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a  b  s  t  r  a  c  t

Upland  soils  have  been  identified  as a major  CO2 source  induced  by human  activities,  such  as  fertilizer
applications.  The  aim  of this  study  is to  identify  the  characteristics  of  soil  CO2 emission  and  carbon  bal-
ance  in  cropland  ecosystems  after  continuous  fertilizer  applications  over  decades.  The  measurements
of  soil  surface  CO2 fluxes  throughout  the  years  of 2009  and  2010  were  carried  out  based  on a fertiliza-
tion  experiment  (from  1990)  in  a double  cropping  system  rotated  with  winter  wheat  (Triticum  aestivum
L.)  and  maize  (Zea mays  L.)  in  upland  soil  in southern  China.  Four  treatments  were  chosen  from  the
experiment  for this  study:  no-fertilizer  application  (SR),  nitrogen–phosphorus–potassium  chemical  fer-
tilizers  (NPK),  NPK  plus  pig  manure  (NPKM)  and pig  manure  alone  (M). Results  showed  that  the mean
value  of  soil  CO2 fluxes  from  08:00  to  10:00  am  could  represent  its daily  mean  value  in summer  period
(June–August)  and that  from  09:00  am  to 12:00  pm  for  the  rest  season  of  a year.  Soil temperature  and
moisture  combined  together  could  explain  70–83%  of variations  of  CO2 emission.  Annual  cumulative

−1
soil  CO2 fluxes  in  the  treatments  with  manure  applications  (8.2  ± 0.8  and  11.0  ± 1.2  t  C  ha in 2009,  and
7.9  ± 0.9  and  11.1  ±  1.2  t C ha−1 in 2010  in  NPKM  and  M, respectively)  were  significantly  higher  than  those
in  the  treatments  with  non-manure  addition  (2.5 ± 0.2  and  3.4  ± 0.2  t C  ha−1 in 2009,  and  2.1  ±  0.2  and
3.7  ± 0.3  t  C  ha−1 in  2010  in SR and  NPK,  respectively).  However,  the  treatments  with  manure  applications
represented  a  carbon  sink  in the  soil  (carbon  output/input  ratio  < 1.0),  which  demonstrated  potential  for
carbon  sequestration.
. Introduction

Annual global soil CO2 emissions contribute to about 25% of
he total carbon (C) exchange between the atmosphere and ter-
estrial ecosystems (Schlesinger and Andrews, 2000). Therefore, an
mportant approach to reduce CO2 emissions into the atmosphere
s to sequester C in soils (Mancinelli et al., 2010). Soil C emission
nto the atmosphere is thought to be controlled by factors such as,
oil temperature and moisture, quantity and quality of substrate,
egetation type, microbial biomass and its activity, and field man-
gement (Curtin et al., 2000; Ding et al., 2007; Li et al., 2008). So,

t is essential we fully understand the influence of these factors on
oil CO2 emission.

∗ Corresponding author. Tel.: +86 10 82105636; fax: +86 10 82106225.
E-mail address: xuminggang@caas.cn (M.G. Xu).

929-1393/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apsoil.2013.05.014
© 2013 Elsevier B.V. All rights reserved.

C storage in agro-ecosystems is very sensitive to management
practices. Fertilization, especially manure application, has been
identified as an essential practice apart from the functions for soil
fertility and agricultural production because the amount of residue
returned to soils can be increased (Zhang et al., 2009). The dynamics
of C balance in a cropland ecosystem is determined by the soil het-
erotrophic respiration and net primary production of vegetation. An
accurate calculation of the C balance of cropland systems is neces-
sary to determine if the system is a sink or source of C under various
field managements, especially manure applications (Li et al., 2010;
Mancinelli et al., 2010). Whilst it is relatively straight forward to
monitor the removal of economic products and residues from a
cropland ecosystem, it is more difficult to estimate other compo-
nents of C balance in the system, e.g. C fluxes from soils via CO2 and

residential time of organic matter added into soils through residual
retention of crops and manure applications.

