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Soil Organic Carbon, Nitrogen, and Phosphorus
Levels and Stocks After Long-Term Nitrogen
Fertilization

The effects of fertilizers and tillage on soil organic carbon (SOC) storage have been
tested in many field experiments worldwide. However, conflicting findings have been
reported in the literature about the long-term effects of nitrogen (N) fertilization on the
profile distribution of SOC, N, and phosphorus (P) concentrations and stocks. To
determine the carbon (C), N, and P changes occurring after long-term N fertilization at
different levels, SOC, soil total N (TN), soil total P (TP), and soil bulk density were
measured in a long-term N fertilization experiment (2004–2013) using two winter
wheat cultivars and five N application rates. The findings showed that (i) N fertilization
affected the C andN distribution at the 0–120 cm soil depth, whereas the effect on Pwas
mainly in the 0–30 cm soil layer; additionally, C, N, and P levels were positively
correlated in the 0–30 cm layer, but the relationship weakened as the soil depth
increased. (ii) N fertilization had a large influence on C, N, and P stocks and these
influences varied for the different wheat cultivars. Wheat cropping with an N fertilizer
rate <270 kgha�1 resulted in C fixation in the soil after long-term N fertilization, but
when N was applied in excess of the crop requirements for the maximum yield, the soil
became a C source; moreover, after long-term N fertilization, the stock of N was
decreased, and the stock of P was increased.
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1 Introduction

Carbon (C), nitrogen (N), andphosphorus (P) are essential elements for
plantgrowth.NandPare the twomajor elements that limit terrestrial
ecosystem productivity and play important roles in limiting or
regulating plant growth and development. Thus, the levels of these
elements in soil ultimately affect the stability of the ecosystem [1].
Humanactivities, such as fertilizer use and tillage, have altered global
nutrient cycles and caused nutrient enrichment, especially in the N
and P levels, in different ecosystems [2, 3]. Due to the strong coupling
relationship amongC,N, andP inecological systems, anychanges inN
and P concentrations substantially affect C fixation in the ecosys-
tem [1]. Traditional research on soil organic carbon (SOC) content has
focused on its impact on the productivity and sustainability of
agriculture [4].Morerecently,withthe increase incarbondioxide (CO2)
in the global atmosphere during the past several decades, the
possibility of raising SOC levels to counteract anthropogenic

emissions of CO2 into the atmosphere has been discussed [5]. Thus,
studies on changes in SOC, TN, andTP stocks under different fertilizer
use and tillage conditions are important. A better understanding of
the distribution of C, N, and P and their stocks in the soil might
therefore not only help tounderstand the active region in soil but also
aid in the selection of appropriate field management practices.
Fertilizers contribute to soil nutrient levels depleted by crop

production and, hence, sustain productivity [6]. The effects of N
fertilizer and tillage systems on SOC storage have been tested in
several field experiments worldwide [7]. Changes in SOC levels occur
over several decades, and many long-term experiments around the
world have provided valuable information on SOC dynamics [4]. N
fertilizers have been observed to increase SOC levels [8], although
their influence is strongly dependent on themanagement regime [9],
soil type and climate [7]. Alvarez [7] concluded that N fertilizers
increased SOC only when crop residues were returned to the soil.
The classic conventional tillage experiments performed at Roth-
amsted, England, showed that the addition of animal manure at
fairly high rates to long-term arable soils can lead to substantial
increases in SOC levels, whereas fertilization with straw removal
leads to only a small increase in SOC [10]. However, Jagadamma
et al. [11] have reported that N fertilizers significantly increased the
stocks of organic C at a soil depth of 0–30 cm. Changes in fertilizer
practices also affect soil N, and it has been well documented that
>90% of N in the surface soil occurs in organic forms coupled with
SOC [12]. However, other studies have reported opposite results. For
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example, Diovisalvi et al. [13] have reported that after 10 years of
application, N fertilization caused no change in soil total nitrogen
(TN) in the 0–5 and 0–20 cm soil layers in southeastern Buenos Aires
Province, Argentina. Current interest in soil total phosphorus (TP) is
primarily focused on P fertilization, which can lead to eutrophica-
tion of water bodies through P runoff and leaching [14], although
few studies have examined the ecological impact of P addition on
terrestrial ecosystems [15]. However, the concentration and stocks of
TP are also important, because they can affect plant growth and alter
soil properties and microbial activity, which in turn affect SOC and
TN. Moreover, the TP distribution in soil can also be influenced by
SOC and TN dynamics. In young soils, P is primarily found in the
form of stable primary calcium phosphate minerals, which are
unlikely to be altered by changes in soil physicochemical conditions
over short timescales (seasons) [16]. As soils age, geochemical
weathering can release P to the soil solution, where it becomes
available to plants andmicrobes, transfers to surfacewater, is sorbed
to secondary soil minerals, or becomes occluded in soil aggre-
gates [17]. Because TP concentrations and stocks are seldom studied
in farmland ecological systems, the effects of N fertilization on P
distribution remain uncertain. Although many long-term experi-
ments have examined the effects of fertilization on SOC and TN in
soil, they have primarily focused on the surface soil and have rarely
studied concentrations below a depth of 100 cm. Moreover, such
studies frequently neglect the effects of plant variety or growth.
This study investigated the concentrations and stocks of C, N, and P

atdepthsof0–200 cminsoilplantedwithtwodifferentwater-sensitive
cultivars of winter wheat that had received different N fertilization
rates since 2004. The objectives of the study were to (i) investigate the
effects of long-term N fertilization on the profile distribution of SOC,
N, and P concentrations and their relationships under different N
application rates in the two cultivars and (ii) evaluate the changes in
the cumulative stocks of SOC, TN, and TP after nine years of nitrogen
fertilization. The results may shed light on how SOC, TN, and TP
change under long-termnitrogen fertilization andprovide guidelines
for the development of effective strategies for the management and
sustainability of farmland ecosystems under nutrient addition.

