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ABSTRACT

A pot experiment was conducted to evaluate the effect of nitrogen (N) fertilizer and
maize straw incorporation on the accumulation of NH,"-N and NO;-"N in soil
inorganic N pool among three consecutive cropping cycles, aimed to search for an
effective N management practice to decrease superfluous accumulation of soil inorganic
N and fertilizer N losses. The results showed that the amounts of soil NH,-°N, NO; -
N and inorganic "N, and their percent to applied ""N-labeled fertilizer declined
significantly with sampling time (p < 0.001). Compared to low N application rate (44.64
mg N kg soil), high N application rate (89.28 mg N kg™ soil) enhanced significantly
the amounts of soil NH,-"’N, NO;-""N and inorganic "*N by 238.6%, 132.9% and
197.3%, respectively (p < 0.001). In contrast, maize straw addition declined
significantly the amounts of soil NH,-"’N and inorganic "N by 21.4% and 16.1%
compared to without maize straw (p < 0.001). The results suggested that a combined
application of chemical fertilizer and maize straw with a wide C/N ratio is an important
means for reducing the superfluous accumulation of fertilizer N as soil inorganic N to
subsequently lower its loss.
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INTRODUCTION

Nitrogen (N) is one of the critical
nutrients for crop production and is
generally applied in large quantities in
form of fertilizer to soils (Malhia et al.,
2001; Murshedul et al., 2006; Singh et al.,
2007; Kong et al., 2008). However, most
plants only utilize less than one-half of
fertilizer N applied, and the loss of
fertilizer N was high (Zhu, 2000; Zhu and
Chen, 2002). Nitrogen management in
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agro-ecosystems has been extensively
studied due to its importance in improving
crop yield and quality, and in mitigating
the negative effects of fertilizer N losses
such as nitrate contamination of
groundwater, eutrophication of surface
water, and greenhouse effect (Hillin and
Hudak, 2003; De Paz and Ramos, 2004;
Alam et al., 2006; Dambreville et al.,
2008).
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Soil exchangeable inorganic N is the
common source of various N losses (Zhu,
2000), whereas the immobilization and
release of fertilizer N in soil organic N
and fixed NH," pools are important
processes  regulating  fertilizer N
transformation in soil, and play an
important role in controlling soil N-
potential supply (Mubarak et al., 2001;
Macdonald et al., 2002; Elmaci et al.,
2002; Lu et al., 2010). Therefore, a key
challenge in minimizing loss of chemical
fertilizer N is how to decrease the
superfluous  accumulation of  soil
exchangeable inorganic N, accelerate its
transformation to other N forms (such as
organic N and fixed NH,"), and
synchronize the supply of available N
with plant uptake during peak periods of
crop N demand (Zhu, 2000; Lin et al.,
2007). Understanding the accumulation of
fertilizer N in soil inorganic N pool under
different fertilization practices is of
considerable importance in developing
proper  fertilization  practice for
minimizing fertilizer N loss while
maximizing its use efficiency (Angas et
al., 2006; Lu et al., 2008).

China consumes more than one quarter
of total fertilizer N of the world (Li et al.,
2007; Zhu et al., 2008). However, loss of
fertilizer N in China is high (Zhu and
Chen, 2002; Luo et al., 2006; Jing et al.,
2007). Especially for Northeast China,
which is famous for commercial crop
production in China, decreasing fertilizer
N loss and increasing its utilization
efficiency is very important for
sustainable development of agriculture in
this region (Hu et al., 2007; Ma et al.,
2007; Peng et al., 2007). Black soil
(Hapli-Udic Isohumosols) is the main
agricultural soil in Northeast China, but
until now, researches focusing on the
effects of different fertilization practices
on the accumulation of soil inorganic N
are still lacking. In this study, a pot
experiment was conducted to examine the

effect of N fertilizer and maize straw
incorporation on the accumulation of
NH,"-"N and NO;-""N in the inorganic N
pool of the black soil among three
consecutive cropping cycles, aimed to
search for an effective N management
practice  to  decrease  superfluous
accumulation of soil inorganic N and
fertilizer N loss.

