
ORIGINAL ARTICLE

Characteristics of soil water percolation and dissolved organic
carbon leaching and their response to long-term fencing
in an alpine meadow on the Tibetan Plateau

Yongsheng Yang1 • Hongqin Li1 • Li Zhang2 • Jingbin Zhu1,3 • Huidan He1,3 •

Yaxi Wei1,3 • Yingnian Li1,4

Received: 14 March 2016 / Accepted: 7 October 2016 / Published online: 25 November 2016

� Springer-Verlag Berlin Heidelberg 2016

Abstract Fencing is an important method for restoring and

reconstructing degraded grasslands on the Tibetan Plateau.

Understanding the characteristics of soil water percolation

and soil dissolved organic carbon (DOC) leaching and their

response to long-term fencing (10 years) could provide a

scientific basis for the management of soil water resources

and carbon sinks in alpine grasslands. In this study, grazing

plots and plots fenced for 10 years were selected in an

alpine meadow, and soil bulk density, soil organic carbon

(SOC) density, vegetative carbon (VC) density, soil water

percolation and DOC leaching were monitored regularly in

the two treatments. The results were as follows: (1) Long-

term fencing reduced the soil bulk density and improved

carbon sequestration in the alpine meadow. The soil bulk

density at a depth of 0–20 cm in the fenced plots was

significantly lower than that of the grazing plots

(p\ 0.05), and SOC density and VC density at a depth of

0–40 cm were higher than those of the grazing plots to a

different degree. (2) During the non-frozen period (from

May to September), total soil water leakage at a depth of

40 cm in the grazing plots was 9.6 mm, which accounted

for 2.2% of the total rainfall in this period. After fencing

for 10 years, soil water leakage was increased by 53.1%.

(3) From May to September, total DOC leaching from the

grazing plots was 34.6 gC m-2, and total DOC leaching

from the fenced plots was increased by 55.5% compared to

the grazing plots. Our results demonstrated obvious soil

water percolation and DOC leaching in the alpine meadow.

The DOC entered into the groundwater system with the

percolation water and finally flowed into lakes and rivers,

which represents an important soil carbon loss pathway in

alpine meadows.

Keywords Long-term fencing � Alpine meadow � Soil
water percolation � DOC leaching � Soil organic carbon

density

Introduction

The Tibetan Plateau is the main functional area providing

ecosystem security and water source conservation in China

and is known as the ‘‘Chinese water tower.’’ As one of the

main components of the water source conservation region

of the Tibetan Plateau, the alpine meadow is a widespread

land cover type comprising the representative vegetation of

the plateau (Cao et al. 2004), and it plays a very important

ecological role in maintaining the development of the

regional economy, protecting water sources and preserving

biodiversity in the Tibetan Plateau ecosystem (Bu et al.

2007; Wang et al. 2012). Because the soil layer in alpine

meadows is relatively thin and the soil below 40 cm is

usually a sand-gravel layer with high water permeability

(Wang et al. 2003), soil water easily enters into the

groundwater system by the process of percolation, which is

closely related to the leaching of soil nutrients and soil

salinity (Feng et al. 2005; Robert and Bruce 1990).

Studying the characteristics of soil water percolation in
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alpine meadows would provide basic data to elucidate the

water cycle and nutrient transfer in this region. Until now,

research on soil water percolation has mainly focused on

arid, semiarid and humid regions at low altitudes (De and

Bootsma 1997; Heng et al. 2001; Mack et al. 2005), but

little research has been conducted on the fragile ecological

environment of high-altitude alpine meadows.

Due to the detailed research on the topic of global

warming, the global carbon cycle is becoming one of the

most important issues that must be studied by environ-

mental scientists (Booth et al. 2012). As one of main car-

bon sinks in the natural environment, soil carbon can be

released into the atmosphere in the form of greenhouse

gases (CO2, CH4) (Cao et al. 2004; Hannu et al. 1995) as

well as leached into the groundwater in a water-soluble

form (Jette et al. 1996). Reimo et al. (2011) found that the

net carbon losses from cropland soils was increased by

25% due to carbon leaching, but leaching hardly affected

the actual net ecosystem carbon balance of forest soils.