2 Materials and methods

2.1 Experimental site and climatic conditions

The study was conducted in an experimental field of the Institute of
Soil andWater Conservation of Northwest A&F University, Yangling,
Shaanxi (34°1705600N, 108°040700E) beginning in October 2004. The
experimental site, located on the southern boundary of the Loess
Plateau, has a temperate, semi-humid climate, with a mean annual
temperature of 13°C and a mean annual precipitation of 632mm,
approximately 60% of which occurs between July and September.
The location was managed under a stubble-free winter wheat-corn
rotation with a chisel plow tillage system before the application of
the experimental design, and this mode of land use resulted in the
development of Lou soil (Eum-Orthic Anthrosols). Selected soil
physical and chemical properties recorded in the 0–20 cm layer
before fertilization are presented in Table 1.

2.2 Experimental design

The study used a randomized block design and involved ten
treatments with three replicates and two winter wheat cultivars:

Zhengmai No. 9023 (ZM) and Changhan No. 58 (CH). ZM is a water-
sensitive and drought-intolerant cultivar, and CH is a drought-
tolerant cultivar that is suitable for growth in drought-prone
environments. The thousand-kernel weights of the ZM and CH
cultivars were very similar, 43.58 and 43.61 g, respectively. The two
cultivars exhibit different water and nutritional absorption
capacities based on previous findings [18]. N was applied at five
rates: 0, 90, 180, 270, and 360 kgha�1 (termed N0, N90, N180, N270,
and N360, respectively). The plots had an area of 2� 3m2, and each
plot included twenty 15-cm-spaced rows of wheat, in which 90 seeds
were sown. Wheat was sown in early October and harvested in early
June of the following year. The seeding rate was 130 kgha�1.
Immediately prior to wheat sowing, fertilizer was evenly spread on
the soil surface and then incorporated into the upper 15 cm of soil
via chiseling. N was applied in the form of urea, and P was applied in
the form of superphosphate (33 kg Pha�1). No potassium fertilizer
was applied in this study. In addition, the experimental land was
plowed to a depth of 20 cm before sowing. During the study, the soil
was never irrigated, weeds were regularly removed, and there was
no tillage during the growth stage. Three blank plots without
fertilization and crops were established as controls (CK), while other
fieldmanagement practices were the same as in the treatment plots.

2.3 Measurements

Wheat was harvested in early June every year by cutting the
aboveground parts of the straw while leaving the roots in the soil.
After the harvest in 2013, three soil samples were randomly
collected from each treatment plot down to a depth of 200 cm and
were divided into 15 sections (every 10 cm in the 0–100 cm soil layer
and every 20 cm from 100 to 200 cm) using a soil drilling sampler
(5 cm inner diameter). The three samples from each plot were mixed
to form one measurement sample. In total, 450 soil samples were
collected. Each samplewas air-dried and stored at room temperature
for the determination of soil chemical properties. All samples were
sieved through a 2mm screen, and the roots and other debris were
removed. The soil bulk density (g cm�3) of the different soil layers
(0–10–20–30–50–70–100 cm) wasmeasured using a soil bulk sampler
with a 5 cm diameter and a 5 cm high stainless steel cutting ring
(n¼ 3) for each N fertilization plot. The original volume of each soil
core and its dry mass after oven-drying at 105°C were measured.
Because soil bulk density remains constant under fallow soil layers
and plowing was never performed below a 30 cm depth in this study,
and it was estimated that the soil bulk density of 100–200 cm layer
was the same as that of the 70–100 cm layer. The soil bulk density
under each N fertilization level is shown in Table 2. The average

Table 1. Selected soil physical-chemical properties measured in the

0–20 cm soil layer before fertilization

Property Value

Taxonomy Eum-orthic anthrosols
Texture

2000–50mm (gkg�1) 64
50–2mm (gkg�1) 694
<2mm (gkg�1) 342

Bulk density (g cm�3) 1.23
pH 8.25
Water-holding capacity (%) 23.6
Available N (mgkg�1) 25.10
Available P (mgkg�1) 7.90
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wheat grain yield, aboveground biomass for nine years and nutrient
content are shown in Table 3.
The SOC content was assayed via dichromate oxidation [19]. The

soil TN content was assayed using the Kjeldahl method [20]. The soil
TP content was determined after digestion of the soil with
HClO4–H2SO4 [21]. Each analysis was performed in duplicate.

2.4 Calculation of soil C, N, and P stocks and
statistics

For each soil depth interval in each plot, C, N, and P storage was
calculated using the following equation:

S ¼ EC� BD� H � 10�1 ð1Þ

where S is the stock of the element (Mgha�1), EC is the concentration
of the element (g kg�1), BD is the bulk density (g cm�3), and H is the
thickness of the soil layer (cm).
A Kolmogorov-Smirnov test was used to test for data normality. A

one-way ANOVA was performed to test significance. Significant
differences were evaluated at the 95% confidence level. When
significance was observed at the p< 0.05 level, a post hoc least
significant difference test was used to perform multiple compar-
isons. All statistical analyses were conducted using the software
program SPSS, ver. 17.0 (SPSS, Chicago, IL, USA).

