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Abstract Permafrost degradation has the potential to
significantly change soil moisture. The objective of this
study was to assess the variability of soil moisture in a
permafrost region using geostatistical techniques. The
experiment was conducted in August 2008 in alpine steppe
and meadow located in the Qinghai-Tibetan Plateau per-
mafrost region. Four soil depths (0-10, 10-20, 20-30 and
3040 cm) were analyzed using frequency domain reflec-
tometry, and sampling made of 80 pointsina 10 m x 10 m
grid were sampled. Soil moisture was analyzed using
classical statistics to appropriately describe central ten-
dency and dispersion, and then using geostatistics to
describe spatial variability. Classical statistical method
indicated that soil moisture in the permafrost region had a
normal distribution pattern. Mean surface soil moisture in
alpine meadow was higher than that in alpine steppe. The
semivariograms showed that soil moisture variability in
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alpine cold steppe was larger than that in alpine meadow,
which decreased with depths. Nugget values in alpine
steppe were low (0.1-4.5), in contrast to alpine cold mea-
dow. Soil moisture in alpine steppe had highly structured
spatial variability with more than 93.4% spatial heteroge-
neity, and the range decreased with depth. Soil moisture
content in alpine cold meadow had a moderate spatial
dependence with a range of 51.3-169.2 m, increasing with
depth.

Keywords Soil moisture - Spatial heterogeneity -
Semivariogram - Permafrost - Qinghai-Tibet Plateau

Introduction

Soil moisture stored near the land surface affects a wide
variety of earth system interactions over a range of spatial
and temporal scales (Famiglietti et al. 1998). The moisture
content of surface soils exerts a major control on the par-
titioning of net radiation into latent and sensible heat, and of
rainfall into runoff and infiltration. It is an important com-
ponent of the energy and water cycle because it controls
interactions between the land surface and the atmosphere.
Soil moisture provides thermal inertia to the climate system
(though to lesser degree); storing and later releasing heat,
dampening out diurnal and seasonal variations in surface
temperatures (Wei 1995). Regional variations in soil
moisture can enhance dryline formation, initiate convec-
tion, and increase precipitation recycling (Chang and
Wetzel 1991; Chen and Avissar 1994; Basara et al. 1999).

Given the importance of surface soil moisture to Earth
system processes, quantification of its spatial-temporal
behavior is receiving increased attention from the hydro-
logic community. Soil moisture is highly variable in space
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and time (Western and Bloschl 1999), and is controlled by
many factors such as weather, soil texture, vegetation and
topography. An understanding of the soil moisture balance
and its variability (spatial and temporal) is important for
understanding patterns of climate change, for developing
and evaluating land surface models, for designing surface
soil moisture observation networks (Liu et al. 2001) and for
quantifying linkages between a region’s hydrology, ecol-
ogy and physiography (geology) (Petrone et al. 2004).

The permafrost area on the Qinghai-Tibet Plateau is
estimated to be about 1.5 x 10° km? (Jin et al. 2000).
Climate warming over past decades has caused degradation
in permafrost widely and quickly (Nelson and Anisimov
1993; Anisimov et al. 2007; Cheng and Wu 2007; Wu and
Zhang 2008). The main manifestations of degraded per-
mafrost due to climate change or human disturbance are
permafrost thinning and the degradation of vegetation.
Permafrost degradation entails major effects on ecosystems,
to a large extent determining the soil hydrological and
nutritional status, which in turn is pivotal in determining
vegetative coverage, plant community structure and pro-
ductivity. Sufficient water supply is very important in
maintaining stability of alpine grassland ecosystems (Wang
et al. 2006a). With permafrost degradation, alpine swamps
and alpine meadows with high vegetation coverage degrade
rapidly into alpine steppes. Alpine meadows and steppes on
the Qinghai-Tibetan Plateau would turn into desertified land
and bare rocks with decrease of soil moisture due to further
permafrost degradation (Wang et al. 2001).

During permafrost degradation, alpine meadows and
alpine steppes are two important phases of the retrogressive
succession with decrease of soil moisture content (Wang
et al. 2001; Guo et al. 2007). Alpine ecosystems on the
Qinghai-Tibetan Plateau have a unique eco-hydrological
structure due to long-term freeze-thawing and existence of
ground ice, where soil moisture is the key ecological factor
controlling ecological processes. This gives rise to strong
coupling between soil moisture regime and both ecological
patterns and processes in the permafrost region. To better
understand the relationship between permafrost degrada-
tion and retrogressive succession of alpine ecosystems, it is
of great importance to understand the mechanisms of soil
moisture spatial variability in permafrost regions.

