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Abstract. Strategies for mitigating the increasing concentration of carbon dioxide (CO;) in the atmo-
sphere include sequestering carbon (C) in soils and vegetation of terrestrial ecosystems. Carbon and
nitrogen (N) move through terrestrial ecosystems in coupled biogeochemical cycles, and increasing
C stocks in soils and vegetation will have an impact on the N cycle. We conducted simulations with
a biogeochemical model to evaluate the impact of different cropland management strategies on the
coupled cycles of C and N, with special emphasis on C-sequestration and emission of the greenhouse
gases methane (CH,) and nitrous oxide (N,O). Reduced tillage, enhanced crop residue incorporation,
and farmyard manure application each increased soil C-sequestration, increased N,O emissions, and
had little effect on CHy4 uptake. Over 20 years, increases in N,O emissions, which were converted
into CO,-equivalent emissions with 100-year global warming potential multipliers, offset 75-310%
of the carbon sequestered, depending on the scenario. Quantification of these types of biogeochemical
interactions must be incorporated into assessment frameworks and trading mechanisms to accurately
evaluate the value of agricultural systems in strategies for climate protection.

1. Introduction

Carbon sequestration has been highlighted recently as an important approach for
mitigating the greenhouse effect by converting the atmospheric CO, into biotic or
abiotic C sequestered in terrestrial ecosystems, underground reservoirs, the ocean,
and as mineral carbonates (Lackner, 2003). Due to the tightly coupled cycles of
carbon and nitrogen, anthropogenic changes in rates of the biotic C-sequestration
in terrestrial ecosystems will directly affect N turnover processes in soils, and the
biosphere—atmosphere exchange of gaseous N compounds. As highly managed
systems, agricultural and forest ecosystems are being studied for their potential to
sequester C in their soil and/or plant organic pools through management alternatives.
For example, replacing conventional tillage with no-till generally results in net
sequestration of soil organic carbon (SOC) (Lal et al., 1999; Robertson et al.,
2000). National research programs seek the best strategies for C-sequestration in
the terrestrial ecosystems (e.g., U.S.D.O.E., 1999). Lackner (2003) estimated the
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global storage capacity of soil carbon at roughly 100 Gt C, slightly greater than the
potential for storage in woody biomass, and less than the potential for storage in
the ocean. Agricultural soils generally have the capacity to store carbon, as their
pre-cultivation SOC reserves were depleted in the first few decades after cultivation
(e.g., Smith et al., 1997).

However, since the C- and N-cycles are closely coupled, and since the Kyoto Pro-
tocol (United Nations Framework Convention on Climate Change; see http://unfccc.
int/resource/docs/convkp/kpeng.html) has set targets for a suite of greenhouse
gases, including N,O and CHy, evaluating the potential of C-sequestration pro-
grams requires consideration of change in emissions of other greenhouse gases
(Li, 1995; Robertson et al., 2000; Smith et al., 2001; Marland et al., 2003; Six
et al., 2004). In addition, there are markets emerging for the trading of greenhouse
gas emissions credits (Kyoto Protocol, Art. 17), and, to be effective, these markets
will require full accounting of all gases (United Nations Conference on Trade
and Development; see http://rO.unctad.org/ghg/sitecurrent/about_u/profile.html).
Different greenhouse gases can be compared on acommon basis by converting emis-
sions values of non-CO, greenhouse gases into CO;-equivalents via their global
warming potentials (Ramaswamy et al., 2001). There is an urgent need to develop
operational observational and modeling methodologies to allow the international
community to improve the quality and quantity of greenhouse gas emission data.

Microbial production of N,O in soils is tightly linked to SOC status (Sahrawat
and Keeney, 1986), and soil C-sequestration will affect the production and/or
consumption of N,O. Numerous field measurements and laboratory experiments
have established a positive correlation between N, O production/flux and SOC. For
example:

e Incubation experiments have identified SOC content as a key controller of
N, O production, along with nitrate content and oxidation—reduction potential
(i.e., Eh) (Leffelaar and Wessel, 1988; Miiller et al., 1980; Melillo et al., 1983;
Federer and Klemedtsson, 1988).

e Soils with higher SOC generally have higher N,O fluxes (Bremner and Shaw,
1958; Bowman and Focht, 1974; Burford and Bremner, 1975; Stanford et al.,
1975; Pluth and Nommik, 1981; Terry et al., 1981; Duxbury et al., 1982;
Goodroad and Keeney, 1984; Pang and Cho, 1984; Robertson and Tiedje,
1987; Klingensmith, 1987; Mosier et al., 1991; Vinther, 1992; Papen and
Butterbach-Bahl, 1999; Bouwman et al., 2002).

