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Modeling Impact of Agricultural Practices
on Soil C and N,O Emissions

Changsheng Li

1. Introduction

Soil organic carbon (SOC) generally decreases with cultivation, and the carbon lost from soil transfers into
atmospheric carbon dioxide (CO,), a greenhouse gas. Meanwhile agricultural activities also enhance nitrous
oxide (N,0), another greenhouse gas, emissions from soils (Eichner, 1990; Mosier et al., 1991; Aulakh et
al., 1984). There is potential for restoring organic carbon levels in and reducing N,O emissions from soils
through changing agricultural practices including tillage, fertilization, manure amendment, crop rotation,
and others. Since any change in agricultural practice could simultaneously alter the SOC storage in and N,0O
flux from the soils, the net benefit produced changing agricultural practice should be considered. There is
a substantial literature on the impacts of tillage, fertilization, manure application, and crop rotation on soil
organic matter or N,O emissions. Based on reviewing the literature, a process-oriented simulation model,
DNDC, was recently developed for predicting effects of agricultural practices on carbon (C) and nitrogen
(N) dynamics and N,O evolution in soils (Li et al., 1992a,b). For reviews of the extensive literature on the
effects of agricultural practices on soil organic matter or N,O emissions, the reader can consult Sahrawat
and Keeney (1986), Eichner (1990), Dalal and Mayer (1986a,b,c), Doran and Power (1983), Jenkinson
(1990), Li et al. (1992a,b), and Li et al. (1993). DNDC has been calibrated and validated with quite a
number of field studies including CO, emissions, residue decomposition, long-term soil C storage dynamics,
and daily N,O emissions (Li et al., 1992b, 1993, and 1994). This study was to use the model to estimate
the net benefits of changing agricultural practices regarding mitigating the greenhouse effect.

II. Materials and Methods
A. The DNDC Model

Soii C and N dynamics are mainly controlled by little inputs, root exudates, root uptake, decomposition,
ammonification, ammonia volatilization, nitrification, and denitrification rates in soils. Organic C and N are
converted into inorganic forms (e.g. CO,, NH,*, or NOy) during decomposition and other relevant
processes. Nitrate is reduced into N,O during denitrification. The denitrification and decomposition (DNDC)
model contains three interacting submodels. The thermal-hydraulic submodel uses soil texture, air
temperature, and precipitation data to calculate soil temperature and moisture profiles and soil water fluxes
over time. This information is fed into either a denitrification or a decomposition submodel. The
denitrification submodel calculates hourly denitrification processes and N, (dinitrogen) and N,O production
during wet periods (water-filled porosity exceeds 40 percent of total). The decomposition submodel
calculates daily decomposition, nitrification, and ammonium volatilization processes, and production. Effects
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Table 1. Site characteristics

Annual Annual

prec.  temp. Soil soc
Location Crop (cm)  (°C) texture (kg C/kg soil)
Hamilton, A Soybean 82.5 9.1 Udolls 0.036
(Glycine max) (clay
loam)
Montgomery, Soybean 96.6 11.3  Udalfs 0.013
L (Glycine max) (silt
loam)
Butler, KS Winter wheat 69.5 12.7 Ustolls 0.019
(Triticum vulgare) (silty
clay)
Dundy, NE Soybean 57.9 9.6 Ustolls 0.006
(Glycine max) (sandy
loam)
Merced, CA  Cortton 55.9 15.1 Xeralfs 0.018
(Gossypium (loam)
barbadense)
Glades, FL Barley 137.6 21.5 Histo- 0.10
(Hordeum vulgare) sols

(Adapted from USDA, 1991; USDA, 1989; and USDA/SCS, 1962-1976.)

of anthropogenic activities (fertilization, tillage, application of manure, and other agricultural practices) are
incorporated into the model. Climate scenario (temperature and precipitation), soil properties (SOC, pH,
and density), and cropping practices (tillage, fertilization, manure application, crop rotation, and irrigation)
are needed as input parameters to run DNDC. DNDC output includes CO,, N,0, and NH, emissions, CH,
uptake by soil, SOC and N contents in soil and other pools, NH,* and NO,™ concentrations in soil profile,
and grain and residue yields. The time-step in the DNDC model is daily and hourly in decomposition and
denitrification submodels, respectively.

