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a b s t r a c t

Songnen Meadow Steppe, which is in northeast China, is increasingly affected by global warming and
incremental increases in atmospheric nitrogen deposition. However, the responses of nitrogen (N) and
phosphorus (P) in steppe soil, and of the coupling mechanism between them, to the dual effects of global
warming and N deposition are still unknown. In this study, the effects of simulated atmospheric warming
and N deposition on N and P in Songnen steppe soil, as well as on the coupling between N and P, were
examined under in situ conditions. Infrared heaters were used to elevate soil temperature by approxi-
mately 1.7 �C since 2006. N additions were treated once a year with aqueous ammonium nitrate at a rate
of 10 g m�2 a�1. During the four-year study, addition of N increased the amount of total N, and available
N, as well as the rate of N mineralization in the soil. Moreover, the amounts of total P and available P in
the soil were considerably reduced. Thus, the N:P ratio increased, and the coupling between N and P
decreased. Similar values for the N:P ratio were obtained for the addition of N by itself and for the
combination of warming and addition of N, which indicates that a small amount of soil warming in
Songnen Meadow Steppe would not have a substantial effect on the ratio. With the growth of China’s
industrialization, N deposition continues to increase. The study area of Songnen Meadow Steppe, and
northeast China in general, are characterized by widespread distribution of saline alkali soil. Therefore,
the finding of increased P limitation in the soil of Songnen Meadow Steppe has major implications for
ecosystems in northeast China. Reasonable regulation and management of meadow soil nutrients will be
of great importance in increasing soil productivity and promoting sustainable use of grassland
ecosystems.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Global change, including warming, N deposition, increasing
concentration of CO2, and changes in atmospheric composition are
associated with ecological problems that have become important
topics of current study (Zhang et al., 2007). According to the Fourth
Evaluation Report of the IPCC, the trend in global warming over the
past fifty years indicates an increase in temperature by an average
of 0.13 �C per decade, almost the twice the rate of increase over the
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past 100 years; in the next 20 years, the temperature is predicted to
increase by an average of 0.2 �C per decade (IPCC, 2007). Mean-
while, the amount of atmospheric N deposition is also increasing
steadily (Aber, 1992; Kaiser, 2001). Currently, North America,
Europe, and East Asia (especially China) are the regions experi-
encing the greatest amount of N deposition worldwide (Liu et al.,
2013; Vitousek et al., 1997; Galloway et al., 2008). Estimates of
the active N generated by human activity have increased from
15 Tg N a�1 in 1860 to 165 Tg N a�1 in 1995 (Galloway and Cowling,
2002), an increase of a factor of 11; the 1995 estimate represents
about 1.6 times the critical load of global N of 100 Tg N a�1 (Kaiser,
2001). The continual increase of N deposition will seriously affect
the circulation of soil nutrients and the relationships among nu-
trients, and will affect ecosystem stability (Galloway et al., 1994;
Melillo and Cowling, 2002). Therefore, it is essential to explore the
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effects of global warming and N deposition on soil nutrient stoi-
chiometry of grassland ecosystems, these data will contribute to
the understanding of soil nutrient status and may have potential
significant implications for the management of grassland
restoration.

Temperature is the most important non-biological factor
affecting Nmineralization. An increase in soil temperature affects N
mineralization, decomposition of organic material, amount of soil
nutrients present, and migration of soil nutrients, thus altering
ecosystem structure and function (Agren et al., 1991; Coughenour
and Chen, 1997). Some research indicates that the increase in
temperature will influence microbial processes in the soil,
increasing the activity of soil enzymes and the bioavailability of N
(Zhang et al., 2005; Rustad et al., 2001). The increase of the amount
of available nutrients will increase the primary productivity of
vegetation and reduce species richness, leading to the redistribu-
tion of soil nutrients. However, the specific mechanisms for this
process are still unknown, and further exploration and research is
required (Freeman et al., 1993; Zak et al., 1999; Maestre et al., 2005).
Other research indicates that warming has no noticeable influence
on the rate of net mineralization of N and P, or on net primary
productivity, and therefore will not facilitate vegetation growth
(Rinnan et al., 2007; Menge and Field, 2007). However, there is a
lack of information on the response of the coupling mechanism
between N and P in soil as temperature increases.

