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Abstract

Carbon fixed by agricultural crops in the US creates regional CO, sinks where it is har-
vested and regional CO, sources where it is released back into the atmosphere. The
quantity and location of these fluxes differ depending on the annual supply and demand
of crop commodities. Data on the harvest of crop biomass, storage, import and export,
and on the use of biomass for food, feed, fiber, and fuel were compiled to estimate
an annual crop carbon budget for 2000 to 2008. With respect to US Farm Resource
Regions, net sources of CO, associated with the consumption of crop commodities oc-
curred in the Eastern Uplands, Southern Seaboard, and Fruitful Rim regions. Net sinks
associated with the production of crop commodities occurred in the Heartland, North-
ern Crescent, Northern Great Plains, and Mississippi Portal regions. The national crop
carbon budget was balanced to within 93 to 99% yr‘1 of total carbon uptake during the
period of this analysis.

1 Introduction

A large amount of CO, is fixed annually by crops through photosynthesis. Most of the
fixed carbon is released in 1 to 2 years following harvest and subsequent decomposi-
tion or consumption and respiration by humans and livestock. Consequently, the global
net annual exchange of CO, from the uptake and release of crop carbon is near zero,
with the exception of crop residues that are incorporated into the soil. For this reason,
changes in crop carbon stocks are not recorded in national greenhouse gas inventories
whereas changes in soil carbon are reported (IPCC, 2006; EPA, 2010; CCSP, 2007).
While carbon dynamics associated with crop growth and harvest are a global net zero,
there are regional sources and sinks associated with the growth, transport, and even-
tual release of crop carbon. Regions where large amounts of harvested carbon are
exported will likely have a strong carbon uptake signal associated with crop commod-
ity production. Regions with large imports of harvested carbon will have a large loss
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of carbon to the atmosphere associated with the use of crop commodities. Whether
a region is a net source or sink of all carbon (i.e., cropland and non-cropland carbon)
depends on the sum of fluxes from croplands, non-cropland ecosystems, and fossil fuel
combustion. This analysis considers only carbon uptake and release associated with
carbon fixed in US croplands.

Research is currently being conducted to monitor net carbon emissions using atmo-
spheric CO, concentration measurements and inversion modeling (Crevoisier et al.,
2010; Lauvaux et al., 2009; Peters et al., 2007; Schuh et al., 2010), and from inventory-
based modeling (EPA, 2010; Ogle et al., 2010; West et al., 2010). Comparison of these
approaches allows for verification of results and future integration of methods (Nisbet
and Weiss, 2010). For comparison to occur, geospatial estimates are needed on all
sources and sinks in a region, including carbon uptake by crops, harvest and removal
of crop carbon, and the location and amount of harvested crop carbon that is even-
tually released to the atmosphere. Understanding and estimating geospatial patterns
in the uptake and release of carbon fixed by plants provides important information on
regional carbon sources and sinks related to intensive cropland management (Ciais
et al., 2007, 2010). Because these geospatial estimates require analysis of many dis-
parate datasets, it is important to investigate whether the annual crop carbon budget
is balanced. The sum of crop carbon uptake, release, and sequestration should be
approximately zero.

The primary objective of this research is to geospatially locate the uptake and even-
tual release of carbon associated with agricultural crop commodity production and use
in the US. In maintaining the definition of Net Ecosystem Production (NEP) as Net
Primary Production (NPP) minus Heterotrophic Respiration (Rh), we are essentially
mapping NEP of crop ecosystems. However, unlike forest and non-agricultural ecosys-
tems, a significant amount of cropland Rh occurs far away from where crops are grown
and in areas where human and livestock respiration returns the original carbon fixed
by crops to the atmosphere. A secondary objective is to investigate whether the an-
nual crop carbon budget is balanced. The sum of crop carbon uptake, release through
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respiration and decomposition, sequestration of carbon in soils, and the ultimate use of
all harvested carbon will determine the relative carbon balance. This study is the first
test, to our knowledge, that evaluates the carbon balance for cropland commodities in
the US.

This study is limited to crop-derived carbon in an effort to account for the ultimate
fate of carbon that is fixed photosynthetically, and thus is not an analysis of the car-
bon footprint of US crop production. Therefore, fossil-fuel emissions associated with
crop production and food processing are not included. Furthermore, this study is not
intended to evaluate process-based mechanisms that drive components of the crop
carbon cycle (e.g., physiological plant growth modeling), but to identify all components
in the US crop carbon budget and empirically estimate county-level carbon fluxes as-
sociated with these components.