Research from Ireland determined that the leaching losses

of biogenic dissolved inorganic carbon from non-inversion

tillage plus a cover crop was 34.0 g m-2 year-1 (David

et al. 2011), which was significantly higher than that for

conventional tillage. Therefore, it can be inferred that

dissolved organic carbon (DOC) leaching is very important

for the natural carbon cycle. Alpine meadows account for

35% of the area of the Tibetan Plateau (Song et al. 2010)

and are a very important ecosystem component of this

region. To date, research on DOC leaching in alpine

meadows is still lacking, so its study in these habitats

would be of important scientific significance and contribute

to a deeper understanding of the carbon cycle and the

change in carbon sequestration on the Tibetan Plateau.

Fencing is an effective rehabilitation measure for

degraded pastures, and it has been widely used in grassland

management in China. Researchers have studied the eco-

logical restoration effects of fencing on degraded grass-

lands on the Tibetan Plateau. Wu et al. (2010)

demonstrated that fencing could enhance the coverage and

above-ground vegetation biomass but significantly

decrease the species richness of alpine grassland vegetation

(Wu et al. 2009), and other research has found that fencing

could improve the soil physicochemical properties of

alpine meadows (Li et al. 2013). However, while fencing

has been shown to affect the growth of the vegetation and

soil properties in alpine meadows, whether it affects water

percolation and DOC leaching is unknown. If it does, to

what degree? Exploring the effects of fencing on soil water

percolation and DOC leaching in alpine meadows is an

important contribution to research on the global water and

C cycles.

Based on the above reasons, this research focused on a

typical alpine grassland in the source region of the three

rivers on the Tibetan Plateau as a study area and deter-

mined the effects of long-term fencing on soil water per-

colation and DOC leaching through long-term positioning

observations. Based on these analyses, we examined the

effects of long-term fencing on the soil water and carbon

cycles in an alpine grassland and expected that the results

could provide an experimental basis and basic data to

inform the effective utilization of water resources and

improve carbon sequestration management in alpine

grasslands.

Materials and methods

Study site and management

The study site was located in Maqin Country in Guoluo

Prefecture of Qinghai Province (N 34�28047.5200,
E 100�12005.3700) at an elevation of 3763 m. This area

experiences a typical plateau continental climate with long

harsh winters and short cool summers. The annual average

temperature is -0.5 �C, and the annual cumulative tem-

perature above 0 �C is 914.3 �C. The mean annual pre-

cipitation is 514 mm with 445.0 mm of rainfall from May

to September (Wang et al. 2007). The vegetation is typical

of an alpine meadow dominated by Kobresia myosuroides

(Villars) Foiri, and the main associated plant species are

Festuca ovina Linn, Poa annua Linn, Elymus nutans Gri-

seb and Ptilagrostis dichotoma. The vegetation coverage

ranges from 50 to 80%, and the soil type is mainly alpine

meadow soil. Due to climate change and overgrazing, the

grassland in the study site was severely degraded (Yi et al.

2012).

Experimental design

We selected a block of a meadow inMaqin Country that was

fenced in 2003 as a fenced plot in March 2013; the fence

completely excluded livestock grazing during the plant

growing season from June to October. Slight grazing was

allowed during the hay-stage in winter at an intensity of

approximately 1.00 sheep per hm2. The grazing plot was

established 500 m away from the fenced plot enclosure

(CK), and the grazing intensity was 1.36 sheep per hm2. The

sizes of the fenced and grazing plots were 60 m 9 60 m.