Deriving conclusions from soil moisture measurements
at only a few locations may result in large uncertainties, as
soil moisture can be highly variable. A promising approach
to reduce and quantify these uncertainties is the geostatis-
tical sampling technique (Schneider et al. 2008). The
geostatistical method characterizes and quantifies spatial
variability, performs rational interpolation, and estimates
the variance of the interpolated values. The approach was
developed originally by mining engineers to asses spatial
variability in soil samples for gold ore (Matheron 1963;
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Webster and Oliver 1990), and was then used extensively
in the environmental field (Polhmann 1993) to resolve site-
specific problems. Many researchers have studied the
spatial variability of surface soil moisture, and Famiglietti
et al. (1998) have provided comprehensive summaries of
their results. In this study, we investigated surface soil
moisture heterogeneity in alpine steppe and the alpine
meadow in Qinghai-Tibetan Plateau permafrost region
with geostatistical analysis. The objectives of the study
were: (a) to characterize the mean and variance of soil
moisture in alpine steppe and alpine meadow; and (b) to
quantify spatial variability characteristics of surface soil
moisture in alpine steppe and alpine meadow.
High-resolution ground-based monitoring is required to
characterize soil moisture variability accurately. However,
ground-based methods are excessively labor- or equipment-
intensive to remain feasible with increasing spatial scale and
sampling frequencies. In view of the intensive labor
demands of ground-based monitoring, this study was initi-
ated within an area of 100 x 80 m> (Fig. 1) and soil
moisture content was measured based on four depths (0-10,
10-20, 20-30, 3040 cm), using frequency domain reflec-
tometry at 10-m intervals. Although the spatial scale of the
study is small, this research has implications for a range of
issues in ecology and hydrology. First, a thorough knowl-
edge of small-scale soil moisture variability will provide a
foundation for better understanding hydrological, ecological
and biogeochemical processes in the Qinghai-Tibet Plateau
permafrost region, many of which are related nonlinearly to
soil moisture content. Second, because alpine meadows and
steppes are two of the most important ecosystem types, this
work will provide a basis for characterizing soil moisture
variations at larger scales in the permafrost region. Conse-
quently, this work will provide insight into the parame-
terization of soil moisture dynamics in larger-scale
hydrological models, into design of larger-scale soil mois-
ture observation networks, and into the effects of permafrost
degradation on the terrestrial hydrological cycle. Finally,
this study will contribute towards an improved under-
standing of the representativeness of point soil moisture
measurements as indicators of larger-scale average moisture
conditions, and of the relationship between permafrost
degradation and ecosystem retrogressive succession.

Materials and methods

Study site description

The region is located in the plateau-continental climatic
zone. Its climate is cold and dry, and the freezing period

extents from September to April. Two ecosystems are
included in this study: an alpine steppe located in
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Fig. 1 Location of sampling
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Wudaoliang, and an alpine meadow located in Beiluhe
(Fig. 1). Sample plots were located in the permafrost
region. Permafrost conditions are shown in Table 1, and
soil properties of alpine steppe and alpine meadow are
listed in Table 2.

The alpine steppe site is at 35°12'28”N and 93°04'9"E,
4,632 m a.s.l. Mean annual precipitation is 266.5 mm, of
which ~84% falls between June and September. The
region located on a high altitude alluvial plain, with a
permafrost table at 2.0-2.5 m depth in June. Mean monthly
air temperature is <0°C except from June to September,
and average annual air temperature is —5.6°C. Soils are
mainly thin alpine steppe soils, of low fertility and high
gravel content. Vegetation was dominated by Stipa pur-
purea Griseb. and associated gramineous weeds, with
simple structure and low coverage.

The alpine meadow site is at 34°49'28.1"N and
92°56'7.3"E, 4,738 m a.s.l. Annual mean temperature and
precipitation are —3.8°C and 290.9 mm, respectively. The
average depth of the active layer is 1.4-3 m and annual soil
temperature ranges from —3.0 to —1.0°C. Vegetation was
dominated by Kobresia humilis. Other main species include

Table 1 Permafrost characteristics of alpine steppe and alpine meadow

Kobresia pygmaea, K. capillifolia, and Poa crymopnila.
Coverage is ~60-70%; however, in local areas of patch
mosaic the coverage is <40%. Soils were predominantly
Mattic Cryic Cambisols (NSSO 1998) under the Chinese
taxonomy. These soils are characterized by a Mattic
epipedon, and increasing clay and silt and decreased soil
organic matter (SOM) with increasing depth.

