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Abstract

Soil organic carbon (SOC) plays a vital role in determining soil fertility, water holding capacity and susceptibility
to land degradation. On the Chinese Loess Plateau, a large amount of crop residues is regularly removed; therefore,
this agricultural area mainly depends on fertilizer inputs to maintain crop yields. This paper aims to use a computer
simulation model (DeNitrification and DeComposition, or DNDC) to estimate the changes of SOC content and crop
yield from 1998 to 2047 under different cropping systems, providing some strategies to maintain the SOC in balance
and to increase crop yields. The results demonstrated that: (i) single manure application or combined with nitrogen
fertilizer could significantly enhance the SOC content and crop yield on the sloped land, terraced field and flat land;
and (ii) in contrast to sloped land and terraced field, the SOC content and crop yield both continuously increased in
flat fields, indicating that the flat field in this region is a good soil surface for carbon sequestration. These results
emphasize that application of manure combined with nitrogen fertilizer would be a better management practice to

achieve a goal of increasing soil carbon sequestration and food security.
Additional key words: Loess Plateau; soil organic carbon; crop yield; fertilization; croplands.

Introduction

Soil organic carbon (SOC) plays a role in improving
soil and water quality and hence sustains food produc-
tion (Han ez al., 2010). The total SOC pool is estima-
ted to be 1400-1500 Pg C, which is approximately two
times greater than the atmospheric pool (750 Pg C)
(Shietal.,2010). Even small changes in SOC may po-
tentially add up to significant changes in large-scale
carbon (C) cycling (Fang et al., 2001). In farming
systems the SOC content may be increased by agricul-
tural practices such as reduced tillage, improved fer-
tilization management, irrigation, and increased vege-
tation covers (Entry et al., 2002; Fortuna et al., 2003;
Ratnayake ez al., 2011). These measures can be impor-
tant means to achieve both high rates of C sequestration
in terrestrial ecosystems and sustainable agricultural
development (Smith, 2004; Moshki & Lamersdorf,
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2011). Therefore, understanding SOC contents and chan-
ges is necessary to further understanding of C cycling
in productive soils, to assess the responses of agro-
ecosystems to fertilizer management and to aid policy
makers in making land use management decisions.
Soil C sequestration in croplands is deemed to be
one of the most promising greenhouse gas mitigation
options for China’s agriculture. Increasing agricultu-
ral soil C stocks has been suggested as a way to se-
quester CO, from the atmosphere in order to help re-
ducing atmospheric CO, concentrations. It has been
estimated that 0.4-0.9 Pg C year! can be sequestered
within global agricultural soils (Paustian ez al., 1998).
Estimations of changes in the SOC content of cropland
soils in China have been made under both short-term
and long -term scenarios (Qiu et al., 2005; Tang et al.,
2006). Other studies have focused on the characteris-
tics of the C pool accumulated in ecosystems (Pan et

Abbreviations used: C (carbon); CF (chemical fertilizer application); CK (un-mulched); DNDC (DeNitrification and DeCompo-
siti on model); E (relative error); M (manure amendment); MAE (mean absolute error); MN (combined fertilizer and manure
application); N (nitrogen); RMSE (root mean square error); SOC (soil organic carbon).
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al.,2003) and farm management effects on SOC (San
José & Montes, 2001; Manna et al., 2005). However,
little attention has been paid to the effect of fertiliza-
tion on soil C sequestration in China’s Loess Plateau.
The Loess Plateau region is a typical rain-fed agricul-
tural area in China. The region has infertile soil and
severe water shortages, which seriously hinder agri-
cultural production and sustainable development. The-
refore, increasing crop yield by improving soil ferti-
lity as well as increasing SOC sequestration has been
a challenge (Smith, 2004).