2 Components of a national crop carbon budget

Carbon fixed in agricultural crops can be harvested and removed from the field or left
to decompose in the field. Biomass carbon remaining on the field either oxidizes to
CO, or is sequestered in the soil as organic carbon. Harvested carbon is used for
food, feed, fiber, or fuel. Carbon harvested for human food or livestock feed is lost
through consumption and heterotrophic respiration. Carbon in biomass-derived fuel is
combusted and released as CO, and other trace gases. Carbon in fiber is sequestered
for a longer time and is slowly released during the lifetime of the manufactured fiber.
Carbon that is transported off the field and not used for food, feed, fiber, or fuel may
be exported, stored in crop biomass reserves, used for crop seed production, or enter
into the municipal waste stream. The following sections provide details on the methods
used to estimate each component of the US crop carbon budget. The temporal res-
olution of the estimates is annual, and the spatial resolution is the county geopolitical
unit.

634

BGD
8, 631-654, 2011

US crop carbon

budget
T. O. West et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< | 4
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/631/2011/bgd-8-631-2011-print.pdf
http://www.biogeosciences-discuss.net/8/631/2011/bgd-8-631-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2.1 Net primary production, harvest, and decomposition

Net primary productivity of crops is based on county-scale mean crop yield data
from the US Department of Agriculture (USDA), National Agricultural Statistics Service
(NASS) (USDA, 2010a). Harvest indices, root:shoot ratios, and estimated dry weight
values for each crop were used to convert crop yields to NPP. The conversion factors
used in this analysis are documented by West et al. (2010). A carbon content of 45%
for crop biomass was used in our estimates of NPP for all crops. NPP was estimated
for 17 crops: corn, soybean, oats, barley, wheat, sunflower, hay, sorghum, cotton, rice,
peanuts, potatoes, sugarbeets, sugarcane, tobacco, rye, and beans. Estimates of crop
yields were used to represent the amount of carbon removed and transported off the
farm field. Crop residue remaining on the field, along with belowground biomass, either
decomposes or is sequestered in situ as soil organic carbon. Carbon in crop residue
and belowground biomass that is not sequestered in soil is estimated to be decom-
posed in the same year.

2.2 Soil carbon

Empirical relationships between land management and soil carbon change (West et al.,
2008) were used to estimate annual changes in soil carbon based on inventory statis-
tics for planted crops, tillage intensity per crop, and initial soil carbon content. While
this analysis focuses on carbon dynamics between 2000 and 2008, estimates of soil
carbon change were calculated from 1980 to 2008 in order to capture longer-term im-
pacts on soil carbon pools from a 20-yr history of changes in crop rotations and tillage
intensity. Tillage intensity data are based on bi-annual surveys conducted by the Con-
servation Technology Information Center (CTIC, 2007). Years without data (i.e., odd
years between 2000 and 2004) were imputed by interpolating between prior and sub-
sequent years, and by estimating trends in adoption of conservation tillage practices
from historical data. Tillage intensities were aggregated into three classes for soil car-
bon change estimation: no tillage; reduced tillage, including muilch tillage and ridge
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tillage; and conventional tillage. Changes in soil carbon were estimated for agricultural
crops only and, unlike a previous analysis conducted by West et al. (2008), do not in-
clude soil carbon change occurring on croplands set aside in conservation programs.
We do not include soil carbon change associated with set-aside lands, because our
analysis is focused on the ultimate fate of carbon fixed by agricultural crops.

2.3 Lateral transport of carbon

Carbon removed from the farm field can be used locally as livestock feed or can be
transported to distant locations for feed, food, fiber, and fuel uses. With the exception
of fiber and sequestration in landfills, the majority of crop carbon is released back to the
atmosphere. The location where this carbon is released will be critical for estimating
regional carbon budgets (Ciais et al., 2007). Estimating the ultimate release of crop
carbon depends largely on how and where the carbon is used. The majority of crop
carbon removed from the field is released within one year by humans and livestock
that consume the crops. A small amount is stored as “carryover” for consumption in
the following year and as a reserve in case of regional crop failures due to drought or
pest outbreaks. Our analysis uses humans and livestock populations as proxies for
where crop carbon is ultimately transported and released to the atmosphere. When
a region harvests a given unit of carbon, a portion of that carbon will be emitted within
the region based on human and livestock populations, and the rest will be emitted
elsewhere in the US, exported, or stored in carryover reserves or in fiber products.

