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Abstract The spatial and temporal soil moisture distribu-
tion is an important control on surface ecological processes
in areas with rock outcrops resulting from karst rocky
desertification (KRD). To explore the local effects of bare
rocks within different seasons, soil moisture was measured
in a KRD region (Fuyuan County, Yunnan Province,
southwest China) at different depths and in different
directions and distances from rock outcrops in both the dry
and the wet seasons. The soil moisture north and east of the
rocks was higher compared to the other directions and to
the control plot. This effect is attributed to the shading by
the rocks. The shading effect is evident in all seasons but
more pronounced in the dry season. In the wet season, the
directional dependency is restricted to the surface layer and
the increase in soil moisture with depth is more pronounced
around the rocks than at the control plot. This is attributed
to precipitation-induced runoff from the rock outcrops
infiltrating into the deeper layers at the rock—soil interface.
These findings suggest the redistribution of water in the
wet season and the spatial variation of evapotranspiration
in the dry season are factors controlling the local soil
moisture pattern around the rock outcrops.
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Introduction

The moisture of the surface soil layer plays a significant
role in the microenvironment and is a key parameter in soil
surface modeling (Peters-Lidard et al. 2001; Song et al.
2009). Soil moisture and its spatial variation are closely
related to vegetation (Ferreira et al. 2007; Vivoni et al.
2008). Sufficient soil moisture is an essential condition for
normal plants growth, affecting both survival and quality
(Breshears et al. 1997; Peng et al. 2013; Yang et al. 2015).
Therefore, the variability and pattern of soil surface
moisture has received increasing attention from local to
continental scales (Qiu et al. 2001; Koster et al. 2004; Feng
et al. 2004; Parent et al. 20006).

The assessment and interpretation of observed soil
moisture patterns is complicated by the spatial scaling of
soil moisture. Western and Bloschl (1999) propose three
different measures of scale, namely the “spacing,” refer-
ring to the distance between the sampling locations; the
“extent,” referring to the size of the investigated domain;
and the “support,” referring to measurement volume or
area. The apparent variance in soil moisture data was found
to be unaffected from spacing, but to decrease with
decreasing extent and increasing support (Western and
Bloschl 1999; Rodriguez-Iturbe et al. 1995; Famiglietti
et al. 2008).

To further complicate matters, Rodriguez-Iturbe et al.
(1995) found that a power law describing the decrease in
the soil moisture variance with the support area showed an
increasing slope when the soil dried. This suggests that the
spatial scaling of soil moisture is dependent on the wetness
of the soil. Famiglietti et al. (2008) provide an overview of
studies addressing the influence of the mean moisture
content on the spatial variability and report field observa-
tions across scales suggesting that the standard deviation of
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soil moisture is highest at intermediate wetness and
decreases toward the minimum (i.e., residual) and maxi-
mum (i.e., saturated) moisture content. Using a small
experimental catchment, Western et al. (1999) observed
that spatial patterns of soil moisture at the hillslope scale
exhibit a high degree of organization during wet periods,
but only little organization during dry periods. The spatial
organization during wet periods was mainly attributed to
the lateral redistribution of water, controlled by the
topography of the catchment. The spatial variation of
evapotranspiration was identified as another controlling
factor, particularly during dry periods when evapotranspi-
ration is an important component in the water balance.

Surface soil moisture is of particular interest in karst
areas with their complex hydrogeological structure and
fragile ecological environment. So far, however, little
attention has been paid to the spatial and temporal vari-
ability of surface soil moisture within these fragile
ecosystems specifically in the context of vegetation
restoration efforts in the karst region of subtropical China
(Zhang et al. 2011).

Southwest China is a typical karst ecological fragile
zone (Sweeting 1993). It comprises 120,000 km? affected
by karst rocky desertification (KRD) (Wang et al. 2004).
KRD results from intensive land use deteriorating the
vegetation (Zhang et al. 2016). As a result of the violent
human impact on the vulnerable eco-geo-environment, the
soil is seriously or even thoroughly eroded, leading to a
widespread exposure of bedrock, such that the carrying
capacity of land declines seriously, and at last, the land-
scape appears similar to a desert (Huang and Cai 2007).
The processes involved in KRD also affect rivers like the
Yangtze and Pearl (Wang et al. 2004).

