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Abstract. Carbon fixed by agricultural crops in the US cre- a global net zero, there are regional sources and sinks asso-
ates regional C@®sinks where it is harvested and regional ciated with the production, transport, and eventual release
CO, sources where it is released back to the atmosphereof crop carbon. Regions where large amounts of harvested
The quantity and location of these fluxes differ dependingcarbon are exported will likely have a strong carbon uptake
on the annual supply and demand of crop commodities. Dataignal associated with crop commaodity production. Regions
on the harvest of crop biomass, storage, import and exportwith large imports of harvested carbon will have a large loss
and on the use of biomass for food, feed, fiber, and fuelof carbon to the atmosphere associated with the use of crop
were compiled to estimate an annual crop carbon budgetommaodities. Whether a region is a net source or sink of all
for 2000 to 2008. With respect to US Farm Resource Re-carbon (i.e., cropland and non-cropland carbon) depends on
gions, net sources of GCassociated with the consumption the sum of fluxes from croplands, non-cropland ecosystems,
of crop commaodities occurred in the Eastern Uplands, Southand fossil fuel combustion. This analysis considers only car-
ern Seaboard, and Fruitful Rim regions. Net sinks associbon uptake and release associated with carbon fixed in US
ated with the production of crop commodities occurred in croplands.
the Heartland, Northern Great Plains, and Mississippi Portal Research is currently being conducted to monitor net car-
regions. The national crop carbon budget was balanced tbon emissions using atmospheric £€oncentration mea-
within 0.3 to 6.1 % yr® during the period of this analysis. surements and inverse 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.,
1 Introduction 2010; West et al., 2010). Comparison of these approaches
allows for verification of results and future integration of
A large amount of C@is fixed annually by crops through Mmethods (Nisbet and Weiss, 2010). For comparison to oc-
photosynthesis. Most of the fixed carbon is released in 1 tccur, geospatial estimates are needed on all sources and sinks
2 yr following harvest and subsequent decomposition or conin @ region, including carbon uptake by crops, harvest and
sumption and respiration by humans and livestock. Conseremoval of crop carbon, and the location and amount of har-
quently, the global net annual exchange ofdf@m the up-  Vvested crop carbon that is eventually released to the atmo-
take and release of crop carbon is near zero, with the excegsPhere. Understanding and estimating geospatial patterns in
tion of crop residues that are incorporated into soil. For thisthe uptake and release of carbon fixed by plants provides im-
reason, Changes in crop carbon stocks are not recorded in nfortant information on regional carbon sources and sinks re-
tional greenhouse gas inventories, but changes in soil carbol@ted to intensive cropland management (Ciais et al., 2007,
are reported (IPCC, 2006; EPA, 2010; CCSP, 2007). While2010). Because these geospatial estimates require analysis of

carbon dynamics associated with crop growth and harvest ar1any disparate datasets, itis important to investigate whether
the national crop carbon budget is balanced. The sum of crop

carbon uptake, release, and sequestration should be approxi-
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The primary objective of this research is to geospatially mating livestock emissions in Sect. 2.5. This analysis is the
locate the uptake and eventual release of carbon associatdidst time that all of these datasets have been brought together
with agricultural crop commodity production and use in the to estimate net annual flux associated with crop-derived car-
US. In maintaining the definition of Net Ecosystem Produc- bon.
tion (NEP) as Net Primary Production (NPP) minus Het- In our analysis, we differentiate between the national crop
erotrophic Respiration (Rh), we are essentially mapping thecarbon budget and the county level net carbon flux estimates.
NEP of crop ecosystems. However, unlike forest and non-The national budget includes all available data needed to esti-
agricultural ecosystems, a large amount of cropland Rh ocmate the production and ultimate use of crop carbon, thereby
curs far from where crops are grown and in areas where huenabling estimates of where crop-derived carbon is emitted
man and livestock respiration return the original carbon fixedand the quantity of emissions. The geospatial county flux
by crops to the atmosphere. A secondary objective is toestimates differ in that they include only vertical fluxes that
investigate whether the national crop carbon budget is baloccur within geopolitical county boundaries with the purpose
anced. The sum of crop carbon uptake, release through resf providing crop-derived net carbon flux to the atmosphere.
piration and decomposition, sequestration of carbon in soilsLivestock emissions are handled differently between the two
and the ultimate use of all harvested carbon will determinemethods because of data availability issues and differing ob-
the relative carbon balance. This study is the first test, tgectives for each exercise. Additional details on livestock
our knowledge, evaluating the carbon balance for croplancemissions are provided in Sect. 2.5.
commodities in the US.