Upland red soil, developed from Quaternary red clay and clas-
sified as Ferralic Cambisol (FAO, 1988), covers 1.13 million km2,

dx.doi.org/10.1016/j.apsoil.2013.05.014
http://www.sciencedirect.com/science/journal/09291393
http://www.elsevier.com/locate/apsoil
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Fig. 1. Daily air temperature and rainfall at Qiyan

ccounting for 11% of the total land in China (Lu and Shi, 2000). It is
 dominant soil type in southern China with subtropical monsoon
limate. Under such a climate with high rainfall and tempera-
ure, the region may  emit vast amounts of greenhouse gases (Yang
t al., 2007). But very few reports on the measurement of soil
O2 emission have been made. In addition, continuous fertilization
xperiments on cropland over decades in the region are extremely
are so that it restricts our capability to assess the impact of long-
erm continuous fertilization on soil CO2 emission and C balance.
hus, the aims of this study, based on a 19-years long-term field
xperiment, are to (i) investigate how main environmental fac-
ors control diurnal and seasonal variations of soil CO2 emission;
ii) identify the effect of long-term organic and inorganic fertilizer
pplications on soil CO2 emissions; and (iii) estimate C sequestra-
ion potential under different fertilizer managements.

. Materials and methods

.1. Study site

This study was based on a long-term field experiment that has
een conducted since September 1990 at the experimental station
f the Chinese Academy of Agricultural Sciences, located at Qiyang
26◦45′ N, 111◦52′ E), Hunan Province of southern China where
ed soil is a dominant soil type. Annual temperature is 18 ◦C and
nnual rainfall is about 1431 mm yr−1. Averaged annual evapora-
ion is 1374 mm with a peak in July (http://cdc.cma.gov.cn).The
ynamics of daily air temperature and precipitation are shown in
ig. 1. The average annual temperature in 2009 and 2010 were 18.3
nd 17.8 ◦C, respectively. The highest temperature was found in
ugust, and the lowest in February. Precipitation in 2009 and 2010
as 948 and 594 mm yr−1, respectively. About 70% of annual pre-

ipitation fell between April and August (30% of precipitation fell
n June–August) in 2009 and about 70% of annual precipitation fell
etween April and November in 2010. Annual accumulated tem-
erature when the daily temperature is greater than 10 ◦C is ca.
600 degree-days.

The initial soil samples were taken in the start of the long-term
xperiment (1990), the top soil (−20 cm)  had a soil organic carbon
SOC) of 8.5 g kg−1, total nitrogen (TN) of 1.1 g kg−1, total phospho-
us (TP) of 0.5 g kg−1, total potassium (TK) of 13.3 g kg−1, available
itrogen (Navs) of 79 mg  kg−1, available P (Pavs) of 11 mg  kg−1,
vailable K (Kavs) of 122 mg  kg−1. Their changes during the experi-
ent at the site are shown in Table 1. The soil in this region is quite
cidic, having a pH of 5.7 (1:1, w/v, water) and low organic matter
ontent due to intense weathering of soil minerals, rapid decom-
osition of soil organic matter under the warm and moist climate
nd less input of organic matter into the soil when the long-term
g-term experimental site during 2009 and 2010.

experiment started. As a result, the soil had a lower C–N ratio in the
top soil.

2.2. Experimental design

The cropping system is a rotation of winter wheat (Triticum
aestivum L.) and maize (Zea mays L.) from the start of the experi-
ment. Four fertilization treatments from the experiment were used
in this study: non-fertilizer application (SR thereafter), inorganic
nitrogen (N), phosphorus (P) and potassium (K) combination (NPK
thereafter), inorganic NPK fertilizers and pig manure combination
(NPKM thereafter) and pig manure alone (M thereafter). There were
two replicates per treatment. Each treatment plot had an area of
196 m2 and was isolated by 100-cm width cement baffle plates
along the boundaries.

N, P and K fertilizers were urea, calcium superphosphate, and
potassium chloride, respectively. The N content in pig manure
was 16.7 ± 1.1 and 17.6 ± 0.9 g kg−1 in 2009 and 2010, respec-
tively, using the method described by Black (1965). The C content
from oven-dried manure was 382 ± 26 and 369 ± 31 g kg−1 in 2009
and 2010, respectively, using the method of vitriol acid-potassium
dichromate oxidation (Walkley and Black, 1934). The C/N ratio of
manure was  23 and 21 in 2009 and 2010, respectively. Quantities
of fertilizer application for each treatment during the growing sea-
sons are shown in Table 2. All the treatments except SR received the
same amount of N (300 kg ha−1) but other nutrient elements var-
ied. In the fertilizer treatments, fertilizer and manure were applied
as basal dressing for summer maize while 30% of it as basal dressing
and rest as top dressing for winter wheat in mid-November.

For each experimental year, winter wheat (T. aestivum L.) ‘Xiang-
mai  4’ was  sown in early November in previous year and harvested
in early May, while summer maize (Zea mays L.) hybrid ‘Yedan 13’
was intercropped in early April, and harvested in July. Then a fallow
season was followed until the next growing season of winter wheat.
There are four rows of winter wheat within a strip (100 cm)  and two
rows of maize were between the wheat trips with a row distance
of 50 cm.  Crops were harvested manually by cutting straws close
to the ground. Thus, stubble left in the field could be negligible.
All above-ground biomass are removed from the fields. Herbicides
and pesticides were applied during the growth periods whenever
needed.