Recently, research has been carried out to estimate
SOC change from agro-ecosystems using a SOC mo-
del (DeNitrification and DeComposition, DNDC mo-
del) (Smith et al., 1997; Tang et al., 2006). The DNDC
model applies a generic agro-ecosystem model for pre-
dicting crop growth, C sequestration and water use
efficiency for both upland and wetland crops (Zhang
etal.,2006). The DNDC model simulates the biogeo-
chemical C and N cycles of agricultural systems ba-
sed on land use and activity data (crops, tillage, ferti-
lization, manure application, grazing), soil variables
(texture, soil organic matter, pH, bulk density, hydrau-
lic properties) and daily temperatures and precipita-
tion. DNDC integrates crop growth and soil biogeo-
chemical processes on a daily time step and simulates
N and C cycles in plant-soil systems (Smith et al.,
2010). The total C and N fluxes from each site were
calculated by summing up crop-area-weighed fluxes
from each crop rotation. Reported changes in SOC,
thus represent the loss or gain in SOC over a one-
year crop rotation, based on initialization of SOC
pools from available soil data (Li e al., 2003). At pre-
sent, the modified DNDC model (version 9.1) per-
forms well based on seven long-term experiments se-
lected from the Global Change and Terrestrial
Ecosystem Soil Organic Matter Network (GCTE SOM-
NET). These experiments represented three different
land uses, a range of climatic conditions within the tem-
perate region, and different treatments (Tang et al., 2010).

Consequently, the objectives of this study were: (1)
to validate and evaluate the DNDC model performan-
ce by comparing the observed and simulated SOC con-
tent and crop yields from 1998 to 2007; (2) to use the
modified DNDC model to simulate the SOC content
and crop yield changes in sloped, terraced and flat
lands under different fertilization treatments in hilly
and gully areas of the Loess Plateau in next 50 years;
(3) to estimate the potential contributions of different
croplands to SOC sequestration.

Material and methods
Description of the study area

A multi-year field study was conducted in three ex-
perimental sites at the Ansai Experimental Station, The
Institute of Soil and Water Conservation, Chinese Aca-
demy of Sciences. The study was initiated in 1995, and
SOC and crop yields were measured over a period of
10 years (1998 -2007). The field sites were located in
the northern Shaanxi Province of the Loess Plateau
(36° 51’ N 109° 19’ E). The study area belongs to a
typical semiarid continental monsoon climate with
annual mean rainfall of 535 mm. Approximately 60%
of rain falls in storms during the summer months (July
to September) when severe soil erosion often occurs.
The mean annual air temperature is 8.8°C and the gro-
wing degree days (based on >10°C) is 3114 degree-
C-day. The geomorphic type is the typical hilly and
gully area and the gully density is 8.1 km km=. Soils
in the study area originated from parent material of
calcareous loess and the SOC concentration of the soil
in the study area is less than 10 g kg!. These belong
to the Calcic Cambisol group according to the
FAO/UNESCO soil classification system (Chen ef al.,
2007). Much of the region is subjected to severe soil
erosion (Shi & Shao, 2000). Land degradation, deser-
tification, soil erosion and low soil fertility threaten
the environment, and severely limit crop yields. Slo-
ping land (site A), terraced fields (site B), and flat
fields (site C) are three common cropping land surfa-
ces in the hilly and gully areas. The rotations used in
the experiment are a continuation of the long-term ma-
nagement at each site. Cropping systems differ depen-
ding on land surface due to differences in soil moistu-
re and fertility levels. Generally, one crop was planted
and harvested per year and farmers mainly harvested
crops in autumn in the study area. Before planting and
after harvest, the soil properties and SOC content we-
re measured every year from 1998 to 2007. Further-
more, we calculated crop yields when harvested in
autumn. The fertilizer application rates keep the same
every year for the different croplands. The detailed in-
formation and the soil nutrient content of each land
surface site are listed in Tables 1 and 2.