3 Results

3.1 SOC, TN, and TP concentrations in the soil
profile and their relationships

The SOC concentration varied with the soil depth at all N application
rates. The highest SOC concentration was obtained for the 0–10 cm

soil depth and then decreased with depth for both wheat cultivars
(Fig. 1). From soil depths of 0–30 cm, the SOC concentration
decreased significantly, and it then decreased slowly from 30 to
120 cm. However, between 120 and 200 cm, the SOC concentration
increased slightly in all treatments, including CK.
As expected, the TN concentration followed a pattern similar to

that of the SOC concentration. TN levels differed with both soil
depth and fertilizer treatment, ranging from 0.40 to 1.03 g kg�1

(Fig. 2), and showed a significant decrease between the depths of 0
and 30 cm. For both wheat cultivars, the TN concentration was lower
in N0 than in the other N treatments. However, below a soil depth of
30 cm, TN presented statistically similar values across all N
application rates and in CK, and there was no significant difference
between the two cultivars.
Interestingly, TP showed a different dynamic change from that

observed at the SOC and TN levels. At soil depths of 0–200 cm, TP
gradually decreased with increasing depth across all treatments and
in both wheat cultivars (Fig. 3), and the concentration of P below
120 cm was very low.
As expected, the concentrations of C, N, and P were all

significantly correlated in both wheat cultivars. Because of the
existence of two turning points in the soil C, N, and P
concentrations, the relationship among SOC, TN, and TP was also
assessed in the different soil layers (Table 4). SOC was positively
correlated with TN with a high correlation coefficient (R). However,
differences were also detected. TN explained 87 and 94% of the
observed SOC variation for the ZM and CH cultivars, respectively. In
addition, TP was found to be positively correlated with both TN and
SOC but was not strictly correlated with the TN and SOC levels
measured among all N fertilization treatments.

3.2 Stocks of organic C, N, and P under different
treatments

In this study, there were two obvious turning points in themeasured
soil SOC and TN concentrations (Figs. 1 and 2), at depths of 30 and
120 cm, respectively. Therefore, the soil was divided into four parts,
consisting of 0–30, 30–120, 120–200, and 0–200 cm layers, to
calculate the C, N, and P stocks.
At the 0–30 cm depth, the stock of SOC (SSOC) for the ZM

cultivar in N0 (31.5Mgha�1) was significantly higher than in N360
(28.5Mgha�1), whereas there was no significant difference in SSOC
between N0 and the other N application rates (Fig. 4). Similarly, for

Table 2. Soil bulk density (gm�3) across soil profile

Soil depth (cm) CK N0 N90 N180 N270 N360

0–10 1.250 1.224 1.180 1.180 1.150 1.140
10–20 1.431 1.427 1.410 1.376 1.340 1.315
20–30 1.570 1.560 1.540 1.530 1.410 1.316
30–50 1.624 1.610 1.570 1.550 1.530 1.523
50–70 1.639 1.615 1.576 1.550 1.550 1.528
70–100 1.640 1.620 1.573 1.551 1.549 1.523

Table 3. Wheat yields and C, N, and P concentrations in grain and straw in each treatment

Variety Treatment Average grain
yield (kg ha�1)

Average aboveground
biomass (kgha�1)

Average 0–20 cm root
biomass (Mgha�1)

Aboveground total
nitrogen (kgha�1)

Aboveground total
phosphorus (kgha�1)

ZM N0 4274a 11219a 0.89a 99.6a 3.23a
N90 6299bc 14574bc 1.19b 133.5b 3.98a
N180 7131bc 16951bc 1.58c 176.1c 3.12a
N270 6990bc 14513bc 1.61c 183.6c 3.09a
N360 7293cd 17628d 1.60c 194.3c 3.11a

CH N0 4019a 10208a 0.90a 96.6a 3.44a
N90 5666bc 12946bc 1.04b 127.3b 4.33a
N180 6558bc 14991bc 1.26b 169.6c 3.45a
N270 6399bc 15731bc 1.21b 187.9c 3.50a
N360 7375cd 16499d 1.24b 198.8c 3.56a

Yield and aboveground biomass values are the means of three replicates for each treatment for 2004–2013. Root biomass and TN and TP
content are the means of three replicates for each treatment for 2011–2013. Different letters within the same column indicate statistically
significant differences at p< 0.05.
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the CH cultivar, at the 0–30 cm soil depth, SSOC was lower in N0
(29.3Mgha�1) than in N90 (32.6Mgha�1) but showed no difference
under the other N application rates. In the 30–120 cm sample, the
changes in SSOC between N treatments differed in the two wheat
cultivars. The SSOC associated with ZM decreased with increasing N
application rates. However, CH presented the highest SSOC in the
N90 treatment. For the 120–200 cm depth, there was no difference in
SSOC levels detected between the two wheat cultivars.
The stock of TN (SON) in the 0–30 cm sample was lower in N360

than in N0 for both cultivars (Fig. 5). In the 30–120 and 120–200 cm
depth samples, there was no significant difference in SON across all
N application rates, suggesting that this parameter was not affected
by N application.
In the 0–30 cm depth samples, the stock of TP (SOP) decreasedwith

increasing N application rates for the ZM cultivar (Fig. 6), whereas
for CH, there was no significant difference in SOP associated with
increasing N treatment levels. Between depths of 30 and 120 cm, SOP

increased with increasing N application and then decreased when
the N rate exceeded N180. In the 120–200 cm depth samples, SOP
showed no obvious difference. Overall, across the entire measured
soil depth of 0–200 cm, SOP increased with increasing levels of N
application from N0 to N180.