2.3. Soil sample analysis
Soil samples were collected from the topsoil (0–20 cm)  after
maize harvested each year. 5–10 cores with 5 cm in diameter were
randomly sampled for each plot. Soils from the cores were mixed
thoroughly and then four replicates (2 kg soil for each replicate)

http://cdc.cma.gov.cn/
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from the soils were taken. Sample soils were air-dried and then
sieved through 2 mm screen before analyzing for pH (1:1, w/v,
water). Sub-samples of the sieved soils were milled to 0.25 mm
for the measurement of SOC and total N content with the same
methods as those for pig manure described in the previous section.
Soil available nitrogen content (Nav) was  measured following the
procedures described by Lu (2000).

2.4. CO2 emission measurement

Soil CO2 flux from soil surface measured by soil respiration
(Rs, thereafter), and soil temperature and moisture at −5 cm were
measured from January 1, 2009 by an Automatic CO2 Exchange
System (ADC BioScientific Limited, UK). The system is equipped
with a static soil chamber (23 cm in diameter and 10 cm height), an
infra-red gas analyzer, a sensor for detecting photosynthetic active
radiation, a moisture sensor (SM200, Delta-T Devices Ltd., UK)  and
two soil temperature sensors. In each plot three collars were ran-
domly installed immediately after ploughing each year to avoid
disturbing the soils with the chamber when measurements were
made. One collar from a plot was  chosen randomly during one mea-
surement event. Each measurement lasted 5 min  with the interval
of 15 min  between measurements. In order to make measurement
on a treatment on the same dates each month, the measurements
were continuously taken on each treatment with three replications
for three days (72 h) in turn and the sequence was: SR, NPK, NPKM
then M.  The soil CO2 fluxes were calculated at half-month period
to reduce the error.

2.5. Plant measurement

Wheat and corn straw was  removed from the fields and only
root, stubble (6–10 cm above-ground) residues and weeds were
retained after the grain harvest. Wheat spikes (or corn cobs) and
straw were air-dried for 72 h. The spikes or cobs were threshed for
grains. The grains and straw were oven-dried at 70 ◦C to a stable
moisture level, and then weighted separately.

2.6. Carbon balance and stock of cropping system

C contents in wheat, maize and weeds were measured
by acid-potassium dichromate oxidation (Walkley and Black,
1934). They were 445, 458 and 398 g kg−1 for wheat, maize
and weeds, respectively, C input from the roots of maize and
wheat was assumed as 30% of C in aboveground dry matter
(Bhattacharyya et al., 2007; Chander et al., 1997; Kuzyakov and
Domanski, 2000). Organic material from root systems was  con-
sidered as C input into the topsoil for all the treatments. For
the NPKM and M treatments, C input includes the contribu-
tion of manure as well. Weeds were return to the soil as C
input.

Root respiration was excluded from C output. It was  treated as
a part of crop C cycling. Root respiration was estimated as 18% of
C in total maize and wheat biomass (Cai et al., 2006; Rochette and
Flanagan, 1997). C output was  calculated as total soil CO2 flux after a
subtraction of root respiration. An emission coefficient Ci,  C output
(Coutput) per unit C input (Cinput) into a system, can be used to assess
the status of C balance in the system. Ci > 1.0 indicates a depletion
of SOC from the system (soil as a CO2 source); while Ci < 1.0 means
SOC accumulation in soil (soil as a CO2 sink).

SOC stock (PSOC, Mg  ha−1) in the soil profile was  calculated
according to Zinn et al. (2005):
PSOC =
n∑

i=1

Vi · BDi · cSOC,i (1)
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Table 2
Amount of N, P and K fertilizers in different cropping season and pig manure applied for the fertilization treatments in each year since 1990 (kg ha−1).

Treatment Fertilizer N Fertilizer P Fertilizer K C input from pig manure

Wheat Maize Wheat Maize Wheat Maize 2009 2010 Annual C input (since 1990)

NPK 90 210 16 37 31 73 0 0 0
NPKMa 27 63 16 37 31 73 4851 ± 479 4452 ± 435 4500–5000
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a N deficit was  compensated by N in manure.

here i is the ith soil layer, n is the number of soil layer in the
oil profile, Vi is the soil volume (m3 ha−1) of the ith layer, BDi is
he soil bulk density (Mg  m−3) of the ith layer and cSOC,i is the SOC
oncentration (Mg  C Mg−1 soil) of the ith layer. In our study, we
onsidered only the surface layer (0–20 cm).