Site A: sloping land

The sloping experimental site was situated in a hilly-
gully slope which faced north, with a slope of 19°. The
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Table 1. The DNDC model input variables of climate, soil properties and management conditions for the experiment sites

of cropland set in 1998

Croplands Site A (sloped land) Site B (terraced field) Site C (flat feld)
freatment Variables CK CF M MN CK CF M MN CK CF M MN
Soil data SOC content (g kg!) 246 25 31 32 228 — 259 289 489 487 53 597
Total N content (g kg™) 034 04 04 042 022 — 032 031 057 059 0.6 0.65
Soil texture Sandy Sandy Sandy Sandy Sandy — Sandy Sandy Sandy Sandy Sandy Sandy
loam loam loam loam loam — loam loam loam loam loam loam
pH 86 87 86 86 85 — 86 87 86 85 87 86
Bulk density (g cm™) 138 14 14 138 138 — 138 138 138 138 14 138
Climate data ~ Annual mean air temperature (°C) 8.8 88 88 88 8.8 — 88 88 88 88 88 88
Annual mean precipitation (mm) 450 450 450 450 450 — 450 450 450 450 450 450
Faming Crop yields (kg ha™) 258 370 716 465 532 — 395 842 1,314 1,350 1,348 1,562
management  Crop residue returned rate (%) 15 15 15 15 15 15 15 15 15 15 15
Crop rotation system Broomcorn millet — Millet - Soybean — Millet - Soybean — Maize —
Crop rotation system —> Buckwheat — Millet —> Broomcornmillet — Millet - Maize

Treatments: CK, without fertilizer application; CF, chemical fertilizer application, 212 kg ha™! (46% N); M, 7,500 kg manure ha™!
(15.9% organic matter and 1.3% N); MN, combination of N+ Manure (1:1).

site was a long-term experimental field which started
in autumn, 1983. The plot size was 4 m long and 5 m
wide and there were four treatments including: (1) M,
farmyard manure amendment at 7500 kg ha™' contai-
ning 15.9% organic matter and 1.3% nitrogen, (2) CF,
application of 212 kg ha™! of chemical fertilizer (urea)
containing 46% N, (3) MN, application 0of 412.3 kg ha™!
of a combination of fertilizer (urea) and manure (at a
ratio of 1 kg of manure per kilogram of fertilizer), and
(4) CK, without fertilizer application (control). A com-
pletely random block design with four treatments and three

replications was used. The field was successively plan-
ted (Table 1) with broomcorn millet (Panicum milia-
ceum L.), millet [Setaria italica (L.) Beauv.], buckwhe-
at (Fagopyrum esculentum Moench) and millet rotation.

Site B: terraced field

The terraced field was located on a mountain terra-
ce and the site was a long-term experimental field
which started in autumn, 1992. Each of the plots was
30 m? and there were three different treatments: M,

Table 2. The DNDC model input parameters of different crops grown in the study area

Parameters Soybean Maize Millet Broo.mcorn Buckwheat
millet

Maximum crop yield (kg ha™!) 2,570 11,300 2,100 2,450 1,100
Portion of crops

Portion of harvest part 0.25 0.44 0.33 0.26 0.43

Portion of shoot 0.67 0.5 0.56 0.65 0.46

Portion of root 0.08 0.06 0.11 0.09 0.11

C/N ratio of harvest part 10 34 25.44 25 20

C/N ratio of shoot 79 78 58.78 55 65
C/N ratio of shoot 68 80 67.1 70 75
N fixation index 1.5 1 1 1 1
TDD/(°C) 1,500 2,550 1,750 1,150 1,250
Water requirement (kg kg') 541 250 331 258 450
Maximum LAT 3 4.5 3 1.7 2.8

The data come from Ansai Research Station of Soil and Water Conservation, Chinese Academy of
Sciences. TDD: temperature degree days. LAI: leaf area index.
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Figure 1. Comparison between the simulated and observed (a) soil organic carbon content (g kg™') and (b) crop yield (kg ha™!) va-
lues from 1998 to 2007 on sloped, terraced and flat land. r: sample correlation coefficient. £: relative error. MAE: mean absolute

error. RMSE': root mean square error.

MN and CK. Each treatment had four replications, the
total being 3 treatments x 4 replicates =12 plots. The
crop rotation was soybean (Glycine max L.)—
millet — broomcorn millet — millet, where the soybean
was utilized as “green manure”.