Experimental design and data collection

One 8,000 m? study site was set up at each experimental
field, which was 100 m long from south to north and 80 m
wide from west to east. Survey stakes were located at 10-m
intervals in two directions (see Fig. 1) resulting in a total of
80 locations for moisture content sampling.

Volumetric soil moisture content in the topsoil layer
(0-10, 10-20, 20-30, 30—40 cm) was measured using fre-
quency domain reflectometry (FDR) (ML2x Theta probe,
Delta T Devices Ltd., Cambridge, UK) on 8th August in
2008. There was no rainfall events observed within 7 days
before sampling, and all measurements were finished on
the same day. The sensor rods of the Theta probe were

Ecosystem Frozen soil Ice-rich frozen soil Mean air Mean ground Permafrost
type thickness (m) percentage (%) temperature (°C) temperature (°C) table (m)
Alpine steppe 20.0-60.0 12.6-44.6 —4.0-5.0 0-1.5 24
Alpine meadow 50.0-120.0 38.5-68.2 —3.8-4.0 0-1.0 1.8
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Table 2 Soil properties of

Ioi ; d P Ecosystem Organic matter Total nitrogen Bulk density >0.5 mm soil grain
alpine steppe and meadow type content (g kgfl) (g kgfl) (g cm™2) size content (%)
Alpine steppe 9.90 2.10 1.30 8.12
Alpine meadow 43.60 2.35 1.06 2.15

0.06 m in length and 0.025 m in diameter. The probe
measures the integrated moisture content in the cylindrical
volume spanned by the rods. The rods were inserted ver-
tically into the soil profile. Soil moisture was obtained from
the measured signal with the built-in calibration curve,
which fits well to independent moisture measurements
conducted in the field. The FDR was calibrated in the
Qinghai-Tibetan Plateau permafrost region, and the deter-
mination accuracy was £2%. In each layer soil moisture
was measured three times, respectively, and the mean value
was used.

Data analysis

Statistical analysis of these data was performed in two
steps: (1) descriptive statistics such as mean, variance,
coefficient of variation, minimum value, and maximum
value were calculated using SPSS 13.0 software, and nor-
mality was assessed using the one-sample Kolmogorov—
Smirnov (KS) test for goodness of fit; and (2) semivario-
grams were constructed and fitted to curve types.

The geostatistical analysis was carried out with the free
software GS+. The geostatistical analysis investigates
whether sampling points close to each other are more
similar than sampling points with a larger separation. The
relation of two samples separated by a distance & can be
expressed by the experimental semivariogram r (h):

)
[Z(x)) = Z(x; +1)]? (1)

=
=

1
") = 380 4

1

Il
-

where N (h) denotes the number of data pairs in a particular
distance class (or lag) h, Z(x;) is a sample z located at x;,
and Z (x; + h) is a sample separated from Z(x;) by the
distance /. Due to the sampling scheme, there are different
distance classes h.

According to optimum regression analysis and com-
parison of different line type, the spherical model and
exponential were fitted to the experimental variogram to
interpolate the data to unsampled locations in different
layers. The spherical (Eq. 2) and exponential (Eq. 3) model
were calculated as follows:

{ r(h) = C0+C[%7%] h<a (2)

r(h) = Co+Ch>a

r(h) = Co+C(1 —e ) h > a (3)
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where Cy a, and Cy + C are the nugget, range and sill in
the idealized variogram. The nugget marks the initial
semivariance and indicates variability at distances smaller
than the shortest sampling distance. The difference
between the nugget and the highest values of r (h) is called
the sill. Without the presence of a nugget variance, the sill
is the overall span of the semivariance within the popula-
tion. The range indicates the separation where semivari-
ance reaches its maximum, which equals the separation
below which measurements are correlated.

The quality of the semivariogram fit to the data was
indicated using a regression coefficient R* and an F test
calculated as:

F=[R/(1=R)][(N = K)/(K = 1)] (4)

where K is the number of variables in the regression model,
and N is the number of samples.