In karst settings, the removal of soil and the exposure of
bare bedrock at the land surface facilitate the rapid infil-
tration into highly conductive cracks and solution conduits.
As a consequence, the water movement is very different
compared to non-karst regions. In particular, the rapid
infiltration of rainfall and the low water capacity of the soil
(Peng et al. 2013) make it difficult to meet the water
requirement of the vegetation. Therefore, soil moisture
drought occurs very frequently in KRD areas (Song et al.
2009).

KRD also results in high environmental heterogeneity
and significant differences in the soil ecological conditions.
In general, the microenvironment in the KRD regions
changes toward drier and warmer conditions (Li et al.
2009). All these factors seriously affect plant growth,
leading to low plant survival rates and reduction in the
efficiency of current vegetation restoration practices. The
exposure of bedrock at the land surface of the KRD areas
leads to a redistribution of water and soil and hence a
highly heterogeneous distribution of environmental factors.
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The surface bare bedrocks (Li et al. 2014), rock fragments
on and in the soil (Cousin et al. 2003; Itzhak et al. 2008;
Zavala et al. 2010), and the land-use types (Zucco et al.
2014) all affect the surface soil moisture.

The precipitation in southwest China shows a seasonal
variation. As a result, the soil moisture also exhibits wet
and dry seasons, with the dry season being longer than the
wet season. The surface soil moisture distribution in a
depression area of the KRD region of southwest China was
found to exhibit spatial heterogeneity and anisotropy in
both the dry and rainy seasons (Zhang et al. 2006). How-
ever, the spatial variability of the soil moisture in the dry
season was found to be higher than that in the wet season
(Zhang et al. 2011). Zhang et al. (2011) further divided the
investigated field plot into two parts differing in the num-
ber of bare rocks and found that the mean soil moisture was
lower where more of the bare rocks were present. The
difference was statistically significant only in the dry sea-
son, which suggests that the rock outcrops might be an
important factor particularly under drought conditions.

Similar to other hydrological studies addressing soil
moisture distributions at the hillslope scale, Zhang et al.
(2011) measured the soil moisture content within a field
plot at intervals of 5 m. Yet, the shallow and patchy soils
typical of KRD areas (e.g., Wang et al. 2016) likely display
heterogeneity at smaller scales. While adult trees in karst
areas were found to derive the majority of water from the
bedrock, seedlings, shrubs, herbs, and grass species rely on
moisture from the shallow soils (Liu et al. 2014, Wang
et al. 2016). Therefore, the small-scale heterogeneity of
soil moisture potentially is an important control on the
vegetation and thus on restoration efforts within KRD
areas.

To investigate the effects of bare rocks on the soil
moisture distribution at smaller scales, Li et al. (2014)
measured the surface soil moisture content at distances
from 5 to 25 cm from the rock outcrops during an extreme
drought. In general, the lowest surface soil moisture was
found closest to the rock. A potential explanation for this
observation might be provided by Cousin et al. (2003), who
suggested that rock fragments cause heating of the soil and
therefore a decrease in soil moisture under drought con-
ditions. However, Li et al. (2014) found that the soil
moisture was higher in the northern direction and increased
with increasing size of the bare rocks, which indicates that
the shade created by the rock is a factor controlling the
surface soil moisture distribution in the dry season. In
contrast, Zhang et al. (2011) report higher soil moisture
“immediately adjacent” to rock outcrops after heavy rain.
Although the exact distance to the rock is not given, this
might suggest that the surface runoff from the rock out-
crops can increase the soil moisture adjacent to the rock
during the wet season. This is confirmed by measurements
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in the KRD area of Shilin, China, where approximately half
of the annual precipitation input received by the rock
outcrops was found to be redistributed to the surrounding
soil patches (Wang et al. 2016). Irrigation experiments in a
semiarid area further indicate preferential flow of the water
from the rock outcrops along the rock—soil interface (Sohrt
et al. 2014). This redistribution of water is also reflected by
an increased nitrogen supply close to rock outcrops, which
creates spatial heterogeneity in the nitrogen distribution
and thus might contribute to the species diversity within
such environments (Goransson et al. 2014).

