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Abstract. There is a potential to sequester carbon in soil by changing agricultural management prac-
tices. These changes in agricultural management can also result in changes in fossil-fuel use, agricul-
tural inputs, and the carbon emissions associated with fossil fuels and other inputs. Management prac-
tices that alter crop yields and land productivity can affect the amount of land used for crop production
with further significant implications for both emissions and sequestration potential. Data from a 20-year
agricultural experiment were used to analyze carbon sequestration, carbon emissions, crop yield, and
land-use change and to estimate the impact that carbon sequestration strategies might have on the net
flux of carbon to the atmosphere. Results indicate that if changes in management result in decreased
crop yields, the net carbon flux can be greater under the new system, assuming that crop demand re-
mains the same and additional lands are brought into production. Conversely, if increasing crop yields
lead to land abandonment, the overall carbon savings from changes in management will be greater than
when soil carbon sequestration alone is considered.

Introduction

Transferring carbon from the atmosphere to terrestrial ecosystems could offset some
of the carbon dioxide (CO,) emissions from fossil-fuel burning. In agricultural
lands, techniques such as decreased tillage and efficient use of fertilizers and irri-
gation have been proposed as ways to increase soil organic carbon (SOC) and de-
crease atmospheric CO, (Lal et al. 1998 IPCC 2000). However, much emphasis
has been placed on carbon sequestered in the soil, and not on the actual impact that
carbon sequestration activities might have on the atmospheric CO, pool. The use
of a full carbon cycle analysis, as used by Schlamadinger and Marland (1996) for
forest ecosystems, is demonstrated here using data for an agricultural ecosystem.
The analysis accounts for both carbon sequestered and CO, emitted as a result of
specific management practices. We extend the analysis to include CO, emissions
from fossil-fuel use and changes in SOC associated with changes in land use that
might arise if carbon sequestration activities result in changes in crop yield (Fig-
ure 1).
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Figure 1. Schematic of factors that affect net carbon flux to the atmosphere as a function of agricul-
tural practice. * Changes in aboveground carbon that may be associated with changing land use on for-
ested lands are not included in this analysis. ® Although irrigation water is not included in this analysis,
irrigation can also contribute to carbon emissions and changes in soil organic carbon (West and Marland
2002a (in press)).

This analysis relies on data from a 20-year agricultural experiment (Frye and
Blevins 1997 Ismail et al. 1994 Blevins et al. 1983) in Kentucky, USA, that in-
volved corn (Zea Mays L.) grown with a winter cover crop of rye (Secale cereale
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L.). The experiment used four different nitrogen (N) application rates across two
tillage practices. Conventional tillage (CT) included the use of a moldboard plow
and chisel, while the no-till (NT) method did not till, cultivate, or otherwise disturb
the soil profile. The experimental site had been a bluegrass pasture for approxi-
mately 50 years prior to the experiment. For a more detailed explanation of the
materials and methods used in the Kentucky experiment see Frye and Blevins
(1997) and Ismail et al. (1994). This analysis is confined to carbon dynamics and
does not consider any effects on other greenhouse gases, such as methane and ni-
trous oxide.

Carbon dioxide emissions

Estimates of CO, emissions associated with different combinations of CT, NT, and
N fertilizer application rates in the Kentucky experiment (Table 1) were calculated
using carbon emission coefficients for inputs to agricultural production (West and
Marland 2002a (in press)). While many of the inputs to production in this experi-
ment were representative of common cropping practices, the application rate of po-
tassium (K) was uniform across all plots and slightly higher than average applica-
tion rates. This was done in order to rule out K as a limiting factor of crop yield in
the experiment (W.W. Frye, personal communication 2000). Phosphorus (P) was
applied to all plots in the first year but was not applied again as the plots had natu-
rally high P levels. The experiment used herbicide application rates that were con-
stant across all trials and very close to the average for no-till corn systems in the
US. No pesticide applications were reported.

Carbon sequestration and net carbon flux

Carbon sequestered in soil over the 20-year period was measured for each combi-
nation of fertilizer rate and tillage type. We calculated carbon sequestration relative
to the change in SOC in the uncultivated control plots (Table 2). Schlesinger (1999)
used the conventional tillage plots with no N fertilizer as his reference for esti-
mates of carbon sequestration over the same experiment. While the two approaches
lead to different estimates for carbon sequestered, they result in the same numbers
for the relative net carbon flux, as shown in Table 2.