.7. Quantitative effects of soil temperature and moisture on Rs

nd statistical analysis

In order to assess the combined effect of Ts (soil temperature
t −5 cm)  and Ws (soil moisture at −5 cm)  on Rs, bivariate models
ere employed to examine the relationship (Li et al., 2011):

s =  ̨ + ˇTs + ˇ1Ws (2)

s = ˛eˇTs Wˇ1
s (3)

s = ˛Tˇ
s Wˇ1

s (4)

s = ˛eˇTs+ˇ1Ws (5)

here ˛,  ̌ and ˇ1 are fitted parameters.
Regressions of daily fluxes against the data measured on the

our on the same day were made. The analysis was  used to find out
he best time in a day on which the sampled data would represent
he daily mean CO2 flux.

Normal and variance tests were used to assess if the bivariate
odels passed or failed the statistical analysis. The ANOVA method
as applied to compare mean soil CO2 fluxes between 09:00 am

nd 12:00 pm,  mean daily fluxes, C contents in above-ground (i.e.
rain and straw) and root, manure C input, Cinput and Coutput among
arious fertilization treatments at P = 0.05. A two-way ANOVA was
pplied to analyze the effects of fertilization and season on soil CO2
uxes. Post hoc test (TukeyHSD) was used to further investigate the
ain or interactive effect of fertilization and season on the fluxes.
ll statistical analysis was performed with SPSS v. 17.0 for Windows

SPSS, Inc., 1999, Chicago, USA, www.spss.com).

. Results

.1. Diurnal variation of soil CO2 flux

Monitoring data showed that soil CO2 flux had an obvious diur-
al variation, although the daily amplitude varied. The lowest flux
ppeared between 03:00 and 06:00 am and the highest between
4:00 and 16:00 pm,  occasionally between the noon and 13:00
m.  The diurnal variation of soil CO2 flux is in agreement with Ts

ariation (Fig. 2).
Comparing the mean values of soil CO2 flux between 09:00 am

nd 12:00 pm with mean daily fluxes over the two experimental
ears, it was found that the mean values between 09:00 am and
2:00 pm in a whole year except summer (June–August) were not

ignificantly different from correspondent daily values (Table 3).
n summer, linear regression analysis between the main daily CO2
ux and the CO2 fluxes in an hour in the same day showed that the
lopes of the regressions at 08:00 and 10:00 am were the closest
0 6931 ± 523 6361 ± 539 6500–7000

to the unity (Table 4). The soil CO2 flux at 08:00 am was 4% lower
than the daily mean flux (not significant) and that at 10:00 am was
1% higher (not significant). Thus, soil CO2 fluxes from 08:00 am to
10:00 am could represent correspondent daily values during the
summer period.

3.2. Seasonal variation of soil CO2 flux

Soil CO2 fluxes also showed an obvious seasonal variation dur-
ing the experimental monitoring period, following a similar trend
to soil temperature at −5 cm depth (Fig. 3). The dynamics of soil
CO2 emission rates from all the treatments followed the same pat-
tern with time in both experimental years. The lowest monthly
flux for the treatments was in January and the highest in July
in 2009. Among the treatments, the M treatment had the high-
est monthly flux in the year. However, the lowest monthly CO2
flux occurred in different months for different treatments in 2010.
The minimum monthly CO2 flux for the SR and NPK treatments
appeared in February (4.1 ± 0.6 and 10.9 ± 1.2 mg  CO2–C m−2 h−1,
respectively) while that for the NPKM and M treatments happened
in January (72.4 ± 9.7 and 60.2 ± 8.8 mg  CO2–C m−2 h−1, respec-
tively).

3.3. Crop carbon in biomass and carbon balance

Crop C and the components of the annual C balance are shown
in Table 5. Above- and below-ground biomass of the crops was
significantly higher in the NPKM and M treatments than that in
the SR and NPK treatments. The highest annual crop biomass
was observed in the NPKM treatment in 2009 and 2010. In addi-
tion, weed biomass accumulation in four treatments in both 2009
and 2010 following the order statistically: M = NPKM = NPK > SR
(Table 5).