3.3 Changes in cumulative SOC, TN, and TP stocks
in the 0–200cm soil layer after long-term N
fertilization

The cumulative SSOC, SON, and SOP stocks in the 0–200 cm soil layer
after nine years of application of different nitrogen fertilization
rates were estimated based on a comparison with the stocks in the
control treatment (Fig. 7). Overall, after nine years of fertilization
and wheat cropping, SSOC was increased, except in the N360
treatments, whereas SONwas decreased and SOPwas increased in all

Figure 1. Effect of nitrogen fertilization on the distribution of soil organic carbon concentrations in two wheat cultivars—Zhengmai No. 9023 (ZM) and
Changhan No. 58 (CH)—and in the control treatment (CK) across the 0–200 cm soil profile.

Figure 2. Effect of nitrogen fertilization on the distribution of soil total nitrogen (N) concentrations in two wheat cultivars—Zhengmai No. 9023 (ZM) and
Changhan No. 58 (CH)—and in the control treatment (CK) across the 0–200 cm soil profile.
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treatments. SSOC showed a decreasing trend in the ZMcultivar as the
N fertilizer rate increased, and CH presented a higher stock in the
N90 treatment,which reached13.4Mgha�1, although this difference
was not significant comparedwith N0 andN180. The SSOC under ZM
and CH decreased by 7.5 and 2.7Mg ha�1, respectively, compared
with CK. SON decreased in all treatments, with the decrease for ZM
greater than for CH. In the N360 treatment, both cultivars showed
large decreases in SON. SOP increased with an increasing N rate,
with the largest stock observed in the N180 treatment for both
cultivars, followed by decreases at higher N application rates.

4 Discussion

4.1 Effect of long-term N fertilization on the profile
distribution of the SOC, TN, and TP concentrations

In this study, the relationship between SOC levels and N application
rates was not linear over a soil depth of 0–30 cm. This result is
consistent with the work of Raun et al. [22], who indicated that SOC
did not increase when N application excess the optimal amount
required by the crop. However, this result differs from the findings
of Jagadamma et al. [11], who observed that SOC levels increased
with increasing N rates. The main reason for this difference may be

that the highest N rate was only 280 kgha�1 in the Jagadamma
et al. [11] study. Alvarez [7] concluded that N fertilization increased
SOC only if crop residues were returned to soil. Duiker et al. [23] also
showed that there was a significant linear relationship between the
SOC concentration and the C input from residues and demonstrated
that the effect of N fertilizers on SOC levels also depended on the
management regime and climate.
Similar to the results for SOC, the TN concentration was highest at

the 0–10 cm soil depth across all N application rates and gradually
decreased with soil depth, although it showed a slight increase
below 120 cm. Several previous studies have reported that SOC and
TN increased slightly at soil depths between 50 and 100 cm in semi-
arid areas [24–26]. However, in the present study, a slight increase
was observed below 120 cm in all N treatments and in CK. This
increase may have been caused by the original concentrations of C,
N, and P below 120 cm, which were changed little by the cropping
and fertilization practices applied here. The roots of the wheat
plants occurred primarily from 0 to 120 cm, where they absorbed
nutrients and water, leading to changes in SOC and TN in the root
zone but causing little change below the 120 cm soil layer.
Interestingly, TP showed dynamic changes differing from those

observed for the SOC and TN levels (Fig. 3). The reason for this
difference may be that most of the P in soil comes from fertilizers

Figure 3. Effect of nitrogen fertilization on the distribution of soil total phosphorus (P) concentrations in two wheat cultivars—Zhengmai No. 9023 (ZM)
and Changhan No. 58 (CH)—and in the control treatment (CK) across the 0–200 cm soil profile.

Table 4. Correlation of SOC, TN, and TP in different soil layers and varieties

C–N N–P C–P

Soil depth (cm) Variety R p R p R p

0–30 ZM 0.86 <0.001 0.80 <0.001 0.94 <0.001
CH 0.92 <0.001 0.90 <0.001 0.83 <0.001

30–120 ZM 0.48 <0.001 0.40 <0.001 0.30 <0.001
CH 0.71 <0.001 0.60 <0.001 0.30 <0.001

120–200 ZM NS – 0.32 <0.001 NS –
CH 0.68 <0.001 NS – NS –

R, correlation coefficient; p, significance; NS, no significant difference.
Correlation of soil organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP) in different soil layers and for two different wheat
varieties, Zhengmai No. 9023 (ZM) and Changhan No. 58 (CH).
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that are adsorbed or precipitated in soil. In this study, TP did not
decrease with increased N application rates. The reason for this
result may be that the total amount of P absorbed by wheat did not
differ among the N treatments (Table 3). The two wheat cultivars
exhibited different P concentrations in soil. This result may be due
to the difference in P absorption capacities between ZM and CH.
These findings require further studies. Dick et al. [27] reported that
soil and vegetation characteristics, species biodiversity, and various
other factors can affect TP levels in the soil.
In the 0–30 cm soil layer, there were significant positive