MATERIALS AND METHODS

Study site

The study was conducted at the National
Field Observation and Research Station of
Shenyang Agro-ecosystems, a member of
Chinese Ecosystem Research Network
(CERN) established in 1987. This Station
locates on the Lower Liao River Plain,
with a humid and semi-humid continental
monsoon climate of warm-temperate
zone. Mean annual temperature is 7-8°C,
with minimum and maximum mean
monthly temperature in January (-13°C)
and July (24°C), respectively. Mean
active accumulated temperature (>10°C)
is 3300-3400°C. The total solar radiation
is 5410-5600 kJ cm®. The duration
of frost-free season is 147-168 d.
Mean annual precipitation is about 700
mm.

Experimental design

Black soil samples of 0-20 cm (Hapli-
Udic Isohumosols) were collected from
the Jilin Institute of Soil and Fertilizer,
sieved through 5-mm, and adequately

homogenized.
An outdoor pot experiment
consecutively cropped with Chinese

spring wheat (Triticum aestivum L. cv.
Liaochun 9, from 8 April 2006 to 3 July
2006), buckwheat (Fagopyrum
eaculentum moench. cv. Liaoqiao-2, from
10 July 2006 to 1 Oct. 2006), and spring
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wheat (Triticum aestivum L. cv. Liaochun
9, from 3 April 2007 to 29 June
2007) was conducted. 6.5 kg of the soil
was put into each pot with an outer
diameter of 25 cm and a height of 15 cm,
and each pot was sown with 15 spring
wheat seeds or 8 buckwheat seeds. Six

Treatments were set up, and each
treatment had 20 pots and sampled for
five times with four replicates at each
sampling date.

During the experiment, soil moisture
content was adjusted daily with
deionized water to about 60% water

Table 1. Physical and chemical characters of the tested soil

TC T.N T.P TK  AvailN AvailP AvailK Fixed NH,"
Chemical ¥ 1
gkg mg kg
characters
15.56 1.47 0.47 26.81 30.8 15.8 244.5 1724
Mechanical composition (%) Clay mineral composition (<2um, %)
Physical
Y Sand Silt Clay Quartz  Chlorite Kaolinite Smectite
characters
38.9 353 25.8 11.0 14.0 27.0 13.0

Sand varies from 2 to 0.02mm, Silt from 0.02 to 0.002 mm, and Clay is < 0.002 mm.

Table 2. Fertilization treatments of the outdoor pot experiment

Amount of fertilizer application

Maize straw

P, K fertilizer

Treatments
N fertilizer

CK No N fertilization
44.64 mg N kg soil

N, (100 kg N ha™, low N
application rate )
89.28 mg N kg™ soil

N, (200 kg N ha™', high
N application rate)

M No N fertilization
44.64 mg N kg soil

N +M (100 kg N ha™', low N
application rate )
89.28 mg N kg™ soil

N;+M (200 kg N ha™, high

N application rate)

No Maize straw

No Maize straw

No Maize straw

2.31 g dry matter kg

soil (5000 kg ha™)

2.31 g dry matter kg’
soil (5000 kg ha™)

2.31 g dry matter kg’
soil (5000 kg ha™)

27.95 mg P kg soil (60
kg P ha™), 46.59 mg K
kg™ soil (100 kg K ha™)

27.95 mg P kg™ soil (60
kg P ha™), 46.59 mg K
kg soil (100 kg K ha™)

27.95 mg P kg™ soil (60
kg P ha), 46.59 mg K
kg soil (100 kg K ha™)

27.95 mg P kg™ soil (60
kg P ha™), 46.59 mg K
kg™ soil (100 kg K ha™)

27.95 mg P kg soil (60
kg P ha), 46.59 mg K
kg™ soil (100 kg K ha™)

27.95 mg P kg™ soil (60
kg P ha™), 46.59 mg K
kg™ soil (100 kg K ha™)
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holding capacity (WHC). The basic
properties of the tested soil and
fertilization treatments of outdoor pot

experiment were given in  Table 1
and Table 2.
Maize straw, concentrated super-

phosphate and potassium sulfate were
applied as basal. Chemical N fertilizer
was dissolved using de-ionized water and
applied as top-dressing at the three
tillering stage of the crops, i.e., on 9 May
2006, 25 July 2006, and 4 May 2007,
respectively. Labeled (*'NH,),S0,
(Shanghai Research Institute of Chemical
Industry) with 50.12 atom% "N was
applied in the first cropping cycle, and
non-labeled urea-N fertilizer was applied
in the following two cropping cycles.

