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Abstract: The change of freeze-thaw pattern of the Tibetan Plateau under climate warming is 
bound to have a profound impact on the soil process of alpine grassland ecosystem; however, the 
research on the impact of the freeze-thaw action on nitrogen processes of the alpine grassland 
ecosystem on the Tibetan Plateau has not yet attracted much attention. In this study, the impact of 
the freezing strength on the soil nitrogen components of alpine grassland on the Tibetan Plateau 
was studied through laboratory freeze-thaw simulation experiments. The 0–10 cm topsoil was 
collected from the alpine marsh meadow and alpine meadow in the permafrost region of Beilu River. 
In the experiment, the soil samples were cultivated at –10°C, –7°C, –5°C, –3°C and –1°C, 
respectively for three days and then thawed at 2°C for one day. The results showed that after the 
freeze-thaw process, the soil microbial biomass nitrogen significantly decreased while the 
dissolved organic nitrogen and inorganic nitrogen significantly increased. When the freezing 
temperature was below –7°C, there was no significant difference between the content of nitrogen 
components, which implied a change of each nitrogen component might have a response threshold 
toward the freezing temperature. As the freeze-thaw process can lead to the risk of nitrogen loss in 
the alpine grassland ecosystem, more attention should be paid to the response of the soil nitrogen 
cycle of alpine grasslands on the Tibetan Plateau to the freeze-thaw process. 
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Global warming and the corresponding environmental change will have a strong influence on the 
high-altitude ecosystem in this century (IPCC, 2007). The warming can reduce the thickness of 
snow cover and even make the snow thaw, resulting in the augmentation of soil temperature 
variability in winter (Isard and Schaetzl, 1998; Mellander et al., 2007). Along with the occurrence 
of more and more extreme and variable climate events (Easterling et al., 2000; IPCC, 2007), 
climate warming will alter the snow thickness and melting pattern in the Arctic (Grogan and 
Jonasson, 2003) and alpine regions (Brooks and Williams, 1999; Kaste et al., 2008), thereby 



750                           JOURNAL OF ARID LAND 2016 Vol. 8 No. 5 

 

affecting the soil freeze-thaw process (Henry, 2008). 
  Studies have shown that soil respiration and N mineralization are still continuing in the 
non-freezing water film when the soil temperature is below 0°C (Panikov et al., 2006), thus soil 
respiration and N mineralization in winter cannot be ignored on a long time scale (Grogan et al., 
2004; Campbell et al., 2005; Kielland et al., 2006; Monson et al., 2006). The soil freeze-thaw 
action can change the physical structure of the soil, influence microbial activity and community 
composition (Schadt et al., 2003; Lipson and Schmidt, 2004; Six et al., 2004; Sjursen et al., 2005) 
as well as promote the loss of ecosystem C and nutrient elements with the emission of runoff 
(Deluca et al., 1992; Wang and Bettany, 1993; Ron Vaz et al., 1994) or trace gas (Chen et al., 
1995; Chang and Hao, 2001), resulting in the reduction of primary productivity. Under the 
background of global warming, the changes in the soil freeze-thaw process and its impact on the 
ecosystem have attracted widespread attention (Nielsen et al., 2001). 
  The Tibetan Plateau, which is known as a climate change pacemaker or warning area, is very 
sensitive to global climate change. Most of the Tibetan Plateau has experienced statistically 
significant warming since the mid-1950s, especially in winter. The linear rate of temperature 
increase over the Tibetan Plateau was about 0.16°C/10a for the annual mean and 0.32°C/10a for 
the winter mean, exceeding those for the Northern Hemisphere and the same latitudinal zone in 
the same period (Liu and Chen, 2000). Meanwhile, the alpine grassland is generally threatened by 
drought and desertification, such as the grassland degradation at the Three-River Source area (Liu 
et al., 2008) and the degradation and desertification of grassland on the Zoige Plateau (Dong et al., 
2010). Under the background of climate change, the alpine grassland of the Tibetan Plateau will 
inevitably lead to advanced soil thaw and the increase of freeze-thaw frequency due to the 
temperature rise, land cover change (vegetation degradation and desertification) and moisture 
change (drought). The change of freeze-thaw pattern in the Tibetan Plateau is bound to have a 
profound impact on the soil process of the alpine grassland ecosystem; however, the research on 
the impact of freeze-thaw action on the N process of the alpine grassland ecosystem on the 
Tibetan Plateau has not yet attracted much attention. 
  The freezing intensity plays an important role in determining the quantity and chemical form of 
the available nutrients in soil after the freeze-thaw action (Edwards and Cresser, 1992; Herrmann 
and Witter, 2002). In this study, the impact of the freezing temperature change on the soil nitrogen 
dynamics of the alpine grassland ecosystem on the Tibetan Plateau was researched through 
freeze-thaw simulation experiments. The research results will help to understand the soil 
ecological process of the alpine grassland ecosystem during non-growing seasons and provide the 
basis for predicting the response of the alpine grassland ecosystem on the Tibetan Plateau to 
climate change. 