2.4 Human food

Estimates of carbon consumption and carbon dioxide release by humans are based
on per capita food consumption in the United States (West et al., 2009) (Table 1).
Food commodity intake data from the Food Commodity Intake Database (EPA, 2000)
were averaged for each age cohort and gender. All food commodities were adjusted
to dry weight and converted to carbon using 0.45 as the fraction of dry weight that
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is carbon. Annual county population demographic data were obtained by US Census
Bureau (2010) and summed by age and gender. While we have the ability to track all
carbon releases from respiration, excretion, and flatus (West et al., 2009), we used
carbon consumption in this analysis as an estimate of total carbon release to the at-
mosphere. We did this to simplify the accounting procedure and because the majority
of all emissions, even those from excretion that enter the waste treatment facilities,
typically occur within the same county.

Additional carbon is lost between harvest and consumption due to food processing
and food waste. This carbon is accounted for in the crop carbon budget as food loss.
Food loss occurs at the retail and consumer levels in the food preparation industry,
with the greatest loss occurring at the consumer level (Kantor et al., 1997). Total food
loss for grains, meats, fruits, vegetables, and dairy is 30%, 54%, 51%, 57%, and 29%,
respectively (USDA, 2010b).

2.5 Livestock feed

Livestock feed was calculated using a method similar to that used for estimating human
emissions. This method bases emissions on the amount and type of feed consumed.
The amount of feed consumed and the associated emissions of CH, are based on
IPCC (1996) and EPA (2010). Dry weight and carbon content of livestock feed were
used to estimate total carbon intake (Table 2). Carbon in the solid form is released as
manure and milk production, methane is released from enteric fermentation and ma-
nure management, and carbon dioxide is released from livestock expiration. Carbon
emissions from methane production are in units of carbon and have not been multi-
plied by the global warming potential of methane. CO, emissions from livestock are
not usually estimated in national emissions inventories, because the respired CO, is
a cyclical release of carbon previously taken up by plants and, as such, results in net
zero emissions with respect to the global atmosphere. Emissions of CO, are estimated
as the remainder of consumed carbon that is not accounted for by enteric fermenta-
tion, manure, and milk production (Table 2). Nitrous oxide emissions from manure
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management are not included in our estimates, because our focus here is the carbon
budget only. The annual mass of livestock available for use in the human food supply
is from the USDA Food Availability Data (USDA, 2009a).

Annual state and county livestock population estimates were obtained from the
USDA NASS (USDA, 2010a). Livestock data from the 1987, 1992, 1997, 2002, and
2007 Agricultural Census were used to supplement the NASS annual data. Livestock
populations in our emissions estimates include beef cows, dairy cows, swine, turkey,
chickens, sheep, and goats. Livestock population data in the USDA NASS data are
absent for some regions in some years. In these cases, population data at the state
or district level were distributed to the county level based on estimates from previous
years and on the fraction of livestock per county derived from the Agricultural Census.

The county level flux estimates in our analysis includes total carbon emissions from
livestock; those related to consumption and respiration of both crop carbon and pas-
ture carbon. Consumption of crop carbon and pasture carbon cannot be differentiated
by livestock population and by county. However, we excluded non-crop carbon (i.e.,
pasture grazing) from the national crop carbon budget in an effort to focus on the ulti-
mate fate of crop-derived carbon and to balance the crop carbon budget. Crop carbon
for livestock feed that is included in the national crop carbon budget consists of feed
grains (i.e., corn, sorghum, barley, and oats), wheat used for feed, hay, corn silage,
and sorghum silage (USDA, 2009b, 2010a).

Feed consumption by horses and household pets (i.e., dogs and cats) are also in-
cluded in the livestock category. Consumption and release of carbon by horses follows
the IPCC guidelines (IPCC, 2006). Consumption and release by dogs and cats were
estimated using suggested daily servings for dogs and cats of 216 and 1089day'1,
respectively, of bagged pet food. Water weight and carbon content were estimated to
be 10% and 0.45, respectively. Horse, dog, and cat populations were obtained from
AVMA (2007). Horse, dog, and cat feed are hereinafter collectively included in livestock
feed.