This study is limited to crop-derived carbon in an effortto 2.1 Net primary production, harvest, and
account for the ultimate fate of carbon that is fixed photosyn- decomposition
thetically, and thus is not an analysis of the carbon footprint
of US crop production. Therefore, fossil-fuel emissions as-Net primary production of crops is based on county-scale
sociated with crop production and food processing are nomean crop yield data from the US Department of Agriculture
included. Furthermore, this study is not intended to evalu-(USDA), National Agricultural Statistics Service (NASS)
ate process-based mechanisms that drive components of tf/SDA, 2010a). Absent county level data were gap-filled
crop carbon cycle (e.g., physiological plant growth model- with available district level data. District level statistics in
ing), but to identify all components in the US crop carbon the inventory data are reported in aggregate for non-reporting
budget and empirically estimate county-level carbon fluxescounties. We, therefore, disaggregate and distribute the com-
associated with these components. bined district data equally to remaining counties in each dis-

trict that has no reported data. In this way, we maintain

a more complete inventory of total national crop statistics,
2 Components of a national crop carbon budget compared to using county level data only.

Harvest indices, root:shoot ratios, and estimated dry

Carbon fixed in agricultural crops can be harvested and reweight values for each crop were used to convert crop yields
moved from the field or left to decompose in the field. to NPP. The conversion factors used in this analysis have
Biomass carbon remaining on the field either oxidizes t¢ CO been documented by West et al. (2010). A carbon content
or is sequestered in the soil as organic carbon. Harvested canf 45 % for crop biomass was used in our estimates of NPP
bon is used for food, feed, fiber, or fuel. Carbon harvested forfor all crops. NPP was estimated for 17 crops: corn, soy-
human food or livestock feed is lost through consumptionbean, oats, barley, wheat, sunflower, hay, sorghum, cotton,
and heterotrophic respiration. Carbon in biomass-derivedice, peanuts, potatoes, sugarbeets, sugarcane, tobacco, rye,
fuel is combusted and released as;G@d other trace gases. and beans. The sum of these crops represented 99 % of to-
Carbon in fiber is sequestered for a longer time and is slowlytal US crop production in 2008 (USDA, 2010a). Estimates
released during the lifetime of the manufactured fiber. Car-of crop yields were used to represent the amount of carbon
bon that is transported off the field and not used for food,removed and transported off the farm field. Crop residue re-
feed, fiber, or fuel may be exported, stored in crop biomasamaining on the field, along with belowground biomass, either
reserves, used for crop seed production, or may enter intelecomposes or is sequestered in situ as soil organic carbon.
the municipal waste stream. The following sections provideCarbon in crop residue and belowground biomass that is not
details on the methods used to estimate each component gkquestered in soil is estimated to be decomposed in the same
the US crop carbon budget. The temporal resolution of theyear.
estimates is annual, and the spatial resolution is the county
geopolitical unit. While methods for estimating crop NPP, 2.2  Soil carbon
soil carbon change, and human carbon emissions from in-
ventory data have been documented previously, methods faEmpirical relationships between land management and soil
estimating total carbon emissions from livestock have not.carbon change (West et al., 2008) were used to estimate an-
As such, greater emphasis is placed on our method for estinual changes in soil carbon based on inventory statistics for
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planted crops, t|||_age |.ntenS|ty per crop, and initial soil car- Table 1. Consumption and release of carbon by hurans.
bon content. While this analysis focuses on carbon dynam-

ics between 2000 and 2008, estimates of soil carbon change
were calculated from 1980 to 2008 in order to capture longer-
term impacts on soil carbon pools from a 20-yr history of
changes in crop rotations and tillage intensity. Tillage inten- (kg C capitalyr=1)
sity data are based on bi-annual surveys conducted by the _ 5