Site C: flat field

The site was a long-term experimental field which
started in autumn, 1995. Each plot area was 14 m? and
the fertilizer treatments were M, CF, MN and CK. Each
treatment hadthree replications and the total plots we-
re 4 treatments x 3 replications =12 plots. The experi-
mental field was planted with a soybean — maize (Zea
mays L.) — maize rotation.

As a typical rainfed agricultural area in this region,
the crops were never irrigated and the crop growth all
depended on the rainfall. The fertilizer treatments for
the three different croplands were: (i) for the millet,
broomcorn millet and buckwheat, 20% of the N fertili-
zer (urea) applied at planting as a basal fertilizer and
80% of N applied at the stem elongation stage; (ii) in
the maize growing season, 20% of N applied at planting
as a basal fertilizer and the rest (80%) of N applied bet-
ween internode elongation and tasseling; (iii) to soy
bean, N fertilizer applied before sowing (20% N, urea)
and at the budding stage (80% N, urea). Farmyard manure
of 7,500 kg ha™! was applied before seeding in each crop.

Soil sampling and analysis

Soil was sampled in September every year from 1998
to 2007 after cop harvesting. Five soil samples per plot

were collected at depths of 0-30 cm layer and 0-100 cm
layer (for measured SOC stock). The samples were mi-
xed by hand and a 2-kg composite sample was obtai-
ned from each plot. SOC concentration was measured
by the Walkley Black method (Nelson & Sommers,
1982); total N by the Kjeldahl procedure; soil bulk den-
sity was measured by the ring tube method; and pH was
measured by electronic pH-meter (ISS, 1978).

DNDC model

The DeNitrification-DeComposition (DNDC, ver-
sion 8.2) model was originally developed for predic-
ting carbon (C) and N biogeochemical cycles in USA
agro-ecosystems (Li ef al., 1992a, 1992b). The DNDC
version 9.1 was used in this study to simulate the bio-
geochemical C and N cycle of agricultural and based
on land use and activity data (crops, tillage, fertiliza-
tion, manure application, grazing), soil variables and
daily temperatures at a regional scale to study the agri-
cultural soils of China. The DNDC version 9.1 has
reasonable data requirement and is suitable for simu-
lation at appropriate and spatial scales (Tang et al.,
2006, 2010; Zhang et al., 2012). Clear description of
the model simulation process was given by Smith ez al.
(1997). The model contains six interacting sub-models:

(1) Soil climate and thermal-hydraulic sub-models.
These sub-models use soil physical properties, air tem-
perature and precipitation data to calculate soil tem-
perature and moisture profiles and soil water fluxes
through time. The results of the calculations are input
to the other sub-models.
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(2, 3) Nitrification component and denitrification
sub-models, which calculate hourly denitrification ra-
tes and N,O, NO, and N, production during periods
when the soil redox potential (Eh) decreases due to
rainfall, irrigation, flooding, or soil freezing.

(4) Decomposition sub-models. This sub-model si-
mulates decomposition of each SOC pool, i.e., calcu-
lates daily decomposition, nitrification, ammonia vo-
latilization processes, and CO, production from soil
microbial respiration.

(5) A plant growth component, which calculates
daily root respiration, water, and N uptake by plants,
and plant growth.

(6) A fermentation module, which calculates daily
methane production and oxidation (Li ef al., 2004).

The effects of cropping practices on C and N dyna-
mics are also considered in the model.

Data input

In order to run the DNDC model, different datasets
were compiled to parameterize the DNDC model. The
soil datasets consist of soil attributes, including bulk
density, organic matter content, texture and pH and
clay content, etc. The soil properties were annually me-
asured from 1997 to 2008 for the three types of crop-
lands (Table 1).