1  Materials and methods 
1.1  Study area 
The study area belongs to the high-cold climate zone of the Tibetan Plateau, which is located in 
the permafrost region of the Beilu River at the source of the Yangtze River (34°49′40″N, 
92°56′02″E; 4,630 m asl). The average annual precipitation is 290.9 mm, concentrated in June to 
August, which occupies more than 80% of the precipitation for the year. The monthly average air 
temperature is below 0°C except in the growing season, and the annual mean temperature is 
–5.2°C. The average annual potential evaporation capacity is 1,316.9 mm and the annual average 
wind speed is 4.1 m/s. The thickness of the permafrost active layer is generally 2–3 m with a 
maximum value of 3.4 m and minimum value of 1.7 m, and the ground temperature of continuous 
permafrost rages from –3.0°C to –1.0°C. The soil types are mainly alpine meadow soil, alpine 
shrub meadow soil and alpine marsh meadow soil, among which the alpine meadow soil is most 
widespread with slow decomposition and obvious accumulation of soil organic matter. The 
ecosystem types include alpine meadow, alpine marsh meadow, alpine steppe, etc. Cyperaceous 
Kobresia dominates the meadow plants and the Poaceae and Asteraceae dominate the steppe 
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plants. 
Soils were sampled from alpine marsh meadow and alpine meadow. Alpine marsh meadow 

mainly takes Kobresia tibetica as the constructive species with 85%–90% of coverage and the 
alpine meadow mainly includes Kobresia pygmaea, K. humilis and K. capilifolia with more than 
95% of coverage (Table 1). For each ecosystem type, three 25 cm×25 cm squares with an interval 
of at least 10 m were selected. In each plot, after the removal of surface litter and aboveground 
vegetation, surface soil (0–10 cm) was sampled at the end of July, the period of vigorous growth 
on the Tibetan Plateau. Three soil cores were sampled to measure the bulk density in each plot 
with a volumetric ring. Soil samples were put into plastic bags and quickly taken back to the 
laboratory. Following removal of visible root material by hand picking, each soil sample was 
sieved with a 2-mm mesh and divided into two sub-samples. One sub-sample was stored at 4°C 
for use in the laboratory incubation experiment and the other was naturally air-dried for 
determination of physical-chemical properties of soil. 
1.2  Experimental design 
Before the freeze-thaw treatment, the soil samples were cultivated at a constant temperature of 
11°C (the average temperature in July) for four days. According to the monitoring results of the 
ground temperature of the sampling sites, the freezing temperatures were set at –10°C, –7°C, 
–5°C, –3°C and –1°C, respectively. The homogenized soil samples (approximately 100 g air-dry 
soil) were put into 500 mL culture flasks, cultivated at each freezing temperature for three days 
and then thawed at 2°C for one day. We maintained untreated soil samples (U) at 11°C for the 
duration of the experiment. Each treatment was repeated three times. For preventing water 
evaporation, we sealed the bottles with plastic wrap with ventilation holes on it so as to produce 
aerobic cultivation. 
1.3  Methods 
The N-NH4