Age Gender Food Expiration Excrement
Group consumption and flatus

M 39.3 34.6 4.7

Conservation Technology Information Center (CTIC, 2007). _5 = 36.2 31.9 4.3
Years without data (i.e., odd years between 2000 and 2004) 5-9 M 55.8 49.1 6.7
were imputed by interpolating between prior and subsequent 5-9 F 51.0 44.9 6.1
years, and by estimating trends in adoption of conservation 10-14 M 69.3 61.0 8.3
tillage practices from historical data. Tillage intensities were 10-14 F 534 47.0 6.4
aggregated into three classes for soil carbon change estima- 1°-39 M 8l.4 716 9.8
tion: no tillage, reduced tillage including mulch tillage and 15-39 F 52.6 46.3 6.3
ridge tillage, and conventional tillage. Changes in soil car- 40-59 M 4.8 65.8 9.0
- . 40-59 F 50.3 44.3 6.0

bon were estimated for agricultural crops only and do not 74 M 68.3 601 8.2
include soil carbon change occurring on croplands set aside 6074 = 46.8 41.2 5.6
in conservation programs. We do not include soil carbon 45 g4 M 57.7 50.8 6.9
change associated with set-aside lands, because our analysis;s_g4 = 48.2 42.4 5.8
is focused on the ultimate fate of carbon fixed by agricultural - 85 M 51.9 45.7 6.2
crops. Changes in soil carbon are estimated to a 30 cm depth, > 85 F 41.1 36.2 4.9

commensurate with methods described by West et al. (2008).

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

Carbon that is removed from the farm field can be used 10-540g) e used carbon consumption in this analysis as an es-
cally as livestock feed or can be transported to distant locagimate of total carbon release to the atmosphere. We did this
tions for feed, food, fiber, and fuel uses. With the excep-, gimplify the accounting procedure and because the ma-
tion of fiber and sequestration in landfills, the majority of ;i of all emissions, even those from excretion that enter

crop carbon is released back to the atmosphere. The locgpe \yaste treatment facilities, typically occur within the same
tion where this carbon is released is critical for estimating county.

regional carbon budgets (Ciais et al., 2007). Estimating the A qditional carbon is lost between harvest and consump-

ultimate release of crop carbon depends largely on how angio, qye to food processing and food waste. This carbon is
where the carbon is used. Our analysis uses humans and [IVe..qunted for in the crop carbon budget as food loss. Food
stock populations as proxies for where crop carbon is ulti-oss oecyrs at the retail and consumer levels in the food
mately transported and released to the atmosphere. Wheye,aration industry, with the greatest loss occurring at the

a region harvests a given unit of carbon, a portion of thatc,nsymer level (Kantor et al., 1997). Total food loss for
carbon will be emitted within the region based on human and, 4ins  meats. fruits vegetables, and dairy is 30 %, 54 %

livestock populations, and the rest will be either emitted else 1 oy 5704 and 29 % respectively (USDA, 2010b).
where in the US, exported, or stored in carryover reserves or ’ ' '

in fiber products. 2.5 Livestock feed

2.4 Human food Livestock feed was calculated using a method similar to that
used for estimating human emissions. Using this method,
Estimates of carbon consumption and carbon dioxide releasemissions are based on the amount of feed consumed and the
by humans are based on per capita food consumption in thpopulation of livestock species. The amount of feed con-
United States (West et al., 2009) (Table 1). Food commodsumed and the associated emissions of; @re based on
ity intake data from the Food Commodity Intake DatabaselPCC (1996) and EPA (2010). Dry weight and carbon con-
(EPA, 2000) were averaged for each age cohort and gendetent of livestock feed were used to estimate total carbon in-
All food commodities were adjusted to dry weight and con- take (Table 2). Carbon in the solid form is released as manure
verted to carbon using 0.45 as the fraction of dry weight thatand milk production, methane is released from enteric fer-
is carbon. Annual county population demographic data werementation and manure management, and carbon dioxide is
obtained by US Census Bureau (2010) and summed by agesleased from livestock expiration. Carbon emissions from
and gender. While we have the ability to track all carbon methane production are in units of carbon and have not been
releases from respiration, excretion, and flatus (West et al.multiplied by the global warming potential of methane. £0O
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Table 2. Consumption and release of carbon by livestbck.