The kriging method is an optimal interpolation
method, with an unbiased interpolated value and minimal
estimation variance (Webster and Oliver 2001; Outeiro
et al. 2008). Once the best theoretical semivariogram was
fit to the experimental semivariogram, we interpolated
the data using ordinary kriging (OK) applied to a fun-
damental block of pixels (e.g., 2 x 2, 3 x 3) to estimate
soil moisture for areas where no measurements were
taken, from the spatial correlation structure of the sample
data given by the semivariogram. Finally, model perfor-
mance was assessed by cross validation. In cross-vali-
dation analysis each measured point in a spatial domain
is removed individually from the domain and its value
estimated via kriging. The regression coefficient repre-
sents a measure of the goodness of fit for the least-
squares model describing the linear regression equation.
A perfect 1:1 fit would have a regression coefficient
(slope) of 1.00.

Results
Statistical distribution of soil moisture

Before the spatial structure investigated, the data were
analyzed using classical statistical methods to understand
general soil moisture characteristics (Table 3). Mean and
median soil moisture values in study area were similar,
indicating that these measures of central tendency were not
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fToE:bsl;l:; mlziesstfjrrlepnve statistics Soil layer Mean Minimum Maximum Media SD (6\Y% KS
(cm) (% viv) (% vIv) (% vIv) (% vIv) (% vIv) (%) value
Alpine steppe
0-10 20.20 37.50 10.00 18.30 7.16 35.47 1.12
10-20 24.42 14.10 36.70 24.60 6.37 26.08 0.88
20-30 24.97 13.30 37.90 24.20 6.35 25.43 0.34
3040 24.99 13.30 35.80 26.35 5.92 23.77 0.24
Alpine meadow
0-10 35.86 46.50 23.95 35.25 5.21 14.53 0.56
10-20 37.96 49.20 23.00 39.35 5.25 13.83 0.18
CV coefficient of variation, 20-30 36.71 45.70 24.00 37.65 4.46 12.14 0.30
KS one-sample 30-40 35.15 45.00 22.60 35.60 4.44 12.62 0.11
Kolomogorov—Smirnov test
dominated by outliers in the distributions. The KS test — Soil moisture in alpine meadow =23 Soil moisture in alpine steppe
(o = 0.05 probability level) also indicated that the soil —a— CV in alpine meadow —e—CV in alpine steppe
moisture data were distributed normally (Table 3). Our 40.00 — 40.00
results agreed with earlier studies (Nyberg 1996; Pan et al. %800 P A ] 18500
2008), and suggested that under natural conditions < 3000 | 1 80.00
near-surface soil moisture was distributed normally in alpine %Q; 25.00 | [ — 12500 &
ecosystems, enabling analysis of spatial heterogeneity. ; 20.00 |- { 2000 5
g 15.00 | 1500
Mean and coefficient of variation (CV) of soil moisture E 1000 F 1 10.00
5.00 - 1 5.00
Mean soil moisture and its CV are presented in Table 3 and 0.00 2 0.00
Fig. 2. Mean surface soil moisture in the alpine meadow 10-20 20-30 30-40
was higher than that in the alpine steppe. In alpine steppe Depth (cm)

the mean soil moisture in the upper 10 cm was 20.2% and
increased gradually to 24.99% with increasing depth. In
alpine meadow there was an increase and then slight
decreasing in soil moisture, and maximum mean soil
moisture content was 25.37% existed in the 10-20 cm
layer.

The CV represents the discrete degree of a random
variable, and can be used to classify the variability as
strong if CV >30%, moderate for CV between 10 and 30%,
and weak with CV <10% (Xue et al. 2002). The CV values
of soil moisture for the alpine steppe ranged between 23.77
and 35.47%. The highest CV of soil moisture (35.47%)
occurred at 0-10 cm, indicating soil moisture variability in
this layer was strong. Soil moisture variability for the
alpine meadow was moderate, with the CV varying from
12.14 to 14.53%. The data suggested that variation was
larger in the alpine steppe than in the alpine meadow
(Fig. 2). This result was consistent with several investiga-
tions which have noted that the coefficients of variation
were low when the soil had higher water content (Robinson
and Dean 1993; Grego et al. 2006). Considering also the
fact that soil moisture content in topsoil decreased gradu-
ally with permafrost degradation on the Qinghai-Tibetan
Plateau, the CV of soil moisture content increased with
permafrost degradation.

