 352 671
Oregon 84 66 150
Pennsylvania 20 19 39
Puerto Rico 0 0

Rhode Island 0 0

South Carolina 47 49 95
South Dakota 462 337 800
Tennessee 13 14 27
Texas 94 163 257
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Table 6-116: State Surface Area Totals of Other Constructed Waterbodies in Land
Converted to Flooded Land (hectares)

State 1990 2005 2019 2020 2021 2022 2023
Alabama 381 24 1 1 1 0 0
Alaska 6 0 0 0 0 0 0
Arizona 4 13 4 0 0 0 0
Arkansas 336 2 0 0 0 0 0
California 226 90 23 20 20 14 7
Colorado 225 49 53 56 56 56 53
Connecticut 74 0
Delaware 4

District of Columbia 0

Florida 100 41 11 11

Georgia 1,690 86 51 51 51 51 51
Hawaii 7 2 0 0 0 0 0
Idaho 101 1 1 1 1 1

Illinois 539 102 30 20 18 15 14
Indiana 469 98 22 22 22 12 6
lowa 2,328 1,460 303 189 96 66 57
Kansas 2,252 162 104 99 78 82 72
Kentucky 375 35 3 3 3 3 3
Louisiana 130 25 18 12 12 12 11
Maine 29 9 0 0 0 0 0
Maryland 214 64 15 13 1 10
Massachusetts 57 68 73 66 65 61 60
Michigan 149 51 17 9 9 9 9
Minnesota 275 96 67 50 42 34 34
Mississippi 348 165 104 92 86 78 69
Missouri 3,363 169 57 52 45 41 35
Montana 359 106 100 99 99 99 13
Nebraska 1,272 274 118 100 91 88 79
Nevada 17 51 31 28 23 21 16
New Hampshire 140 45 19 18 18 18 18
New Jersey 35 14 0 0 0 0 0
New Mexico 24 34 20 20 17 13 11
New York 304 130 25 25 20 20 9
North Carolina 482 90 33 30 28 28 28
North Dakota 149 160 76 66 58 55 44
Ohio 411 265 96 67 55 53 36
Oklahoma 1,923 144 95 79 73 64 62
Oregon 179 64 21 17 16 16 16
Pennsylvania 247 39 4 4 4 4
Puerto Rico 0 0 0 0 0 0 0
Rhode Island 9 7 0 0 0 0 0
South Carolina 756 234 21 9 9 9 9
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State 1990 2005 2019 2020 2021 2022 2023
South Dakota 285 114 107 113 105 105 90
Tennessee 406 46 10 3 3 3 3
Texas 2,738 107 27 26 25 25 18
Utah 85 21 24 20 20 20 10
Vermont 72 11 3 3 3 3 3
Virginia 58 4 2 2 2 2 2
Washington 146 46 23 20 20 19 18
West Virginia 121 47 28 28 28 28 28
Wisconsin 149 19 21 21 21 21 21
Wyoming 277 150 79 78 75 72 34
Total 24,363 5,037 1,939 1,645 1,435 1,333 1,066

Note: Totals may not sum due to independent rounding

Uncertainty

Uncertainty in estimates of CO, and CH4semissions from land converted to flooded land-other
constructed water bodies include uncertainty in the default emission factors and the flooded land area
inventory. Uncertainty in emission factors is provided in the 2079 Refinement to the 2006 IPCC
Guidelines (IPCC 2019). Uncertainties in the spatial data include 1) uncertainty in area estimates from
the NHD and NW, and 2) uncertainty in the location of dams in the NID and drinking water intakes in
SDWIS. Overall uncertainties in the NHD, NWI, NID, and NW are unknown, but uncertainty for remote
sensing products is #10 to 15 percent (IPCC 2003). EPA assumes an uncertainty of £ 15 percent for the
flooded land area inventory based on expert judgment. These uncertainties do not include the
underestimate of pond surface area discussed above.

Table 6-117: Approach 2 Quantitative Uncertainty Estimates for CH, and CO.
Emissions from Other Constructed Waterbodies in Land Converted to Flooded Land

2023 Emission

Uncertainty Range Relative to Emission Estimate?