638

BGD
8, 631-654, 2011

US crop carbon

budget
T. O. West et al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
< | 4
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/8/631/2011/bgd-8-631-2011-print.pdf
http://www.biogeosciences-discuss.net/8/631/2011/bgd-8-631-2011-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

2.6 Commodity fiber

The harvested portion of cotton and tobacco is removed from crop fields and does not
enter the livestock feed or human food supply. The portion that is exported is included
in the US export estimate. Emissions of carbon from fiber are not considered in this
analysis. However, cotton fibers will eventually be emitted as CO,, as the fiber decom-
poses, and a portion of the tobacco will be emitted as it is burned in tobacco products.
While fiber is not included in the geospatial, county-level net carbon exchange esti-
mate, we include it in the annual crop carbon budget for the purpose of balancing the
carbon budget.

2.7 Biomass for fuel, import, export

Biomass for fuel currently includes corn grain used for ethanol and soybean used for
biodiesel (USDA, 2010c, d). Agricultural import and export quantities are from USDA
ERS (2010e). Dry weight and carbon content used in estimates of biomass energy,
imports, and exports are the same as those used for carbon estimates for NPP.

3 Results

Estimating net uptake and release of crop-derived carbon is important for estimating
regional carbon sources and sinks, and for comparison to atmospheric measurements
and modeling of atmospheric inversions. Attempting to balance the US crop carbon
budget using inventory data is challenging because of the numerous uses of crop
commodities and the intermediate processing of these commodities. Our results in-
dicate that total NPP on US croplands ranges from 520-630 TgCyr‘1 between 2000
and 2008 (Table 3). This estimate includes haylands and is consistent with past esti-
mates of 400-600 Tg Cyr‘1 between 1972 and 2001 by Hicke et al. (2004) and a mean
620Tg Cyr‘1 between 1982 and 1998 by Lobell et al. (2002). The amount of biomass
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removed from farm fields ranges from 227-273 TgCyr‘1. Changes in soil carbon in-
clude changes on planted and harvested croplands, and do not include changes on
grasslands, pastures, or set-aside lands. Net changes in soil carbon ranged from an
increase of 8.1 to 10.3Tg Cyr'1. These estimates are consistent with past estimates
that consider the trend in adoption of conservation tillage practices in the US (Ogle
et al., 2010; Tan et al., 2006; West et al., 2008). The remainder of on-site carbon is
released through decomposition.

The four primary uses of agricultural commodities are food, feed, fiber, and fuel.
The majority of harvested biomass is used to feed livestock (Fig. 1). Following the
processing of livestock biomass, about 3Tg Cyr‘1 of livestock biomass is introduced
into the human food supply. Horses, dogs, and cats are also included in the livestock
estimate and together consume about 13TgCyr‘1. Food for humans increased from
17 to 18TgCyr'1 during the study period. Fiber includes cotton, and the amount of
harvested cotton increased from 2000 to 2005, but declined by over 0.5Tg Cyr‘1 from
2005 to 2007.

Biomass used for fuel includes corn grain for ethanol and soybean oil for biodiesel.
Total biomass for fuel increased from 6.5t039.3TgC yr‘1 between 2000 and 2008 (Ta-
ble 3). While use of soybean for diesel doubled from 0.7t0 1.5TgC yr'1 between 2006
and 2008, it is a small fraction of the biomass used for fuel (<4%). Use of corn grain
for ethanol has increased steadily since 1980 (USDA, 2007). Significant increases oc-
curred since 2005 with the largest increase of 9.6 Tg occurring in 2007. The diversion
of nearly 10 Tg C of harvested corn grain for ethanol production in 2007 and 2008 de-
creased the amount of biomass available for livestock feed and decreased the annual
carryover of grain reserves (Fig. 2).

A balanced US crop carbon budget should theoretically result in net zero crop carbon
exchange, assuming we have correctly tracked all carbon uptake and release, including
imports and exports, and regardless of where the carbon is ultimately released. We
do not completely close the budget for any year in our analysis. The annual imbalance
surrounding our budget ranges from 0.8 to 6.6% between 2000 and 2008 (Table 3).
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This imbalance is relatively small, indicating that the final use of most of the harvested
carbon in the US is accounted for. In this analysis, 93.4 to 99.2% yr'1 of total crop
carbon is accounted for between years 2000 and 2008.