B. Site Selection

For estimating effects of changing agricultural practices on SOC storage and N,O emission under different
climatic conditions, six sites were selected from various climatic zones in the United States. Sites were
located in Hamilton County in Iowa (IA), Montgomery County in Illinois (IL), Butler County in Kansas
(KS), Dundy County in Nebraska (NE), Merced County in California (CA), and Glades County in Florida
(FL). Data of land use and soil properties were obtained from USDA (1989b, 1991) and USDA/SCS (1962-
1976). Major site characteristics (i.e. location, annual average temperature and precipitation, soil properties,
and crop) are listed in Table 1.

C. Climate Scenarios

DNDC model is driven by climate scenarios. Annual climate scenarios used in the study were adopted from
the 39-year (1950-88) average monthly temperature and precipitation data published by the United States
Department of Agriculture (1989a). Errors could be introduced by using monthly averages, especially for
daily N,O fluxes. But the simulated annual N,O emission rates have been shown consistent with the field
data at 23 sites worldwide (Li, 1993).
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D. Agricultural Practice Scenarios

For estimating effects of changing cropping practices on SOC storage and N,O emissions at the test sites,
a baseline scenario and 8 projected scenarios were designed to represent conventional practices and future
options, respectively.

Under the baseline scenario (BASE), conventional practices included: (1) plowing with moldboard and
chisel at crop seeding and harvest time, respectively, (2) application of N-fertilizer at a high rate (200 kg
N of ammonium per ha), (3) no manure amendment, and (4) no planting of winter-cover crop.

Two reduced tillage scenarios were designed. Under the scenario of conservation tillage (CT) the field
was disked once before seeding. Under the scenario of no-till (NT) the field was mulched after harvest. Two
reduced fertilization scenarios were designed to reduce the ammonium application rate to 100 (F1) and 50
(F2) kg N/ha. Two manure amendment scenarios were designed to add manure of 1,000 (M1) and 2,000
(M2) kg C/ha into the field. A winter-cover scenario (WC) was designed to plant clover after harvest of
the major crops. Under each of the 7 single-practice change scenarios, only one practice was changed
keeping others same as in the baseline scenario.

A comprehensive scenario was designed to allow several practices to be changed at one site. This
comprehensive scenario (CM) included no-till, low rate (S0 kg N/ha) of fertilization, manure application
(2,000 kg C/ha), and sowed winter-cover clover.

‘Nominal scenarios for fertilizer practices were developed from statistical data by TVA (1990) and USDA
(1989b). Telephone interviews and written materials provided by local agricultural extension agents provided
information of tillage and manure application.

E. Simulation

A 5-year run was conducted with the DNDC model for each scenario at each site. While operating, model
reads climate data, soil properties, and cropping practices from the pre-set input files. The output data are
-ecorded in the electronic files or printed out as hard copies.

F. Net Benefit Calculations

Carbon dioxide, N,O, and CH, have different warming effect because of their different impacts on radiative
forcing and residence time in the atmosphere. The change in SOC is regarded as net emission of CO, from
soil in the study. Since any change in agricultural practice alters N,O emission, CH, uptake and pele
storage simultaneously, the net benefit of SOC, CH, and N, changes should be calculated based on their
own contributions to the greenhouse effect. The estimates of Global Warming Potentials (GWP) for 100
year time horizon are 1, 270, and 11 for CO, N,O, and CH,, respectively (IPCC, 1992). The Global
Warming Potential (GWP) of each site was calculated based on the annual SOC loss, N,O flux, and CH,
uptake at the site. Since the contributions to global warming of CH, uptake were much smaller than that of
CO, and N,0 at all sites in this study, CH, uptake was not included in net benefit calculations. The net
benefit of both SOC and N,0 changes was estimated by equation 1.