+, N-NO3
–, dissolved organic nitrogen (DON) and microbial biomass nitrogen (MBN) 

in the soil were measured. The N-NH4
+ and N-NO3

– were extracted with 75 mL 0.02 mol/L KCl 
using a 1:5 soil to extractant (w/v) ratio on a reciprocal shaker for 1 h. The extracts were filtered 
through 45 μm filter paper and stored in a freezer until N-NH4

+ and N-NO3
– concentrations were 

analyzed on a flow injection analyzer (FIAstar 5000 Analyzer, Foss, Denmark). The filtrate used 
for the measurement of inorganic nitrogen above was filtered again using a 0.45-μm filter 
membrane. The content of total soluble nitrogen in the filtrate was measured by the potassium 
persulfate oxidation method (Yang et al., 2005, 2007). After 0.5 h oxidation in a pressure cooker, 
total soluble nitrogen was measured using ultraviolet spectrophotometry. Microbial biomass was 
analyzed using the fumigation-extraction technique (Brookes et al., 1985). Five-gram soil samples 
were extracted in 0.5 M K2SO4 for 1 h. Meanwhile, another set of 5-g sub-samples was fumigated 
with ethanol-free chloroform for 24 h, and then extracted in a similar manner. Both the 
unfumigated and fumigated soil extracts were filtered through Whatman GF/D filters. The 
difference between the concentrations in the fumigated and unfumigated extracts was used to 
estimate the amount of N in the microbial biomass. For accounting for incomplete extractability, 
we used a correction factor of 0.54 for microbial N (Li et al., 2010). The potassium dichromate 
method was adopted to measure the soil organic matter. 
1.4  Statistical analyses 
We used one-way analysis of variance (ANOVA) to assess the difference in soil nitrogen 
fractions content between freezing temperatures. We tested homogeneity of variances among the 
data in the freeze-thaw treatment using Levene’s test. We used least-significant-difference (LSD) 
tests for multiple comparisons when the variances were homogeneous; otherwise, we used 
Tamhane’s T2 test. We used unitary linear regression analysis to evaluate the relationships 
between the content of microbial biomass nitrogen and dissolved organic nitrogen. In all analyses, 
when P<0.05, differences and correlations were considered statistically significant. All data 
analyses were conducted using version 13.0 of the SPSS software (SPSS Inc., Chicago, IL, USA). 
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2  Results 
2.1  Soil physical-chemical properties 
The soil clay content of alpine marsh meadow soil was 8.28% and its soil silt content was 15.07%, 
both of which were higher than those of alpine meadow soil. The soil bulk density of alpine 
meadow was 1.13 g/cm3, greater than that of alpine marsh meadow soil, which was 0.77 g/cm3 
(Table 1). The pH value of alpine marsh meadow soil was 7.46 and that of alpine meadow soil 
was 7.52, which indicated that the soil at the sampling sites was weakly alkaline. The soil organic 
carbon (SOC), total nitrogen (TN) and total phosphorus (TP) contents of alpine meadow soil were 
14.53, 1.41 and 0.39 g/kg, respectively and those of alpine marsh meadow soil were 51.24, 4.02 
and 0.51 g/kg, respectively, which meant the soil nutrient of alpine marsh meadow was better than 
that of alpine meadow. 

Table 1  soil physical-chemical properties at the 0–10 cm soil depth 

Note: Values are means (n=3). AMM, alpine marsh meadow; AM, alpine meadow; SOC, soil organic carbon; TN, total nitrogen; TP, 
total phosphorus. 

2.2  Effect of freezing intensity on MBN content 
For untreated soil samples, the MBN content of alpine marsh meadow soil was 36.68 mg/kg and 
that of alpine meadow soil was 21.51 mg/kg. Freeze-thaw treatment had a significant impact on 
the MBN of alpine grassland soil (Fig. 1). After freeze-thaw treatment at –1°C, the MBN of 
alpine marsh meadow soil decreased by 11.13 mg/kg and that of alpine meadow soil decreased by 
15.14 mg/kg, both of which decreased significantly. The MBN contents of alpine marsh meadow 
soil decreased significantly after freeze-thaw treatments from –3°C to –7°C, while there was no 
significant difference between the MBN contents of alpine marsh meadow soil after freeze-thaw 
treatments from –7°C to –10°C. The MBN content of alpine meadow soil had the same change 
trend as that of alpine marsh meadow soil. 