Annual cumulated CO2 fluxes differed between four treat-
ments in two  years. However, the magnitude of the cumulated
fluxes followed the same order each year: M > NPKM > NPK > SR.
Annual C input in the treatments ranged from 1.7 ± 0.2 to
11.3 ± 1.0 t C ha−1 in 2009 and from 1.7 ± 0.2 to 10.4 ± 0.9 t C ha−1

in 2010, respectively. Annual C output ranged from 2.3 ± 0.2 to
9.2 ± 0.8 t C ha−1 in 2009, and from 1.8 ± 0.1 to 9.7 ± 0.9 t C ha−1

in 2010, respectively (Table 5). The C balance from the NPK,
NPKM and M treatments indicated that soil was a C sink
(Ci < 1.0).

4. Discussion

4.1. Changes of soil temperature and moisture vs. dynamics of
soil CO2 emission

The sampled data showed that maximum CO2 flux in a day
appeared at noon and the minimum appeared in early morning,
which supports the finding by (Li et al., 2011). Earlier studies

showed that the mean value of soil CO2 fluxes between 9:00 am
and 12:00 pm could represent its daily mean (Davidson et al., 1998;
Xu and Qi, 2001; Yan et al., 2009). However, our data showed that
this was not verified during the summer period (June–August). The

http://www.spss.com/
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egression analysis between the daily mean CO2 fluxes and the
ampled data on the hours suggested that soil CO2 fluxes between
8:00 am and 10:00 am in a day could represent correspondent
aily value better in summer. In order to estimate soil CO2 fluxes
round the year from agricultural systems accurately, we  proposed
hat 09:00 am to 12:00 pm in spring, autumn and winter, and
8:00 am to 10:00 am in summer would be suitable times for gas
amplings.

There are number of environmental and biological factors to
ontrol soil CO2 fluxes. Of which, soil temperature and moisture
re two dominant environmental factors (Andrén et al., 2007). For
xample, soil temperature could account for about 70% of the diur-
al variation in soil CO2 flux (Drewitt et al., 2002; Gaumont-Guay
t al., 2006; Tang et al., 2005). Moreover, the relationship between

s and the flux has been widely reported in various experiments

Davidson et al., 1998; Kowalenko et al., 1978; Lipiec et al., 2003;
u and Qi, 2001; Yuste et al., 2003). For instance, Ding et al. (2007)
eported that this correlation was significant when Ws was <70%,
nd then declined sharply when Ws > 70%.
ing season (left panel) and maize growing season (right panel). Solid circles in the
depth (◦C).

Empirical correlations between soil CO2 flux and Ts or Ws may
confound each other. Clearly, soil CO2 flux is the result of inter-
active effects of Ts and Ws. It was  reported that the soil CO2 flux
significantly depended on Ts when soil water content was  in an
appropriate range, and was controlled by Ws when soil tempera-
ture is at 10 ◦C (Li et al., 2008). Thus, four different models (Eqs.
(2)–(5)) were employed to quantitatively analyze the combined
impact of Ts and Ws on CO2 flux for each treatment. It is noted that
each of the four equations could be used to describe the relations
of CO2 flux to both Ts and Ws together and could explain 34–83%
of variations of the emission (Table 6). Li et al. (2008) found that
two-variable equations were much better than one-variable equa-
tions in predicting the CO2 flux for whole seasonal measurements.
The other similar results also supported this conclusion (Xu and Qi,
2001; Yuste et al., 2003). Hence, two-variable models were better

to estimate the regional or global CO2 budget under different cli-
mate conditions or extreme climates (e.g. drought, frozen period).
Nevertheless, among the four models, the best form is Eq. (3) (i.e.
Rs = ˛eˇTsWs

ˇ1) that passed both the normal and variance tests.
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.2. Impact of different fertilizations on soil CO2 emissions

There is controversy concerning the effect of N fertilization on
oil CO2 emission: either stimulation (Liljeroth et al., 1994; Gallardo
nd Schlesinger, 1994) or inhibition (Cardon et al., 2001; Giardina
t al., 2004). Ding et al. (2010) argued that stimulatory or inhibitory
ffect of N fertilization on soil CO2 flux might depend on the con-
entration of decomposable fraction of SOC. Our results supported
he conclusion that soil CO2 flux in N application treatment was
ignificantly higher than that in SR treatment in this region.

Previous studies showed that soil CO2 fluxes in the manure
reatments were significantly higher than those in the non-manure
reatments (Ding et al., 2007; Mancinelli et al., 2010). The conclu-
ion was supported by our results. After 19 years of continuous
anure application, the SOC contents in the NPKM and M treat-

ents in 2009 were enhanced by 64 and 78% compared with the

nitial value, respectively, whereas only 15% increase in the NPK
reatment and decrease in the SR treatment. The regression anal-
sis (Fig. 4) showed that soil CO2 flux was highly related to SOC
 (c) in the fields of SR (�), NPK (�), NPKM (�) and M (♦) treatments from January
e month.

content, which strongly suggested that a higher CO2 flux do not
always reduce SOC and C be still sequestered in the soils through
increasing more plant production and/or adding manure. The result
was also supported by the published observations that soil CO2 flux
was highly correlated to amount of C input into soils (Ding et al.,
2007; La Scala et al., 2000).