e Soil N,O emissions increase with additions of organic matter to the soil (Chris-
tensen, 1983; Goodroad and Keeney, 1984; Flessa et al., 1996; Clayton et al.,
1997; Thomson et al., 1997; Dong et al., 2000; Wever et al., 2002; Hao et al.,
2001; Khalil et al., 2002; Velthof et al., 2002), and the ratio of N,O emitted
to N applied also increases (Bouwman et al., 2002; Dong et al., 2000; Chris-
tensen, 1983), implying that the increase in N,O emissions is due to both an
increase in soil total N content and also in soil microbial activity. Organic
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matter quality and other management practices also affect N,O emission rates
(Hao et al., 2001; Velthof et al., 2002).

e Spatial variation in N, O fluxes has been related to SOC content (Federer and
Klemedtsson, 1988; Ambus and Christenson, 1994; Christensen et al., 1990).

This positive correlation between SOC and N,O flux arises from the coupled
biogeochemical cycles of C and N. In nature, chemical elements typically act in
coupled fashion determined by their geochemical abundance and atomic structure.
C and N have been adopted by most life forms on Earth as the basic material
for construction and metabolism. As green plants grow by assimilating CO,, they
require N to form amino acids and other essential compounds (Larcher, 1995).
As plant tissues are incorporated into the soil after the plants die, decomposers de-
couple C and N as they derive energy from the breakdown of the organic compounds,
ultimately re-mineralizing most C and N to CO; and inorganic N (e.g., ammonium or
nitrate). The energy required by the soil microbes is usually generated by oxidation-
reduction reactions, transferring electrons from the C atoms existing in the organic
compounds to oxygen. If oxygen is unavailable, some microbes (e.g., denitrifiers)
can use other oxidants as electron acceptors. After oxygen, the most ready-reduced
oxidant is nitrate, and this denitrification process generates nitric oxide (NO), N, O,
and dinitrogen (N,) (Conrad, 1996). N,O is also produced during nitrification, the
microbially-mediated oxidation of ammonium to nitrate. Consequently, increasing
C-sequestration is directly linked with increasing N, O-emissions. Jin and Gruber
(2003) reached a similar conclusion for ocean carbon sequestration by modeling
the impacts of iron fertilization on coupled C and N ocean biogeochemistry.

2. Methods

We used the DNDC agroecosystem biogeochemistry model (Li et al., 1992, 1996;
Li, 2000) to evaluate the impacts of some common alternative cropland manage-
ment practices on both SOC storage and N,O emissions. DNDC is a plot-scale
model that consists of two components: (1) three sub-models for soil climate, plant
growth and decomposition which predict the dynamics of soil temperature, mois-
ture, pH, Eh and substrate concentration profiles based on primary drivers (e.g.,
daily weather, soil properties, and crop management scenario); and (2) three sub-
models for nitrification, denitrification, and fermentation which track production,
consumption and emission of N,O, NO, N, ammonia (NH3) and methane, based
on soil environmental factors.

DNDC has been tested against numerous field data sets of long-term SOC dy-
namics (Smith et al., 1997; also see Table I and Figure 1) and N,O emissions (Fig-
ure 2 and Table II). For sites with SOC greater than 0.3 g C g~! soil (organic soils
in Florida and Germany), DNDC simulated high populations of soil microbes, in-
cluding nitrifiers and denitrifiers, and high soil solution concentrations of dissolved
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Figure 1. Comparison of observed (points) and modeled (lines) long-term soil organic carbon (SOC)
dynamics at five agricultural sites in (A) the U.S.A., (B) the U.K, (C) Germany, (D) Australia, and (E)
Canada (see Table I for site details and references). Note that units on the vertical scale are different
between panels, based on units reported for the field data. The time-scale for changes in SOC is

roughly 20-60 years.
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Figure 2. Comparison of observed and simulated estimates of annual N,O emissions from agricul-
tural sites around the world (see Table II for more information about field sites, and for field study
references). Symbols indicate soil organic carbon (SOC) content in soil in kg SOC kg~! soil (filled
squares: SOC = 0.3-0.4; filled circles: SOC = 0.03-0.05; open squares: SOC = 0.02-0.03; open
circles: SOC = 0.006-0.02); diagonal line is 1:1. A general trend to higher N,O emissions for higher
SOC is apparent in both field and simulated results, but a strong correlation between these two quanti-
ties is confounded by other factors (e.g., soil texture, weather, management). The correlation between
the logarithms of modeled and measured annual N, O emissions for these 38 sites was 0.82.