Estimate (kt CO2Eq.) (%)
Source Gas (kt CO:2Eq.) Lower Bound UpperBound | Lower Bound Upper Bound
Freshwater ponds CHas 5.44 5.35 5.51 -1.6% +1.3%
Freshwater ponds CO2 5.46 5.38 5.53 -1.4% +1.4%
Total 10.90 10.74 11.03 -1.4% +1.2%

2Range of emission estimates predicted by Monte Carlo stochastic simulation for a 95 percent confidence interval.

Note: Totals may not sum due to independent rounding.

QA/QC and Verification

The National Hydrography Data (NHD) is managed by the USGS with collaboration from many other
federal, state, and local entities. Extensive QA/QC procedures are incorporated into the curation of the
NHD. The National Inventory of Dams (NID) is maintained by the U.S. Army Corps of Engineers (USACE)
in collaboration with the Federal Emergency Management Agency (FEMA) and state regulatory offices.
USACE resolves duplicative and conflicting data from 68 data sources, which helps obtain the more
complete, accurate, and updated NID. The Navigable Waterways (NW) dataset is part of the U.S.
Department of Transportation (USDOT)/Bureau of Transportation Statistics (BTS) National Transportation
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al. 2008). This computer model uses standardized field data from randomly located plots, along with
local hourly air pollution and meteorological data, to quantify urban forest structure, monetary values of
the urban forest, and environmental effects, including total carbon stored and annual carbon
sequestration (Nowak et al. 2013).

In each city, arandom sample of plots were measured to assess tree stem diameter, tree height, crown
height and crown width, tree location, species, and canopy condition. The data for each tree were used
to estimate total dry-weight biomass using allometric models, a root-to-shoot ratio to convert
aboveground biomass estimates to whole tree biomass, and wood moisture content. Total dry weight
biomass was converted to carbon by dividing by two (50 percent carbon content). An adjustment factor
of 0.8 was used for open grown trees to account for settlement trees having less aboveground biomass
for a given stem diameter than predicted by allometric models based on forest trees (Nowak 1994).
Carbon storage estimates for deciduous trees include only carbon stored in wood. Estimated carbon
storage was divided by tree cover in the area to estimate carbon storage per square meter of tree cover.

Table 6-124: Carbon Storage (kg C/m?tree cover), Gross and Net Sequestration (kg
C/m?tree cover/year) and Tree Cover (percent) among Sampled U.S. Cities (see Nowak
et al. 2013)

Sequestration

Tree
City Storage SE Gross SE Net SE Ratio® Cover SE
Adrian, Ml 12.17 1.88 0.34 0.04 0.13 0.07 0.36 22.1 2.3
Albuquerque, NM 5.61 0.97 0.24 0.03 0.20 0.03 0.82 13.3 1.5
Arlington, TX 6.37 0.73 0.29 0.03 0.26 0.03 0.91 22.5 0.3
Atlanta, GA 6.63 0.54 0.23 0.02 0.18 0.03 0.76 53.9 1.6
Austin, TX 3.57 0.25 0.17 0.01 0.13 0.01 0.73 30.8 1.1
Baltimore, MD 10.30 1.24 0.33 0.04 0.20 0.04 0.59 28.5 1.0
Boise, ID 7.33 2.16 0.26 0.04 0.16 0.06 0.64 7.8 0.2
Boston, MA 7.02 0.96 0.23 0.03 0.17 0.02 0.73 28.9 1.5
Camden, NJ 11.04 6.78 0.32 0.20 0.03 0.10 0.11 16.3 9.9
Casper, WY 6.97 1.50 0.22 0.04 0.12 0.04 0.54 8.9 1.0
Chester, PA 8.83 1.20 0.39 0.04 0.25 0.05 0.64 20.5 1.7
Chicago (region), IL 9.38 0.59 0.38 0.02 0.26 0.02 0.70 15.5 0.3
Chicago, IL 6.03 0.64 0.21 0.02 0.15 0.02 0.70 18.0 1.2
Corvallis, OR 10.68 1.80 0.22 0.03 0.20 0.03 0.91 32.6 4.1
El Paso, TX 3.93 0.86 0.32 0.05 0.23 0.05 0.72 5.9 1.0
Freehold, NJ 11.50 1.78 0.31 0.05 0.20 0.05 0.64 31.2 3.3
Gainesville, FL 6.33 0.99 0.22 0.03 0.16 0.03 0.73 50.6 3.1
Golden, CO 5.88 1.33 0.23 0.05 0.18 0.04 0.79 11.4 1.5
Grand Rapids, Ml 9.36 1.36 0.30 0.04 0.20 0.05 0.65 23.8 2.0
Hartford, CT 10.89 1.62 0.33 0.05 0.19 0.05 0.57 26.2 2.0
Houston, TX 4.55 0.48 0.31 0.03 0.25 0.03 0.83 18.4 1.0
Indiana® 8.80 2.68 0.29 0.08 0.27 0.07 0.92 20.1 3.2
Jersey City, NJ 4.37 0.88 0.18 0.03 0.13 0.04 0.72 11.5 1.7
Kansas® 7.42 1.30 0.28 0.05 0.22 0.04 0.78 14.0 1.6
Kansas City (region), MO/KS 7.79 0.85 0.39 0.04 0.26 0.04 0.67 20.2 1.7
Lake Forest Park, WA 12.76 2.63 0.49 0.07 0.42 0.07 0.87 42.4 0.8
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Sequestration