Soil CO2 fluxes were also significantly correlated with Navs
(Fig. 5). Navs in the NPKM and M treatments were significantly
higher than that in the non-manure treatments (NPK and SR) in
spite of the same N input level in the fertilized treatments. Higher
Navs in the manure-added treatments led to more crop dry mat-
ter accumulation including roots, and microbial activities vigorous,
which would have more C respired and more root residues decom-
posed (Schüßler et al., 2000; Yi et al., 2007). In addition, increasing
Olsen-P and available K contents by regularly applying manure with

suitable C/N ratios would provide favorable conditions for improv-
ing soil fertility (Marinari et al., 2006). In addition, exchangeable
Ca2+ contents in manure treatment were higher than those in NPK
and SR treatment. It was  noted that soil exchangeable Ca2+ content
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Table 3
Mean soil CO2 fluxes between 09:00 am and 12:00 pm and mean daily fluxes (mg  CO2 m−2 h−1) over two  years from different treatments.

Treatment Jan Feb Mar  Apr May Jun Jul Aug Sep Oct Nov Dec

SR 9–12A 50 ± 13c 33 ± 8c 100 ± 12b 125 ± 31c 325 ± 22c 469 ± 43d 809 ± 105d 475 ± 53d 226 ± 33c 105 ± 22c 60 ± 17c 41 ± 9c

DailyB 46 ± 9c 35 ± 11c 96 ± 7b 115 ± 22c 322 ± 39c 521 ± 66d 697 ± 89de 386 ± 87d 221 ± 42c 110 ± 19c 62 ± 23c 44 ± 11c

NPK 9–12 117 ± 32ab 47 ± 16c 107 ± 18b 138 ± 19c 319 ± 41c 483 ± 52d 1206 ± 131d 728 ± 88b 301 ± 61b 99 ± 25c 125 ± 42b 39 ± 12c

Daily 122 ± 29a 52 ± 9c 103 ± 21b 141 ± 28c 323 ± 55c 543 ± 55d 1067 ± 109d 623 ± 75bc 289 ± 57b 104 ± 20c 121 ± 29b 36 ± 7c

NPKM 9–12 120 ± 38a 284 ± 44ab 398 ± 43a 520 ± 77b 629 ± 63b 964 ± 106c 4169 ± 427ab 1200 ± 116a 338 ± 42b 232 ± 31b 127 ± 32b 211 ± 51b

Daily 117 ± 19ab 282 ± 53ab 394 ± 71a 537 ± 93b 583 ± 71b 831 ± 75c 3231 ± 266c 1053 ± 95b 356 ± 66b 252 ± 35b 122 ± 36b 199 ± 32b

M 9–12 135 ± 33a 356 ± 61a 401 ± 66a 718 ± 64a 822 ± 98a 1862 ± 134a 5158 ± 432a 1000 ± 105a 932 ± 98a 461 ± 39a 287 ± 42a 345 ± 59a

Daily 132 ± 25a 349 ± 68a 413 ± 89a 733 ± 89a 856 ± 72a 1564 ± 119b 4263 ± 301ab 1064 ± 81a 923 ± 69a 466 ± 53a 296 ± 31a 322 ± 63a

A Mean value of fluxes between 9:00 am and 12:00 pm.
B Daily mean flux. Numbers with the same letter are not significantly (P < 0.05) different between mean fluxes from 9:00 am to 12:00 pm and mean daily fluxes in a month within the column.
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Table 5
Soil (0–20 cm)  chemical properties, weeds, crop carbon production, carbon input and output from the treatments during the experimental years.