correlations among TN, SOC, and TP (Table 4). Zhengchao
et al. [28] obtained an R-value of 0.88 for the relationship between
SOC and total N in the 0–30 cm soil profile following 26 years of

treatments on the Loess Plateau. The significant correlation between
SOC and TN largely determines the stabilization of soil C/N ratios in
the plow layer, as reported by G�al et al. [29]. As soil depth increases,
the relationship among the three elements becomes weaker. The
relationship between SOC and TN for the ZM cultivar showed a lower
R-value in the 30–120 cm soil layer and no significant relationship
below 120 cm. In contrast, the CH cultivar presented a higher R-value
in the 30–120 and 120–200 cm layers. This difference may be
explained by the physiological differences between the two
cultivars. Because CH is a drought-tolerant cultivar and has longer
roots than ZM, it can absorbmore water from the soil. Hence, the soil
region affected by CH is larger than that affected by ZM, as shown by

Figure 4. Stocks of soil organic carbon in different soil layers and with
varying nitrogen application rates for two wheat cultivars—Zhengmai No.
9023 (ZM) and Changhan No. 58 (CH)—and the control treatment (CK).
The values are the mean�SE. Significant differences between different
nitrogen rates are indicated by letters; different letters indicate that there
was a significant difference of p< 0.05; capital letters are used for ZM, and
lowercase letters are used for CH; significant differences between the
different varieties are indicated by the symbol �, p< 0.05; NS, no
significant difference.

Figure 5. Stocks of total nitrogen in different soil layers and with varying
nitrogen application rates for two wheat cultivars—Zhengmai No. 9023
(ZM) and Changhan No. 58 (CH)—and the control treatment (CK). The
values are the mean�SE. Significant differences between different
nitrogen rates are indicated by letters; different letters indicate that there
was a significant difference of p< 0.05; capital letters are used for ZM, and
lowercase letters are used for CH; significant differences between the
different varieties are indicated by the symbol �, p< 0.05; NS, no
significant difference.
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previous studies [18], resulting in different correlation coefficients
between SOC and TN in the CH cultivar and in the ZM cultivar. P
exhibited a low R-value with C and N in the 30–120 cm soil layer, and
no significant relationship was found below the 120 cm soil depth.
These results showed that P may be influenced by soil C and N
dynamics, but only over a depth of 0–30 cm. The reason for this
relationship may be that most P is absorbed or precipitated by the
soil and accordingly moves to various depth horizons to a lesser
extent than N or C [30]. Zhang et al. [31] reported that the coupling
mechanism is influenced not only by the interaction between N and
P but also by abiotic factors such as soil temperature, water content,
and soil pH. Moreover, N addition leads to soil acidification (data not

published), and the volume and timing of N addition are positively
correlated with the extent of the decrease in soil pH [32].

4.2 Effects of long-term N fertilization on the
stocks of C, N, and P

Several previous studies have shown that the SSOC increases under
N fertilizer treatments compared with those without fertilizer
application in plow layers [22, 33–35]. The theoretical basis for this
result is that N application produces more biomass, thereby
increasing the C input. However, in the present study, a different
phenomenon could be observed: SSOC in N0 was not significantly
lower than in the other N fertilizer treatments at a depth of 0–30 cm

Figure 6. Stocks of total phosphorus in different soil layers and with
varying nitrogen application rates for two wheat cultivars—Zhengmai No.
9023 (ZM) and Changhan No. 58 (CH)—and the control treatment (CK).
The values are the mean�SE. Significant differences between different
nitrogen rates are indicated by letters; different letters indicate that there
was a significant difference of p< 0.05; capital letters are used for ZM, and
lowercase letters are used for CH; significant differences between the
different varieties are indicated by the symbol �, p< 0.05; NS, no
significant difference.