Fig. 2 Volumetric soil moisture content (%) and CV (%)

Spatial variability of soil moisture

The parameters of the fitted soil moisture semivariograms
summarized in Table 4 were generated from spherical
(Eq. 2) and exponential (Eq. 3) models, which were the
best-fitting descriptors for this data set. All the semivari-
ogram models were acceptable for fitting to the raw data
according to the F test (Eq. 4) (Table 4).

Theoretically, a variogram of a random function should
be close to zero when the separation distance & approaches
zero. However, in reality a discontinuity is often present.
This discontinuity was called the nugget effect, and large
nugget values indicated that variability at scales smaller
than the sample spacing could not be neglected
(Cambardella et al. 1994). The nugget value at 10-20 cm
in alpine steppe was 4.5 and showed nugget effect
(Table 4, Fig. 3). However, the nugget values were less
than 0.5 in other cold steppe layers. Low nugget values did
not mean that there were no measurement errors in the
data, nor was there no random variation in the variable. The
low nugget effects probably occurred due to small random
variations and measurement errors, and because the space

@ Springer



482

Environ Earth Sci (2011) 63:477-488

Table 4 Semivariogram

models of soil moisture and Depth (cm) Model o Co+C a (m) Col(Co + O) (%) R r
corresponding parameters Alpine steppe
0-10 Spherical 0.1 101.2 1234 0.1 0.969 187.55
10-20 Spherical 4.5 70.0 113.4 6.4 0.970 194.00
20-30 Spherical 0.1 70.2 106.9 0.1 0.974 224.77
3040 Spherical 0.5 62.0 109.1 0.8 0.971 200.90
Alpine meadow
0-10 Exponential 8.3 30.2 51.3 27.4 0.860 36.86
10-20 Spherical 11.9 31.6 60.7 37.7 0.974 22477
20-30 Spherical 11.7 32.8 167.0 35.7 0912 62.18
F (1, 5)905 = 6.608, 30-40 Spherical 12.6 30.3 1692 416 0.841 31.74

F (1, 501 = 16.26

interval for data collection was too large to trap these
random variations and measurement errors (Liu et al.
2001). All soil moisture values were obtained in the same
way, so we inferred the high nugget value of 10-20 cm
resulted mainly from difference of vegetation condition.
In Qinghai-Tibetan Plateau alpine steppe, belowground
biomass was distributed mainly at 0—10 cm and root dis-
tribution decreased rapidly at 10-20 cm, which increased
variability within scales smaller than the sample spacing.
The alpine meadow nugget values ranged from 8.3 to 12.6
and showed an apparent nugget effect like that in alpine
steppe. High nugget values in this case could be due to data
not being collected at sufficiently small spacing to reveal
continuous behavior of soil moisture.

The value of the sample variogram where it levels off is
called the sill (Ma et al. 2006). If a sill exists, the process
is stationary and the sill should be equivalent to the var-
iance of the random function, because when the variogram
reaches its sill the covariance of variables approaches
zero. The sill denotes the total spatial variation, so the
higher the sill the larger the spatial variation. The alpine
steppe sills were between 62.0 and 101.2 and exhibited a
clear decrease with depth (Table 4; Fig. 3). However, the
sill in alpine meadow had the opposite tendency. In alpine
meadow the soil is wet, moisture is relatively uniform, and
hence the sill is low. Soil moisture at 20-30 cm in alpine
meadow has high spatial heterogeneity mainly due to root
distribution at 0-30 cm, and which decreases rapidly
below 30 cm. The high sill at 0-10 cm in alpine steppe
may be due to changes in microtopography and vegetation
coverage. Generally, alpine steppe exhibited greater spa-
tial variation than alpine meadow. The difference of the
sills between the two ecosystems resulted mainly from
intense change in surface soil, microtopography and veg-
etation coverage over a small range, which lead to uneven
distribution of soil moisture and increased variability of
soil moisture in alpine steppe. Another reason is soil
moisture content. Mean soil moisture content in alpine
steppe was relatively low (Table 4), leading to high
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heterogeneity due to small areas of drought co-existing
with wet areas (Hills and Reynolds 1969). In the mean-
while, when the soil has lower water content, other soil
properties such as hydraulic conductivity may affect ran-
dom processes.