Animal Feed Expiration Excrement Enteric fermentation Milk
Consumption and flatus  production
(kg Cheadlyr—1
Dairy cow 2513.0 960.7 1028.3 88.5 435.5
Non-dairy cow 1070.4 610.7 424.4 35.3 -
Swine 108.6 52.0 554 1.1 -
Poultry 41.9 24.4 17.5 0.0 -
Sheep 167.5 98.5 63.1 6.0 -
Goat 117.9 70.0 44.2 3.8 -
Horse 924.6 609.7 301.3 135 -
Dog 25.9 15.0 10.4 0.5 -
Cat 13.0 7.5 5.2 0.3 -

* Based on IPCC (1996, 2006) and EPA (2010). Average feed estimates for dogs and cats are from suggested daily serving size of respective foods. Data on livestock emissions pe

county are archived dittp://cdiac.ornl.gov/carbonmanagement/livestockemissions

emissions from livestock are not usually estimated in na- Feed consumption by horses and household pets (i.e., dogs
tional emissions inventories, because the respired 8@  and cats) are also included in the livestock category. Con-
cyclical release of carbon that was previously taken up bysumption and release of carbon by horses follows IPCC
plants and, as such, results in net zero emissions with reguidelines (IPCC, 2006). Consumption and release by dogs
spect to the global atmosphere. Emissions ob@@ esti- and cats were estimated using suggested daily servings for
mated here as the remainder of consumed carbon that is naiogs and cats of 216 and 108 g dayrespectively, of bagged
accounted for by enteric fermentation, manure, and milk pro-pet food. Water weight and carbon content were estimated to
duction (Table 2). The annual mass of livestock available forbe 10 % and 45 %, respectively. Horse, dog, and cat popula-
use in the human food supply is from the USDA Food Avail- tions were obtained from AVMA (2007). Horse, dog, and cat
ability Data (USDA, 2009a). feed are hereinafter collectively included in livestock feed.
Annual state and county livestock population estimates
were obtained from the USDA NASS (USDA, 2010a). Live- 2.6 Commodity fiber
stock data from the 1987, 1992, 1997, 2002, and 2007 Agri-

cultural Census were used to supplement the NASS annualNe harvested portion of cotton and tobacco is removed from

data. Livestock populations in our emissions estimates in-TOP fields and does not enter the livestock feed or human

clude beef cows, dairy cows, swine, turkey, chickens, sheepf,OOd supply. The portion that is exported is included in the
and goats. Livestock population data in the USDA NASS US export estimate. Emissions of carbon from fiber are not

data are absent for some regions in some years. In theggPnsidered in this analysis. However, cotton fibers will even-

cases, population data at the state or district level were distU@!ly be emitted as Coduring decomposition of the fiber,

tributed to the county level based on estimates from previou@nd & portion of the tobacco will be emitted as it is burned in

years and on the fraction of livestock per county derived fromtoPacco products. While fiber is not included in the geospa-
the Agricultural Census. tial, county-level net flux estimate, we include it in the na-

The county level flux estimates in our analysis include to- 1ona! crop carbon budget for the purpose of balancing the

tal carbon emissions from livestock, which consist of con- ¢&rbon budget.
sumption and respiration of both crop carbon and pasture car;

bon. Consumption of crop carbon and pasture carbon cannozi'7 Biomass for fuel, import, and export

be differentiated at the county level using currently availablegiymass for fuel currently includes corn grain used for
inventory data. However, we excluded non-crop carbon (i.€.gthanol and soybean used for biodiesel (USDA, 2010c,
pasture carbon) from the national crop carbon budget in any).  Agricultural import and export quantities are from
effort to focus on the ultimate fate of crop-derived carbon ;gpa (2010e). Dry weight and carbon content used in esti-
and to balance the crop carbon budget. Crop carbon for lives,ates of hiomass for fuel, imports, and exports are the same
stock feed that is included in the national crop carbon budget ¢ hose used in carbon estimates for NPP.