Index measurements and analysis

Collection of soil water leakage

Three soil water percolation observation systems (Fig. 1)

were established in the middle of both the fenced plot and

grazing plot in May 2013, and the spacing between

1471 Page 2 of 10 Environ Earth Sci (2016) 75:1471

123



adjacent soil water percolation observation systems was

15 m. The detailed soil water percolation observation

system installation procedure was as follows. First, six steel

pipes were cut so that their height, inner diameter and wall

thickness were 45, 20 cm and 4 mm, respectively. The top

and bottom edges of the steel pipes were like blades; so to

maintain the natural structure of the soils, the pipes were

pounded vertically into the soil with a rubber hammer. The

small gaps between the soil and the inner walls of the pipes

were filled by air-dried fine soil particles with a thin

bamboo stick. To prevent water flowing between the inner

and outer walls of the pipes, which would have influenced

the accuracy of the experiment, the top edge was 5 cm

higher than the soil surface, and the remaining 40 cm was

buried in the soil. A sand-gravel layer usually occurs at a

depth of 40 cm in alpine meadows, so the soil water

leakage measured in this research is from a depth of 40 cm.

Each treatment was replicated three times. After the steel

pipes were pounded into the soil, a tunnel of 120 cm

(length) 9 80 cm (width) 9 100 cm (depth) was dug

beside each steel pipe, and the distance between the steel

pipe and the side of the tunnel was 50 cm. A parallelo-

gram-shaped pit reaching the bottom edge of each steel

pipe, a depth of 40 cm, was dug on the inner side of the

tunnel. Then, a glass funnel was connected to the bottom of

each steel pipe, and the point of connection between bot-

tom edge of the pipe and the funnel was sealed with tape.

To prevent the soil in the steel pipe from being dropped

into the funnel, which would have influenced the normal

fluidity of the soil water, a layer of nylon mesh was tightly

bound to the outside of each steel pipe. A rubber hose with

an inner diameter of 0.6 cm was connected to the outlet of

the funnel, and leakage water was stored in a plastic water

container. The space below the bottom edge of the steel

pipe and around the funnel was filled with soil under the

assumption that the water in the rubber hose could flow

normally. Lastly, the four sides of the tunnel were rein-

forced with moisture-proof, insulating material with a

thickness of 3 cm, and a panel made from moisture-proof,

insulating material was used to cover the tunnel; the size of

the panel was 230 cm (length) 9 90 cm (width). A sche-

matic representation of the soil water percolation mea-

surement setup is shown in Fig. 1.

The soil water leakage was measured with a measuring

cup on the 8th, 18th and 28th of each month during the

non-frozen period (from May to September). To avoid the

overflow of leakage water from the plastic water storage

container when long rains occurred, observations were

added when lone-time or heavy rainfall events occurred.

After measuring the amount of soil water percolation, the

Fig. 1 Schematic

representation of the soil water

percolation experimental setup

used in the study
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leakage water was brought to the laboratory in clean plastic

bottles. The daily rainfall from May to September in 2003

was measured by the weather bureau of Maqin Country and

is shown in Fig. 2.

Determinations of DOC leaching

DOC concentrations of the soil leakage water samples, in

mgC/g, were analyzed using Pt-catalyzed, high-temperature

combustion (680 �C) with a TOC-VCPH/CPN (Shimadzu

Corporation, Kyoto, Japan) (Reimo et al. 2011; Forrester

et al. 2013). Prior to analysis, the inorganic carbon was

stripped off by adjusting the pH to 2 with HCL and sparging

with CO2-free synthetic air. Then, DOC leaching per unit

area was calculated according to the following equation:

Q ¼ Q1S

1000

where Q is the DOC leaching per unit area in gC/m2; Q1 is

the DOC concentrations of soil water in mgC/g; S is the

amount of leakage water, g/m2; and 1000 is the conversion

coefficient between mg and g.