Sampling and analytical methods

Soil samples from the pots were collected
on 19 May, 5 June, and 3 July 2006
(tillering  anaphase, flowering, and
ripening stage of spring wheat in the first
cropping cycle), on 1 October 2006
(ripening stage of buckwheat in the
second cropping cycle), and on 29 June
2007 (ripening stage of spring wheat in
the third cropping cycle) by destructive
sampling method. All fresh soil samples
were sieved (<2 mm), and mixed
homogeneously. About 100 g fresh
subsamples were used to determine
moisture content, soil NH,-N and NO; -
N, and their atom% "°N.

Total carbon was measured using TOC-
5000A automatic analyzer (Shimadzu
Corporation, Japan). Total P and K were
measured by sodium carbonate fusion and
molybdenum  antimony-ascorbic  acid
colorimetric ~ method  (Olsen  and
Sommers, 1982). Available P and K were
determined by extraction method with
sodium bicarbonate (Olsen et al., 1954)
and ammonium acetate (Pratt, 1965),
respectively. Soil mechanical composition
and clay mineral composition was

measured by pipette method and X-ray
diffraction analysis, respectively
(Whitting, 1965).

Total N was determined by the
Kjeldahl method  (Bremner and
Mulvaney, 1982), inorganic N was
measured by 2M KCI extraction-MgO-
Devarda alloy distillation  method
(Keeney and Nelson, 1982), and fixed
NH," was determined by KOBr-KOH
method (Silva and Bremner, 1966).
Subsequently, atom% "N in the acidified
aqueous distillate was measured using a
Finnigan Mat model 251 Isotope Ratio
Mass Sepectrometer (USA). All the
operation procedure was carried out from
lower to higher atom% "N to avoid cross-
contamination.

Methods of calculation

The amount (mg N kg™ soil) of soil NH,'-
BN (Cxua), NO5 =N (Cno3) and inorganic
N (C)), and percent of soil NH;"-"N,
NO;-"N and inorganic N to applied
"N-labeled fertilizer (Pnus, Pnos and P;)
was calculated according to the following
formulas:

CNH4,NO3:C*M (1)
(a—c)
Ci =Cxma + Cros 2)

Where C is the amount (mg N kg™ soil)
of soil NH,-N or NO;-N and a is the
atom% "N of "*N-labeled fertilizer, b is
the atom% "N of treated soil NH,'-N or
NO;-N, ¢ is the atom% "N of
background soil NH4-N or NO;-N,
respectively.

Pnns (%) :% *100 3)
Cr
o/ _ CNO3
Pros (%) = *100 (4)
Cr
P; (%) = Pnus + Pros ©)
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where C; is the amount of *N-labeled
fertilizer applied (mg N kg soil), Cyus
and Cyos3 is the amount (mg N kg'1 soil) of
soil NH,"-""N and NO;™-"N.

Statistical analysis of data

Three-way  Analysis of  Variance
(ANOVA) with SPSS 13.0 statistical
package was conducted to detect effect of
N fertilizer and maize straw incorporation
on amount and distribution of NH,-""N
and NO;-"N in soil inorganic N pool.
Differences with a probability level of p <
0.05 were considered significant.

m NH,-5N
18

RESULTS

Amounts of soil NH,"-**N and NO;-°N

N-labeled fertilizer existed in form of
soil NH,-""N and NO3'-15N in soil
inorganic "N pool. The amount of soil
NH,-"N declined significantly with
sampling time, and was significantly
different between the treatments with the
low and high N application rates (p <
0.001, Table 3, Figure 1). Compared to
the low N application rate, the high N
application rate significantly increased the

0 NO;-I’N

15

12

Amount (mg N kg™! soil)