Relative net carbon flux is defined as the difference between the net carbon flux
associated with a given management practice and that associated with the original
or baseline management practice (West and Marland 2002b). The value for relative
net carbon flux is intended to represent the overall impact on atmospheric CO, from
changing management practices to sequester carbon. Our estimates of relative net
carbon flux to the atmosphere are relative to the experimental trial using CT and
168 kg N ha™' yr™!, because this trial condition most closely represents prevailing
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Table 1. Carbon dioxide emissions from inputs to production for a continuous corn crop in Kentucky.*

Conventional Till No-till

N applied (kg N ha™' yr™'): 0 84 168 336 0 84 168 336
Production inputs Carbon flux to the atmosphere (kg C ha=!' yr~!)

Plow 2675 2675 2675  26.75 0.00 0.00 0.00 0.00
Disk (twice) 17.44 17.44 1744 1744 0.00 0.00 0.00 0.00
Planting (corn) 6.79 6.79 6.79 6.79 6.79 6.79 6.79 6.79
Seed (corn)® 2226 2226 2226 2226 2226 2226 2226 2226
Harvest (corn) 16.47 16.47 1647 1647 1647 16.47 1647 1647
Broadcast planting (rye)© 2.46 2.46 2.46 2.46 2.46 2.46 2.46 2.46
Seed (rye)¢ 33.09  33.09 33.09 33.09 3309 33.09 33.09 33.09
Herbicide application 2.54 2.54 2.54 2.54 2.54 2.54 2.54 2.54
Herbicide® 17.12 17.12 17.12 17.12  17.12 17.12 17.12 17.12
Fertilizer application 8.03" 1235 1235 1235 8.03' 1235 1235 1235
Nitrogen (N) 0.00  72.03 144.07 288.13 0.00  72.03 144.07 288.13
Potassium (K)* 9.00 9.00 9.00 9.00 9.00 9.00 9.00 9.00
Lime application® 1.85 1.85 1.85 1.85 1.85 1.85 1.85 1.85
Lime" 45.65 4565 45.65 4565 45.65 4565 45.65 45.65
Total CO, emissions 209.45 285.80 357.84 501.90 16526 241.61 313.65 457.71

# Based on agricultural inputs detailed by Frye and Blevins (1997) and Ismail et al. (1994), Blevins et
al. (1983). Fields were not cultivated after planting and there are no data for application of pesticides or
fungicides. Soils were naturally high in P and we do not show emissions for the one, initial year of P
application. Conversion of agricultural inputs to CO, emissions is based on data circa 1995 (West and
Marland 2002a (in press)).

® Application rate of corn seed was estimated to be 21 kg ha™' yr~!, based on establishment of 50,000
plants ha=!, 95% germination, 5% mortality, and a 1,000 kernel weight of 380 g (Miller and McLelland
2000).

¢ Rye was planted as a winter cover crop. Broadcast planting for the rye cover crop assumes 1.4 L ha™!
(72 MJ ha') of diesel (Bowers 1992) and 42 MJ ha~! embodied in the manufacture, transport, and
repair of machinery (West and Marland 2002a (in press)).

¢ Application rate of rye seed was 188 kg ha=! yr=!. Cost of rye seed was assumed to be $0.42 kg !
(Windham 1999).

¢ Average application rate of 3.64 kg ha™' yr~! consists of 0.28 and 3.36 kg ha™' yr~! of paraquot and
simazine, respectively.

 Average application rate of 62 kg K ha™' yr~' consists of 42 kg K ha™' yr™! in 1970 and 100
kg K ha™" yr~! from 1978-1989. A high K application rate was used to minimize the effects of K as a
confounding variable in the experiment.

& Carbon emissions from lime application were normalized by the number of years that lime was ap-
plied (3 out of 20 years; (West and Marland 2002a (in press)) and (W.W. Frye, personal communication
2000)).

" Lime was applied at a rate of 6.7 and 11.2 Mg ha in 1973 and 1975, respectively, and an estimated 9
Mg ha™' in 1983. Lime is assumed to be 95% CaCO,.

! For the plots where nitrogen was not applied, carbon emissions from fertilizer application were nor-
malized by the number of years that K was applied (13 out of 20 years; West and Marland (2002a) (in
press) and W.W. Frye (personal communication 2000)).
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Figure 2. Comparison of average corn yield and land area in corn production in the US (USDA 2000a
US Census Bureau 2000). (1 bushel corn per acre = 0.0628 Mg ha™')

agricultural practice (i.e. CT using approximately 140 kg N ha™' yr=! (USDA
2000a)).