Tree
City Storage SE Gross SE Net SE Ratio® Cover SE
Las Cruces, NM 3.01 0.95 0.31 0.14 0.26 0.14 0.86 2.9 1.0
Lincoln, NE 10.64 1.74 0.41 0.06 0.35 0.06 0.86 14.4 1.6
Los Angeles, CA 4.59 0.51 0.18 0.02 0.11 0.02 0.61 20.6 1.3
Milwaukee, WI 7.26 1.18 0.26 0.03 0.18 0.03 0.68 21.6 1.6
Minneapolis, MN 4.41 0.74 0.16 0.02 0.08 0.05 0.52 34.1 1.6
Moorestown, NJ 9.95 0.93 0.32 0.03 0.24 0.03 0.75 28.0 1.6
Morgantown, WV 9.52 1.16 0.30 0.04 0.23 0.03 0.78 39.6 2.2
Nebraska® 6.67 1.86 0.27 0.07 0.23 0.06 0.84 15.0 3.6
New York, NY 6.32 0.75 0.33 0.03 0.25 0.03 0.76 20.9 1.3
North DakotaP 7.78 2.47 0.28 0.08 0.13 0.08 0.48 2.7 0.6
Oakland, CA 5.24 0.19 NA NA NA NA NA 21.0 0.2
Oconomowoc, WI 10.34 4.53 0.25 0.10 0.16 0.06 0.65 25.0 7.9
Omaha, NE 14.14 2.29 0.51 0.08 0.40 0.07 0.78 14.8 1.6
Philadelphia, PA 8.65 1.46 0.33 0.05 0.29 0.05 0.86 20.8 1.8
Phoenix, AZ 3.42 0.50 0.38 0.04 0.35 0.04 0.94 9.9 1.2
Roanoke, VA 9.20 1.33 0.40 0.06 0.27 0.05 0.67 31.7 3.3
Sacramento, CA 7.82 1.57 0.38 0.06 0.33 0.06 0.87 13.2 1.7
San Francisco, CA 9.18 2.25 0.24 0.05 0.22 0.05 0.92 16.0 2.6
Scranton, PA 9.24 1.28 0.40 0.05 0.30 0.04 0.74 22.0 1.9
Seattle, WA 9.59 0.98 0.67 0.06 0.55 0.05 0.82 271 0.4
South Dakota® 3.14 0.66 0.13 0.03 0.11 0.02 0.87 16.5 2.2
Syracuse, NY 9.48 1.08 0.30 0.03 0.22 0.04 0.72 26.9 1.3
Tennessee® 6.47 0.50 0.34 0.02 0.30 0.02 0.89 37.7 0.8
Washington, DC 8.52 1.04 0.26 0.03 0.21 0.03 0.79 35.0 2.0
Woodbridge, NJ 8.19 0.82 0.29 0.03 0.21 0.03 0.73 29.5 1.7

SE (Standard Error)

NA (Not Available)

@ Ratio of net to gross sequestration.

®Statewide assessment of urban areas.