19-May-06

3-Jul-06

1-Oct-06

Sampling date

Figure 1. Amounts of soil NH,"-""N, NO;-"N and inorganic "°N across three cropping

cycles (Bars indicate the standard errors)

amount of soil NH,-"N by 238.6%
across three consecutive cropping cycles,
and this effect was the largest in the
flowering stage and then weakened with
time (p < 0.001, Table 3, Figure 1). In
contrast, the application of maize straw

significantly decreased the amount of soil
NH,-"N by 21.4% among the first
cropping cycle, and this effect was the
largest in the flowering stage and then
weakened with time (p <0.001, Table 3,
Figure 1).
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Table 3. Results of three-way Analysis of Variance on the amount of soil NH;"-"N,

NO5-"N and inorganic °N

NH4*-*N NOs-N Inorganic °N
F value P value F value P value F value P value
Time 622.11 <0.001 108.98 <0.001 592.20 <0.001
Nitrogen 506.76 <0.001 198.60 <0.001 639.47 <0.001
Maize straw 24.97 <0.001 0.59 0.445 20.24 <0.001
T*N 188.23 <0.001 14.93 <0.001 167.88 <0.001
™M 9.26 <0.001 7.32 <0.001 13.57 <0.001
N*M 4.43 0.040 7.37 0.009 9.10 0.004
T*N*M 2.22 0.078 2.46 0.061 5.02 0.001
The amount of soil NO3;-"N also averagely 21.46%, 31.23%, 66.52%,

significantly declined with sampling time
(p £0.001, Table 3, Figure 1). Compared
to the low N application rate, the high N
application rate significantly increased the
amount of soil NO;-"N by 132.9%
across three consecutive cropping cycles,
and this increasing pattern weakened with
time (p < 0.001, Table 3, Figure 1).
However, applying maize straw had no
effects on the amount of soil NO;-""N (p
> 0.05, Table 3, Figure 1). The change
trend of soil inorganic °N was the same
with that of soil NH,-'""N (Table 3,
Figure 1).

In soil inorganic "N pool, the
proportion of soil NH4-"’N accounting
for inorganic "N obviously decreased
with sampling time, however, soil NO;™-
N accounting for inorganic "N
increased with sampling time (Figure 2).
For example, the proportion of soil NH,"-
"N accounting for inorganic "*N across
four fertilization treatments was 78.54%,
68.77%, 33.48%, 11.08% and 12.46% on
average at the five consecutive sampling
dates, respectively, and that of soil NO;5™-
"N accounting for inorganic "N was

88.92% and 87.54%, respectively (Figure
2). The proportion of soil NH,-""N was

obviously higher than that of soil
NO;-"N at the tillering anaphase
and flowering stage of  the first

cropping cycle, and vice versa in the
ripening stage of three cropping cycles
(Figure 2).

Distribution of **N-labeled fertilizer in
soil inorganic N pool

The percent of soil NH;-"N to applied
>N-labeled fertilizer (Pnns4) decreased
significantly with sampling time (p <
0.001, Table 4, Table 5). On 19 May
2006, the Pyys was averagely 11.12%
across four fertilization treatments, and
the corresponding proportions were
1.45%, 0.07% and 0.03% on 3 July, 1
October 2006 and 29 June 2007,
respectively (Table 4). Compared to the
low N application rate, the high N
application rate remarkably elevated the
Pnus by 69.1% across three consecutive
cropping cycles, and this effect was the
highest at the flowering stage and then

448



J. Soil Sci. Plant Nutr. 10 (4): 443 - 453 (2010)

B NH,"°N ONO;-®N
120
d I == =] o ™ ™ I ™ A <]E = " /s ~]E 5=
9 | P I
= [ o
> L "
c
2 60 | .
)
) i
& 3 |
0
ZIE 2|2 2|2\12|2|2|2|2|2 2|2|2|=2\2|=2|2|=
- (V] - N - N - N - N
=z 2 pz4 b4 =z pze pz4 pz4 =z P4
19-May-06 5-Jun-06 3-Jul-06 1-Oct-06 29-Jun-07

Sampling date

Figure 2. Proportions of NH,'-""N and NO5-""N in soil inorganic N pool across three
cropping cycles (Bars indicate the standard errors).

weakened with time (p < 0.001, Table 4,
Table 5). In contrast, maize straw addition
significantly lowered the Pyus by 19.6%
in the tillering anaphase of the first
cropping cycle, and this effect
disappeared  with  sampling  time,
compared to those without maize straw
addition (p <0.01, Table 4, Table 5).