NB = [N20, x 270 + SOC,] - [N2O, X 270 + SOC] (Eq. 1)

where NB is the net benefit (kg CO, equivalent/ha/yr); N20, and N20, are the annual N;O fluxes (kg
N,0/ha/yr) under baseline and projected scenarios, respectively; SOC, and SOC, is annual loss of SOC (kg
CO,/ha/yr) under baseline and projected scenarios, respectively.

A positive value of NB imply net benefit by converting the baseline scenario into the projected scenario
and reducing the greenhouse effect.
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Table 2. Change in SOC and N,O flux and their global warming potential (kg
CO, /halyr) at six sites in the USA

Cropping N0 flux--—- ---SOC change-—  Total Net
Site scenario kg N/ha GWP kg C/ha GWP GWP  benefit
IA Base 231 1067 -449 1720 2787 0
O 2.27 963 =197 722 1685 -1103
NT 2.40 1019 -90 330 1349 -1438
F1 2.43 1029 -620 2277 3306 519
F2 2.40 1017 -701 2571 3588 801
M1 2.87 1217 110 -403 814 -1973
M2 3.09 1309 1042 -3823 -2513 -5300
wcC 2.52 1071 424 -1558 -487 -3274
CcM 2.86 28T 2205 -8091 -6877 -9665
IL Base 2.13 904 1022 =37/51 -2848 0
(EIE 1.96 831 789 -2895 -2064 784
NT 1.84 781 L3 -2765 -1984 863
F1 1.68 713 618 -2270 -1557 1291
2 1.58 670 406 -1491 -822 2026
M1 2.18 927 1865 -6845 -5918 -3070
M2 2:35 995 2690 -9874 -8878 -6031
wC 247! 921 1914 -7026 -6105 -3257
CM 176 745 2865 -10516 -9771 -6923
NE Base 1.65 699 1166 -4278 -3579 0
CT 1.45 614 1080 -3962 -3348 231
NT 1.36 578 1093 -4012 -3434 145
E1. 1.42 604 1127 -4135 -3530 49
B2 15377 581 1020 -3745 -3164 416
M1 1.83 775 1943 7131 -6356 -2777
M2 190 843 2717 -9973 -9130 -5551
wcC 1.76 748 2188 -8030 -7282 -3703
CcM 1.44 610 3306 -12132 -11521 -7942
KS Base 3.16 1342 -942 3456 4798 0
Gl 2.34 993 -540 1980 2973 -1825
NT 2.9 972 -506 1857 2829 -1969
F1 3.07 1301 -973 3570 4871 765
E2 £l 1346 -986 3619 4965 167
M1 3.59 1523 -50 184 1707 -3091
M2 3.69 1566 726 -2665 -1099 -5897
CcM 2.71 1148 998 -3663 -2515 -7313
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Table 2. --continued

Cropping ----N,O flux----  ---SOC change---  Total Net
Site scenario kg N/ha GWP kg C/ha GWP GWP  benefit
CA Base 251 1067 -449 1720 2787 0
CT 137 581 -720 2642 3224 -339
NT 1.43 606 -700 2570 3176 -386
F1 121 514 -881 3235 3749 186
F2 1.14 485 -928 3406 3890 328
M1 1.62 686 182 -669 17 -3546
M2 1.60 678 1171 -4297 -3619 -7181
wC 1259 673 500 -1835 -1162 -4725
cM 1.07 455 1940 -7121 -6666  -10228
FL Base 22.84 9689  -6581 24151 33840 0
T 24.42 10361 -6093 22363 32724 -1116
NT 23.15 9824  -5989 21979 31803 -2037
F1 17.56 7452 -6543 24014 31467 -2373
5 20.42 8662 -6577 24139 32801 -1039
M1 24.12 10234 -5904 21668 31902 -1938
M2 2475 10501 -5234 19207 29708 -4131
wC 23.61 10016 484 -1776 8240 -25600
CM 3422 14518 -210 770 15288 -18552