 
Fig. 1  Effect of freezing intensity on the microbial biomass nitrogen content. Values of each ecosystem type 
followed by different letters indicate significant difference at the P<0.05 level. U, a constant temperature of 
11°C treatment. AMM, alpine marsh meadow; AM, alpine meadow. The abbreviations are the same. 

2.3  Effect of freezing intensity on DON content 
After the freeze-thaw treatment at –10°C, the soil DON content of alpine marsh meadow 

Ecosystem type 
Clay Silt Sand  Bulk density SOC TN TP  

pH 
(%) (g/cm3) (g/kg) 

AMM 8.28 15.07 76.65 0.77 51.24 4.02 7.46 0.51 

AM 7.64 14.13 78.23 1.13 14.53 1.41 7.52 0.39 



      YANG Zhaoping et al.: Effects of freezing intensity on soil solution nitrogen and microbial biomass…       753 

 

 

increased by 43.25 mg/kg and that of the alpine meadow increased by 11.14 mg/kg (Fig. 2). After 
the freeze-thaw treatments, the soil DON content of alpine grassland ecosystem on the Tibetan 
Plateau all increased significantly compared with those of untreated soil samples. After 
freeze-thaw treatments at –7°C and –10°C, there was no significant difference between the soil 
DON content of alpine meadow while the difference was significant at other freezing 
temperatures. For alpine marsh meadow, the soil DON content did not significantly increase after 
freeze-thaw treatment at –1°C, while it significantly differed at other freezing temperatures. 

 

Fig. 2  Effect of freezing intensity on dissolved organic nitrogen content. Values of each ecosystem type 
followed by different letters indicate significant difference at the P<0.05 level.  

2.4  Effect of freezing intensity on inorganic nitrogen content 
Soil N-NH4

+ content of alpine marsh meadow was 15.88 mg/kg in untreated soil and it 
significantly increased after the freeze-thaw treatment. The N-NH4

+ content increased by 9.97 
mg/kg after freeze-thaw treatment at –1°C and reaching 41.43 mg/kg after freeze-thaw treatment 
at –10°C. There was no obvious difference between the N-NH4

+ content at –7°C and –10°C 
freezing temperatures, while the N-NH4

+ content greatly differed at other freezing temperatures 
(Fig. 3). For the alpine meadow, the N-NH4

+ content greatly differed at –1°C and –3°C freezing 
temperatures compared with those at other freezing temperatures, and there was no difference 
between the N-NH4

+ contents at other temperatures. 

 
Fig. 3  Effect of freezing intensity on N-NH4

+ and N-NO3
– contents. Values of each ecosystem type followed by 

different letters indicate significant difference at the P<0.05 level.  

  Soil N-NO3
– content increased during the freeze-thaw treatment, but the increase range was less 

than that of the N-NH4
+ content. The N-NO3

– contents of alpine marsh meadow and alpine 
meadow were 14.85 and 11.07 mg/kg, respectively, after freeze-thaw treatment at –10°C, which 
increased by 1.43 and 1.53 times, respectively (Fig. 3). The LSD test indicated that soil N-NO3

– 

content of alpine meadow did not increase significantly during the –1°C and –3°C freeze-thaw 
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temperatures and there was no significant difference between soil N-NO3
– contents of alpine 

meadow at the freezing temperatures of –5°C to –10°C. For alpine marsh meadow, there was no 
significant difference between the soil N-NO3

– contents at the freezing temperatures of –3°C to 
–10°C, but it increased significantly compared with untreated soil samples and at the freezing 
temperature of –1°C, and there was no difference between the soil N-NO3

– content in untreated 
samples and at the –1°C freezing temperature. 