Figure 7. Cumulative stocks of soil organic carbon, total nitrogen, and
total phosphorus in the 0–200 cm soil layer compared with CK in the
different N treatments and in two cultivars: Zhengmai No. 9023 (ZM) and
Changhan No. 58 (CH). The values are the mean�SE. Significant
differences between different nitrogen rates are indicated by letters;
different letters indicate that there was a significant difference of p< 0.05;
capital letters are used for ZM, and lowercase letters are used for CH;
significant differences between the different varieties are indicated by the
symbol �, p< 0.05; the absence of a letter indicates no significant
difference.
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(Fig. 4), and the two cultivars showed no difference except in N360.
These results are consistent with the findings of a study by Alvarez [7]
that SSOC did not increase without crop residue. The removal of
aboveground biomass as cooking fuel and renewable fuel source or
for animal feed is a common agricultural practice in the study area.
Thus, residues did not remain in this study may be the best
explanation for the lack of a significant linear relationship between
SSOC and N rates [23]. In the 30–120 cm depth soil samples, the
changes in SSOC associated with the N treatments differed between
the twowheat cultivars. SSOC under ZM decreasedwith increasing N
application rates, whereas CH exhibited the highest SSOC in the N90
treatment, and both cultivars exhibited a larger stock than CK. This
phenomenon indicated that the soil C fixation capacity differs in the
two cultivated crops, but its effect is associated with the N
fertilization rates. In the 120–200 cm soil layer, there was no
difference in SSOC levels between the two wheat cultivars, which
indicated that soil C was highly stable between 120 and 200 cm and
was affected little by fertilization or the wheat variety. Overall,
between 0 and 200 cm soil depths, the changes in SSOC were mainly
due to the instability of SOC in the upper soil layers. This instability
was caused by biological decomposition and the return of organic
residues [4]. However, compared with CK, the cumulative SSOC was
increased after nine years of fertilization and cropping except in the
N360 treatments (Fig. 7a). This increase occurred mainly because the
roots remained in the soil during all study years (Table 3), leading to
an increased SSOC in the 30–120 cm soil layers (Fig. 4). However, with
increased N fertilization rates, soil respiration also significantly
increased, and the N360 treatment had the highest soil respiration
as reported by a previous study [36], which may explain the decrease
in cumulative SSOC associated with increased N fertilization. Based
on a previous study where three years of yield analysis was
conducted as part of the same field experiment described here, it
could be concluded that the N360 treatment exceeded the require-
ments of the two wheat cultivars to achieve the maximum yield [18].
When N was applied at rates in excess of those required by the crops
for maximum yield, SSOC decreased compared with CK. This finding
is consistent with the work of Raun et al. [22]. This phenomenon is
mainly caused by microbial activity, as excessive inorganic N
remaining in soil leads to an increase in microbial activity, and C
emissions caused by respiration are higher than C fixation by wheat.
Khan et al. [37] and Mulvaney et al. [2] suggested that N fertilization
may enhance the decomposition rate of soil C, and SOC may decline
in response to N fertilization. These observations indicate that
excessive N fertilization causes farmland carbon sink to become a
carbon source. Hence, the findings may provide guidelines
regarding the rational application of fertilizers to reduce soil CO2

efflux in farmland resulting from N fertilizer application, which is
important for reducing global CO2 emissions.
SON in N360 was lower than in N0 in the 0–30 cm sample for both

cultivars (Fig.5),andSONwas lower inallNtreatments thaninCK.This
resultmay have been caused bymicrobial activity, consistentwith the
findings of Mulvaney et al. [2], who postulated that an increase in
microbial activity was responsible for the depletion of SON. In the
30–120cm depth samples, there was no significant difference in SON
across all tested N application rates, suggesting that this parameter
was not affected by N treatment. Similar results were reported by
Jagadamma et al. [11], who observed that below a depth of 30cm, SON
wasnot significantly influenced byN fertilization. In all N treatments,
SON was lower than in CK. This result may be attributed to the N
absorption capacity during crop growth (Table 3). The applied

inorganic N fertilization did not increase the TN level for two reasons:
first, inorganic N only accounts for 1–2% of organic nitrogen [38], the
increase in inorganic N could not, therefore, increase the TN content;
second, the increased amount of N fertilizer and root decomposition
could be used bymicrobes, andmicrobial function can accelerate the
turnover of organic nitrogen in soil. In addition, inorganic nitrogen
leaching and nitrogen volatilization from the gaseous phase could
cause a decrease in SON [38]. Overall, between soil depths of 0 and
200cm, there was no difference in the profile of SON among the
various N treatments, but this parameter was lower than in the CK
treatment (Fig. 7b).
Here, ZM showed differences across N treatments. For CH,

however, there was no difference in SOP levels across all applied
N treatments. This finding may be a result of the P absorption
characteristics of the CH cultivar, as Horst et al. [39] reported that
different wheat varieties show different P utilization efficiencies. CH
may present a lower P absorption capacity, causing SOP to be
influenced only minimally by increased root growth. The P
absorption characteristics of the two wheat varieties require further
studies. Several researchers have noted that the addition of N
reduces the amount of P in soil [40]. In the 0–30 cm depth samples,
the SOP decreased with increasing N application rates for the ZM
cultivar (Fig. 6), whereas for CH, there was no significant difference
in SOP with increasing N treatment levels. Overall, across the entire
0–200 cm soil layer, SOP increased with increasing levels of N
application from N0 to N180. The increase in SOP compared with CK
in each treatment could be explained by P fertilization applied in
every year of the study and the low uptake of P by wheat (Table 3).
However, SOP did not always increase as N fertilization increased
because when the availability of N increases, plants increase their
absorption and utilization of soil P tomaintain a stable N/P ratio [41].
The effects of long-termN fertilizationwith no tillage andwithout

residues on the profile distribution of SOC, N, and P concentrations
and stocks and their interrelationships were evaluated for two
wheat cultivars. The following conclusions were obtained: (i) N
fertilization could affect C and N distribution at the 0–120 cm soil
depth, whereas the effect on P was mainly observed in the 0–30 cm
soil layer, and C, N, and P levels were positively correlated in the 0–
30 cm layer, but this relationship weakened as the soil depth
increased. (ii) N fertilization had a large influence on C, N, and P
stocks and was affected by the wheat cultivars. Cropping wheat with
N fertilization rates under 270 kgha�1 could lead to C fixation in
soil, and when N was present in excess of the level required by the
crop to achieve the maximum yield, the soil became a C source;
moreover, after long-term N fertilization, the N stock was decreased
and the P stock increased. We suggest that further studies on SOC
stocks in farmland should consider soil layers deeper than the
surface layer and that crop cultivars, in addition to the P cycle,
should also be considered. The results of this study may provide
guidelines for farmers in the studied region regarding the choice of
an appropriate N application regime to achieve higher soil fertility
while becoming more environmentally friendly.