A great deal of research on land plants indicates that the avail-
able N:P ratio is sensitive to occurrences of nutrient limitation
during vegetation growth and is closely related to the N:P ratio in
plant foliage. Therefore, the available N:P ratio can be regarded as
an effective index for evaluating ecosystem health (Schipper et al.,
2004). Previous study observed that an ecosystem is controlled by
N when the N:P ratio is low (<10), by P when the N:P ratio is high
(>20), and by both N and Pwhen the N:P ratio is between 10 and 20
(Güsewell, 2004). However, results vary in some ecosystem studies.
For example, research conducted in Dutch wetlands indicated that
the ecosystem is controlled by Nwhen the N:P ratio is low (<14), by
P when the ratio is high (>16), and by both N and P when the ratio
is between 14 and 16 (Koerselman and Meuleman, 1996). The
critical values of the N:P ratio for barren grassland are considered to
be 10 and 14 (Braakhekke and Hooftman,1999). Different threshold
values of the N:P ratio have been suggested for perennial grassland:
the system is considered to be controlled by Nwhen the ratio is less
than 21, and by P when the ratio is more than 23 (Zhang et al.,
2004).

The influence of N deposition on soil nutrients is an issue of
great interest among researchers (Adams et al., 2004; Robinson
et al., 2004; Xia et al., 2009; Liu et al., 2011). Much of the
research indicates that N deposition promotes net N mineralization
in soil, increases the bioavailability of N in soil, and increases the
net productivity of plants and the output of litter (Aerts et al., 2006;
Vourlitis et al., 2007; Sirulnik et al., 2007). Long-term deposition of
N will reduce the richness of the plant community and change its
composition (Nkana et al., 1999; Prieto et al., 2009). Global change
factors such as N, CO2 and warming frequently limit plant growth,
can increase or decrease primary production (Field et al., 1992). The
increase in the availability of N will increase primary production,
plants need to maintain a stable N:P ratio which encourages the
absorption and utilization of soil P (Menge and Field, 2007).
Thereby it increasing P demand or limitation and changing N lim-
itation in soil to P limitation.

The influence of the increase of N on soil enzyme activity may be
the major reason leading to the change of the limiting factor
(Wedin and Tilman, 1993; Rinnan et al., 2007). An increase in N
deposition can increase the output of litter, which is an important
source of available soil nutrients because it adds available N and P
to soil and increases the net P mineralization rate (Bradley et al.,
2006). In studies of the influence of N deposition on availability
of P, some researchers have noted that the addition of N increases
the amount of inorganic N but reduces the amount of P in soil,
thereby increasing the N:P ratio (Limpens et al., 2004).

In summary, research on the influence of global change on
important soil nutrient factors is mostly centered on a single factor.
However, the interaction between warming and N deposition will
cause changes in the absolute amount of N and P in soil as well as in
their relative proportions. These changes will profoundly influence
vegetation growth, species competition, community composition,
and ecosystem function. Unfortunately, the current lack of studies
on how warming and nitrogen deposition influence the N:P ratio
leaves a major gap in our understanding of the effects of alterations
in this ratio.

Because about one-third of Earth’s land surface is covered by
grassland, the effects of global change on grasslands have major
implications for the planet (Gao et al., 2006). Leymus chinensis
Meadow, located in SongnenMeadow Steppe in northeast China, is
the most typical and the largest grassland type in China (Zhu,
2004). This is an important area to study the effects of climate
change and to determine possible ways to mitigate them. In nearly
twenty years, the average temperature of Songnen Meadow
Steppe has increased by 2 �C (Wang et al., 2006). The average at-
mospheric N deposition is approximately 10.5 g m�2 a�1 (Bai et al.,
2010), and it is increasing year by year. Soil N and P are not only
important nutrients but also are limiting factors on vegetation
growth (Güsewell, 2004). This limiting function is more pro-
nounced in the Songnen Meadow Steppe because of the wide-
spread distribution of saline alkali soil (Su, 1995). Songnen
Meadow Steppe was chosen as the research site for this study,
which explores the influence of simulated warming and N depo-
sition on soil N, soil P, and the coupling mechanism linking them
under in situ conditions. The hypothesis under investigation is that
there is coupling mechanism between soil N and P, and that N
addition by itself, or a combination of N addition andwarming, will
increase the rate of net mineralization of N in soil, thus increasing
the amount of available N and facilitating vegetation growth.
Increased absorption of P by vegetation will lead to a reduction in
the amount of soil P. These processes will ultimately reduce the
coupling mechanism between soil N and P. This research provides
a theoretical basis for understanding the influence of ongoing
trends related to global changes on soil nutrients in Songnen
Meadow Steppe, and it is relevant to determining methods to
facilitate the recovery of grassland ecosystems and protect the
environment as global changes occur.