" L Results and Discussion
A. Contribution of Baseline Scenario to Global Warming

Conventional cropping practices were simulated with the baseline scenario for each site. Under the scenario,
SOC storage decreased at the sites IA, KS, CA, and FL, but increased at IL and NE (Table 2). The average
annual loss of SOC was about 6,600, 940, 790, 470, -1,000, and -1,200 kg C/ha at FL, KS, CA, IA, IL,
and NE, respectively. The magnitude of change in SOC storage was related to the initial SOC content and
climate at each site. Generally, higher initial SOC and higher temperature favored SOC loss through
enhanced decomposition. The N,O emission rates appeared to be related to SOC content and annual
precipitation. The highest N,O flux, 22.84 kg N/ha/yr, was obtained in Florida where SOC and precipitation
were the highest. On the contrary, lower N,0O fluxes (1.65 and 1.57 kg N/ha/yr) were obtained in Nebraska
and Kansas where SOC and precipitation were relatively low (Table 2). Under the baseline scenario, the
contributions to global warming of IA, IL, NE, KS, CA, and FL sites were equivalent flux of 2,787,
—2,848, —3,579, 4,798, 3,562, and 33,840 kg CO,/ha/year, respectively (Figure 1). The contribution of
FL site was about 10 times higher than that of other sites. The contributions of N,O emission were
accounted for 62, 24, 16, 39, 23, and 40 percent of GWP for IA, IL, NE, KS, CA, and FL sites,
respectively (Table 2).

B. Reduced Tillage

Impact of reduced tillage on CO, and N,O emissions and SOC storage change was computed for
conservation tillage (CT) and no-till (NT). Reducing tillage may decrease decomposition rate, and reduce
CO, emission and the production of inorganic dissolved nitrogen (i.e. nitrate and ammonium) in soil. The
data showed that when the conventional tillage was converted to conservation tillage or no-till, both CO,
emissions and N-uptake by crops were reduced at all sites (Figure 2A and 2B). Reduction in CO, emission
avors SOC conservation, but reduction in N-uptake decreases residue yield and, hence, organic C storage
in soils. The dynamics of SOC storage depends on the balance between the CO, emitted from and the
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Figure 1. Under the baseline scenario, there were negative contributions to
global warming of IL and NE sites, and positive of IA, KS, CA and FL sites.
The contributions of N,O emission were accounted for 16-62 percent of GWP
for the test sites.

residue returned to the soil. Reducing tillage significantly decreased SOC loss at the SOC-rich sites (e.g.
FL, IA, KS, and CA), but not at IL and NE sites with lower SOC contents. Converting conventional tillage
to conservation tillage or no-till slightly decreased N,O emissions at most sites except FL with organic soil
where N,O fluxes were higher under conservation tillage than under conventional tillage (Table 2). The net
benefit of converting conventional tillage to conservation tillage was positive at IA (1,100-1,400 kg
COy/halyr equivalent), KS (1,800 to 1,970 kg CO,/ha/yr equivalent), CA (340 to 390 kg CO,/ha/yr
equivalent), and FL (1,100 to 2,000 kg CO,/ha/yr equivalent), but negative at IL (-780 to -860 kg CO,/ha/yr
equivalent) and NE (-230 to -150 kg CO,/ha/yr equivalent) (Figure 3).

Reducing tillage favors SOC conservation in soils with high SOC content, but may increase N,O
emissions. For the SOC-rich sites in this study, the negative effect of high N,O emission was offset by the
positive effect of increase in SOC when conventional tillage was converted to conservation tillage or no-till.