organic carbon (DOC), ammonium and nitrate, due to the high decomposition
rates. Under most environmental conditions simulated nitrification and denitrifica-
tion rates were robust, producing higher N,O fluxes with increasing SOC contents.
In contrast, at the sites with SOC less than 0.03 g C g~! soil (grassland soils in
Colorado and Inner Mongolia, China), DNDC simulated low populations of ni-
trifiers and denitrifiers, and low concentrations of DOC, ammonium, and nitrate,
due to the low decomposition rates. Even when soil temperature and/or moisture
were favorable for nitrification or denitrification, simulated N,O fluxes were low.
For intermediate SOC contents (0.03-0.05 g C g~! soil), the sites presented in
Figure 2 do not show a strong correlation between SOC and N,O flux in either
the field data or the simulation results. The impacts on annual N,O emissions of
variability in other soil environmental factors (e.g., temperature, moisture, Eh, pH,
inorganic N concentration) masked any SOC influence on annual N,O emissions
at the sites with intermediate SOC. However, field observations at contiguous plots
with different SOC contents, or at the sites amended with manure or other or-
ganic matter, show that increased SOC correlates with higher N,O fluxes, even
within the moderate SOC range (Robertson and Tiedje, 1987; Mosier et al., 1991;
Bouwman et al., 2002; Thomson et al., 1997; Flessa et al., 1996; Dong et al., 2000;
Christensen, 1983). In sensitivity simulations with DNDC, an increase in SOC
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caused an increase in N, O fluxes, if other environmental factors were held constant
(Li, 1995).

For this study we simulated, for present climate conditions, different manage-
ment alternatives for three cropland sites in North America, Asia, and Europe
(Table III):

e We simulated two 20-year management scenarios for a maize/soybean rotation
in lowa, USA: conventional tillage and no-till. In the United States, the use of
no-till agricultural has significantly grown over the past 10 years, with 35%
of soybeans, 18% of maize, 14% of sorghum, and 12% of small grains fields
nationally utilizing no-till practices (Conservation Technology Information
Center, 2002).

e We simulated two 20-year management scenarios for a maize-winter wheat
double-cropping rotation in Hebei, China: 15% and 90% crop residue incor-
poration. In China, it is common practice to burn crop residues (e.g., stems
and other non-harvested above-ground biomass) as an easy means of disposal,
with little crop residue incorporated back into the soil. This has caused signifi-
cant SOC loss in some regions (Li et al., 2003). New policies in China prohibit
burning crop residue (Zhang, 2000) and farmers are strongly encouraged to
incorporate crop residue into the soil (Lin, 1998).

e We simulated two 20-year management scenarios for a continuous barley
rotation in Bavaria, Germany: manure application at 0.0 and 2.0 t C ha=! yr—!.
In many countries, disposal of livestock manure is an important environmental
issue (Gollehon et al., 2001). One option, applying manure to cropland soils,
can also increase C-sequestration.

In each case, we calculated mean annual net soil carbon sequestration and mean
annual net N,O emissions from and CH4 uptake by the soil over the 20-year sim-
ulation. Net N,O and CH4 fluxes were converted to ‘CO;-equivalents’ using the
global warming potential (GWP) concept, with 100-year time horizon GWP val-
ues (296 for N,O and 23 for CH4, Ramaswamy et al., 2001). Changes in these
CO;-equivalent emissions resulting from alternative management were then com-
pared directly to the change in net carbon sequestration resulting from alternative
management.

3. Results and Discussion

In all the three cases, alternative management increased both SOC content (i.e.,
sequestered carbon), and increased N,O flux relative to baseline management
(Table IV, Figure 3), at ratios of 0.006—0.02 additional kg N,O-N emitted per
additional kg SOC sequestered. Net methane uptake was small and changed little
with alternative management (Table IV). No-till management at the Iowa site led to
SOC accumulation at the soil surface, where the soil microbial population was high,
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TABLE IV
Simulated annual average soil C-sequestration (ASOC), N, 0O, and CH, emissions for standard (STD)
and alternative (ALT) management (see Table I1I for details), and change in CO,-equivalent emissions
(ALT minus STD) for a 100-yr time horizon

ASOC? N,O flux® CH, flux® ALT minus STD
(kgCha'y™") (kgNha'y™") (kgCha'y™") (kg CO,-equiv. ha=! y=1)

Site STD ALT STD ALT STD ALT ASOC* N,0¢ CHy¢ Total

Iowa —420 —1200 +7.4 +12 -26 =27 —2800 +2100 -3.1 —670
Hebei 4150 —-680  +13 420 -1.7 =20 —-3100 +3200 -9.2 +140
Bavaria —97 —440  4+8.8 417 —-096 —-12 —1300 44000 -7.4 42700

All values reported to two significant figures.