Acknowledgments

The study was financially supported by the National Natural Science
Foundation of China (41390463, 61273329) and the Specialized
Research Fund for the Doctoral Program of Higher Education
(20130204110024).

The authors have declared no conflicts of interest.

8 Y. Zhong et al.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2015, 43 (9999), 1–9



References
[1] R. W. Sterner, J. J. Elser, Ecological Stoichiometry: The Biology of Elements

From Molecules to the Biosphere, Princeton University Press, Princeton
2002.

[2] R. Mulvaney, S. Khan, T. Ellsworth, Synthetic Nitrogen Fertilizers
Deplete Soil Nitrogen: A Global Dilemma for Sustainable Cereal
Production, J. Environ. Qual. 2009, 38 (6), 2295–2314.

[3] P. M. Vitousek, H. Farrington, Nutrient Limitation and Soil
Development: Experimental Test of a Biogeochemical Theory,
Biogeochemistry 1997, 37 (1), 63–75.

[4] S. K. Gami, J. G. Lauren, J. M. Duxbury, Soil Organic Carbon and
Nitrogen Stocks in Nepal Long-Term Soil Fertility Experiments, Soil
Till. Res. 2009, 106 (1), 95–103.

[5] R. Lal, Residue Management, Conservation Tillage and Soil
Restoration for Mitigating Greenhouse Effect by CO2-Enrichment,
Soil Till. Res. 1997, 43 (1), 81–107.

[6] W. F. Sheldrick, J. K. Syers, J. Lingard, A Conceptual Model for
Conducting Nutrient Audits at National, Regional, and Global
Scales, Nutr. Cycl. Agroecosyst. 2002, 62 (1), 61–72.

[7] R. Alvarez, A Review of Nitrogen Fertilizer and Conservation Tillage
Effects on Soil Organic Carbon Storage, Soil Use Manage. 2005, 21 (1),
38–52.

[8] K. Paustian, O. Andr�en, H. H. Janzen, R. Lal, P. Smith, G. Tian, H.
Tiessen, et al., Agricultural Soils as a Sink to Mitigate CO2 Emissions,
Soil Use Manage. 1997, 13, 230–244.

[9] M. Glendining, D. Powlson, The effect of long-term applications of
inorganic nitrogen fertilizer on soil organic nitrogen, in Advances in
Soil Organic Matter Research: The Impact on Agriculture and the
Environment (Ed.: W. S. Wilson), The Royal Society of Chemistry,
Cambridge, UK 1991, pp. 328–338.

[10] D. Jenkinson, N. Bradbury, K. Coleman, How the Rothamsted
classical experiments have been used to develop and test models for
the turnover of carbon and nitrogen in soil, in Long-Term Experiments
in Agricultural and Ecological Sciences (Eds.: R. A. Leigh, A. E. Johnston),
CAB, Wallingford, UK 1994, p. 117.

[11] S. Jagadamma, R. Lal, R. G. Hoeft, E. D. Nafziger, E. A. Adee, Nitrogen
Fertilization and Cropping Systems Effects on Soil Organic Carbon
and Total Nitrogen Pools under Chisel-plow Tillage in Illinois, Soil
Till. Res. 2007, 95 (1), 348–356.

[12] R. Nieder, D. K. Benbi, Carbon and Nitrogen in the Terrestrial
Environment, Springer, New York 2008.

[13] N. V. Diovisalvi, G. A. Studdert, G. F. Dom�ınguez, M. J. Eiza,
Fracciones De Carbono Y Nitr�ogeno Org�anicos Y Nitr�ogeno
Anaer�obico Bajo Agricultura Contin�ua Con Dos Sistemas De
Labranza, Ciencia Suelo 2008, 26 (1), 1–11.

[14] O. Schoumans, P. Groenendijk, Modeling Soil Phosphorus Levels and
Phosphorus Leaching from Agricultural Land in the Netherlands, J.
Environ. Qual. 2000, 29 (1), 111–116.

[15] J. St€ocklin, K. Schweizer, C. K€orner, Effects of Elevated CO2 and
Phosphorus Addition on Productivity and Community Composition
of Intact Monoliths From Calcareous Grassland, Oecologia 1998, 116
(1-2), 50–56.

[16] T. Walker, J. K. Syers, The Fate of Phosphorus During Pedogenesis,
Geoderma 1976, 15 (1), 1–19.

[17] N. E. Smeck, Phosphorus Dynamics in Soils and Landscapes,
Geoderma 1985, 36 (3), 185–199.

[18] Y. Zhong, Z. Shangguan, Water Consumption Characteristics and
Water Use Efficiency of Winter Wheat under Long-Term Nitrogen
Fertilization Regimes in Northwest China, PloS ONE 2014, 9 (6),
e98850.

[19] D. Nelson, L. Sommers, Total carbon, organic carbon, and organic
matter, inMethods of Soil Analysis (Ed.: A. G. Norman), Part 2: Chemical
and microbiological properties, Soil Science Society of America,
Madison, WI, USA 1982, pp. 539–579.

[20] J. M. Bremner, Nitrogen-total, in Methods of Soil Analysis (Ed.: D. L.
Sparks), Part 3: Chemical Methods, Soil Science Society of America,
Madison, WI, USA 1996, pp. 1085–1121.

[21] J. Parkinson, S. Allen, A Wet Oxidation Procedure Suitable for the
Determination of Nitrogen and Mineral Nutrients in Biological
Material, Commun. Soil Sci. Plann. 1975, 6 (1), 1–11.