B. Reduced Fertilizer Use

The effect of reducing fertilizer use was tested with two scenarios, F1 and F2, with lower rates (100 and
50 kg ammonium-N/ha) applied. N,O flux decreased with reduced fertilizer use for all 6 sites (Table 2).
The magnitude of the change in annual N,O flux at each site was related to SOC content. The lower the
SOC content, the less the change in N,O flux caused by reducing fertilizer rate. Reduced fertilizer use
decreased SOC storage because the crop residue produced decreased. In case of reduced fertilizer scenarios,
the positive effect of N,O decrease was offset by the negative effect of SOC decrease at sites with mineral
soils. In case of organic soil at FL, reduction in N,O flux by reducing fertilizer use was significant enough
to mitigate negative effect decrease in SOC (Figure 4). Reducing fertilizer use didn’t produce net benefit
regarding mitigating the greenhouse effect except in some organic soils.
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Figure 2. A) In comparison with conventional tillage (baseline scenario, BASE),
conservation tillage (CT) and no-till (NT) reduced CO, emissions at all sites; B)
In comparison with conventional tillage (baseline scenario, BASE), conservation
tillage (CT) and no-till (NT) reduced availability of soil N for crops at all sites
except IA.
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Figure 3. Net benefits of converting conventional to conservation tillage or no-
till were positive for IA, KS, CA, and FL sites, but negative for IL and NE.
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Figure 4. Net benefits of reduced fertilizer use were negative for all sites except
FL.
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Figure 5. Net benefits of manure application were positive for all sites.

. Manure Application

Two rates (1,000 and 2,000 kg C/ha) of manure use simulated revealed that manure amendment increased
both N,O emissions and C storage in all 6 sites (Table 2). Manure application directly added organic matter
into the SOC pool and increased N,O emission rate through elevating nitrate and soluble C concentrations
in soils. The net benefit of manure use was always positive because the negative effect of increase in N,O
emission was offset by the positive effect of increase in SOC at each site. The magnitude of net benefit by
manuring was related to SOC content and the amount of manure applied (Figure 5). Generally, higher net
benefit was gained at the SOC-poor sites (e.g. NE, IL, CA, and KS) than at the SOC-rich sites (e.g. FL
and IA). The net benefit at 1,000 kg C/ha of manure application was equivalent to 1,900-3,500 kg
CO,/halyr sequestered, and the net benefit at 2,000 kg C/ha was 4,100-7,200 kg CO,/ha/yr equivalent.

E. Cover Crops

Planting winter-cover crop increased the amount of residue produced and, hence, increased SOC input
(Table 2). The yield of winter-cover crop was related to soil fertility and climate. In Florida, the winter-
cover clover produced highest yield because of fertile soil and warm winter. However, planting winter-cover
crop had little effect on N, emissions (Table 2). The net benefit of planting winter-cover crop ranged from
3,200 to 5,900 kg CO,/halyr equivalent at all sites with mineral soils. At FL with organic soil, the net
benefit was as high as 25,600 kg CO,/ha/yr equivalent (Figure 6).

F. Alternative Cropping Practices

A comprehensive scenario of multi-practice change was designed to simultaneously change several practices
each site. The changes included reduced tillage from conventional to no-till, reduced fertilizer rate from
40 to 50 kg N/ha, manure application at 2,000 kg C/ha, and planting winter-cover crop. The simulated
results revealed that the multi-practice change had the most significant effect on SOC dynamics in
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Figure 6. Priority scenarios of changing agricultural practices. The net benefit
gained by single-practice changes depended on soil and climate. Multi-practice
changes are recommended for all climate zones and soil types. Where
applicable, planting winter-cover crop and using manure produce net benefit.