DNDC model required data of daily precipitation,
and maximum and minimum air temperatures. From
1997 to 2008, the weather data were acquired from the
weather station in Ansai Experimental Station of Soil
and Water Conservation, the Chinese Academy of
Sciences, which was 100 meters away from our expe-
rimental site. And the future climate parameters from
2007 to 2047 were predicted according to the Synthe-
sis Report (IPCC, 2007), which reported that the tem-
perature would increase at a rate of about 0.2°C each
10 years. So 0.02°C was added to both maximum and
minimum air temperatures each year from 1998 to
2047. And the precipitation in the future years was set
at the increasing rate of 3.9 mm per year. The CO, con-
centration was calculated based on the increasing ra-
te of 1.9 ppm per year. The crop dataset included physio-
logical data for the different croplands of different plants
species (Table 2). The agricultural management dataset
contained sowing acreage, N fertilizer application ra-
tes, livestock, planting and harvest dates, and crop re-
sidue incorporation. Farming practices were compiled
based on global assumptions as follows (Qiu et al., 2005;

Tang et al., 2006): (i) 15% of straw was returned to the
soil; (i1) 20% of livestock wastes and 10% human was-
tes were added as manure to the soil and with no other
fertilization; (iii) tillage was applied twice (20 cm be-
fore harvest and 15 cm after harvest).

Model validation and statistical analysis

In order to confirm the reliability, the DNDC mo-
del was tested against measured data from loess soil
of the hilly and gully region of the study area, which
is the same area examined here. This study compares
simulation results with the 10-year measured data from
the autumn of 1998 to the autumn of 2007 under diffe-
rent fertilizer application in the croplands.

The error in the total difference between simulation
and measurement was determined by the sample corre-
lation coefficient (r), the relative error (£), the mean ab-
solute error (MAE) and the root mean square error (RMSE),
using the following equations (Smith et al., 1997):

100 &V, -V,
E=—X ol pi [1]
2

oi oi pi pi
i=1 i=1
1 5
RMSE = —;(VM—VW.) (3]
1 n
MAE == ABS(V -V 4
L DA, =Y, 4]

where V,; are the measured values, V), are the simula-
ted values, V,; is the mean of the measured data, ¥, is
the mean of the simulated data, and » is the number of
the measured and simulated data pairs. In general, if
the absolute value of £ is <5%, indicates that the mo-
deling results are good (Smith et al., 1997). An r-va-
lue closest to 1 indicates that the model matches the
pattern of the observations. And the smaller RMSE or
MAE value is, the greater prediction accuracy is. One
way analysis of variance (ANOVA) was used to analy-
ze the differences of SOC stock between the three crop-
lands. Subsequently, least significant difference (LSD)
test was used to identify statistically significant diffe-
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rences (p <0.05) among the mean values of SOC stock
within each cropland.

Results

Comparison of observed and simulated SOC
content and crop yield

The SOC contents for the surface layer (0-30 cm)
and crop yields were measured under different fertili-
zation treatments from 1998 to 2007 for the three si-
tes of croplands. The variation range of observed SOC
was 1.87to0 6.24 g kg™! in the three croplands. And the
observed crop yield ranged from 90 to 4521 kg ha™! in
the croplands. By comparison, the simulated SOC va-
ried from 1.95 to 6.47 g kg™!; meanwhile, the crop yield
ranged from 92 to 4,586 kg ha™! for the croplands, and
the simulated values of SOC and crop yield were ge-
nerally within the range of observed values.

Thus, the range of simulated SOC and crop yield
was consistent with the measured values from 1998 to
2007. Furthermore, Fig. 1 depicts that the correlation
coefficients () between simulated and measured SOC
levels were 0.87 (p<0.001) and the » values for crop
yield were 0.88 (p =0.001). The relative errors (£) we-
re 1.90% and 6.50% for the SOC and crop yield, res-
pectively. In addition, the small values of MAE and
RMSE for SOC data were 0.32 and 0.75 and for crop
yields data were 8.60 and 9.20. Meanwhile, changes
in SOC and crop yield over time showed the same
trends: (i) application of manure increased SOC con-
tent as a result of increasing crop production as well
as the direct addition of organic matter into the soil un-
der the sloped land, terraced field and flat field, res-
pectively (Figs. 2a, b, ¢); (ii) Each cropland (sloped
land, terraced field and flat field; Figs. 2d, 2e and 2f,
respectively) had specific farming management prac-
tices, however, their crop yields generally all increa-
sed after applying a certain amount of manure.