[22] W. Raun, G. Johnson, S. B. Phillips, R. L. Westerman, Effect of Long-
Term N Fertilization on Soil Organic C and Total N in Continuous
Wheat Under Conventional Tillage in Oklahoma, Soil Till. Res. 1998,
47 (3), 323–330.

[23] S. Duiker, R. Lal, Crop Residue and Tillage Effects on Carbon
Sequestration in a Luvisol in Central Ohio, Soil Till. Res. 1999, 52 (1),
73–81.

[24] K. Paustian, W. J. Parton, J. Persson, Modeling Soil Organic Matter in
Organic-Amended and Nitrogen-Fertilized Long-Term Plots, Soil Sci.
Soc. Am. J. 1992, 56 (2), 476–488.

[25] Y. Z. Su, Soil Carbon and Nitrogen Sequestration Following the
Conversion of Cropland to Alfalfa Forage Land in Northwest China,
Soil Till. Res. 2007, 92 (1), 181–189.

[26] Q. Wang, L. Zhang, L. Li, Y. Bai, J. Cao, X. Han, Changes in Carbon and
Nitrogen of Chernozem Soil Along a Cultivation Chronosequence in
a Semi-Arid Grassland, Eur. J. Soil Sci. 2009, 60 (6), 916–923.

[27] W. Dick, L. Cheng, P. Wang, Soil Acid and Alkaline Phosphatase
Activity as pH Adjustment Indicators, Soil Biol. Biochem. 2000, 32 (13),
1915–1919.

[28] Z. Zhengchao, G. Zhuoting, S. Zhouping, Z. Fuping, Effects of Long-
term Repeated Mineral and Organic Fertilizer Applications on Soil
Organic Carbon and Total Nitrogen in a Semi-Arid Cropland, Eur. J.
Agron. 2013, 45, 20–26.

[29] A. G�al, T. J. Vyn, E. Mich�eli, E. J. Kladivko, W. W. McFee, Soil Carbon
and Nitrogen Accumulation With Long-Term No-Till Versus
Moldboard Plowing Overestimated With Tilled-Zone Sampling
Depths, Soil Till. Res. 2007, 96 (1), 42–51.

[30] F. S. Chen, J. Yavitt, X. F. Hu, Phosphorus Enrichment Helps Increase
Soil Carbon Mineralization in Vegetation Along an Urban-to-Rural
Gradient, Nanchang, China, Appl. Soil Ecol. 2014, 75, 181–188.

[31] N. Zhang, R. Guo, P. Song, J. Guo, Y. Gao, Effects of Warming and
Nitrogen Deposition on the Coupling Mechanism Between Soil
Nitrogen and Phosphorus in SongnenMeadow Steppe, Northeastern
China, Soil Biol. Biochem. 2013, 65, 96–104.

[32] H. B. Fan, W. F. Liu, Y. Y. Li, Y. C. Liao, Y. H. Yuan, L. Xu, Tree Growth
and Soil Nutrients in Response to Nitrogen Deposition in a
Subtropical Chinese Fir Plantation, Acta Ecol. Sin. 2007, 27 (11),
4630–4642.

[33] A. E. Russell, D. A. Laird, T. B. Parkin, A. P. Mallarino, Impact of
Nitrogen Fertilization and Cropping System on Carbon Seques-
tration in Midwestern Mollisols, Soil Sci. Soc. Am. J. 2005, 69 (2),
413–422.

[34] J. Salinas-Garcia, F. Hons, J. Matocha, Long-Term Effects of Tillage
and Fertilization on Soil Organic Matter Dynamics, Soil Sci. Soc. Am. J.
1997, 61 (1), 152–159.

[35] C. Tong, H. Xiao, G. Tang, H. Wang, T. Huang, H. Xia, S. J. Keith, et al.,
Long-Term Fertilizer Effects on Organic Carbon and Total Nitrogen
and Coupling Relationships of C and N in Paddy Soils in Subtropical
China, Soil Till. Res. 2009, 106 (1), 8–14.

[36] R. Shao, L. Deng, Q. Yang, Z. Shangguan, Nitrogen Fertilization
Increase Soil Carbon Dioxide Efflux of Winter Wheat Field: A Case
Study in Northwest China, Soil Till. Res. 2014, 143, 164–171.

[37] S. Khan, R. Mulvaney, T. Ellsworth, C. W. Boast, TheMyth of Nitrogen
Fertilization for Soil Carbon Sequestration, J. Environ. Qual. 2007, 36
(6), 1821–1832.

[38] S. L. Tisdale, W. L. Nelson, J. D. Beaton, Soil Fertility and Fertilizers,
Collier Macmillan Publishers, New York 1985.

[39] W. Horst, M. Abdou, F. Wiesler, Genotypic Differences in Phosphorus
Efficiency of Wheat, Plant Soil 1993, 155 (1), 293–296.

[40] J. Limpens, F. Berendse, H. Klees, How Phosphorus Availability
Affects the Impact of Nitrogen Deposition on Sphagnum and
Vascular Plants in Bogs, Ecosystems 2004, 7 (8), 793–804.

[41] D. N. Menge, C. B. Field, Simulated Global Changes Alter Phosphorus
Demand in Annual Grassland, Global Change Biol. 2007, 13 (12),
2582–2591.

Soil 9

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.clean-journal.com Clean – Soil, Air, Water 2015, 43 (9999), 1–9