2. Materials and methods

2.1. Study site

The study was conducted at the Songnen Grassland Ecosystem
Research Station (44�450 N, 123�450 E, 160 m a.s.l.), Jilin Province,
northeastern China. This region has a temperate semi-arid
monsoon climate. The annual average air temperature is 4.9 �C.
Mean annual precipitation (1980e2006) is approximately
410 mm, with more than 70% received from June to September.
The total precipitation received during 2007e2010 was
275.9 mm, 384.2 mm, 390 mm, and 352.5 mm, respectively. The
type of grassland is meadow steppe, and most of the grassland
has a sodic saline meadow soil with a pH value of 8.2. The
vegetation at the site is dominated by the perennial grass Leymus
chinensis (Trin.) Tzvel.; Phragmites communis, Kalimeris integ-
rifolia Turcz. Ex DC. and Carex duriuscula C. A. Mey. are also
present at lower density.
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2.2. Experiment design and treatments

This study used a completely randomized block factorial
experimental design, with warming and N addition as fixed factors.
There were four treatments: control (C), warming (W), N addition
(N), and a combination of warming and N addition (WN), with six
replicates for each treatment. The size of each plot was 3 m � 4 m,
and the interval between plots was 3 m. We added a pulse of
aqueous ammonium nitrate at a rate of 10 g m�2 a�1 to fertilized
plots on the first day of May of each year. The warmed plots were
continuously heated by infrared radiators (Kalglo Electronics Inc.
Bethlehem, PA, MSR-2420, USA). Each heater was suspended
2.25 m above the center of a plot and was set at an output of
approximately 1700 W, resulting in a 1.7 � 0.1 �C temperature
increase.

2.3. Measurement of soil temperature and soil water content

Soil temperature and water content were measured using an
ECH2O dielectric aquameter (Em50, USA). The apparatus auto-
matically measured soil temperature and soil water content at a
depth of 15 cm at 8:00e9:00 a.m. in late May, mid-June, mid-July,
mid-August, mid-September, and mid-October from 2007 through
2010.

2.4. Sampling and sample analysis

Soil core samples were collected during the growth season (late
May, mid-June, mid-July, mid-August, mid-September, and mid-
October) from 2007 through 2010. We collected samples from
two random locations in each plot to account for soil heterogeneity.
Soil samples were takenwith a cylindrical soil sampler (5-cm inner
diameter, 15-cm length) for the 0e15 cm layer, and then were
preserved in a 4 �C cooler prior to conducting laboratory
measurements.

The net Nmineralization rate and the amounts of total N, total P,
available N, available P, N in ammonium ðNHþ

4eNÞ, and N in nitrate
ðNO�

3eNÞwere determined in the laboratory. An aerobic procedure
(Neve and Hofman, 1996) was used to measure the soil net N
mineralization rate. Fresh soil samples were used to minimize
disturbance of microbial activity (Marrs et al., 1988; Bao,1999). Two
soil subsamples (about 20 g dry weight each) were transferred to
250-ml triangular bottles, and soil water content was adjusted to
60% water-holding capacity. One subsample was incubated, and
one was not. For the incubated samples, the bottles were covered
with plastic film (0.01-mm thick) and placed in a constant-
temperature cabinet at 25 �C (HPG- 400, China) for 14 days. The
bottles wereweighed periodically during incubation, andwe added
deionized water to keep the water content constant.