Degree of structural spatial variation

The difference in degree of structured spatial variation is
indicated by variation in the nugget effect, and of the sill.
The ratio of the nugget effect to total semivariance pro-
vides indication of the degree of spatial variability. If this
ratio is less than 25% there is strong spatial dependence;
for 25-75% there is moderate spatial dependence;
and greater than 75% there is weak spatial dependence
(Cambardella et al. 1994). The ratio in alpine steppe was
less than 25% (Table 4; Fig. 4), indicating soil moisture
had highly structured spatial variability. For the alpine
meadow, the ratios were between 27.4 and 41.6%, and the
soil moisture had moderate autocorrelation heterogeneity.
Therefore, there is stronger spatial dependence in the
alpine steppe than that in the alpine meadow. Random
variation in soil moisture at 10-20 cm was highest in
alpine steppe, resulting mainly from root distribution
decreasing rapidly in this layer, which increased spatial
heterogeneity. In alpine meadow, soil moisture at
3040 cm had a high sill value, indicating the degree of
random variation occupying total spatial heterogeneity was
high. This was due mainly to decreased root distribution
and increasing gravel content with the depth, and perma-
frost thaw in the deep active layer also influenced deep soil
moisture distribution. The most striking feature in Fig. 4 is
the magnitude of the difference between alpine steppe and
alpine meadow. This suggests that spatial variation of soil
moisture in the alpine steppe was more strongly correlated
than in the alpine meadow. Random variation was between
27.4 and 41.6% in alpine meadow occurring mainly at
scales smaller than sampling spacing, and was much larger
than in alpine steppe.
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Scale of structural spatial variation

The range in a variogram is the distance at which the
variogram reaches the sill. The variability beyond this
range does not depend on the separation distance and the
variables are no longer related spatially. The range can be
viewed as a zone of influence of a variable, or a transition
from a state of spatial correlation to a state of absence of

correlation (Petrone et al. 2004). It is a direct measurement
of the scale of spatially correlated variation. The larger the
range, the larger the scale of the correlated spatial variation
is. In this study, the range of soil moisture in the two
ecosystems exhibited different change modes (Table 4;
Fig. 5). The maximum range in alpine steppe was 123.4 m,
occurring at 0-10 cm. The general trend in alpine steppe
was decrease of range with increasing depths (Table 2).
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Fig. 4 Ratio of the nugget effect to spatial variance

The range in alpine meadow increased with depth and
changed between 51.3 and 169.2 m (Table 4; Fig. 5). The
alpine ecosystems geostatistical parameters do not agree
with those reported in the literature. Ranges indicated by
Zhang et al. (2007) are longer than those in this study,
while those indicated by Liu et al. (2008) are shorter. Close
inspection of these data reveals that there is a tendency for
data collected at larger spacings to have larger ranges.
Therefore, differences between previously reported values
and those in our study may be due to differences in sample
spacing. Differences in climate, soil and vegetation will
also contribute.

Observed versus predicted values

Kriging is an interpolator; it produces a smoothed repre-
sentation of the spatial data. By comparing the soil mois-
ture data with the interpolated data (estimated data), cross-
validation results were obtained of the variogram model
(Table 5; Fig. 6). The standardized root-mean-square val-
ues and regression coefficients shown in Table 5 indicate
that the estimated value of soil moisture was close to the
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Fig. 5 Scale of structural spatial variation
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measured value. Figure 6 also shows that the established
variogram model was precise.

Discussion

Difference in soil moisture variation between alpine
steppes and meadows

In this study, vertical and spatial variability of soil mois-
ture in the alpine steppe was higher than in the alpine
meadow. This is due mainly to differences in soil physical
properties, vegetation status and permafrost environment
between the two ecosystems. Soil in the alpine steppe was
thin layer and had high gravel content, which increased
with the depth and in some areas reached 60% volume
percentage at 40-50 cm. Soil in the alpine meadow was
thick, had high organic matter content and low gravel
content. This weakened soil heterogeneity, leading to
decreased spatial variability of soil moisture. Average
vegetation coverage in alpine meadow was ~60% in
study area, and held relatively higher soil moisture than
the alpine steppe. In alpine steppe, the proportion of bare
land was high and vegetation coverage was ~30%. An
apparent spatial pattern existed in the alpine steppe due to
differences in vegetation coverage and mosaic distribution
of bare land and vegetation, which increased spatial het-
erogeneity of soil moisture. Permafrost condition was
important in influencing soil variability. Groundwater
depth is related strongly to the permafrost table on the
Qinghai-Tibetan Plateau. Permafrost plays an important
role in maintaining soil moisture in the active layer, which
is crucial for vegetation growth. Soil water migrates to the
bottom of the active layer following permafrost thaw in
the deep active layer, resulting in uneven distribution of
soil moisture in permafrost regions. Low permafrost sta-
bility can maintain high soil moisture in the active layer.
Therefore, alpine meadow soil moisture was higher than
that in alpine steppe, and had lower soil moisture spatial
heterogeneity.