consists of feed grains (i.e., corn, sorghum, barley, and oats),

wheat used for feed, hay, corn silage, and sorghum silage

(USDA, 2009b, 2010a).
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Table 3. Annual US crop carbon budget.

2000 2001 2002 2003 2004 2005 2006 2007 2008
(Tgcyrd

Crop Net Primary Production 572.39 55753 515.37 566.79 624.80 596.43 563.20 620.09 618.59
Carbon Harvested and Removed from Field  246.94 241.18 224.04 245.16 269.28 256.53 243.22 268.71 265.63
In Situ Decomposition of Crop Carbdn 317.43 308.00 282.45 312.12 34541 330.82 310.15 341.98 343.15

Net Soil Carbon Change +8.02 +8.35 +8.88 +9.51 +10.11 +9.08 +9.83 +9.40 +9.81
Crop Carbon for Human Food 17.04 1722 1738 1752 17.68 17.84 18.01 18.18  18.34
Crop Carbon for Livestock and Pet Féed  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 1.36 142 2.04 2.26 2.47 2.46 1.95 1.86 2.19
Crop Carbon for Fuel (corn grain ethanol) 6.48 7.28 10.24 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 Wéste 6.82 6.89 6.95 7.01 7.07 7.14 7.20 7.27 7.34
Imported CarboR 2.48 2.73 2.42 2.12 2.10 2.08 2.51 291 3.27
Exported Carboh 4160 41.00 40.06 37.65 4241 40.47 43.88 48.25 47.07
Carryover from Previous Year 20.66 19.85 21.47 18.25 12.56 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 Balanée 24.08 16.40 156 31.78 38.07 7.20 3.61 31.31 5.73
(Total Carbon Uptake Minus Release)

Percentage Error in Carbon Budget 4.21 2.94 0.30 5.61 6.09 1.21 0.64 5.05 0.93

((Net C Balance/Crop NPPL00)

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

2 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.
3 Data for soybean diesel are available only from 2006 to present (USDA, 2010d).

4 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.

5 Carbon imported into the US food supply.

6 carbon exported out of the US food supply.

7 Net Crop Carbon Balance is intended to account for the ultimate use of all harvested crop biomass and its release to the atmosphersasu€l® Net Crop Car-

bon Balance =Crop Net Primary Productie®Decomposition of Crop CarbonNet Soil Carbon Change Crop Carbon for Human FoodCrop Carbon for Livestock and

Pet Feed + Livestock Carbon for Human Consumptid@rop Carbon for Fiber Crop Carbon for Fuel Crop Carbon for Seed ProductienCarbon Loss as Processing

Waste + Imported Carbon Exported Carbon + Carryover from Previous Yedatarryover to Following Year.