Determinations of soil bulk density and soil organic

carbon (SOC) density

Undisturbed soil samples were collected from depths of 0–

10, 10–20 and 20–40 cm in fenced and grazing plots with a

soil wreath knife (both the inner diameter and height were

5 cm) in August 2013. Each treatment was replicated three

times. Undisturbed soils were placed in an oven at 105 �C
until they reached constant weight, and the dry undisturbed

soil was then weighed. Soil bulk density was calculated

using the following equation:

D ¼ m1 � m

v

where D is the soil bulk density in g/cm3; m1 is the dry

weight of the undisturbed soil and the soil wreath knife in

g; m is the weight of the soil wreath knife in g; and v is the

volume of the soil wreath in m3.

After the soil samples were air-dried, the roots and

gravel in the soil samples were carefully removed, and the

soil was sifted through a 0.25-mm sieve. The SOC content

of each soil layer was measured by the heated dichromate

titration method (Wang et al. 2011).

SOC density is the storage of SOC per unit area, the SOC

density of a certain soil profile is the sum of the SOC den-

sities of all of the soil layers in the profile; and SOC density

was calculated with the following equation (Du et al. 2011):

SOC ¼
Xk

i¼1

SOCi ¼
Xk

i¼1

CiOiDið1� ViÞ=100

where SOC is the SOC density in kg/m2; Ci is the SOC

content in the i soil layer in g/kg1; Oi is the soil bulk

density in the i soil layer in g/kg; Di is the thickness of soil

in the i soil layer in cm; and Vi is the volume ratio of gravel

with diameters[2 mm in the i soil layer in %.

Determinations of vegetation carbon (VC) density

First, the vegetation biomass was determined using the

‘‘harvest’’ method. Five 0.25-m2 (0.5 m 9 0.5 m) quadrats

in the fenced and grazing plots were randomly chosen in

August 2010, and the above-ground part of the vegetation

within each quadrat was cut and collected in a paper bag.

Soils in the quadrats, which contained the roots of the

vegetation, at the depths of 0–10, 10–20 and 20–40 cm were

dug by shovel and knife, and they were collected in the mesh

bags. The roots were washed off in the river, and little stones

were removed in this process. The biomass samples were

dried in an oven at 80 �C until they reached a constant

weight to determine the vegetation biomass per unit area.

VC density was calculated with the following equation:

DVCt ¼
Xk

i¼1

DVCi ¼
Xk

i¼1

CiOi

where DVCt is the VC density in g/m2, and k is the veg-

etation biomass layer. From the top to the bottom, the

vegetation biomass was divided into four layers including

the above-ground biomass and the below-ground biomass

at the depths of 0–10, 10–20 and 20–40 cm. Ci is the

conversion coefficient of vegetation biomass to carbon

content. For the above-ground biomass, Ci is 0.45, and it is

0.40 for the below-ground biomass (Fan et al. 2008).

Finally, Oi is the vegetation biomass per unit area in g/m2.

Data analysis

Data were expressed as the mean ± SE. Data were ana-

lyzed for significance with a t test, one-way analysis of

Fig. 2 Daily rainfall in Maqin country from May to September in

2013
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variance and least significance difference test in SPSS 12.0

(SPSS Inc., Chicago, IL, USA), and the analysis of corre-

lations among the different index values was performed in

SAS 9.0 (SAS Institute, Inc., Cary, North Carolina).

Analysis and results

Soil bulk density

Soil bulk density values at different depths in the fenced

and grazing plots are shown in Fig. 3, and the results

indicated that the soil bulk density in the fenced and grazed

regions in the alpine meadow significantly increased with

increasing soil depth. Long-term fencing significantly

decreased the soil bulk density from 0 to 20 cm in depth,

but there were no effects on soil bulk density from 20 to

40 cm. Compared with the grazing plot, the soil bulk

density at depths of 0–10 and 10–20 cm in the fencing plot

was decreased by 59.2 and 18.2%, respectively, and the

differences were significant (p\ 0.05).