Effects of permafrost degradation on variability
of soil moisture

As material foundation of cold region, Permafrost is crucial
for ecological balance in permafrost regions. In the context
of global change permafrost is degrading, causing alpine
swamps to change into alpine meadows, then into alpine
steppe and lastly into alpine desert steppes. Permafrost
degradation has the potential to significantly change soil
moisture, alter soil physical and chemical properties and
vegetation type and coverage, all of which influenced the
variability of soil moisture in permafrost regions.
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Table 5 Cross-validation of variogram model and regression

coefficient
Depth (cm) Mean relative Standardized root Regression
error mean square coefficient
Alpine steppe
0-10 0.133 0.514 0.940
10-20 0.158 0.744 0.855
20-30 0.129 0.601 0.905
3040 0.123 0.680 0.857
Alpine meadow
0-10 0.102 0.867 0.856
10-20 0.089 0.824 0.941
20-30 0.083 0.881 0.876
3040 0.088 0.878 0.905

Some studies have reported the significant influence of
soil moisture content on soil moisture variability. Pan
et al. (2008) showed that following the dry period after
rain events, soil moisture reduced, inducing a decrease in
variability. Reynolds (1970) suggested that variability
might be the largest after a rainfall event and lowest after
an extended dry period. Hills and Reynolds (1969) pro-
posed that the variance peaks in the mid-range of mean
moisture, when small areas of rapid drying might co-exist
with wet areas, resulting in more heterogeneous wetness
conditions (Famiglietti et al. 1998). In alpine swamps,
topsoil soil moisture was high and soil was almost satu-
rated, leading to uniform conditions so the variability was
low (Wang et al. 2006b). Under permafrost degradation
soil moisture transferred gradually to and froze at the
permafrost table under the pressure gradient of tempera-
ture and water vapor, and led to decrease of soil moisture
in the top active layer (Wang et al. 2006b). The extent of
soil moisture saturated in the topsoil decreased along the
degradation gradient from alpine swamps to alpine desert
steppes. Lower topsoil moisture caused increased vari-
ability of soil moisture, which could be tested by our
results that alpine meadow soil moisture variability was
larger than in alpine steppe. Severe permafrost degradation
could lead to an extremely dry in soil environment and
change the alpine steppe into alpine desert steppe. Vari-
ability might be lowest after an extended dry period when
soil heterogeneity would be minimized (Reynolds 1970),
from which we deduce that variability of soil moisture in
the alpine desert steppe would be lower than the alpine
meadow and alpine steppe.

Soil heterogeneity affects the distribution of soil mois-
ture through variations in texture, organic matter content,
structure and macroporosity, all of which affect fluid
transmission and retention properties of the soil column
(Crave and Gascuel-Odoux 1997; Niemann and Edgell

1993). Changes in soil properties in retrogressive alpine
ecosystem succession generated by permafrost degradation
are mainly soil coarsening, decreasing organic matter and
increasing small openings, volume weight and saturated
hydraulic conductivity (Wang et al. 2006b). The content of
sand and gravel >0.5 mm in the surface layer of alpine
meadow soil shows an increase in the form of the quadratic
parabola with increasing thickness of the active layer, and
the alpine steppe soils exhibit a similar trend (Wang et al.
2006a). Organic content influences soil moisture (Liu et al.
2005) and infiltration processes (Li and Fan 2006).
Therefore, decrease in organic content in permafrost deg-
radation might alter the distribution of topsoil moisture.
Changes in soil physical and chemical properties resulting
from permafrost degradation cause considerable changes in
soil heterogeneity and further lead to changes in soil
moisture variability in permafrost regions. However, the
extent of changes in soil properties influenced the vari-
ability of soil moisture during permafrost degradation has
been unclear.