3  Discussion 
The impact of the freeze-thaw process on the MBN content is influenced by the comprehensive 
effects of various factors like freeze-thaw rate, freezing strength, freeze-thaw frequency, 
vegetation coverage and soil texture (Edwards and Cresser, 1992), thus resulting in significant 
differences in the MBN content response to the freeze-thaw process in different areas. Schimel et 
al. (1996) indicated that the alternation of freezing and thawing has a killing effect on 
micro-organisms, namely, reduces the amount of soil micro-organisms and kills micro-organisms, 
which is similar to the alternation of drying and wetting or chloroform fumigation. Walker et al. 
(2006) believed that the soil MBN content significantly decreased and then slightly increased in 
the first few freeze-thaw cycles. This study indicated that the freeze-thaw process had a 
significant influence on the soil MBN content of alpine grassland (Fig. 1) and the MBN content 
decreased by 38.81%–41.38% after once freeze-thaw treatement compared with untreated soil 
samples (Table 2). Xu et al. (2011) studied the influence of the freeze-thaw process on the soil 
MBN content of alpine meadows, and the results showed that after once freeze-thaw treatment, 
the soil MBN content decreased by 57.47%, 37.79% and 37.51%, respectively after freeze-thaw 
treatments at –4°C, –4°C to 4°C and –20°C to 4°C, which is consistent with the results obtained 
in this study. This showed that after freeze-thaw, the MBN content of alpine grassland ecosystems 
on the Tibetan Plateau significantly decreased. In this study, all MBN content after the 
freeze-thaw treatment showed a significantly decreasing trend compared with those in untreated 
soil samples, which indicated that the freezing temperature was an important factor affecting the 
MBN content of alpine grassland ecosystems of the Tibetan Plateau. Soil MBN of alpine meadow 
in response to the freeze-thaw process indicates that the main reason for the MBN change might 
be the freeze-thaw time instead of freezing temperature (Xu et al., 2011). The differences of the 
research results further indicate the complexity of the micro-organisms in response to the 
freeze-thaw process. 

Table 2  The percentage (%) of nitrogen component variation at each freezing temperature to its total difference  

–1°C to U –3°C to –1°C –5°C to –3°C –7°C to –5°C –10°C to –7°C 

AMM 

MBN 41.38 15.73 10.33 27.93 4.64 

DON 12.86 21.31 23.56 38.85 3.42 

N-NH4
+ 39.01 24.93 24.46  9.63 1.97 

N-NO3
–  17.02 26.41 25.64 13.65 17.29 

AM 

MBN 38.81 31.70 13.26  7.35 8.87 

DON 18.14 21.38 25.60 30.78 4.10 

N-NH4
+ 53.75 17.68 20.59  4.33 3.66 

N-NO3
–  11.61 31.15 27.92 18.24 11.08 

Note: AMM, alpine marsh meadow; AM, alpine meadow; MBN, microbial biomass nitrogen; DON, dissolved organic nitrogen; U, a 
constant temperature of 11°C treatment. 

DON, which is the direct or potential nitrogen source absorbed and utilized by the soil 
micro-organisms and plants, has an important influence on the soil nitrogen availability (Smith et 
al., 1998; Zhong and Makeschin, 2003). In this study, the soil DON content of the alpine 
grassland ecosystem was 8.81–27.83 mg/kg and the freeze-thaw significantly increased soil DON 
content. Freeze-thaw action kills micro-organisms; meanwhile, the amino acid nitrogen mainly in 
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microbial cells is released with the decomposition of dead micro-organisms, thereby resulting in 
an increase in the soil DON content (Wang and Bettany, 1993). In this study, there was a 
significant negative correlation between MBN and DON (P<0.05) (Fig. 4), indicating that MBN 
is an important source for the increase of the alpine grassland soil DON after freeze-thaw action. 
Soil aggregate is an important factor determining the soil DON content (Lehrsch et al., 1991). 
When soil freezes, the expansion of ice crystals in soil pores breaks the link between soil particles, 
changes the size and stability of the soil aggregates and leads to an increase in the trend of 
breaking big soil aggregates into small ones, and the lower freezing temperature leads to fewer 
stable soil aggregates (Lehrsch et al., 1991). The freeze-thaw damage to the stability of soil 
aggregates releases small molecules that are trapped and adsorbed by soil, which might be one of 
the possible causes of the increase of soil DON content in the alpine grassland with increase of 
the freezing intensity in this study (Lehrsch et al., 1991; Grogan et al., 2004). 