Implementing the crop carbon budget on a county basis allows us to identify regions
where crop commodities in the US are predominantly a source or sink for atmospheric
carbon dioxide. We aggregated data by county and by USDA Farm Resource Regions
(USDA, 2000) (Fig. 3). While any single component of the budget can be mapped,
we focused on components that have the largest influence on the US carbon budget
for crop commodities. These components include the amount of biomass harvested,
consumption of biomass and release of CO, by humans and livestock, and the net
county-level exchange of crop-derived carbon (Fig. 4). The estimate of net carbon ex-
change includes annual harvest, emissions from livestock and humans, and estimated
changes in soil carbon. Biomass exports are released as CO, outside of the US, as
illustrated by Ciais et al. (2007). Biomass imports are included in estimates of regional
net emissions through the consumption of biomass by humans and livestock. Process-
ing wastes are not considered in our geographic analysis, but they are included in the
national crop carbon budget (see Table 3). CO, released by combustion of biomass-
based diesel and ethanol is tracked in separate fossil fuel budgets that include data
from the transportation sector (Gurney et al., 2009).

Harvest of cropland biomass and transport to other regions is the dominant process
leading to a net carbon uptake in some regions, which has been confirmed by atmo-
spheric measurements (Crevoisier et al., 2010; Peters et al., 2007). The geographic
pattern of biomass removal is consistent with previous analyses of cropland biomass
growth. However, the percentage of biomass harvested changes substantially based
on the crop. For example, nearly all the above-ground biomass is harvested in fields
planted for hay and silage. This is in contrast to crops that are grown for grain only.
Because of this difference, datasets on biomass removal are not directly comparable
to datasets on biomass growth or NPP.
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Release of consumed carbon by livestock is a dominant source of carbon emissions
in several farm resource regions, including the Northern Great Plains, Prairie Gate-
way, Southern Seaboard, and Fruitful Rim. While livestock emissions do occur in the
Midwest where much crop biomass is harvested, a significant amount of the biomass
is transported to the Eastern, Southern, and Western US where it is consumed by
livestock and released as CO, and CH, (Fig. 4a, b).

Consumption by humans (Fig. 4e, f) appears small, but has a significant regional im-
pact on carbon uptake and release associated with crop commodities. The geospatial
distribution of concentrated human populations and their associated food intake is not
as vast as livestock, but the carbon uptake and release is of the same magnitude of
livestock where concentrated human populations exist.

Combining the aforementioned components together with changes in soil carbon,
provides a dataset of net carbon exchange resulting from the uptake, transport, and
release of crop-derived carbon in the US (Fig. 4g, h). There is a net uptake of car-
bon associated with crop commodities in several farm resource regions, including the
Heartland, Northern Crescent, Northern Great Plains, and Mississippi Portal regions
(Table 4). A net release of crop-derived carbon occurs in the Eastern Uplands, South-
ern Seaboard, and Fruitful Rim. The Prairie Gateway and Basin and Range regions
oscillate between a positive and negative annual net carbon exchange.

4 Conclusions

The management of US croplands changes over time along with changes in technol-
ogy and with the demand for crop commodities. Combining multiple datasets enables
us to understand how the US agricultural system is changing and how these changes
influence regional carbon dynamics. Over a 9-year period, carbon uptake by crops in
the US varied by more than 100 TgCyr'1, influencing regional carbon exchange be-
tween the atmosphere and land surface. Changes in demand for crop commodities
resulted in changes in the distribution of carbon across regions. This was particularly
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noticeable with the reallocation of 10TgCyr‘1 of corn grain in 2007 from livestock,
exports, and grain reserves to ethanol fuel production. This reallocation resulted in
a geospatial redistribution of CO, release to the atmosphere. Net sources of CO, as-
sociated with the consumption of crop commaodities occurred in the Eastern Uplands,
Southern Seaboard, and Fruitful Rim farm resource regions. Net sinks associated
with the production of crop commodities occurred in the Heartland, Northern Crescent,
Northern Great Plains, and Mississipi Portal regions. The inclusion of all components
of the US crop carbon budget resulted in the budget being balanced within 93.4 to
99.2% yr‘1 of total crop NPP during the period of this analysis. Through this research
we have generated geospatial datasets from 2000 to 2008 that represent the geospa-
tial uptake and release of carbon associated with crop commodities in the US. These
spatially distributed data can be used for regional carbon budget analyses, comparison
with mechanistic biogeochemistry models, and as constraints to atmospheric inversion
modeling.
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Table 1. Consumption and release of carbon by humans.”