The available N ðNHþ
4eNþ NO�

3eNÞ content of each incubated
and un-incubated soil sample was determined by the Kjeldahl
method. We added 100 ml of 2 M KCl solution to each sample,
shook the samples for 60 min using a reciprocal shaker, and then
centrifuged them for 10 min. Supernatant was collected with a
pipette and then frozen for future analysis. The procedures of Allen
et al. (1974) were used in the steam distillation and titration of the
supernatant for both the incubated and un-incubated soil sub-
samples. The NO�

3eN content was determined using UV photom-
etry at 210 nm (Stenger et al., 1995). The NHþ

4eN content was
calculated by the difference between available N
(NHþ

4eNþNO�
3eN) and NO�

3eN. The net Nmineralization ratewas
calculated by the change in available N between the unincubated
and incubated subsamples. The total N content was determined by
the Kjeldahl method, using digestion by H2SO4 (Bremner and
Mulvaney, 1982).
Total P content was determined using a HClO4eH2SO4 heating
digestion method and taking measurements with an inductively
coupled plasma emission spectrometer (ICP). Available P content
was determined with NaHCO3 extraction and a molybdenum blue
colorimetric method using UV photometry at 660 nm.

2.5. Statistical analysis

Seasonalmean values used in this studywere calculated from the
monthly mean values, which were first averaged from all measure-
ments in the same month. Repeated measures ANOVAs in a general
linearmodelwere used to examine temporal (inter- or intra-annual)
variations and effects of warming and N addition on soil net N
mineralization rate as well as on soil temperature, water content,
total N, total P, available N, available P, NHþ

4eN, NO�
3eN, total N:P,

available N:P, and NHþ
4eN:NO

�
3eN. Significant differences among

treatmentsmeanswere analyzed using Tukey’smultiple comparison
pos hoc test within each year. Pearson’s correlation coefficients were
used to determine the relationships between soil total N, total P,
available N, available P, total N:P, available N:P, net N mineralization
and soil temperature as well as soil water content in different
treatment plots. Statistical analyses were conducted by SPSS (SPSS
13.0 forwindows, USA) anddisplayed using Sigmaplot 12.0 software.

3. Results

3.1. Effects of warming and N addition on soil temperature and
water content

During the four growing seasons during the study, soil tem-
perature displayed a seasonal response to treatments. In an indi-
vidual growing season, soil temperature (at 0e15 cm) reached a
unimodal peak in August (Fig. 1aed). In general, warming raised
the soil temperature (p < 0.05) by an average of 1.12 �C, but N
addition produced no apparent effect on soil temperature
(p ¼ 0.42). Combined warming and N addition also markedly
increased soil temperature (p < 0.05), except in 2008, but the dif-
ference between combined warming with N addition and warming
by itself is not significant.

Similar to the response of soil temperature, soil water content
also displayed a seasonal trend, with water content peaking in July
and August (Fig. 1eeh). Warming significantly reduced soil water
content (p < 0.05), and the addition of N by itself had no apparent
effect on the water content (p ¼ 0.38). Combined warming and
addition of N reduced soil water content (p < 0.05), except in 2008,
the difference between combined warming with N addition and
warming by itself is not significant.

3.2. Effects of warming and N addition on soil N and P

Consistent results were obtained in this study: N addition clearly
enhances the amount of total soil nitrogen aswell as available N and
NHþ

4eN, but these amounts are not significantly affected by
warming (p< 0.001, Fig. 2a, c, e). The combination ofwarming andN
addition enhanced the amount of total N and available N compared
with the control (p < 0.05). For available N, the effect of combined
warming and N addition was higher than for the control but lower
than forNaddition by itself. In general, the rate of netmineralization
of soil N increased with N addition, warming, and the combination
of warming and N addition. The addition of N and warming had
apparent effects on the rate of net mineralization of soil N. The
amount of soil NO�

3eNdecreasedwithN addition,warming, and the
combination of warming and N addition. The addition of N has no
apparent effect on the amount of NO�

3eN, but warming clearly
decreased the amount of NO�

3eN (p< 0.01, Fig. 2f). The addition of N



So
il 

te
m

pe
ra

tu
re

 (
 o C

 )

5

10

15

20

25

(b)2008 8
10
12
14
16
18
20

b b
a b

WN

5

10

15

20

25

(a)2007 M
ea

n
 S

T 
(o C

)

8

10

12

14

16

18

20

b b
a a

C N WWN

10

15

20

25

(c)2009
14

16

18

20

a a
bb

C N W WN

May Jun Jul Aug Sep Oct
5

10

15

20

25

30

(d)2010 12

13

14

15

16

17

18

aa

bb

C N W WN

.25

.20

.15

.10

.05

(E)