“Negative values imply net annual sequestration of carbon in soil; positive values imply net annual
loss of carbon from soil.

Flux sign convention is positive for net emissions from soil, negative for net uptake by soil.

kg CO,-equivalents ha™! y=! = (ASOCrr — ASOCsrp) X (44 kg CO,/12 kg C).

kg CO,-equivalents ha™' y~' = (N2Oarr — N2Osp) x (44 kg N,0/28 kg N) x 296.

°kg CO,-equivalents ha™! y=! = (CH4 orr — CHys7p) X (16 kg CH4/12 kg C) x 23.

and where drying/wetting shifts were more dramatic. This stimulated decomposi-
tion and N,O emissions from both nitrification and denitrification, with an overall
increase of 4.6 kg N,O-N ha~! y~!. Higher N,O fluxes have been measured in
no-till versus conventionally-tilled cropland (Robertson et al., 2000; Aulakh et al.,
1984). Denitrifier populations in the surface of no-till soils have been measured
at 67 times that of populations in conventionally tilled soils (Aulakh et al., 1984;
Doran, 1980). At the Hebei site, crop residue incorporation increased by ~800 kg C
ha~! y~! and the SOC balance switched from a net loss to a net sink. Heavy fertiliza-
tion of this double-cropped site (240 kg N ha~! y~!) provided favorable conditions
for nitrification and denitrification when SOC increased, and N,O emissions in-
creased by 6.9 kg N ha=! y~!. Continuous amendment of readily decomposable
manure at the Bavaria site increased the SOC content, and doubled N>, O emissions
by increasing both nitrification and denitrification.

With alternative management the enhanced N, O emissions, as CO,-equivalents,
offset 75-310% of the carbon sequestration in the soils, while the change in CO,-
equivalents due to changing CH4 uptake was negligible (Table IV). The specific
results for these simulations depended on site soil properties, details of management,
and weather patterns; these would vary significantly if alternative management
were applied across a region. For example, in regional DNDC simulations, we have
typically found that simulated greenhouse gas fluxes vary by about 50% around the
mean due to reported variability in soil properties, and that the impact of changing
management on these fluxes has generally preserved this degree of variability while
causing an overall shift in the mean fluxes (e.g., Li et al., 2002, 2003). Therefore, the
numbers in Table IV should not be directly scaled to quantitative regional totals.



332 CHANGSHENG LI ET AL.

120 L 25 L
A | —conventional management o~ B
— o . . ,
‘@ alternative management w S 204 ) A )\ i
S / { " |
© - > o )
21104 ’ - < A
r= ~ 154 AN gV \|
E -7 -~ » vy
o BN ANEAN AN A i
7 c AL oy oV
o ——— o AN AN LY
Y ’ 2 10 AN v vy L
©100 ’= - AYAR CAVAYATA
5 -7 VA\VAV
[$) 7 ] .
o 4 -
n Vad 8
- =z
90 T T T 0 T
s L s L
C  memmmm——_ _ D
- - N -
6 e S 254 _-=-""}
< P - -
) - < _-
:,/70_ ,’ - iZO- -7 L
7/ £ _--
5 ,° 151 ,_-—-- - L
o k]
® a 74
© 604 \- ‘€ 104 L
J [
o o 5
7] & S L
b4
50 T 0 T T
L .
_ E ,\; F
< SIS 820 JUPPEEEE -
< 504 - L 2 -
= - 2154 e L
E I’ \5 o
] s p P
o 7 o -
Q . 2104 -
q45- 7 L 2
Q / 17
] o 54 L
w N
=z
40 T O T T T
0 ) 10 15 20 0 5 10 15 20
simulation year simulation year

Figure 3. Simulated end-of-year soil organic carbon (SOC) content (0-30 cm) and total annual N,O
emission for conventional (solid lines) and alternative (dashed lines) management scenarios (see
Table III for management details): (A) Iowa, USA, SOC; (B) Iowa, USA, N,0O; (C) Hebei, China,
SOC; (D) Hebei, China, N,O; (E) Bavaria, Germany, SOC; (F) Bavaria, Germany, N,O. In each case
the alternative management scenario led to increased SOC storage and to increased N, O emissions.
Note that vertical axis scales differ between panels. Changes in net methane uptake were small in all
three cases. Overall average values and GWP calculations are presented in Table IV.