SOC density

SOC density at the different soil depths in the grazing and

fenced plots is shown in Fig. 4. The results indicated that,

compared with the grazing plot, SOC density was increased

by fencing to varying degrees, especially in the deep soil

layers. SOC density at 0–10, 10–20 and 20–40 cm in the

fencing plot increased by 16.4, 23.2 and 118.3%, respec-

tively, compared with that of the grazing plot. The differ-

ence between the two treatments at 20–40 cm was

significant (p\ 0.05).

VC density

The above-ground and below-ground VC densities at dif-

ferent depths under fencing and grazing plot in the alpine

meadow are shown in Fig. 5. The total VC density, which

was the sum of the above-ground density and that at the

different depths, of the fenced plot (2469.9 gC/m2) was

increased by 147.2% compared with the grazing plot. The

above-ground and below-ground VC density at soil depths

of 0–10, 10–20 and 20–40 cm in the fenced plot increased

by 186.8, 144.8, 153.2 and 103.2%, respectively, compared

with that of the grazing plot. The statistical analysis con-

firmed that the differences between the two treatments

above-ground and at the 0–10 cm depth were significant

(p\ 0.05), whereas the differences at 10–20 and 20–40 cm

were not significant (p[ 0.05). These findings indicated

that long-term fencing enhanced the carbon storage ability

of the vegetation and increased the carbon stock in the

alpine meadow ecosystem.

Soil water leakage

The change in soil water leakage in the 0–40 cm soil layer

during the non-frozen period (from May to September) in

2013 is shown in Fig. 6. The trend in the change in soil

Fig. 3 Soil bulk density of plots with fencing and grazing in an

alpine meadow. Note Different lowercase letters indicate significant

differences among the different treatments, p\ 0.05. The same

applies below alpine meadow

Fig. 4 SOC density of plots with fencing and grazing in an alpine

meadow

Fig. 5 VC density of above-ground and different depths in plots with

fencing and grazing in an alpine meadow
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water leakage in the grazing plot was consistent with that

of the fenced plot; both were low from May to June and

August to September and reached peak values in July. The

results also indicated that fencing significantly increased

soil water leakage in alpine meadow. The soil water

leakage from the grazing and fenced plots from May to

September lies between 0.0 to 3.1 mm and 0.0 to 4.1 mm,

respectively, and the average soil water leakage during this

period was 0.6 and 1.0 mm, respectively. The total soil

water leakage under fencing (14.7 mm) from May to

September was increased by 53.1% compared with grazing

(9.6 mm) (p\ 0.05), and the values for both treatments

account for 3.4 and 2.2% of the total rainfall (423.6 mm),

respectively, during the same period. The correlation

analysis showed that there was a significant positive rela-

tionship between soil water leakage and rainfall under both

fencing (r = 0.87643, p\ 0.001) and grazing

(r = 0.83789, p\ 0.001).

DOC leaching

DOC leaching under grazing and fencing in the alpine

meadow from May to September is shown in Fig. 7. These

results indicated that fencing significantly increased soil

DOC leaching under grazing and fencing, which lies

between 0.0 and 13.8 gC/m2 and 0.0 and 10.5 gC/m2,

respectively, and the average values for the two treatments

were 3.6 and 10.5 gC/m2. Total DOC leaching of the

fenced plot (53.8 gC/m2) from May to September was

increased by 55.5% compared with that of the grazing plot

(p\ 0.05). DOC leaching under both grazing and fencing

from May to July was significantly greater than from

August to September (p\ 0.05). The average values were

5.2 and 3.6 gC/m2, respectively, from May to July and 1.2

and 0.4 gC/m2 from August to September. There was a

significant positive relationship between DOC leaching and

soil leakage in both the fenced (r = 0.98579, p\ 0.001)

and grazing plots (r = 0.99008, p\ 0.001).