3 Results and discussion up by crops, as estimated here, is roughly 37 % of total US
annual CQ emissions (EPA, 2010). While most of this car-
Estimating net uptake and release of crop-derived carbon i§0n is emitted back to the atmosphere resulting in net zero
important for estimating regional carbon sources and sinks€missions, our calculations indicate the magnitude of carbon
and for comparison to atmospheric measurements and modhat is being managed and transported around vast areas.
eling. Constructing a US crop carbon budget is needed to Changes in soil carbon include changes on planted and
confirm and constrain estimates of net carbon uptake and rdharvested croplands, and do not include changes on grass-
lease from cropland production and consumption. Our redands, pastures, or set-aside lands. Net changes in soil car-
sults indicate that total NPP on US croplands ranges frombon ranged from an increase of 8 to 10 TgCYyr These
515-625 Tg C yr! between 2000 and 2008 (Table 3). This estimates are consistent with past estimates that consider the
estimate includes haylands and is consistent with past egrend in adoption of conservation tillage practices in the US
timates of 400-600 Tg Cy* between 1972 and 2001 by (Ogle et al., 2010; Tan et al., 2006; West et al., 2008). The
Hicke et al. (2004) and a mean 620 Tg C¥ibetween 1982 remainder of on-site carbon is released through decomposi-
and 1998 by Lobell et al. (2002). The amount of biomass re-tion. Harvested biomass is released offsite ag @@ough
moved from farm fields ranges from 224—269 Tg CyrAn- the consumption or use of crop commodities.
nual changes in national crop NPP and biomass harvest are The four primary uses of agricultural commodities are
influenced by policy (e.g., Farm and Energy Bills), weather food, feed, fiber, and fuel. The majority of harvested biomass
(e.g., flooding and drought), and commaodity prices and supis used to feed livestock (Fig. 1). Following the processing
ply (Nelson et al., 2009). The annual amount of carbon takerof livestock biomass, about 3 Tg C¥r of livestock biomass

www.biogeosciences.net/8/2037/2011/ Biogeosciences, 8, 20332011
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"18 \ carryover to following
year (2009)

United States
Cropland Carbon Budget
for year 2008
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619 | 343
1
. Food Feed
b (Human) (Livestock)
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(. Processing Fiber
Vo (Cotton) (Ethanol &
v Biodiesel)
[N Seed
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Crop
carbon | 266
10 1 Available C
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Net soil C (287) < 3 P
change
» Exported C
Carryover 15 carryover from 47
Carbon Stock previous year (2007)

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 represent 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; and dashed arrows represent initial photosynthetic productiot

of crop carbon and estimated net soil carbon accumulation. Ellipses represent end uses of crop carbon. All units areth TgCyr

is introduced into the human food supply. Horses, dogs, and
cats are also included in the livestock estimate and together

consume about 13TgCyt. Food for humans increased

1 H - . . s 260 /\ /.\0
from 17 to 18 Tg Cyr+ during the study period. Fiber in- § 210 $—a v~ T~
cludes cotton, and the amount of harvested cotton increaseg N ‘
from 2000 to 2005, but declined by over 0.5TgCYfrom £ 200 T pomass removed
2005 to 2007. 80 180 —a Biomass for
Biomass used for fuel includes corn grain for ethanol ands = 122 i e S| Livestock Feed

soybean oil for biodiesel. Total biomass for fuel increased 3 120
from 6.5 to 39.3TgCyr! between 2000 and 2008 (Ta- & o ‘ ‘ ‘
ble 3). While use of soybean for diesel doubled from 0.7 2000 2002 2004 2006 2008
to 1.5TgCyr?! between 2006 and 2008, it is a small frac- 60
tion of the biomass used for fuek@é %). Use of corn grain s o E .

X | . 8 50 xported Biomass
for ethanol has increased steadily since 1980 (USDA, 2007) 3 . PPTRE _
Larger annual increases have occurred since 2005 with th g _ 40 [ == =% e ror o
largest increase of 9.6 Tg C occurring in 2007. The diversion&'s, 30 “_| | —+— Biomass Carryover
of harvested com grain for ethanol production in 2007 and $ ;| Y e protlowing veRT
2008 decreased the amount of biomass available for livestoc 5~ TSNS Food

. . . 3 10 — - Imported Biomass

feed and decreased carryover in grain reserves (Fig. 2). 3

Combining estimates of crop NPP, harvested biomass, an ©
all end uses of biomass allows for development of a nationau

2000 2002 2004

Year

crop carbon budget. A balanced carbon budget should theo-

2006

2008

retically result in net zero crop carbon exchange with the at—,:ig' 2. Components of the US crop carbon budget from 2000 to
mosphere over a 1-2yr period, assuming we have correctlgoog. Some components of the US crop carbon budget are shown
tracked all carbon uptake and release, including imports andere to illustrate where predominant changes in the budget occurred
exports, and regardless of where the carbon is ultimately rebetween 2000 and 2008. See Table 3 for all components.