SOC content and crop yield changes using
the DNDC model: 1998-2047

Effects of different fertilization treatments
on the SOC content and crop yield in different types
of cropland: years 1998-2007

Figs. 3a,b,c show that the SOC simulated results,
over the 10-yr period (from 1998 to 2007), gain with

either the single manure application or combined appli-
cation in the sloped land, terraced field and flat field,
respectively. Differently, under the single chemical N
fertilizer management, SOC content decreased by
6.36% from 1998 to 2007 under the sloped land, whi-
le slightly increased by 2.87% from 1998 to 2007 un-
der the flat field. Without fertilization, SOC was lo-
wer in 2007 than in 1998 under the sloped land and flat
field, while it was higher in 2007 than in 1998 under
the terraced field.

As expected, the crop yield decreased by 58.83%
for terraced field, 42.64% for sloped land and 8.52%
for flat field (Figs. 3d, e, f) from 1998 to 2007 under
no fertilizer application. For sloped land the crop yield
was lower in 2007 than in 1998 under the M fertilizer
management while it was higher in 2007 than in 1998
under the MN application. Meanwhile, the yield de-
creased in 2007 under all the fertilization applications
for site B. On the contrary, the crop yields for type C
continually increased in all the different fertilizations
from 1998 to 2007, which reflected higher producti-
vity and C inputs on flat fields.

Effects of different fertilization treatments on the SOC
content and crop yield in different type of croplands:
prediction using DNDC for 2007-2047 years

Figs. 3a, 3b and 3¢ indicate that SOC content and
crop yield continuously will decline from 2007 to 2047
under sloped land and flat field, while will increase for
terraced field when no fertilization (CK) is applied.
The SOC content data also predicted trends under slo-
ped land that were similar with that under terraced field
when only manure was applied. The overall trend was
that there was a weak loss in SOC content from 2007
to 2027 under the sloped land and the terraced field,
but later on (2027-2047) SOC gains under both the slo-
ped land and terraced field. In contrast, the rate of SOC
content continuously increasing occurred in either the
period 2007-2027 or in the period 2027-2047 under
flat field. Predictions show that until 2047, SOC con-
tent continuously will increase in sloped, terraced and
the flat field under MN application, indicating that this
is the best fertilizer treatment among those investiga-
ted for increasing SOC in this region.

The results also showed that the crop yield predic-
ted under the treatment with manure fertilizer from
2007 to 2027 increased by 7.6%, 8.6% and 43.6%, whi-
le in the latter years (2027-2047) the increasing rates
were 5.4%, 1.5% and 3.0% for sloped, terraced and flat
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Figure 2. Changes of observed (0-30 cm) and DNDC model simulated soil organic carbon (left) and crop yield (right) over time,
from 1998 to 2007 under single manure fertilization (7,500 kg ha™! farmyard manure containing 15.9% organic matter and 1.3%

N) in sloped land (a, d), terraced field (b, ¢) and flat field (c, f).

land, respectively (Figs. 3d,e,f). For MN fertilizer ma-
nagement, the yields in the previous periods (2007 to
2027) were predicted to be higher, 2.1%, 0.6% and
31.6% than in the latter periods (2027 to 2047) under
the sloped land, terraced field and flat field, respecti-
vely. However, the predicted yields in the MN treat-
ments were higher than in the M application in all the
croplands mentioned above, providing a useful measu-
re for farmers to achieve sustainable crop productivity.

Effects of different fertilization treatments

on soil organic carbon sequestration

Changes in SOC stock under different fertilization

managements

Fig. 4 shows that from 1998 to 2007 the SOC stock
was at a situation of net loss under no fertilizer appli-
cation (by 1.6%) and only N management (by 0.3%).
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In contrast, the SOC stock increased under either the
M or MN treatments, which indicated a continuous in-
creasing in SOC equal to 15.3% and 15.8% respecti-
vely during the 10 years. Interestingly, the trends in
SOC stock changes under the terraced field (Fig. 4)
were similar to those under the sloped land from 1998
to 2007, but the rates and magnitudes of change diffe-