Discussion

Effect of long-term fencing on soil bulk density

in an alpine meadow

Soil bulk density is considered to be an important factor

affecting soil water infiltration, and the results of our

research confirmed that long-term fencing significantly

reduced soil bulk density from 0 to 20 cm in depth

(p\ 0.05), which was consistent with Wu et al. (2010).

This phenomenon could be explained by (1) decreased soil

compaction under long-term fencing due to the prevention

of repeated livestock trampling (Castellano and Valone

2007). (2) Long-term fencing decreased livestock grazing

on plants and significantly improved the growing condi-

tions for the vegetation; root growth thus increased, which

caused the increase in soil porosity within the root zone of

the vegetation, especially at depths of 0–20 cm (Li et al.

2011). These results suggested that long-term fencing

would improve the soil infiltration in alpine meadows, but

in contrast to our results, Li et al. (2013) found that fencing

had no significant effect on soil bulk density at depths of

0–20 cm in an alpine meadow. The reason for these con-

tradictory results could be related to the difference in

fencing time. The fencing time in this study and Wu et al.

(2010) was 10 and 9 years, respectively, but it was only

3 years in the study by Li et al. (2013). This indicated that

the difference in fencing time could lead to contradictory

results when determining the effects of fencing on soil

bulk.

Fig. 6 Soil water leakage in

plots with fencing and grazing

in an alpine meadow from May

to September
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Effects of long-term fencing on soil-vegetation

carbon density

Because fencing reduced livestock trampling and her-

bivory, which enhanced the leaf area index of the plant

community (Sala et al. 1986), it increased the above-

ground vegetation biomass. Meanwhile, fencing improved

the below-ground biomass of plants in the alpine meadow

(Zeng et al. 2015; Xiong et al. 2014a), which would pro-

mote an increase in the carbon fixation ability of the veg-

etation (Zou et al. 2013; Dong et al. 2013). Thus, long-term

fencing significantly increased the VC density in the alpine

meadow, which was similar to findings for the Loess Pla-

teau (Deng et al. 2014). The results of our research showed

that the carbon storage of the soil-vegetation ecosystem,

which was the sum of the soil carbon density and the

below-ground C density of the vegetation, under fencing

(2.3 kgC/m2) was far lower than that of a natural alpine

meadow (17.1 kgC/m2) (Han et al. 2011) and the average

carbon storage of the overall soil-vegetation ecosystem in

China (8.0–11.9 kgC/m2) (Wu et al. 2003). This study

confirmed that recovering alpine meadow on the Tibetan

Plateau had great carbon sequestration potential.

The roots and vegetation litter were the main source of

SOC (Cao et al. 2004). Although livestock dung was

decomposed by microorganisms under grazing conditions,

which supplied SOC to the shallow soil to some degree, the

roots and litter of vegetation obviously increased under

long-term fencing, and they significantly enhanced the

input of SOC (Berendse 1990). Additionally, the coverage

and height of the alpine meadow vegetation was rapidly

increased after fencing (Wu et al. 2010), and soil water

evaporation was decreased. This resulted in the soil water

content of the top soil layer of the fenced plot to be greater

than that of the grazing plot, which increased the decom-

position rate of surface litter under fencing (Estavillo et al.

2002). Third, soil respiration was increased by grazing,

which accelerated the emission of C from the soil to the

atmosphere (Hiernaux et al. 1999; Risser et al. 1981).