The percent of soil NO;-"°N to applied
N-labeled fertilizer (Pyo3) significantly
decreased with sampling time (p < 0.001,
Table 4, Table 5). On 19 May 2006, the
Pnos was averagely 2.90% across four
fertilization treatments, and the
corresponding proportions were 2.86%,
0.66% and 0.21% on 3 July, 1 October
2006 and 29 June 2007, respectively
(Table 4). The high N application rate
significantly increased the Pyo; by 13.0%
across three consecutive cropping cycles,
compared to the low N application rate,
and this increasing pattern weakened with
time (p < 0.05, Table 4, Table 5).

However, no significant effect from maize
straw addition was observed in the Pyos
(p > 0.05, Table 4, Table 5).

The percent of soil inorganic N to
applied  ""N-labeled fertilizer  (P;)
significantly decreased with sampling
time (p < 0.001, Table 4, Table 5). The
highest P; was 14.01% in the tillering
anaphase across four fertilization
treatments. The change trend of P; was the
same with Pyys in different fertilization
treatments (Table 4, Table 5).

DISCUSSION

Chemical N fertilizer existed in form of
inorganic N. Thus it was expected that
application of chemical N fertilizer
enhanced the size of soil inorganic N
pool. Our observation supported the
above speculation that high N application
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Table 4. Percent of soil NH;"-""N, NOs-""N and inorganic "°N to applied '*N-labeled
fertilizer (Pnus, Pnos and Py, respectively) across three cropping cycles (mean + S.E).

Sampling date Treatments PNH4 Pnos Pi
19-May-06 N, 9.63+1.41 2.50+0.40 12.13+1.81
N;+M 6.82+1.06 2.60+0.49 9.42+1.56
N» 15.01%0.02 3.55+0.15 18.56+0.13
N,+M 13.00+2.53 2.93+0.95 15.93+3.49
5-June-06 N 3.92+0.62 1.75+0.52 5.67+1.15
N;+M 2.66+0.35 1.81+£0.35 4.47+0.70
N, 7.36+1.88 3.03+0.27 10.39+1.61
N,+M 4.6+0.45 1.49+0.20 6.09+0.65
3-July-06 N, 1.26+0.05 2.74+0.03 4.00+0.08
N,+M 1.28+0.43 3.81+1.23 5.09+1.65
N, 1.76+0.01 2.55+0.39 4.31+0.40
No+M 1.58+0.09 2.74+0.20 4.31+0.29
1-October-06 N, 0.03+0.00 0.19+0.03 0.22+0.04
Ni+M 0.06+0.01 0.35+0.01 0.42+0.01
N» 0.05+0.01 0.78+0.09 0.83+0.08
N,+M 0.14+0.02 1.30+0.05 1.44+0.04
29-June-07 N 0.02+0.00 0.20+0.03 0.22+0.03
N, 0.03+0.01 0.20+0.04 0.23+0.04
N;+M 0.02+0.00 0.23+0.03 0.25+0.03
N,+M 0.04+0.01 0.19+0.03 0.23+0.04

rate significantly enhanced the amount of
NH,™-"N and NO;-"N in soil inorganic
N pool (p <£0.001, Table 2, Figure 1), and
subsequently increased the loss of "’N-
labeled fertilizer by 4.4% across three
consecutive  cropping  cycles  (Lu,
unpublished). Angas et al. (2006) also
found that soil mineral N increased with
the increase of N fertilization rates, and
applying more N than the crop needed

elevated the superfluous accumulation of
inorganic N and its loss.

In contrast, applying maize straw
significantly declined the amount of soil
NH,4"-"N and inorganic "*N by 16.2% and
17.3%, and degraded the loss of '"N-
labeled fertilizer by 12.4% in the tillering
anaphase of the first cropping cycle
among four fertilization treatments
compared to those without maize straw
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Table 5. Results of three-way Analysis of Variance on Percent of soil NH;"-""N, NO;-
5N and inorganic >N to applied '°N-labeled fertilizer (P, Pnos and P;, respectively).