 
Fig. 4  Correlation between microbial biomass nitrogen and dissolved organic nitrogen  

Freeze-thaw action led to an increase in the concentrations of N-NH4
+ and N-NO3

–, and the 
lower the freezing temperature, the more the accumulative contents of N-NH4

+ and N-NO3
–, 

which indicated that freeze-thaw action had promoted the soil nitrogen mineralization of the 
alpine grassland ecosystem on the Tibetan Plateau. The increase of soil inorganic nitrogen may 
result from the following mechanism, namely, the release of inorganic nitrogen comes directly 
from the soil micro-organisms after they are killed partly during the freeze-thaw process and their 
cells rupture (DeLuca et al., 1992). Second, as the dead micro-organisms provide the remaining 
micro-organisms with enough matrixes and stimulate their activities, it is beneficial to the 
mineralization process of the soil organic nitrogen (Herrmann and Witter, 2002). The freeze-thaw 
damage to the soil aggregates released the inactive NH4

+ into the organic matter and inorganic 
colloid, which was also an important reason for the increase of N-NH4

+ (Hinman, 1970; Freppaz 
et al., 2007). The N-NH4

+ content increased as the freezing intensity increased compared with 
untreated soil samples. The existing studies also showed that the impact of severe freezing 
temperature on N-NH4

+ content was more obvious (Xu et al., 2011). Under different freeze-thaw 
treatment, the soil mineralized nitrogen was mainly the N-NH4

+, which had a certain correlation 
with the decrease in the soil N-NO3

– content due to the freeze-thaw action (Nielsen et al., 2001; 
Grogan et al., 2004). Although the freeze-thaw process increased the N-NH4

+ content and soil 
nitrification substrates, the nitration reaction was weakened because the autotrophic nitrifying 
bacteria were sensitive to the environmental change and recover slowly (Nielsen et al., 2001). The 
freeze-thaw process can enhance the denitrification process and promote N2O emission, thus 
resulting in the denitrification process being stronger than the nitrification process, which is not 
advantageous for N-NO3

– accumulation. In this study, the soil DON, N-NH4
+ and N-NO3

– 
contents of the alpine grassland of the Tibetan Plateau increased due to the freeze-thaw action, 
which indicated that the freeze-thaw increased soil total soluble nitrogen content. Although the 
total soluble nitrogen increased, the percentage contribution of the nitrate nitrogen remained 
unchanged or slightly decreased (Fig. 5), which indicated that the freeze-thaw action caused the 
loss of soil nitrogen of alpine grassland from the system. 
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Fig. 5  Percentage contribution of N-NO3

–, N-NH4
+ and dissolved organic nitrogen (DON) to the total dissolved 

nitrogen (TDN). (a), alpine marsh meadow; (b), alpine meadow. 

  Studies showed that different freezing intensity had a significant impact on soil nitrogen 
components of alpine grassland ecosystem on the Tibetan Plateau. The content variations of each 
nitrogen component at different freezing temperatures showed differences. By analyzing these 
variations, we found that the soil MBN contents of alpine grassland decreased while the DON and 
inorganic nitrogen contents increased with the increase of the freezing strength in general. When 
the freezing temperature was below –7°C, there was no significant difference between the 
contents of each nitrogen component. Studies have shown that the nitrogen mineralization 
capacity of Norway spruce forest soil significantly decreased after freezing treatments at –3°C, 
–8°C and –13°C compared with that without the freezing treatment (Hentschel et al., 2008). The 
freezing treatments at –8°C and –13°C had the strongest impact on the soil nitrogen 
mineralization, but there was no difference between the two treatments (Goldberg et al., 2008), 
which had similarity with the results of this study. It is thereby inferred that the change of soil 
microbial communities and each nitrogen component may have a response threshold toward 
freezing temperature, and when the temperature is below this threshold the microbial biomass and 
each nitrogen component do not change significantly with decreasing temperature. There was no 
significant difference between the soil nitrogen mineralization of Norway spruce forest after 
freezing treatment at –8°C and in this study there was no significant difference between the 
contents of each nitrogen component of alpine grassland soil when the temperature was below 
–7°C, thereby indicating that the response threshold of soil microbial communities and each 
nitrogen component toward freezing temperature was relevant to a specific soil, which was 
perhaps relevant to the climate of each sampling site. For alpine marsh meadow soil, there was no 
significant difference between the soil N-NH4