2009 2010

SR NPK NPKM M SR NPK NPKM M

SOC (g kg−1) 7.4 ± 0.4c 10.0 ± 0.5b 14.1 ± 1.1a 15.3 ± 0.5a 8.6 ± 0.6c 10.4 ± 0.7b 13.3 ± 0.9a 14.7 ± 0.7a

N content (g kg−1) 0.9 ± 0.03b 1.2 ± 0.10ab 1.5 ± 0.23a 1.5 ± 0.17a 1.0 ± 0.04b 1.1 ± 0.05b 1.5 ± 0.05a 1.6 ± 0.09a

Soil C/N ratio 8.2 8.3 9.4 10.2 8.6 9.5 8.9 9.2
Wheat  root (kg C ha−1)A 112 ± 12bc 311 ± 91b 697 ± 67a 588 ± 61ab 187 ± 19bc 297 ± 65b 660 ± 71a 666 ± 70a

Wheat grain and straw (kg C ha−1) 374 ± 42cd 1036 ± 305b 2323 ± 225a 1958 ± 205a 623 ± 66c 991 ± 217b 2201 ± 236a 2220 ± 235a

Maize root (kg C ha−1)A 110 ± 13d 461 ± 128c 1565 ± 248a 1469 ± 225a 97 ± 27d 455 ± 108c 1345 ± 164a 915 ± 198b

Maize grain and straw (kg C ha−1) 365 ± 44d 1536 ± 455bc 5218 ± 825a 4895 ± 752a 324 ± 89d 1517 ± 361bc 4482 ± 547a 3048 ± 662b

Weeds (kg C ha−1) 1521 ± 133b 2030 ± 64a 2102 ± 176ab 2350 ± 204a 1459 ± 144b 2122 ± 166a 2200 ± 104a 2411 ± 169a

C fluxes (kg C ha−1 y−1) 2510 ± 209d 3402 ± 213c 8163 ± 823b 10,972 ± 1209a 2072 ± 196d 3704 ± 288c 7904 ± 963b 11,101 ± 1231a

Cinput (kg C ha−1 y−1) 1743 ± 157d 2802 ± 283c 9216 ± 761b 11,338 ± 1013a 1743 ± 190d 2874 ± 339c 8658 ± 774b 10,353 ± 976a

Coutput (kg C ha−1 y−1)B 2320 ± 221c 2730 ± 351c 6194 ± 667b 9189 ± 861a 1820 ± 132cd 3049 ± 299c 6162 ± 766b 9730 ± 901a

Ci 1.33 0.97 0.67 0.81 1.04 1.06 0.71 0.93
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A It was  calculated as 30% of C in aboveground biomass.
B It was  calculated as total soil CO2 flux after a subtraction of root respiration.
umbers in one row with the same letter are not significantly (P < 0.05) between th

as correlated with soil CO2 emission (R2 = 0.69, P < 0.05). A lower
oil exchangeable Ca2+ content in the NPK treatment might due
o soil acidity. If the value was excluded, the relationship between
he exchangeable Ca2+ content and soil CO2 emission was  signifi-
ant (R2 = 0.99, P < 0.001). Thus, the soil exchangeable Ca2+ content
as one of the important impact factors on soil CO2 fluxes as well.
s a result of higher C input to the soils in the NPKM and M treat-
ents soil CO2 fluxes from the treatments were higher than that

rom the SR and NPK treatments.

.3. Carbon balance of different fertilizations

Our results indicated that the soils without external fertilizer
pplication (SR) would be a C source (Ci > 1.0) and the soils with
he manure treatments could be a C sink (Ci < 1.0). This supported
he conclusions drawn from different soil types in other regions (Li
t al., 2010; Mancinelli et al., 2010).

It was reported that increase in soil C stock in a manure treat-
ent might be achieved through more C input through crop residue

nd manure application (Malhi et al., 2011), or through more SOC

ocked in the soils by a lower metabolic quotient (microbial respi-
ation per unit biomass) and higher C use efficiency (Marinari et al.,
006). The shift in SOC stocks toward micro-aggregate is beneficial
or long-term soil C sequestration (Balesdent et al., 2000). After

able 6
arameter values of fitted Rs functions based on soil temperature and moisture at −5 cm 

Model Treatment Coefficients 

A  ̌

Eq. (2) SR −0.076* 0.010**

NPK −0.304* 0.024**

NPKM −0.605 0.222**

M −0.697* 0.158**

Eq. (3) SR 0.067** 0.054*

NPK 0.046** 0.082**

NPKM 0.219** 0.371**

M 0.081* 0.141**

Eq. (4) SR 0.004** 1.280**

NPK 0.001** 2.028*

NPKM 1.45 × 10−12** 8.777*

M 2.46 × 10−5** 3.613*

Eq. (5) SR 0.047** 0.050**

NPK 0.026** 0.089**

NPKM 4.215 × 10−5** 0.379**

M 0.046** 0.138**

a F indicated failure.
b P indicated pass.
* Significant correlation at the 0.05 level (1-tailed).