Consequently, SOC from depths of 0–40 cm under long-

term fencing plot was greater than that of the grazing plot,

and this result was supported by the research by Holt

(1997). Because the soil bulk density of the shallow soil

layers was significantly decreased by long-term fencing,

the infiltration ability of the soil in fencing plot was greater

than that in the grazing plot; it caused the DOC leaching

from the shallow soil to the deep soil in the fenced plot to

be greater than that of the grazing plot. Therefore, the SOC

in the deep soil (20–40 cm) of the fencing plot was sig-

nificantly greater than that of the grazing plot. In contrast to

our results, Berg et al. (1997) and Binkley et al. (2003)

found that long-term fencing had no significant effects on

SOC in a sand hill rangeland, and other researchers (Reeder

and Schuman 2002; Reeder et al. 2004) found that fencing

could decrease the SOC in short grass steppes. These dif-

ferences may be due to the different soil types examined in

the different studies. The results of this research show that

long-term fencing not only significantly enhanced VC

density, but it also significantly increased the SOC in deep

soil, which indicated that long-term fencing could enhance

carbon sequestration in alpine meadow ecosystems and

once again confirmed that fencing is the one of the most

effective management measures to realize the carbon

sequestration effect of alpine meadows (Xiong et al.

2014b).

Soil water percolation and its response to long-term

fencing

Soil water percolation is one of the most important path-

ways for soil water loss, and it is also one of the important

links in transformation process of rainfall, surface water,

Fig. 7 SOC leaching in plots

with fencing and grazing in an

alpine meadow from May to

September
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soil water and groundwater (Marios 2002). The frozen soil

in the alpine meadow was just completely thawing in May,

so the soil water content was relatively high (Guo et al.

2011). Moreover, the rainy season in alpine meadow began

in May, so the alpine meadow soil was easily saturated, and

soil water constantly percolated at depths of 40 cm. With

the decrease in rainfall at the end of the rainy season (from

August to September), especially in August (Fig. 2), the

soil water content decreased, and soil water percolation

was reduced rapidly. Our research found that the soil water

percolation process in the alpine meadow had the following

characteristics: (1) soil water leakage up to a depth of

40 cm had a significant positive relationship with rainfall.

(2) Soil water leakage from May to June and August to

September was relatively low, and it reached its peak value

in July. (3) During the non-frozen period (from May to

September), the total soil water leakage up to a depth of

40 cm was 9.6 mm, which accounted for 2.2% of the total

rainfall during the same period. Different with our results,

Yang et al. (2014) reported that the soil water leakage in

Mu Us sandland and Ulan Buh desert reached 508.4,

23.8 mm, which accounted for 58.4, 13.9% of the con-

current rainfall, respectively. This difference was caused

by the different rainfall and soil texture in the two studies.

The alpine meadow area on the Tibetan Plateau was

6.37 9 105 km2 (Ni 2002), and it can be deduced that the

soil water leakage in the alpine meadow during the non-

frozen period could have reached 6.1 9 109 m3, which

would have accounted for 2.7% of annual (from 1919 to

2010) average surface runoff of the upper Yellow River

(226.3 9 109 m3) (Li et al. 2014). Fencing increased the

coverage of the vegetation (Wu et al. 2010), decreased the

soil bulk density and enhanced the soil infiltration ability

(Naeth et al. 1990), and these effects caused the soil water

leakage under fencing to be higher than that of the grazing

plot. Because the roots of the alpine meadow vegetation

were mainly distributed from 0 to 30 cm in depth (Yang

et al. 2009), it was difficult for the soil water below 40 cm

to be absorbed by the vegetation. Thus, moderate grazing

in alpine meadows would be beneficial for reducing the

loss of soil water and increasing the soil water use effi-

ciency in this region. Grazing intensity and grazing time

must be researched in future studies.

DOC leaching and its response to long-term fencing

The results of the DOC leaching experiment showed that

there was an obvious DOC leaching phenomenon in the

alpine meadow, and it was significantly greater from May

to July than from August to September. From May to

September, the DOC leaching in the grazing plot in the

alpine meadow was between 0.0 and 10.5 gC/m2, and the

total DOC leaching was 34.6 gC/m2. DOC leaching in the

alpine meadow had a significant positive relationship with

soil water percolation. After fencing for 10 years, total

DOC leaching in the alpine meadow increased by 55.5%,

and the main reasons were as follows: (1) Long-term

fencing enhanced the density of the SOC and VC, and it

increased the source of the carbon that could be leached.