.30

.25

.20

.15

.10

.05

.30

.25

.20

.15

.10

.05

.30

.25

.20

.15

.10

.05

.00
(h)2010 .06

.08

.10

.12

.14 aa
b

b

C N W

C N W WN

W*
WN*

W*
WN*

W*
WN*

W*
WN*

W*
WN*

S
oi

l  
w

at
er

 c
on

te
nt

 (
 m

3 m
-3

 )

W*
WN*

M
ea

n
 S

V
W

C
(m

3 m
-3

)

.08

.09

.10

.11

.12

b
b

a a

C N WWN
(e)

W*
WN*

(f).08

.10

.12

.14

.16

.18

aa a
b

C N W WN

2007

2008

.10

.11

.12

.13

.14 a
b

b

a

C N W WN

W*
WN*

2009 (g)

N
W
WN 

C

May Jun Jul Aug Sep Oct

Fig. 1. Effects of warming and nitrogen addition on soil temperature and soil water content. Values show the means of soil temperature (ST) and soil water content (SWC) from May
to October for four years. The inset graphs show the seasonal mean ST and SWC values for the four growing seasons. Vertical bars indicate standard errors of the means (n ¼ 6).
Different lowercase letters indicate statistically significant differences (p < 0.05). C ¼ control, N ¼ nitrogen addition, W ¼ warming, and WN ¼ combined warming and nitrogen
addition.

N. Zhang et al. / Soil Biology & Biochemistry 65 (2013) 96e104 99
significantly reduced the amounts of total P and available P (p<0.01,
Fig. 2b, d), but warming produced no apparent effect on them. The
interaction betweenNaddition andwarming decreased the amount
of total P in soil (p < 0.01) but had little effect on the amount of
available P (Fig. 2b, d).

3.3. Effects of warming and N addition on the N:P ratio and the
NHþ

4eN:NO�
3eN ratio

The addition of N increases the N:P and NHþ
4eN:NO

�
3eN ratios

(Fig. 3). In 2008, the ratio of available N:P reached 21.12. Although
warming tends to increase the availableN:P ratio, warminghas little
effect on the totalN:P ratio and the availableN:P ratio (Fig. 3a, b). The
total and available N:P ratios by combined warming and N addition
are higher than that of control, but for the total N:P ratio, there is
little difference between N addition by itself and when combined
withwarming. For the available N:P ratio, the ratio for N addition by
itself is higher than that for combined warming and N addition
because the amount of NO�

3eN is significantly reduced when
warming and N addition are combined (p < 0.05, Fig. 2f; Fig. 3a, b).
Surprisingly, given the saline soil in Songnen Meadow Steppe, N or
warming by itself did not noticeably increase the NHþ

4eN:NO
�
3eN

ratio, but the combination of warming and N addition significantly
enhanced it (p < 0.05, Fig. 3c). Interestingly, regardless of the
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treatment, the amount of NHþ
4eN is far greater than that of NO�

3eN,
causing the NHþ

4eN:NO�
3eN ratio to range between 1.5 and 3.0.

3.4. Correlation of soil nutrients and nutrient ratios with soil
temperature and soil water content

Correlation analysis showed that soil temperature and water
content were positively correlated with the amount of total N, total
P, available N, and available P; the total and available N:P ratios; and
the net N mineralization rate. Correlation coefficients range from
0.297 to 0.853 (Table 1). The highest correlations between each of
these measures and soil temperature or water content occurred in
the control plots, except for the net nitrogen mineralization rate.
The lowest correlations occurred in the plots treated with the
combination of warming and N addition because of the more
complex response of soil nutrients to the combined treatment.
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Fig. 3. Effects of warming and nitrogen addition on seasonal changes in soil N:P and
NHþ

4 eN:NO�
3 eN ratios. Values show the means of soil N:P and NHþ

4 eN:NO
�
3 eN ratios

from May to October for four years. Vertical bars indicate standard errors of the means
(n ¼ 6). Different lowercase letters indicate statistically significant differences
(p < 0.05). C ¼ control, N ¼ nitrogen addition, W ¼ warming, and WN ¼ combined
warming and nitrogen addition. *, and *** indicate a significant difference between
treatment at p < 0.05 and p < 0.001, respectively.
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Correlations between total and available N and soil temperature or
water content were higher than for the correlations of total and
available P and soil temperature or water content. The correlations
between available N and P and soil temperature or water content
were considerably higher than the correlations of total N and Pwith
soil temperature or water content (Table 1). The correlations were
generally highest between the net N mineralization rate and soil
temperature or water content in the control plots, and were lowest
between N addition and soil temperature or water content in N
addition plots, but the variation in correlation coefficients among
the different treatments was not marked (Table 1).