** Extremely significant correlation at the 0.01 level (2-tailed).
tments and years.

19-year continuous fertilization, soil C stocks (0–20 cm)  in the
NPKM and M treatments increased by 74 and 101% compared to
that in the initial year, respectively, while little changes in the SR
and NPK treatments (Table 1).

In our study, soil CO2 emissions had a significant correlation
with C/N ratio (R2 = 0.6, P < 0.05), which indicated that it is an impor-
tant factor for the retention of organic carbon in the soil. For the SR
treatment, SOC stock showed not significant change (i.e. C input
through roots and crop residues merely maintained the level of
SOC) but soil total N content declined during the experimental
period, which caused the C/N ratio increased from 7.2 to 8.2 (Cong
et al., 2012). The significant increasing of SOC and the vacillation of
the total N content in the NPKM and M treatments led an increas-
ing of the soil C/N ratios in both 2009 and 2010 (Table 1). On the
other hand, the difference in decomposition rate between C and
N has been shown to increase the C/N ratio in the manure treat-
ments at this site (Cong et al., 2012). A higher C decomposition rate
under the treatments of abundant organic C input from manure
with excess N addition at the site might be paid off by the effi-
ciency of microbial assimilation (Marinari et al., 2006). Thus, the
and statistical analysis.

Statistical test R2

ˇ1 Normal Variance

0.079 Fa F 0.407**

0.134* Pb P 0.689**

−3.820 P F 0.659**

−1.889 P F 0.683**

0.247* P P 0.702**

0.144** P P 0.734**

0.641* P P 0.709**

0.385* P P 0.826**

0.214* P F 0.611**

0.098* P P 0.798**

0.600* P P 0.817**

0.287** P P 0.810**

0.444* P F 0.342*

0.647* P P 0.757**

2.075 P P 0.779**

0.719* P P 0.805**

drastic increase of C/N ratios in the manure application treatments
implied that more C was sequestrated into the soils at the con-
tinued same N input level although more C was emitted to the
atmosphere.
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Manure application contributes to the increase in SOC in a way
hat promotes crop dry matter production without altering the
ecomposition rate of native SOC (Snyder et al., 2009). A large
mount of farmyard manure and crop residues applied to the soils
ncreases SOC but could change the decomposition rate of native
OC because the amount of SOC changes toward an equilibrium
alue (Johnston et al., 2009). Therefore, different forms of exter-
al input (manure or chemical fertilizers) to the soils change SOC
ontents.

In our long-term trial, there was no significant difference in crop
roduction between the NPKM and M treatment while the field

n the NPK treatment produced only around half of dry matter
n the fields of the NPKM and M treatments. All of three treat-

ents received the same amount of nitrogen, which hinted that
 would not be a limited factor for crop production at such an
 supply level. There are many environmental factors that influ-
nce crop yield directly or indirectly (e.g. manure application
nhibited soil acidity). After continuous application of chemical fer-
ilizers, the soil pH value in the NPK treatment declined (Table 1)
ompared to that in the initial year. The value may  cause crop grow-
ng in an unfavorable condition. However, crop yield increased
ignificantly in the manure treatments compared to that in the
on-manure treatment, which indicated an increasing of plant
rowth and, in turn, raise root C return to the soils for microbial
ecomposition.

It should be noted that Ci calculation in this study excluded the
ontribution of the production and transportation of chemical fer-
ilizers to CO2-equivalent emission. Among the greenhouse gases,

 emission from the manufacture and transportation of chemical
ertilizers is an important component to calculate C sequestration
n a long term experiment (Campbell et al., 2001).

. Conclusion

Soil temperature and moisture combined together could explain
0–83% of the variations of CO2 emission. Our study proposed that
9:00 am to 12:00 pm in spring, autumn and winter, and 08:00
m to 10:00 am in summer would be suitable periods in a day for
as samplings. After 19 years of continuous fertilization, soil CO2
ux in the NPK treatment was significantly greater than that in
he non-fertilization treatment but SOC stock in the NPK treatment
as not significant different from that in the SR treatment. SOC

tocks in the manure treatments (NPKM and M),  however, were
ignificant higher than those in the NPK and SR treatment. Higher

 input, SOC and Navs in the manure treatments led higher soil
O2 fluxes compared with that in the NPK treatment in spite of the
ame amount of N applied during two continuous monitoring years.
t was noted that step increases of C stocks and much lower out-
ut/input ratio (<1.0) in the manure treatments indicated that the
elds with manure amendments represented a C sink in the soils.
y contrary, the fields of the NPK and non-fertilization treatments
ere a C source. Therefore, manure application strategies should

e considered in agricultural activities in upland soils of southern
hina.
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