Age Gender Food Expiration Excrement
group consumption and flatus
(kg C capita™" yr™")
<5 M 39.3 34.6 4.7
<5 F 36.2 31.9 4.3
5-9 M 55.8 49.1 6.7
5-9 F 51.0 44.9 6.1
10-14 M 69.3 61.0 8.3
10-14 F 53.4 47.0 6.4
15-39 M 81.4 71.6 9.8
15-39 F 52.6 46.3 6.3
40-59 M 74.8 65.8 9.0
40-59 F 50.3 44.3 6.0
60-74 M 68.3 60.1 8.2
60-74 F 46.8 41.2 5.6
75-84 M 57.7 50.8 6.9
75-84 F 48.2 42.4 5.8
>85 M 51.9 45.7 6.2
>85 F 41.1 36.2 4.9

* From West et al. (2009). Data on human carbon emissions per county are archived at http:/cdiac.ornl.gov/

carbonmanagement/humanemissions.
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Table 2. Consumption and release of carbon by livestock.” - budget
Animal Feed Expiration Excrement  CH, from Milk % T. O. West et al.
consumption enteric production S
fermentation 2
T
kgChead™ ' yr™ = ! !
Dai 2513.03 960.72 = 1028.31 _ 88.50 435.50 -(3
alry cow . . . . .
Non-dairy cow 1070.36 610.69 424.42 35.25 - — ! !
Swine 108.59 52.02 55.44 1.13 -
O
Poully 4tse 243 178 000 - -1
Sheep 167.54 98.46 63.07 6.00 - =
U A A
orse . . . . -
Dog 2505 1500 1041 052 - ; I I
Cat 12.96 7.50 5.21 0.26 - @ ! !
* Based on IPCC (1996, 2006), EPA (2010). Average feed estimates for dogs and cats from suggested daily serving _
size of respective foods. Data on livestock emissions per county are archived at http://cdiac.ornl.gov /carbonmanage- o
ment/livestockemissions. 73
 pnertiontyVrson
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Table 3. Annual US crop carbon budget.

2000 2001 2002 2003 2004 2005 2006 2007 2008

(TgCyr™")

Crop net primary production 581.29 560.51 519.60 572.90 630.45 601.14 571.01 622.72 594.90
Carbon harvested and removed from field 252.28 243.39 226.87 248.89 273.00 259.77 247.86 270.82 255.43
In situ decomposition of crop carbon? 320.89 308.65 283.74 31429 347.16 332.10 313.10 342.30 329.47
Net soil carbon change +8.13 +8.47 +899 +9.71 +10.30 +9.27 +10.04 +9.60 +10.00
Crop carbon for human food 17.04 17.22 17.38 17.52 17.68 17.84 18.01 18.18 18.34
Crop carbon for livestock feed® 154.42 153.83 153.33 146.61 152.81 156.83 152.26 141.83 147.23
Livestock carbon for human consumption 3.10 3.10 3.30 3.30 3.30 3.30 3.40 3.40 3.40
Crop carbon for fiber 1.36 1.42 2.04 2.26 2.47 2.46 1.95 1.86 2.19
Crop carbon for fuel (corn grain ethanol) 6.48 728 1024 12.01 13.61 16.49 21.80 31.37 37.82
Crop carbon for fuel (soybean diesel)® - - - - - - 0.71 1.25 1.47
Crop carbon for seed production 1.54 1.35 1.42 1.43 1.37 1.34 1.31 1.41 1.46
Carbon loss as processing waste® 6.82 6.89 6.95 7.01 7.07 714 7.20 7.27 7.34
Imported carbon® 2.48 2.73 2.42 2.12 2.10 2.08 2.51 2.91 3.27
Exported carbon' 41.60 41.00 40.06 37.65 42.41 40.47 43.88 48.25 47.07
Carryover from previous year 20.66 19.85 21.47 18.25 1256 11.75 23.90 22.30 14.58
Carryover to following year 19.85 21.47 18.25 12.56 11.75  23.90 22.30 14.58 18.23
Net crop carbon balance® 2941  18.61 439 3552 4178 10.44 8.26 3342 -4.47
(total carbon uptake minus release)

Percentage error in carbon budget 5.06 3.32 0.84 6.20 6.63 1.74 1.45 5.37 0.75

((net C balance/crop NPP)*100)

@ All decomposition is estimated here to occur within the same growing year.