4. Discussion

4.1. Effects of warming and N deposition on soil N and P

The mineralization, nitration, fixation, and absorption of N, and
the internal recycling of nutrients by plants, are the major path-
ways of N movement in a grassland ecosystem. Mineralization of
soil N is an important link in the soil N cycle, whose processes
depend on the amount of organic N present, temperature, moisture
level, and activity of microorganisms (Puri and Ashman, 1998;
Shaw and Harte, 2001a). Currently, whether N deposition affects
the net N mineralization rate is a topic of intense debate. Some
believe that the net N mineralization rate accelerates with
increasing N deposition (Loiseau and Soussana, 2000; Li et al.,
2006; Vourlitis and Zorba, 2007). The addition of N enhances the
amount of available N in soil, and the amount of available N in-
creases as more N is added, as the duration the addition increases,
and as the rate of net mineralization increases (Robinson et al.,
2004). However, the results of the study observed that although
the mineralization rate for soil N increases with long-term N
addition, the rate of net mineralization decreases from an initial
peak to a value near or lower than that of the control. Some other
previous studies are also in agreement with our results (Tietema
et al., 1998; Aber et al., 1998; Throop et al., 2004).

N addition facilitates mineralization of soil N and enhances the
amount of available N. The reason is that the addition of N enhances
microbial activity and triggers a priming effect that further facili-
tates themineralization of soil organic matter (Fig. 2c, g). Moreover,
the combination of surplus N and organic matter lowers the soil
C:N ratio and accelerates the decomposition rate of organic matter
and the release of nutrients (Lovell and Hatch, 1998; Throop et al.,
2004). Thus, N deposition facilitates the release of available N in the
soil and provides more usable N for the growth of vegetation.
However, the mineralization of soil N does not increase continu-
ously when the level of N addition remains the same. In the third
growing season (2009), mineralization of soil N declined after
reaching a peak, probably because N input changed the chemical
characteristics of the organic matter in soil (Aber et al., 1998), or the
gradual adaption of aboveground vegetation and soil microbes to
the experimental treatments as well as from feedbacks affecting
soil nutrient conditions.

Temperature is another important factor controlling the
mineralization of N. Higher temperature can facilitate the miner-
alization of N and accelerate the accumulation of soil N (Piatek and
Allen, 1999; Cookson et al., 2002). A positive correlation exists
between the mineralization of soil N and temperature (Table 1),
which is probably a result of the increase of soil microbial activity
and microbial biomass in the warming plots, accelerating the rate
of decomposition of soil organic matter and thus facilitating the net
mineralization of N (Rustad et al., 2001; Shaw and Harte, 2001b).

In this study, the amounts of total and available N were appar-
ently not affected by warming as had been assumed, mainly
because warming is associated with vigorous seasonal vegetation
growth that increases the aboveground biomass (unpublished
data), and thus the absorption of the nutrients is also enhanced.
Therefore, large accumulations of total and available N in soil do not
occur, although a large amount of available N remains after
mineralization (Fig. 2a, c), and this amount does not change much
(Nemani et al., 2003).

Many researchers have attempted to show that NO�
3eN is the

main form of available N in arid and semi-arid meadow soil (Ma
et al., 1999; Scherer et al., 2003; Turpault et al., 2005). However,



Table 1
Relationships between soil total N, total P, available N, available P, total N:P, available N:P, NNM rate and soil temperature as well as soil water content in different treatment
plots.