red. The overall trend under the terraced field was a
slight loss (1.5%) in the no-fertilization (CK) treat-
ment but gains in both the M (9.5%) and MN (8.3%)
management. Fig. 4 also showed a higher reduction
(about 5.7%) in SOC stocks from 1998 to 2007 in the
flat field, which had higher initial SOC under the con-
trol (CK) compared with the other two treatments.
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Figure 4. Soil organic carbon stock measured (0-100 cm) un-
der different fertilization treatments (CK, without fertilizer ap-
plication; CF, chemical fertilizer; M, manure amendment; MN,
combined chemical fertilizer and manure application) and
under different croplands: sloped land (a), terraced field (b),
and flat field (c) for 10 years (1998-2007).

Status of SOC stock under different cropland uses
in the same fertilization

The status of SOC stocks was compared among the
three major cropland use classes. As shown in Table 3,
the mean SOC stock values for the three land-use-ba-
sed groups were significantly different (p <0.01),
being highest for flat field, intermediate for sloped
land and lowest for terraced field regardless of four
fertilization treatments. Fig. 5 indicates that under the
M and MN managements, the SOC in the flat field in-
creased less (6.3% and 7.5%) than that in the sloped
land (15.3% and 15.8%) and the terraced field (9.5%

Table 3. Differences of measured SOC stock at 0-100 cm (kg
ha™!) in the three types of croplands (sloped land, terraced
field, and flat field) under different fertilizer managements

Croplands CK CF M MN
Site A 10,548.3> 10,893.1° 15,138.1* 1,6079.5°
(sloped land)

Site B 10,006.0° — 12,380.70¢ 12,517.0°
(terraced field)

Site C 20,575.3*  22,018.0°  24,534.0* 25,403.9*
(flat field)

CK: without fertilizer application. M: manure amendment. CF:
chemical fertilizer. MN: combined chemical fertilizer and ma-
nure application. Data are mean values (n=10) from 1998 un-
til 2007. Values followed by the same letters in each column are
not statistically different at the 1% level of significance.

and 8.3%). On the contrary, the control in the flat field
had the highest decrease (5.68%).

Discussion

Effects of different fertilization treatments
on the simulated SOC content and crop yield
in different types of cropland

Our results predicted that, from 1998 until 2007, the
SOC in the no fertilizer treatments decrease under slo-
ped land and flat field, but increase for terraced field.
However, the crop yields are lower for all the three crop-
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Figure 5. Percentages (%) of the increase or decrease on mea-
sured SOC stock within 10 years (from the beginning of year
1998 to the end of year 2007) under different croplands (sloped
land, terraced field, flat field) and fertilization treatments. Error
bars indicate the standard error of the mean (n=3). Lower ca-
se letter indicate statistically significant differences among the
croplands under each fertilizer application.
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lands under no fertilizer management. Any changes in
either the amount of fertilizer or the kinetics that
affect conversion of fertilizer to available C will di-
rectly or indirectly alter crop yield and SOC content.
It was the accumulation of residue biomass from the
green manure (soybean) under terraced field that en-
hanced the SOC sequestration. In contrast with manu-
re management, the pattern of combined application
of manure and chemical fertilizers could significantly
provide crops with the N direct for use or activates the
soil microorganisms as well as improve soil fertility,
providing crops with more nutrients. Therefore, it in-
creased crop residues and root biomass so that the SOC
sequestration increased (Han et al., 2008). As also
pointed out in other studies (FlieBbach ef al., 2006; Wu
& Cai, 2007; Chen et al., 2010) the combined appli-
cation could enhance the SOC content. Hao et al.
(2012) found that the combination of manure and che-
mical fertilization significantly decreased the total NH;
volatilization, with the fertilization pattern being eco-
nomic benefit-significantly, feasibility-strongly and
environment-friendly. So the MN fertilization was
identified as the best carbon sequestration and crop
yields increasing in the region.