® Biomass carbon for livestock feed includes only carbon derived from cropland commodities, for purposes of balancing the crop carbon budget. Total biomass
carbon from croplands and pasturelands that is consumed and released by livestock is included in Table 4 for estimates of total net vertical fluxes of carbon in
respective geographic regions.

¢ Data for soybean diesel are available only from 2006 to present (USDA, 2010d).

9 Carbon loss includes carbon removed from the food supply during preparation of crop and livestock commodities for retail sale, preparation for final
consumption, and waste following final consumption.

€ Carbon imported into the US food supply.

f carbon exported out of the US food supply.

9 Net crop carbon balance is intended to account for the ultimate use of all harvested crop biomass and its release to the atmosphere as CO,. As such,
net crop carbon balance=crop net primary production—decomposition of crop carbon—net soil carbon change-crop carbon for human food—crop carbon for
livestock and pet feed+livestock carbon for human consumption—crop carbon for fiber—crop carbon for fuel—crop carbon for seed production—carbon loss as
processing waste+imported carbon—exported carbon+carryover from previous year—carryover to following year.
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Table 4. Regional net carbon exchange of crop-derived carbon.”

Farm resource region 2000 2001 2002 2003 2004 2005 2006 2007 2008

Number Name (TgCyr™)

1 Heartland -86.45 -85.22 -79.82 -85.76 -105.81 -95.24 -9496 -101.29 -96.25
Northern -4.24 116 -019 -2.34 -352 -247 -3.63 -155 -8.06
Crescent

3 Northern -16.43 -15.07 -11.37 -18.04 -1791 -19.82 -14.00 -21.46 -20.90
Great Plains

4 Prairie 0.62 -2.32 3.63 -1.50 -435 -3.09 3.93 -4.31 2.53
Gateway

5 Eastern 31.34 5.10 32.23 30.27 3.26 30.50 30.75 30.41 31.02
Uplands

6 Southern 50.42 33.30 53.85 52.70 34.38 54.38 87.74 89.50 79.84
Seaboard

7 Fruitful Rim 4.78 7.08 6.46 6.69 6.70 8.53 8.75 8.41 11.02

8 Basin and -0.40 -0.18 0.07 -0.56 -1.07 -127 -0.67 -0.61 0.13
Range

9 Mississippi -966 -10.68 -10.74 -1097 -10.80 -943 -926 -1224 -11.55
Portal

us Total -30.03 -66.85 -5.89 -2950 -99.11 -37.90 8.65 -13.13 -12.21

* Negative values indicate a net regional sink of crop-derived carbon; positive values indicate a net source of crop-derived carbon. Estimates of carbon sinks
and sources are only for crop-derived carbon, except for livestock emissions, and are only considered to be regional sources and sinks with respect to the
regional atmospheric column. Emissions from livestock include both crop-derived and pasture-derived carbon for more complete vertical flux estimates per
region, and because data ara not amenable to disaggregating crop and pasture biomass for livestock consumption per region. Total values of net vertical flux
from crop-derived carbon are expected to be net negative, because they do not include horizontal carbon displacement, such as export, processing waste,
biomass carryover, etc. (see Table 3 for a list of all carbon budget components).
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Fig. 1. Cropland carbon budget for the contiguous US. This budget represents the movement
of annual crop carbon into, out of, and within the US for the year 2008. Double arrows rep-
resent inputs to the annual crop carbon stock that are available for food, feed, fiber, and fuel;
single arrows represent flows of carbon that lessen the available crop carbon stock; dashed
arrows represent initial photosynthetic production of crop carbon and estimated net soil carbon
accumulation. Ellipses represent end uses of crop carbon. All units are in TgC yr’1.
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budget have occurred between 2000 and 2008. See Table 3 for all components.
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Fig. 3. Farm Resource Regions were defined by USDA (2000) to represent geographic spe-
cialization in production of US farm commodities. These regions are used to aggregate county-
level results in our analysis.
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Fig. 4. Harvested biomass, approximate release of biomass carbon from humans and livestock, 7
and the geographic net exchange of crop carbon for 2008. Data are illustrated as mass carbon
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biomass (a, b) is removed from the field and released as CO, by livestock and humans (c-f). ?U
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