Soil nutrients Soil temperature Soil water content

C N W WN C N W WN

Total N 0.548** 0.475* 0.492* 0.439* 0.596** 0.408* 0.351* 0.430*

Total P 0.531** 0.401* 0.409* 0.297* 0.399** 0.348* 0.326* 0.290*

Available N 0.853** 0.767** 0.742** 0.717** 0.744** 0.519** 0.592** 0.454**

Available P 0.741** 0.659** 0.558** 0.538** 0.784** 0.435** 0.438** 0.391**

Total N:P ratio 0.630* 0.580* 0.457* 0.529* 0.478* 0.471* 0.449* 0.420*

Available N:P ratio 0.812** 0.715** 0.672** 0.625** 0.754** 0.736** 0.660** 0.653**

NNM rate 0.786** 0.770** 0.783** 0.775** 0.807** 0.771** 0.776** 0.780**

Pearson correlation coefficients (R) and their significance (p) are given as: *p < 0.05 and **p < 0.01, respectively. C ¼ control, N ¼ nitrogen addition, W ¼ warming,
WN ¼ combined warming and nitrogen addition, and NNM rate ¼ net N mineralization rate.
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the results indicate that NHþ
4eN is the main form of available N in

the surficial soil (0e15 cm) of SongnenMeadow Steppe, regardless
of the experimental treatment (Fig. 3c). This discrepancy between
expectations and results may arise from two characteristics of the
soil environment of Songnen Meadow. The first is that NHþ

4eN is
likely to be adsorbed and fixed in the soil by clay minerals and
organic colloids, causing the amount of NHþ

4eN to tend to rise
gradually as the vegetation grows, while the soil NO�

3eN is used
by the steppe plants primarily to form green biomass; therefore,
the net surplus of NHþ

4eN in soil is reduced (Gao et al., 2004). The
second is that the accumulation of NO�

3eN is closely related to soil
water content. Seasonal waterlogging of the surface is often seen
in Songnen Meadow Steppe. Nitrobacterial activity is affected by
flooded conditions, which hinder the transformation from
NHþ

4eN to NO�
3eN, causing the amount of NO�

3eN to tend to
decrease (Rückauf et al., 2004). Moreover, leaching, which is the
major abiotic channel for NO�

3eN loss in this special meadow, is
mainly influenced by changes in rainfall amounts (Galbally et al.,
2008). The reason is that nitrate ions are difficult to be absorbed
by soil particles and easily moved with water in soil. As a conse-
quence, the high intensity and frequency of rainfall in summer
may facilitate the nitrate ions leaching into deep soil layer and
make them plant unavailable. Furthermore, the water table is
shallow (about 2 m deep) in Songnen Meadow Steppe, and strong
rainfalls in summer facilitate the leaching of NO�

3eN (Xiao et al.,
2005), increasing the loss of NO�

3eN, and causing the amount of
NHþ

4eN to rise to surplus levels. However, some research has
found a positive correlation between the amount of NO�

3eN and
conductivity or pH values (Curtin et al., 1998; Zhang and Brian,
2002; Pascual et al., 2007). These correlations indicate that un-
der saline conditions, soil pH and conductivity are higher, which
promotes nitrifying processes in the soil and increases the amount
of soil NO�

3eN. This is inconsistent with our results, probably
because the influence of pH and conductivity on NO�

3eN is far less
than on the two above processes, but the issue requires further
study.

The warming treatment caused soil temperature to rise, and the
additional mineralization of N was partially offset by absorption by
vegetation, leading to a clear reduction in the amount of NO�

3eN
(Ineson et al., 1998). The addition of N also tended to reduce the
amount of NO�

3eN, so the combined treatment of warming and N
addition caused the amount of NO�

3eN to decline more than for the
other two treatments or the control. In 2008, the relatively high
amount of rainfall enhanced the leaching of NO�

3eN, causing the
amount of NO�

3eN in that year to reach a minimum. However, in
that same year, the combined treatment of warming and N addition
increased the amount of NHþ

4eN, so the NHþ
4eN:NO

�
3eN ratio

reached amaximum, with the amount of NHþ
4eN being three times

that of NO�
3eN.
The addition of N considerably reduced the amount of total and
available P, mainly because the addition of N facilitates vegetation
growth. During growth, plants need to maintain a stable N:P ratio,
which encourages the absorption and utilization of soil P (Goodale
et al., 2000; Lilleskov et al., 2002; Zhang et al., 2004; Menge and
Field, 2007). Therefore, the increasing uptake of N facilitates
vegetation growth and leads to the loss of soil P. Further, plant
tissue P was difficult to decompose because it existed in the form of
phospholipid and phytate, etc. This part of organic P could be
decomposed by phosphatase and return back to soil, which would
be affected by various factors such as phosphatase activity, tem-
perature and pH (Chen et al., 2004). As a consequence, P absorbed
by plants could not soon be released into soil and the P availability
was temporarily decreased in soil.