Pna Pnos Pi

F value P value F value P value F value P value
Time 364.09 <0.001 122.06 <0.001 320.08 <0.001
Nitrogen 63.00 <0.001 4.55 0.037 48.75 <0.001
Maize straw 9.62 0.003 0.01 0.911 5.69 0.020
T*N 25.85 <0.001 8.75 <0.001 20.89 <0.001
™M 4.63 0.003 6.03 <0.001 5.27 0.001
N*M 0.03 0.862 3.68 0.062 1.26 0.266
T*N*M 0.43 0.788 1.39 0.254 0.94 0.445

addition. The results also showed that
14.8% loss of "*N-labeled fertilizer in the
tillering anaphase accounted for 64.3% of
the overall loss across three consecutive
cropping cycles, which indicated that the
loss of ""N-labeled fertilizer occurred
mainly within 10 days after fertilization.
A major reason for this was that low N
application rate could meet the low N
demand of spring wheat at the tillering
stage, while high N application rate
resulted in excessive N loss at the tillering
stage. However, maize straw with a wide
C/N ratio could provide plentiful carbon
and energy sources to stimulate soil
microbial activity, and accelerate the
transformation of soil inorganic "N into
organic "°N (increasing the amount of soil
organic "N by 13.9%, and then decrease
the loss percent of ""N-labeled fertilizer
(Lu, unpublished, Gentile et al., 2009;
Nayak et al., 2007; Chaves et al., 2006).
The amount of soil NH4+-15N was
higher than that of soil NOy-"’N at the
tillering anaphase and flowering stage,
and then the trend was reversed at the
ripening stages of three cropping cycles
(Figure 1, 2), which suggested that the
nitrification of soil NH,-'"N was low
within 27 days after fertilization, and

strengthened thereafter. The proportion of
soil NH,"-""N accounting for inorganic
5N decreased with time, and that of soil
NO5-"N accounting for inorganic "N
increased with time, which further
confirmed the above-mentioned results
(Figure 2).

CONCLUSIONS

Our study indicated that high N
application rate significantly enhanced the
amount of soil NH,"-PN, NO;-"*N and
inorganic "N, compared to low N
application rate. In contrast, maize straw
with a wide C/N ratio is important in
regulating the accumulation of NH,"-""N
and NO5-""N in soil inorganic N pool.
Maize straw addition lowered the
amounts of soil NH,"-"°N, inorganic "°N,
and their percent to applied '“N-labeled
fertilizer, and then decreased the percent
loss of “N-labeled fertilizer. Thus, a
combined application of chemical
fertilizer and maize straw with a wide
C/N ratio is an important means for
reducing the superfluous accumulation of
N fertilizer as soil inorganic N to
subsequently lower its loss.

451



NH,"-*N and NO5-**N accumulation in black soil, Lu et al.

ACKNOWLEDGEMENTS

We thank Likai Zhou, Qi Li for providing
help in English writing and statistical
analysis. We thank Dewen Li, Zhaowei
Zhang, Jun Wang, Xiaohua Xue for
assistance in field sampling. We thank for
the editor and anonymous reviewers for
their helpful suggestions. This work was
financially supported by National Nature
Science Foundation of China (40535028)
and Doctor Foundation of Liaoning
province (20091090).

REFERENCES

Alam, M.M., Ladha, J.K., Foyjunnessa,
Rahman, Z., Khan, S.R., Harun-ur-Rashid,
Khan, A.H., Buresh, R.J. 2006. Nutrient
management for increased productivity of rice-
wheat cropping system in Bangladesh. Field
Crop. Res. 96, 374-386.

Angas, P., Lampurlanas, J., Cantero-
Martinez, C. 2006. Tillage and N fertilization
effects on N dynamics and Barley yield under
semiarid Mediterranean conditions. Soil Till.
Res. 87, 59-71.