Effect of changes in yield on net carbon flux
Yield as a factor of land-use change

Activities used to sequester carbon in cropland soils have the potential to alter land
use and land cover indirectly through their effect on crop yields. For example, if
yields increased while crop demand remained unchanged, land used for cultivating
the crop would be expected to decrease. Conversely, if crop yield decreased, it is
expected that additional lands would be cultivated somewhere to meet demand. This
expected trend is illustrated by a comparison between average corn yield and the
amount of land, per capita, used to produce corn for the past 80 years in the US
(Figure 2). The trend is also observed globally, where it has been estimated that the
“land spared since 1960 by raising yields of grain...equals the [area of the] Amazon
basin (Ausubel 1996).”

While the global crop yield per hectare has risen 2.15 percent annually between
1960 and 1994, the total area of cropland has remained stable since the mid 1900s
(Ausubel 1996). Waggoner (1997) showed that grain used in the US for animal feed
and for export remained relatively constant over this time and that the increase in
yield compensated for the increase in population, resulting in relatively little change
in land use. Consequently, Figure 2 shows land use per capita, and our estimates of
land-use change hereinafter presume constant population.

In our analysis, when yield decreased it was assumed that additional land might
be brought into production to compensate for the lost yield (and vice versa for an
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increase in yield). We used three different scenarios of yield versus land-use change
to illustrate the importance of considering the effect of agricultural management on
yield, with respect to carbon sequestration initiatives. Scenario A assumes that a
change in yield results in no change in land use. Scenario B is used to represent the
observed US trend in yield vs. land use since 1960 (Figure 2), e.g., that for every
one percent change in corn yield, there is a negative 0.2 percent change in land
used for corn production. Scenario C assumes that, with the demand for corn re-
maining the same, for every decrease in yield the necessary amount of land is
brought into production to completely replace the lost yield.

Carbon dynamics associated with land-use change

Our calculations include the CO, emissions associated with crop production on any
additional land brought into production, as well as emissions from the change in
land use. Changing from non-cropland (i.e. grassland or forest) to cropland was
assumed to release 750 kg C ha=! yr~! for the initial 20 years following conversion
(Mann 1986). This represents carbon losses from grassland or forest soils. We make
no assumptions about carbon losses from the above-ground vegetation, and carbon
releases to the atmosphere would be very much larger if forest was cleared in order
to cultivate land. Following an increase in yield, we assume that lands would be
taken out of production, CO, emissions associated with crop production on those
lands would cease, and the previously cropped land would become either grassland
or forest with an accompanying soil carbon sequestration rate assumed to be 335
kg C ha™! yr~! (Post and Kwon 2000). Again, we make no assumptions about car-
bon that might be sequestered in above-ground vegetation if the abandoned land
was converted to forest. Rates of soil carbon accumulation or loss are expected to
approach zero over time as the soil reaches a new equilibrium following the change
in management or land use (West and Marland 2002a (in press)). In this study, we
only consider changes in the carbon budget during the initial years following
changes in management and land use, hence changes in sequestration or loss rates
over time are not represented.

The denominator in all of our calculations is “original hectares”, i.e. the amount
of land cultivated in the baseline case. As an example, if yield is halved, scenario C
would envision a doubling of the land in corn, but the per hectare carbon balance
would still be in terms of the original number of hectares in corn. This provides a
useful perspective in terms of the impact of changing agricultural practice in order
to increase carbon sequestration on current cultivated areas. An alternative would
be to estimate carbon sequestration per ton of grain, but our tendency is to think of
carbon balances in terms of area in cultivation.
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Net carbon flux: a comprehensive analysis

If we look at data from the Kentucky experiment and do not consider changes in
corn yield, i.e. consider only carbon sequestration and the CO, emissions associ-
ated with inputs to production (Scenario A), the net carbon flux to the atmosphere
was smallest for the no-till system using the highest level of fertilizer application
(Table 2). Expressed relative to the system using CT with 168 kg N ha™' yr~! (our
baseline system), the system with NT and 336 kg N ha™' yr~! reduced atmospheric
CO, the greatest, with a relative net carbon flux of —=393 kg C ha™! yr~!. Note that
the absolute net carbon flux to the atmosphere from the NT system using 168
kg N ha=" yr=! was positive (+114 kg C ha=' yr™'), i.e. it was a net contributor to
the atmospheric CO, pool. However, compared to the CT baseline with 168
kg N ha=' yr~!, changing to the no-till system reduced the net atmospheric CO,
flux by 169 kg C ha=" yr~'.