However, because there is a strong biogeochemical basis for N,O flux varying
with soil carbon sequestration, we believe that the general pattern of the results
(i.e., increased N,O emissions significantly offsetting the radiative forcing gains
of any C-sequestration) is representative of the nature of the impact of widespread
application of such mitigation scenarios.

Marland et al. (2003) noted that response of N,O emissions to conversion from
conventional to no-till can be highly variable, and in their analysis they adopted
an increase in flux of 7 & 15%, based on simulations with the NGAS model for
2639 cropland sites in the United States by Mummey et al. (1998). Six et al. (2004)
reviewed published data on differences in fluxes of CO,, CHy4, and N,O for conven-
tional tillage and no-till management, and they computed GWP values to compare
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the climate impacts of the three gases. Their analysis of the data indicated that,
at least for the first decade or so, switching from conventional to no-till increased
N,O emissions by 2.540.5 kg N ha~! y~! for humid environments (0.8 4 1.0 kg N
ha=! y~! for dry environments), which offset some of the C-sequestration gains in
terms of radiative forcing of climate. Six et al. (2004) also found that, after 20 years,
N,O emissions returned to or dropped below conventional tillage fluxes. Methane
GWP impacts also changed, but were small (Six et al., 2004). The DNDC simula-
tions generated increases in N,O emissions after five years of 1.7 kg Nha=! y~! for
increased crop litter incorporation in China; 3.0 kg N ha=! y~! for conversion to
no-till in the United States; and 7.9 kg N ha=! y~! for manure amendment (at a rate
of 148 kg manure-N ha~! y~!) in Germany. The DNDC simulations also projected
that these increases would continue to grow for at least 20 years (Figure 3), and
probably until SOC pools stabilize at higher levels, which may take many decades
(e.g., Li et al., 1994). The DNDC simulations were of well-fertilized plots, and
did not account for interannual variability in weather or pest infestations that could
influence field results.

There are additional greenhouse gas emissions associated with agricultural pro-
duction that have not been included in our biogeochemical analysis. In particular,
there are significant CO, emissions associated with production of fertilizer and
pesticides, production and operation of farm machinery, operation of irrigation
equipment, etc. Changes in these emissions associated with changing management
practices can also significantly influence net greenhouse gas emissions, can per-
sist after SOC pools have stabilized, and should be included in full greenhouse
gas accounting (West and Marland, 2002; Marland et al., 2003). In addition, N,O
emission is only one of many fates for nitrogen in agro-ecosystems; others include
volatilization as NO, N,, or NH3, leaching or erosional losses, removal in harvested
material, changes in soil inorganic and organic N pools. In national scale simula-
tions for croplands in China and the U.S. with DNDC, <4% of total N flux out of
the soil was as N, O (Li et al., 2003). A management scenario that mitigates climate
change might have other negative or positive environmental impacts that can be
analyzed with biogeochemical modeling.

Carbon sequestration in soil has benefits beyond removal of CO, from the atmo-
sphere. No-till cropping reduces fossil fuel use, reduces soil erosion, and enhances
soil fertility and water-holding capacity (Conservation Tillage Information Center,
1999). Organic matter amendments enhance soil fertility and water holding capacity
(potentially reducing fertilization and irrigation requirements), reduce emissions of
air pollutants from crop residue burning, and provide a depository for excess farm-
yard manure from animal feedlot operations.

Evaluating the greenhouse gas benefit of regional-scale changes in manage-
ment practices aimed at C-sequestration requires analysis of interacting biogeo-
chemical cycles, coupled with spatial datasets of weather data and soil properties.
Unless these biogeochemical interactions are incorporated into a comprehensive
assessment framework, the value of agricultural systems in strategies for climate
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protection cannot be accurately determined. Our analysis indicates that increased
C-sequestration in soils, by any mechanism, will be generally accompanied by in-
creased N, O emissions, reducing or eliminating the usefulness of C-sequestration
in soils as a greenhouse gas mitigation strategy.
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