+ contents after freezing treatments at –7°C and 
–10°C, while there was a significant difference between the soil N-NH4

+ contents after freezing 
treatments at –7°C and –5°C. However, for alpine meadow soil, there was no significant 
difference between the soil N-NH4

+ contents after freezing treatment at –5°C, –7°C and –10°C. 
The response differences of soil N-NH4

+ contents of the alpine marsh meadow and alpine 
grassland toward freezing temperature indicated that even when the soil samples were collected 
from the same climate zone with the same local climate conditions, their response thresholds 
showed a difference. This difference may be mainly caused by the difference of soil water content, 
organic matter content, mechanical composition and other physical and chemical properties. 
Whether the response threshold of the soil nitrogen process of different vegetation types toward 
freezing intensity has universality and its influence factors need to be further studied. 

The freeze-thaw process can increase the grassland community productivity in the next 
growing season (Kreyling et al., 2008, 2010) and further influence the ecosystem stability and 
services (Kreyling et al., 2008). The area of this study is located in a large continuous permafrost 
zone of the Tibetan Plateau and the permafrost, as a widespread aquiclude, can effectively prevent 
the infiltration and migration of the surface soil moisture, make the vegetation root layer maintain 
high moisture and force various leached nutrients at the active layer to gather here (Li et al., 
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2005). The freeze-thaw process significantly increased the soil DON and inorganic nitrogen 
contents. Along with the thaw of the active layer, the increased soluble nitrogen in the soil 
migrates to the top of the permafrost layer with the soil moisture, which provides nutrients for the 
growth of plants in the early growing season. Therefore, the increase of the soluble nitrogen 
content in soil caused by freeze-thaw action had an important impact on the originally 
nitrogen-limited alpine grassland ecosystems in the permafrost region of the Tibetan Plateau. As a 
product of climatic conditions, the permafrost is extremely sensitive to climate change (Wu et al., 
2003). The regional temperature increase has already led to widespread degradation, thickness 
decrease or partial area’s disappearance of permafrost (Cheng and Wu, 2007). The permafrost 
degradation will make the nutrients accumulated in the upper part of the permafrost further 
migrate downwards with the increase of active layer thickness and thus lead to plants failing to 
utilize these nutrients. In this case, the freeze-thaw action may increase the soil nitrogen leaching 
losses risk to alpine grassland in the permafrost region of the Tibetan Plateau. 

4  Conclusions 
This study explored the influence of freezing intensity on soil nitrogen components of alpine 
grassland on the Tibetan Plateau. The results demonstrated that the freezing process had a 
significant impact on the soil MBN content of alpine grassland (P<0.05) and the MBN content 
decreased by 38.81%–41.38% after freeze-thaw treatments compared with untreated soil samples. 
The soil DON content of the alpine grassland ecosystem was 8.81–27.83 mg/kg and freeze-thaw 
action markedly increased the soil DON content while the MBN was an important source of the 
soil DON increase of alpine grassland on the Tibetan Plateau. Under different freeze-thaw 
treatments, the soil mineralized nitrogen was mainly the N-NH4

+. The freeze-thaw action led to an 
increase in the concentrations of N-NH4

+ and N-NO3
–, and the lower the freezing temperature, the 

more the accumulative contents of N-NH4
+ and N-NO3

–. When the freezing temperature was 
below –7°C, there was no significant difference between the contents of each nitrogen component, 
which implied that the changes of soil microbial communities and each nitrogen component might 
have a response threshold toward freezing temperature. We suggest that in future studies an in situ 
study should be carried out in the months when the Tibetan Plateau soil alters from freezing to 
thawing. Through comparison of the in situ study with experimental simulation results, we will 
gain insight into the mechanism of how freeze-thaw action influences the soil nitrogen process of 
the alpine grassland ecosystems on the Tibetan Plateau. 
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