Microbes also play a role in the amount of P present. Microbial
functions in soil include immobilization and mineralization (Qin
et al., 2006). After some interval of N addition, the relative rate of
microbial immobilization of P is higher than the rate of minerali-
zation, so the amount of available P in soil declines (Kouno et al.,
2002). However, results of our study show that the amount of soil
P was not appreciably reduced by warming (Fig. 2b, d), mainly
because of an adaptation process involving microorganisms and
enzymatic activity in soil in response to increased temperature; in
addition, the activity of phosphatase may be influenced by soil and
vegetation characteristics, species biodiversity, and so on (Dick
et al., 2000).

Warming increases the activity of soil phosphatase, and this
increase has been noted in each year that this study has been
extended (unpublished data). Due to the increase in the amount of
soil phosphatase, it is clear that available P is somehow being
supplied. Therefore, the amount of available P is not noticeably
decreased bywarming. The productivity of aboveground vegetation
is increased by warming, so the need for soil P by plants is also
increased. The decrease in soil P content is led by the movement of
P to the surface, and soil microbial activity is enhanced bywarming,
which strengthens the decomposition of the litter. A large amount
of P is returned to the soil, and the amount of total P is not much
reduced (Chen et al., 2003).

4.2. Effects of warming and N deposition on the coupling
mechanism between soil N and P

The N:P ratio increases with N addition, and the increase in the
amount of N, as well as the decrease in the amount of P, have
different effects on N and P. Therefore, the coupling mechanism
between soil N and P is reduced, as reflected by the significant
reduction in the liner relationship between total N and available P
(Co-variance, p < 0.01) as well as between available N and avail-
able P (Co-variance, p < 0.001) in N addition compare with
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control. The coupling mechanism is not only influenced by
interaction between N and P but also by abiotic factors such as soil
temperature, water content, and soil pH. Although results of this
study show positive correlations between soil N or P and tem-
perature, the extent of the influence of temperature on P is lower
than for N and C (Oberson et al., 1993), and the different responses
of N and P to temperature changes alter the coupling relationship.
Moreover, N addition can also lead to soil acidification, and the
volume and timing of N addition are positively correlated with the
extent of decrease of soil pH (Fan et al., 2007). In addition, soil
acidification affects phosphatase activity (Gundersen and
Rssmussen, 1990), and affects the amount of P in soil, so
changes in soil acidification also alter the coupling mechanism
between N and P. The N:P ratio is not much changed by warming
or by the combination of warming and N addition, so no influence
on the coupling mechanism between N and P is apparent (Fig. 3a,
b), which indicates that an increase in atmospheric N deposition is
likely to weaken the coupling mechanism, but little to no effect
can be attributed to warming.

It is surprising that current research on the N:P ratio focuses
solely on vegetation, while data on the combined effects of
warming and N addition on N:P ratios have not been reported until
now. In this study, results show that the addition of N increases
the N:P ratio, especially the ratio of available N:P (AN:AP
ratio2008 ¼ 21.12, Fig. 3b), and that warming also tends to increase
the available N:P ratio. The available N:P ratio is lower when a
combination of warming and N addition occurs than when N
addition occurs by itself (Fig. 3b), mainly due to the low amount of
NO�

3eN (Fig. 2f) associated with the combined treatment. The in-
crease in the N:P ratio shows that the coupling mechanisms be-
tween total N and total P, and between available N and available P,
are weakened by N addition. In addition, it shows that P becomes
the limiting nutrient in the soil, and that P is being lost in Songnen
Meadow Steppe, especially when rainfall is plentiful and evenly
distributed.

It is clear that atmospheric N deposition will be an important
factor affecting the circulation of N and P in across northeast China
as global change progresses, and that the coupling mechanism of
soil N and P will be reduced by the increase in N deposition. The
weakening of the coupling mechanism may negatively affect the
grassland ecosystem. The deposition of N is increasing in response
to China’s increasing industrialization, P may need to be supplied in
the future to enhance the availability of soil P and to maintain the
dynamic balance between N and P. Because it is of great importance
for slowing the negative effects of global change on grassland
ecosystems and increasing their productivity.
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