leased. We do not completely close the budget for any year

in our analysis. The annual imbalance surrounding our bud-
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Fig. 3. Farm Resource Regions were defined by USDA (2000) to
represent geographic specialization in production of US farm com-
modities. These regions are used to aggregate county-level resul
in our analysis.

| 2 Livestock Consumption
oW (Mg C yr 1)
get ranges from 0.3 to 6.1 % between 2000 and 2008 (Ta £/ -.‘ s A B o234
ble 3). This imbalance is relatively small, indicating that the ‘:@.— b | i - 5:::2??03:;3

final use of most of the harvested carbon in the US is ac- {
counted for.

Distributing the national crop carbon budget on a county
basis allows us to identify regions where crop commodities (b)
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 many
components of the national budget can be mapped, we fo

110,654 - 200,422
200,423 - 335,897
335,898 - 537,723
537,724 - 859,042

I 859,043 - 1,641,405

I 1,641,406 - 3,009,263

I 5.009 264 - 5,415,980

Human Consumption
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cused on components that influence the vertical flux of car- =g;;35;477

bon. These components include the amount of biomass ha -;[ ¢ B 6475 1345
* o

vested, consumption of biomass and release of BYDhu- T L T | 13,454 24,316
mans and livestock, and the net county-level exchange o =& pame
crop-derived carbon (Fig. 4). The estimate of net carbon k. sa- 11
exchange includes annual crop NPP, harvest and remove (C)
carbon, in situ decomposition, changes in soil carbon, anc
emissions from livestock and humans. Biomass exports ar:
released as Cfoutside of the US, as illustrated by Ciais et
al. (2007). Biomass imports are included in estimates of re-
gional net emissions through the consumption of biomass by
humans and livestock. Carbon dioxide released by combusiz
tion of biomass-based diesel and ethanol is tracked in sepz
rate fossil fuel budgets that include data from the transporta
tion sector (Gurney et al., 2009).

Harvest of cropland biomass and transport to other re- (g)
gions is the dominant process leading to a net carbon uptak
in some regions, which has been confirmed by atmospheric
measurements (Crevoisier et al., 2010; Peters et al., 2007Fig. 4. Harvested biomass, approximate release of biomass car-
The geographic pattern of biomass removal is consistent withhon from humans and livestock, and the geographic net exchange
previous analyses of cropland biomass growth. However, thef crop carbon for 2008. Harvested biomdagis removed from
percentage of harvested biomass changes substantially basti field and released as Gy livestock and humans(andc).
on the crop planted. For example, nearly all above-ground\et exchange of crop carbdd) is the sum of net carbon uptake by
biomass is harvested in fields planted for hay and silage. Thi§"Ps, net change in soil carbon, and the release of carbon through
is in contrast to crops that are grown for grain only. Becauset_"omass decomposition and the consumption _and respiration by
of this difference, datasets on biomass removal are not dillvestock.and humang. Net carbon exchange estimates represent an-

. nual vertical fluxes within each county.
rectly comparable to datasets on biomass growth or NPP.

| 71,184 - 117,089
[0 117,000 - 182,392

I 182,393 - 318,071

I 310,072 - 597,207

Net Crop Carbon Exchange
(Mg C yr-1)
I 2921554 - 430,346
I 430,345 - -238,120
[ 238,119 --113.764
[ 113,783 -1