Average annual corn yield for this 20-year Kentucky experiment ranged from
4.29 Mg corn ha™" (for NT and 0 kg N ha™" yr™') to 7.58 Mg corn ha™' (for NT
and 336 kg N ha™' yr!). The baseline experiment (CT and 168 kg N ha™! yr™')
produced an average corn yield of 7.11 Mg corn ha™!. Yields decreased dramati-
cally as fertilizer rates decreased to 0 kg N ha=! yr='. Although yields for all com-
binations of tillage and fertilizer application decreased with time over this 20-year
experiment, we use the 20-year mean in our calculations. If we consider the impact
of decreases in yield at low fertilization levels, assuming constant demand for corn,
a large carbon flux to the atmosphere would occur due to carbon emissions asso-
ciated with new land being brought into production. For example, the no-till sys-
tem using no N fertilizer resulted in net carbon savings of 143 kg C ha™! yr™!,
relative to the established baseline system, and when changes in yield and land use
were not considered. When using scenario C, i.e. assuming that there is no change
in demand for corn and that the loss in yield will be compensated by an increase in
cropland area, the same system becomes a net contributor of 459 kg C ha=! yr~! to
the atmosphere (see Table 2).

Plotting the values for relative net carbon flux for both tillage practices, over a
gradient of N application rates, allows for an approximation of the optimum level
of N fertilizer that results in the minimum net carbon flux (Figure 3). Results from
the Kentucky experiment suggest that increasing the N fertilizer application rate
generally decreases the net flux of carbon to the atmosphere, because the energy
cost of additional fertilizer is more than compensated by the increases in carbon
sequestration and corn yield. The increase in soil carbon accumulation associated
with higher rates of N application is probably caused by a decline in microbial ac-
tivity and, hence, the decreased decomposition of soil organic matter that occurs
when soil pH decreases as a result of high N application (Blevins et al. 1983 Ladd
et al. 1994 Soderstrom et al. 1983).

We note that the slope of the lines in Figure 3 is very much greater at low levels
of N application. Increasing crop yield frees land for carbon sequestration but car-
bon uptake occurs at more modest rates than the loss of carbon that accompanies
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Figure 3. Relative net C flux representing two tillage practices and three scenarios of how land-use
change might be affected by changes in corn yield. Relative net C fluxes assume that (broad-dashed
line) crop area does not vary with yield, (narrow-dashed line) changes in corn yield are 20% compen-
sated by changes in the area in corn production, and (solid line) changes in corn yield are 100% com-
pensated by changes in the area in corn production to maintain constant total corn production. Response
curves of relative net C flux represent (line cluster A) a continuation of conventional tillage practices
and (line cluster B) changing from conventional tillage to no-till. All relative net C flux estimates are
relative to a baseline value (conventional tillage with 168 kg N ha™'). Based on values from Table 2.

bringing more land into cultivation. Again, the slopes of both sets of lines would
be greater if we included changes in above-ground carbon stocks.

Other environmental effects caused by relatively high application rates of N fer-
tilizer (including increased N,O emissions, potential leaching of N into groundwa-
ter, and soil acidification) need to be examined more closely before recommending
increased fertilizer use as a carbon sequestration strategy. For example, considering
the relative importance of N,O emissions in analyses of CO,-equivalent flux to the
atmosphere (Robertson et al. 2000) and that N,O has approximately 310 times the
radiative forcing of CO, (Houghton et al. 1996), an increase in the production of
N, O at high N application rates (Mosier et al. 1998) could counterbalance the posi-
tive effect of N fertilizer on the carbon budget. Emissions of N,O were not mea-
sured in the Kentucky experiment and our research here is restricted to an analysis
of carbon dynamics.

Conclusions

The practices that sequester the most carbon are not necessarily the practices that
reduce net emissions of CO, to the atmosphere the most. Carbon sequestration ac-
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tivities can lead to changes in fossil-fuel use and can cause changes in land use and
land cover that further impact the atmospheric CO, pool. Carbon emissions attrib-
uted to changes in land use and land cover, as well as carbon emissions from fossil
fuel combustion, can significantly impact the success of management strategies that
are intended to enhance carbon sequestration and to decrease the atmospheric CO,
concentration. In the case of agricultural ecosystems, if crop yields increase, then
CO, mitigation may be greater than anticipated based on carbon sequestration
alone. If yields decrease, emissions associated with the additional lands necessary
to replace lost yields can offset the savings in emissions associated with decreased
rates of fertilizer application or the increase in SOC that may have occurred from a
change in agricultural practice.
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