Reduced tillage is encouraged for SOC-rich farmlands, and reduced fertilizer use
in organic soils.

comparison with the single-practice change scenarios. The multi-practice change increased SOC
accumulation rates by about two times at IL and NE sites, converted SOC loss into gain at IA, KS, and CA
and greatly decreased SOC loss from 6,600 to 210 kg C/ha/yr in the organic soil at FL (Table 2). The
multi-practice change increased N,O emissions at FL and IA, but decreased N,0 emissions at IL, NE, KS,
and CA. The net benefit of applying the comprehensive scenario was 7,000-10,000 kg CO,/ha/yr equivalent
at sites with mineral soils, and more than 18,000 kg CO,/ha/yr equivalent at FL with organic soil (Figure
6).

G. Toward Mitigating Greenhouse Gases

Net benefits of changing agricultural practices at 6 sites are compared in Figure 6. The net benefit gained
by single-practice changes depended on soil and climate. For example, the net benefits of manure application
ranged from 5,300 to 7,200 kg CO,/ha/yr equivalent, with higher gains for SOC-poor than SOC-rich sites.
The net benefits from planting winter-cover crop ranged from 3,200 to 25,600 kg CO,/ha/yr equivalent,
with higher benefits for fertile soil and warm weather than poor soil and cold weather. Manure application
and planting winter-cover had always net benefits at all sites. Reduced tillage had net benefit at A, KS, CA,
and FL where SOC was relatively high. At SOC-poor sites, reduced tillage did not produce significant net
benefit. Reduced fertilizer use decreased N,O fluxes at all 6 sites, but did not have net benefit except at
Florida. All 6 sites sequestered net benefits when the baseline scenario was shifted into the comprehensive
scenario. Therefore, multi-practice changes are highly recommended for all climate zones and soil types;
where applicable, planting winter-cover crop and manure produce net benefit; reduced tillage is encourage
for SOC-rich (>1.5%) farmlands; and reduced fertilizer use in organic soils (SOC > 10%).
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IV. Conclusions
A. Carbon-Rich Soils the Priority Target

Contributions of farmland to global warming depend on soil and climate. Farmlands with rich soils (organic
C > 1.5%) and warm weather are loosing carbon and generating higher N,O emissions under the
conventional cropping practices. Farmlands under conventional practices contribute an equivalent of 3,000-
5,000 kg CO,/ha/yr. N,O emission accounts for 20-40 percent contribution to greenhouse emission.
Cultivating organic soils significantly leads to high emission of CO,, and of N,O at the rate of 20-30 kg
N/ha/yr. In contrast, carbon-poor soils are sequestering atmospheric carbon under the conventional cropping
practices. Carbon-rich soils should be set as a priority target for mitigating CO, and N,O emissions from
farmland.

B. Alternative Agricultural Practices

1. Planting winter-cover crop or using manure at 1,000 kg C/ha can sequester an equivalent of 2,000-5,000
kg COy/ha/yr. These estimates are similar to the current contributions (3,000-5,000 kg CO,/ha/yr) of
farmlands in Towa, Kansas, and California.

2. The effect of reduced tillage on greenhouse gases depends on soil and climate. Reducing tillage is
beneficial in fertile soils. The net benefit by converting conventional to conservation or no-till ranges from
350 to 2,000 kg CO,/halyr equivalent. These benefits are equivalent to 10-50 percent of current emissions
from farmlands.

3. Reduced fertilizer use decreases N,O emissions, but may not be beneficial to mineral soils. Decrease in
biomass production leads to low residue returned to soils. The benefits are, however, substantial in all
rganic soils.

4. Multi-practice changes are highly recommended. Benefits are 2-3 times higher than the current
contributions of greenhouse gases from mineral soils.

C. Research Needs

Further studies are needed at: (1) more sites representing major climatic zones and soil types and design
more agricultural scenarios to produce a nation-wide data base of change in SOC and N,O flux with regards
to alternative agricultural practices, and (2) link the DNDC model with geographic information system
(GIS).
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