0

1-154,470

| 154,471 - 579,923

[0 579,924 - 1,263,183
I 1.263.164 - 2,649,169
B 2549170 - 5,378,941
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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 (TgCyrh
1 Heartland —-86.95 —-85.58 -79.94 -85.81 -106.20 -—-95.44 -95.23 -101.38 -—-97.88
2 Northern Crescent 2.05 4.96 3.64 2.53 1.66 2.33 2.08 3.355.00
3 Northern Great Plains -13.86 -12.36 -868 -1535 -—-15.19 -17.14 -10.82 -18.71 -19.17
4 Prairie Gateway 1.97 -0.97 5.04 -0.10 —-3.06 -1.85 5.32 -3.12 —2.17
5 Eastern Uplands 30.92 4.67 31.91 30.36 3.40 30.60 31.00 30.29 29.85
6 Southern Seaboard 50.34 33.18 53.82 52.61 34.24 54.21 87.58 89.17 78.66
7 Fruitful Rim 7.67 9.86 9.37 9.33 9.57 11.37 11.70 11.14 13.11
8 Basin and Range —0.02 0.22 0.46 -0.22 —-0.74 —0.95 —-0.33 —-0.35 0.64
9 Mississippi Portal —-9.65 -10.69 -10.73 -10.96 —-10.80 —-944 -933 1249 -12.12
us Total -17.53 -56.71  4.89 -17.61 —87.10 -26.32 2197 212 -14.07

* Negative values indicate a net regional sink of crop-derived carbon; positive values indicate a net source of crop-derived carbon. Emissions from livestock include both crop-derived
and pasture-derived carbon for more complete vertical flux estimates per region (see text for additional detail). Estimates of net carbon exchange consist of vertical fluxes only and
do notinclude the eventual release of horizontally displaced carbon, such as export, processing waste, biomass carryover, etc. (see Table 3 for a list of all carbon budget components

Release of consumed carbon by livestock is a domi-4 Conclusions
nant source of carbon emissions in several farm resource
regions, including the Northern Crescent, Northern GreatManagement of US croplands changes over time with
Plains, Prairie Gateway, Southern Seaboard, and Fruitfuhanges in technology and with demand for crop commodi-
Rim. While livestock emissions do occur in the Midwest ties. Combining multiple datasets enables us to understand
where much crop biomass is harvested, a large amount dfow the US agricultural system is changing and how these
biomass carbon is transported to the eastern, southern, arfdtanges influence regional carbon dynamics. Over a 9-yr
western US where it is consumed by livestock and released€riod, carbon uptake by crops in the US varied by more
as CQ and CH, (Fig. 4b). than 100 TgCyr?!, influencing regional carbon exchange

Consumption by humans (F|g 4c) is re|ative|y small when between the atmosphere and land surface. Changes in de-
considered within the national budget (Fig. 1), but it consti- mand for crop commodities resulted in changes in the dis-
tutes a considerable fraction of net emissions in highly pop-ribution of carbon across the regions. This was particularly
ulated regions and counties. The geospatial distribution ofvident with the reallocation of 10 Tg Cy* of corn grain in
concentrated human populations and their associated food007 from livestock, exports, and grain reserves to ethanol
intake is not as vast as livestock, but the carbon uptake anéHel production. This reallocation resulted in a geospatial re-
release is of the same magnitude of livestock where concerdistribution of CQ release to the atmosphere.
trated human populations exist. Net sources of C@®associated with the consumption of

Combining the aforementioned components together withcrop commodities occurred in the Eastern Uplands, Southern
Changes in soil carbon provides a dataset of net carbon eﬁeaboard, and Fruitful Rim farm resource regions. Net sinks
change resulting from the uptake, transport, and release ddssociated with the production of crop commodities occurred
crop-derived carbon in the US (Fig. 4d). There is a net uptakdn the Heartland, Northern Great Plains, and Mississipi Portal
of carbon associated with crop commodities in several farmfegions. Considering all components of the US crop carbon
resource regions, including the Heartland, Northern Greafudget resulted in the budget being balanced within 0.3 to
Plains, and Mississippi Portal regions (Table 4). A net re-6.1%yr* of total crop NPP during the period of this anal-
lease of crop-derived carbon occurs in the Eastern Uplandg/sis. Through this research, we have generated geospatial
Southern Seaboard, and Fruitful Rim. The Prairie Gatewaydatasets from 2000 to 2008 that represent the geospatial up-
and Basin and Range regions oscillate between a positive arf@.ke and release of carbon associated with crop commodities

negative annual net carbon exchange, with respect to Crodn the US. These spatially distributed data can be used for re-
derived carbon. gional carbon budget analyses, comparison with mechanistic

biogeochemistry models, and as constraints to atmospheric
inversion modeling.
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