Vegetation influences soil moisture variability by
affecting soil hydraulic conductivity, the rate of evapora-
tive drying and evapotranspiration, and adding organic
matter to the soil surface layer (Famiglietti et al. 1998).
The degree to which these factors affect soil moisture
distribution varies with succession stage, vegetation type
and coverage during permafrost degradation. Some studies
(Lull and Reinhart 1955; Reynolds 1970) have noted that
vegetative coverage was a major factor influencing soil
moisture variability, and variability increased with
decreasing canopy coverage. With permafrost degradation,
decreasing vegetation coverage caused increasing evapo-
ration rate and infiltration capacity, and decreasing inter-
ception capacity and topsoil soil moisture content, which
lowered the effect of soil heterogeneity and led to high
variability of soil moisture (Chai et al. 2008). The mois-
ture-retention capacity of alpine steppe topsoil does not
persist when the vegetation coverage rate is <50% (Wang
et al. 2006b). There was a significant correlation between
vegetation coverage and the soil moisture. Increase of soil
moisture with vegetation coverage can be described as a
quadratic parabolic equation within the 20 cm depth
(Wang et al. 2003).When vegetation coverage was very
low in the alpine desert steppe, any available soil moisture
evaporated quickly, evapotranspiration was moisture-lim-
ited, and soil moisture was generally close to the wilting
point, which led to the uniform distribution of soil mois-
ture. However, the spatial patterns resulting from a mosaic
of low vegetation coverage and bare land increased soil
microenvironment heterogeneity and changed variability of
soil moisture. In permafrost degradation, there was a ten-
dency for plant individual miniaturization (Wang et al.
2005). It is therefore likely that interception losses
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increased because leaf area index decreased under perma-
frost degradation. Under ecosystem change roots con-
glomerated gradually in the surface soil (Wang et al. 2005).
In the alpine meadow roots were distributed mainly at
0-20 cm and in the alpine steppe at 0—10 cm. This change
in root structure under ecosystem succession could influ-
ence the vertical variability of soil moisture.
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Estimated (30-40cm)

The variability of soil moisture in permafrost regions
resulted from interaction between basic ecological pro-
cesses, physical processes and the freezing-thawing cycle
at different spatio-temporal scales. Based on our analysis
above, the variability of soil moisture increased with per-
mafrost degradation and then decreased when the ecosys-
tem degraded into alpine desert steppe.
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Conclusions

Soil moisture in alpine steppe and alpine meadow was
normally distributed, as shown by the KS test (« = 0.05
probability level). The mean surface soil moisture in alpine
meadow was higher than in alpine steppe. In alpine steppe
the variability of soil moisture at 0—10 cm was strong and
moderate at other layers, and was larger than in alpine cold
meadow where the CV ranged from 12.14 to 14.53%.

Spherical and exponential geostatistical models were the
best-fit models to simulate soil moisture in the research
area. The model parameters indicated that there were
apparent nugget effects in alpine meadow, with nugget
values between 8.3 and 12.6. Nugget values in alpine
steppe ranged from 0.1 to 4.5. The variograms had a clear
sill in all cases. In contrast to the low sill values in alpine
cold meadow, there was higher spatial variability in the
alpine steppe, with sills decreasing with depth. Soil mois-
ture content in the alpine meadow presented a moderate
spatial dependence with a range of 51.3-169.2 m,
increasing with depth. In alpine meadow the proportion of
random variability comprising the total spatial variability
was between 27.4 and 41.6%. This was much larger than in
alpine steppe, and occurred mainly at scales smaller than
sample spacing. Soil moisture in alpine steppe had highly
structured spatial variability, and the range decreased with
increasing depths.

The variability of soil moisture in alpine swamp is low,
and increases gradually from alpine meadow to alpine
steppe due to the effects of soil heterogeneity increasing
with permafrost degradation. When the ecosystem degrades
into alpine desert steppe, variability decreases with the
succession stage because of the uniform distribution of soil
moisture caused by an extremely dry soil environment.
Although the spatial scale of this study was small, this
research has implications for a range of hydrology issues.
Further spatial analysis studies at the plot scale need to be
conducted to analyze effects of precipitation and snowmelt
on soil moisture variability. To characterize the temporal
dynamics of soil moisture variability in the permafrost
region, sampling frequency should also be addressed in
future.
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