We also found that the modeled SOC and yields in-
creased during the period 2007-2047. In general, its
differences may result from increased temperature and
precipitation. The Synthesis Report (IPCC, 2007) es-
timates future climate change in a series of Special
Report on Emissions Scenarios (SRES), predicting
that temperature will increase at a rate of about 0.2°C
in 10 years, from 2007 until 2027. Microorganisms
may become more active under the constantly in-
creased temperatures, which would accelerate the de-
composition of soil organic matter. Meanwhile, under
MN treatment the prediction was a crop yield increa-
se of 74.9% from 2007 until 2047. This is probably
because the MN fertilization supplies extra N and may
promote a “priming effect”, which activates the soil
microbial activity to release more nutrients (Kuzyakov
etal.,2000; Fontaine et al., 2003). Besides, long-term
application of MN can maintain soil nutrient levels
and simulate different aspects of soil fertility, becau-
se MN ensures the largely constant presence of acti-
ve microorganisms and the regular dynamics of bio-
mass carbon (Nardi et al., 2004). Consequently, from
a long-term development viewpoint, MN combined
application should be better than a single manure ap-
plication to achieve soil carbon sequestration and fo-
od security goals.

Estimate the impact of SOC content
and different fertilization treatments
on crop yields

The relationship between the SOC contents and crop
yields varied with fertilization. However, we did not
find a relationship between SOC and crop yield. In the
treatment without fertilization, crop roots and root exu-
dates were the only source of organic input into the
soils because aboveground biomass was removed from
the field. Roots exudates would contribute signifi-
cantly to increasing SOC content. Thus, the increase
in SOC by increasing crop yields along is lower than
by inputting organic materials such as fertilization and
crop residues. Meanwhile, with the improvement of
soil fertility, many uncertain factors such as tempera-
ture, precipitation, evaporation and original soil pro-
perties (Wan ez al., 2011) may affect the crop yield and
production. In general, higher CO, levels in the atmos-
phere, resulting from global human activities, also
could increase growth and yield, mainly through their
effect on the crop’s photosynthetic processes (higher
levels of CO, meant that plants absorb more CO,) —a
process known as CO, fertilization (Hendrey & Kim-
ball, 1994). Liang ef al. (2011) stated that there may
be a higher dependence on N fertilizer for soybean —
maize — maize rotation system while a lower depen-
dence on N fertilizer under the MN management, which
would improve soil fertility by accumulation of manure.

Effects of different fertilization treatments
on soil organic carbon sequestration

SOC content and crop yield had similar trends un-
der four fertilizer treatments, SOC stock also steadily
increased in the three types of cropland under the MN
fertilizer management (Fig. 3). Therefore, the model
clearly suggests that a higher proportion of M retur-
ned to the soil can significant increase SOC stock,
which may provide a powerful measure for increasing
SOC sequestration at hilly and gully areas of Loess
Plateau. The measures would possibly make alterations
within the structure of the recent farming systems to
convert these soils from carbon sources to net sinks
under different croplands. This information is helpful
with regard to the design of an explicit policy for soil
fertility improvement.

Nevertheless, the rate of increasing or decreasing
on SOC stock for the three types of cropland was diffe-
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rent in the same fertilization treatment. The reason
could be that factors such as different initial SOC le-
vels, different cropping rotations, the climate, soil ero-
sion and human activities affect the sloped land and
the terraced field more than the flat field in Loess Pla-
teau. Under the sloped land, the organic matter will
flow down with the rainfall and diminish due to de-
composition, especially in the upper slope (McNab,
1993). The leguminous rotation induced biological N
fixation under terraced field that enhanced the SOC
sequestration. SOC stock would be relatively higher
in flat fields even without human influence because of
the favorable soil and water conditions (Liu ef al.,
2011). In our croplands, the initial C level was impor-
tant for SOC sequestration, probably because soils with
higher initial C contents tend to lose more C later follo-
wing land surface disturbances and climate warming
(Tan et al., 2006). But the risk of net C loss may increa-
se with increasing SOC density when the sequestra-
tion of input C does not balance the carbon losses via soil
respiration or other events such as runoff and soil erosion.

Therefore, management through combined fertili-
zer and manure application could be better than other
fertilizer applications to achieve a win-win goal of in-
creasing soil carbon sequestration and maintaining food
security.
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