(2) Long-term fencing improved the soil water infiltration

ability, which increased soil water leakage. Compared with

the low-altitude regions, the annual mean temperature in

alpine meadow was relatively low and the accumulation of

soil organic matter was relatively high (Tao et al. 2007),

which caused the source of carbon that could be leached in

alpine meadow was greater than that in low-altitude

regions. Thus, the DOC leaching of alpine meadow was

much greater than that of forest, grassland (Reimo et al.

2011) and cropland (David et al. 2011). These results

indicated that the DOC leaching was varied under different

environmental and soil characteristics. Except the alpine

meadow, alpine steppe and alpine swamp were also the

important components of Tibetan Plateau (Wang et al.

2002). To comprehensively understand the DOC leaching

condition on the Tibetan Plateau, it is necessary to study

the characteristics of DOC leaching in alpine steppe and

alpine swamp in the future.

At the end of the twentieth century, Scholes (1999)

estimated the value of the net carbon sink of a terrestrial

ecosystem to be 2 Pg a-1 and predicted that the carbon

storage in terrestrial ecosystems would reach saturation. On

the contrary, Ji et al. (2008) believed that the carbon

storage of the semiarid region in the eastern Tibetan Pla-

teau would not reach carbon saturation until the end of the

21st century, and these regions would still play a role in

carbon sequestration. Combined with total DOC leaching

in the grazing plot in our study and the alpine meadow area

on the Tibetan Plateau (6.37 9 105 km2) (Ni 2002), the

total DOC leaching in alpine meadow during the non-fro-

zen period could reach 2.20 9 107 t which accounted for

7.5% of the carbon fixed annually by the alpine meadow

vegetation (Zhang et al. 2003). Because of the thin soil

layer, whose thickness was mainly maximized between 30

and 60 cm (Wang et al. 2003), in the alpine meadow, the

DOC in this region would be constantly infiltrated into the

groundwater system with the leakage water and flow into

the river and lakes. Ultimately, this would cause the alpine

meadow soils to always have some degree of space for

carbon sequestration. This result indirectly supported the

view of Ji et al. (2008), and it also explained, to some

degree, the reason for the strong carbon sequestration

function of the alpine meadow soil.

Previous researchers mainly focused on soil respiration

(Cao et al. 2004) when they discussed the soil carbon

emission from the alpine grassland on the Tibetan Plateau,

but little research has been concerned with the carbon
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emission in the form of the DOC leached with leakage

water. This study confirmed that the total DOC leaching in

the alpine meadow during the non-frozen period reached

34.6 gC m-2, which accounted for 18.1% of the annual

average alpine meadow soil respiration flux (Tao et al.

2007). This result indicated that DOC leaching is an

important form of soil carbon emission in alpine meadows,

and it has important significance for the comprehensive

understanding of the process of carbon loss in alpine

grasslands.

Conclusion

In this study, we examined the soil bulk density, SOC

density, VC density, soil water leakage and DOC leaching

under grazing and 10 years of fencing in an alpine mea-

dow, and the results showed a significant soil water per-

colation and DOC leaching phenomenon. From May to

September, total soil water leakage and DOC leaching in

the alpine meadow were 9.6 mm and 34.6 gC/m2,

respectively. Because long-term fencing decreased the

soil bulk density in shallow soil, soil water infiltration was

enhanced. Meanwhile, long-term fencing increased the

density of SOC and VC, which increased the size of the

carbon source that could be leached. Therefore, after

10 years of fencing, total soil water leakage and total

DOC leaching in the alpine meadow were increased by

53.1 and 55.5%, respectively. Our results demonstrated

that the DOC leached into the groundwater system with

the leakage water and ultimately fed into the rivers and

lakes is an important form of carbon emission from alpine

meadows.
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