To determine gross sequestration rates, tree growth rates need to be estimated. Base growth rates were
standardized for open-grown trees in areas with 153 days of frost-free length based on measured data
on tree growth (Nowak et al. 2013). These growth rates were adjusted to local tree conditions based on
length of frost-free season, crown competition (as crown competition increased, growth rates
decreased), and tree condition (as tree condition decreased, growth rates decreased). Annual growth
rates were applied to each sampled tree to estimate gross annual sequestration-that is, the difference
in carbon storage estimates between year 1 and year (x + 1) represents the gross amount of carbon
sequestered. These annual gross carbon sequestration rates for each tree were then scaled up to city
estimates using tree population information. Total carbon sequestration was divided by total tree cover
to estimate a gross carbon sequestration density (kg C/m? of tree cover/year). The area of assessment
for each city or state was defined by its political boundaries; parks and other forested urban areas were
thus included in sequestration estimates.

Where gross carbon sequestration accounts for all carbon sequestered, net carbon sequestration for
settlement trees considers carbon emissions associated with tree death and removals. The third step in
the methodology estimates net carbon emissions from settlement trees based on estimates of annual
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Yard Trimmings (5.5) (2.0) (2.2) (2.2) (2.2) (2.2) (2.2)
Grass (0.5) (0.2) (0.2) (0.2) (0.2) (0.2) (0.2)
Leaves (2.4) (0.9) (1.0) (1.0) (1.0) (1.0) (1.0)
Branches 2.7) (0.9) (1.0) (1.0) (1.0) (1.0) (1.0)
Food Scraps (1.2) (1.1) (1.3) (1.2) (1.2) (1.1) (0.9)
Total Net Flux (6.7) (3.1) (3.6) (3.5) (3.4) (3.4) (3.2)

Notes: Totals may not sum due to independent rounding. Parentheses indicate net sequestration.

Methodology and Time-Series Consistency

When waste of biogenic origin (such as yard trimmings and food scraps) is landfilled and do not
completely decompose, the carbon that remains is effectively removed from the carbon cycle. Empirical
evidence indicates that yard trimmings and food scraps do not completely decompose in landfills
(Barlaz 1998, 2005, 2008; De la Cruz and Barlaz 2010), and thus the stock of carbon in landfills can
increase, with the net effect being removal of carbon from the atmosphere. Estimates of the net carbon
flux resulting from landfilled yard trimmings and food scraps were developed by estimating the change
in landfilled carbon stocks between inventory years and uses a country-specific methodology based on
the methodology for estimating the amount of harvested wood products stored in solid waste disposal
systems that is provided in the Land Use, Land-Use Change, and Forestry sector in IPCC (2003) and the
2006 IPCC Guidelines for National Greenhouse Gas Inventories (IPCC 2006). Carbon stock estimates
were calculated by determining the mass of landfilled carbon resulting from yard trimmings and food
scraps discarded in a given year; adding the accumulated landfilled carbon from previous years; and
subtracting the mass of carbon that was landfilled in previous years and has since decomposed and
been emitted as CO, and CHa.

To determine the total landfilled carbon stocks for a given year, the following data and factors were
assembled:

1. The composition of the yard trimmings (i.e., the proportion of grass, leaves and branches);
2. The mass of yard trimmings and food scraps discarded in landfills;

3. The carbon storage factor of the landfilled yard trimmings and food scraps; and

4. The rate of decomposition of the degradable carbon.

The composition of yard trimmings was assumed to be 30 percent grass clippings, 40 percent leaves,
and 30 percent branches on a wet weight basis (Oshins and Block 2000). The yard trimmings were
subdivided, because each component has its own unique adjusted carbon storage factor (i.e., based on
differences in moisture content and carbon content) and rate of decomposition. The mass of yard
trimmings and food scraps disposed of in landfills was estimated by multiplying the quantity of yard
trimmings and food scraps discarded by the proportion of discards managed in landfills. Data on
discards (i.e., the amount generated minus the amount diverted to centralized composting facilities) for
both yard trimmings and food scraps were taken primarily from Advancing Sustainable Materials
Management: Facts and Figures 2018 (EPA 2020), which provides data for 1960, 1970, 1980, 1990, 2000,
2005, 2010, 2015, 2017 and 2018. To provide data for some of the missing years, detailed backup data
were obtained from the 2012, 2013, and 2014, 2015, and 2017 versions of the Advancing Sustainable
Materials Management: Facts and Figures reports (EPA 2019), as well as historical data tables that EPA
developed for 1960 through 2012 (EPA 2016). Remaining years in the time series for which data were not
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