Bremner, J.M., Mulvaney, C.S. 1982. Nitrogen-
Total. In: A.L. Page, R.H. Miller (Eds). Methods
of Soil Analysis. Part 2. 2nd ed. Agron. Monogr.
9. ASA and SSSA, Madison, WI, pp: 595-624.

Chaves, B., De Neve, S., Boeckx, P., Berko, C.,
Van Cleemput, O., Hofman, G. 2006.
Manipulating the N release from "N labelled
celery residues by using straw and vinasses. Soil
Biol. Biochem. 38, 2244-2254.

Dambreville, C., Morvan, T., Germon, J.C.
2008. N,O emission in maize-crops fertilized
with pig slurry, matured pig manure or
ammonium nitrate in Brittany. Agr. Ecosyst.
Environ. 123, 201-210.

De Paz, J.M., Ramos, C. 2004. Simulation of
nitrate leaching for different nitrogen fertilization
rates in a region of Valencia (Spain) using a
GISGLEAMS system. Agr. Ecosyst. Environ.
103, 59-73.

Elmaci, O.L., Secer, M., Erdemir, O., Igbal, N.
2002. Ammonium fixation properties of some
arable soils from the Agean region of Turkey.
Eur. J. Agron. 17, 199-208.

Gentile, R., Vanlauwe, B., van Kessel, C., Six,
J. 2009. Managing N availability and losses by
combining fertilizer-N with different quality
residues in Kenya. Agr. Ecosyst. Environ. 131,
308-314.

Hillin, C.K., Hudak, P.F. 2003. Nitrate
contamination in the seymour aquifer, north-
central texas, USA. Bull. Enviro. Contam. Tox.
70, 674-679.

Hu, G., Wu, Y.Q., Liu, B.Y., Yu, Z.T., You,
Z M., Zhang, Y.G. 2007. Short-term gully
retreat rates over rolling hill areas in black
soil of Northeast China. Catena 71, 321-
329.

Jing, Q., Bouman, B.A.M., Hengsdijk, H. 2007.
Exploring options to combine high yields with
high nitrogen use efficiencies in irrigated rice in
China. Eur. J. Agron. 26, 166-177.

Keeney, D.R., Nelson, D.W. 1982. Nitrogen-
inorganic forms. In: A.L. Page, R.H. Miller
(Eds). Methods of Soil Analysis. Part 2. 2nd ed.
Agron. Monogr. 9. ASA and SSSA, Madison,
WI, pp. 643-698.

Kong, W.D., Zhu, Y.G., Fu, B.J., Han, X.Z.,
Zhang, L., He, J.Z. 2008. Effect of long-term
application of chemical fertilizers on microbial
biomass and functional diversity of a black soil.
Pedosphere 18(6), 801-808.

Li, X.X., Hu, C.S., Delgado, J.A., Zhang, Y.M.,
Ouyang, Z.Y. 2007. Increased nitrogen use
efficiencies as a key mitigation alternative to
reduce nitrate leaching in north china plain. Agr.
Water Manage. 89, 137-147.

Lin, D.X., Fan, X.H., Hu, F., Zhao, H.T., Luo,
J.F. 2007. Ammonia volatilization and nitrogen
utilization efficiency in response to urea
application in rice fields of the Taihu
lake region, China. Pedosphere 17, 639-
645.

Lu, C.Y., Zhang, Q.Z., Zhao, M.Q., Shi, Y.,
Chen, X. 2008. Accumulation and profile
distribution of soil mineralized nitrogen in non-
growing Season. Comm. Soil Sci. Plant Anal. 39,
707-714.

452



J. Soil Sci. Plant Nutr. 10 (4): 443 - 453 (2010)

Lu, C.Y., Zhang, X.D., Chen, X,, Shi, Y., Ma,
J., Zhao, M.Q., Chi, G.Y., Huang, B. 2010.
Fixation of labeled (ISNH4)2SO4 and its
subsequent release in black soil of Northeast
China over consecutive crop cultivation. Soil Till.
Res. 106, 329-334.

Luo, J., Sun, S., Jia, L., Chen, W., Shen, Q.
2006. The mechanism of nitrate accumulation in
pakchoi [Brassica campestris L. ssp. chinensis
(L)]. Plant Soil 282, 291-300.

Ma, Q., Yu, W.T., Zhao, S.H., Zhang, L. 2007.
Relationship between water-stable aggregates and
nutrients in black soils after reclamation.
Pedosphere 17, 538-544.

Macdonald, A.J., Poulton, P.R., Stockdale,
E.A., Powlson, D.S., Jenkinson, D.S. 2002. The
fate of residual “N-labelled fertilizer in arable
soils: its availability to subsequent crops and
retention in soil. Plant Soil. 246, 123-137.

Malhia, S.S., Grant, C.A., Johnstona, A.M.,
Gill, K.S. 2001. Nitrogen fertilization
management for no-till cereal production in the
Canadian Great Plains: a review. Soil Till. Res.
60, 101-122.

Mubarak, A.R., Rosenani, A.B., Zayyah, D.S.,
Anuar, A.R. 2001. Nitrogen mineralization in
tropical soils amended with crop residues. Trop.
Agr. 78, 165-173.

Murshedul, A.M., Ladha, J.K., Foyjunnessa,
Rahman, Z., Rahman, K.S., Harun-Ur-Rashid,
Khan, A.H., Buresh, R.J. 2006. Nutrient
management for increased productivity of rice-
wheat cropping system in Bangladesh. Field
Crop. Res. 96, 374-386.

Nayak, D.R., Babu, Y.J., Adhya, T.K. 2007.
Long-term application of compost influences
microbial biomass and enzyme activities in a
tropical Aeric Endoaquept planted to rice under
flooded condition. Soil Biol. Biochem. 39, 1897-
1906.

Olsen, S.R., Cole, C.V., Watanabe, F.S., Dean,
L.A. 1954. Estimation of available phosphorus in
soils by extraction with sodium bicarbonate.
USDA Circular 939. US Government Printing
Office, Washington, DC.

Olsen, S.R., Sommers, L.E. 1982. Phosphorus.
In: A.L. Page, R.H. Miller (Eds). Methods of Soil
Analysis. Part 2. 2nd ed. Agronomy Monograph
9, ASA and SSSA, Madison, WI, pp. 403-430.

Peng, X.L., Liu, Y.Y., Luo, S.G., Fan, L.C.,,
Song, T.X., Guo, Y.W. 2007. Effects of site-
specific nitrogen management on yield and dry
matter accumulation of rice from cold areas of
Northeastern China. Agricultural Sciences in
China 6, 715-723.

Pratt, P.F. 1965. Potassium. In: C.A. Black (Ed).
Methods of Soil Analysis Part 2. Chemical and
Microbiological Properties. Am. Soc. Agron.,
Inc., Madison, pp. 1022-1030.

Silva, J.A., Bremner, J.M. 1966. Determination
and isotope-ratio analysis of different forms of
nitrogen in soils: (5). Fixed ammonium. Soil Sci.
Soc. Am. J. 30, 587-594.

Singh, S., Nandita, G., Singh, K.P. 2007.
Synchronizing nitrogen availability through
application of organic inputs of varying resource
quality in a tropical dryland agroecosystem.
Appl. Soil Ecol. 36, 164-175.

Whitting, L.D. 1965. X-ray techniques for
mineral  identification and  mineralogical
composition. In: C.A. Black (Ed). Methods of
Soil Analysis, part 1, Physical and Mineralogical
Properties, ASA, Madison, W1, pp. 671-698.

Zhu, D.W., Huang, Y., Jin, Z.Q., Zhang, W.,
Jiang, J. 2008. Nitrogen management evaluated
by models combined with GIS -A case study of
Jiangsu croplands, China, in 2000. Agri. Sci.
China 7, 999-1009.

Zhu, Z.L. 2000. Loss of fertilizer N from plants-
soil system and the strategies and techniques for
its reduction. Soil Environ. Sci. 9, 1-6 (In
Chinese, with English abstract).

Zhu, Z.L., Chen, D.L. 2002. Nitrogen fertilizer
use in China-contributions to food production,
impacts on the environment and best
management strategies. Nutr. Cycl. Agroecosys.
63, 117-127.

453