The purpose of this work is to explore the significance of
the above-mentioned potential effects of bare rocks on the
soil moisture distribution within the different seasons. To
this end, the investigation by Li et al. (2014), who only
considered extreme drought conditions, is extended to wetter
time periods. Thus, the variability of the soil moisture at
various depths, at various distances, and in various direc-
tions from the bare rocks is examined at the beginning, the
middle, and the end of the rainy season and compared with
the results from the dry season previously reported by Li
et al. (2014). Hence, this work contributes toward under-
standing the effect of the exposed bare rocks on the surface
soil water content in wet and dry seasons. The results from
this study may support the ecological management and the
restoration efforts in areas affected by KRD.

Methods
Site description

The field investigation was carried out in San-dao-qing
Forestry Station (25°02/30"-25°58'22"N, E103°58'37"-
104°49'48"), located in Fuyuan County, Yunnan Province
(Fig. 1). Fuyuan County covers an area of 3251 km? on the
eastern Yunnan karst plateau. Approximately 2049 km? of
this county are karst landscapes at an early stage of
development. Nearly 30% of the karst region, corre-
sponding to 18% of the total arable land, is considered to
be affected by KRD. The area has a northern subtropical
monsoon climate with monthly average air temperatures
ranging from 5.7 in January to 19.8 °C in July and an
annual average temperature of 13.8 °C. The annual sun-
shine duration is 1820 h, and the frost-free season is
240 days. Annual average precipitation is 1332 mm,
mainly occurring during the rainy season from May to
October. The main soil type is Haplic Alfisols (Chinese for
“red limestone soil”) according to the FAO soil classifi-
cation system (FAO 1998). Rivers within the county are in
the Pearl River basin. The population of the county is
716,400, with a population density of 220 per km? (Li
et al. 2014).

Data collection

A plot with typical mid-level KRD features on the south
slope of the experimental site (25°44'51”N, E104°11'45")
was selected for the investigation. Approximately 50% of
the area is covered by vegetation and 60% represent out-
crop cover (Li et al. 2014). The soil depth varies between
10 and 30 cm. In the study by Li et al. (2014), 102 rock
outcrops were chosen along a 1000-m sampling line
(Fig. 1). The selected rocks varied in length from 0.20 to
3.70 m, in width from 0.19 to 3.50 m, and in height from
0.13 to 2.5 m and had an average length, width, and height
of about 1.00, 0.94, and 0.50 m, respectively. The location
of each rock was recorded using a GPS device
(GeoXM3000, Trimble, California, USA, with an accuracy
of 2.5 m).

Whereas Li et al. (2014) measured soil moisture only in
the upper 5 cm of the soil adjacent to the 102 rock out-
crops, two bare rocks (A and B in Fig. 1; see also Fig. 2b)
with uniform size and shape were selected for the more
detailed investigation reported here. The geometric prop-
erties of the two selected rocks (rock A: length of 1.00 m,
width of 0.80 m, height of 0.50 m; rock B: length of
1.10 m, width of 0.80 m, height of 0.58 m) approximately
represent the above-mentioned average values of the
complete data set considered by Li et al. (2014). Figure 2
illustrates the approach employed for the investigation
conducted in the vicinity of these two rocks. The soil
moisture at depths of 0-5, 5-10, and 10-15 cm was mea-
sured at distances of 5, 15, and 25 cm to the east, west,
north, and south of the two rocks using a soil moisture
sensor (5TE, Decagon Devices, Pullman, Washington,
USA) coupled to a readout device (ProCheck, Decagon
Devices, Pullman, Washington, USA) (Moody and Ebel
2012; Sperdouli and Moustakas 2012) (Fig. 2a). The
detections were carried out after 3 consecutive days with-
out rain on February 10, May 19, August 25, and
November 23 in 2010. Three measurements were taken for
each spot, and the mean was used as the water content for
the subsequent statistical evaluation and interpretation. The
control plot (CK, Fig. 2c) was waste grassland covering an
area of 20 m” on the same slope. The vegetation and soil
characteristics of the control plot are similar to those
around the rock outcrops. The soil moisture on the control
plot was measured following the same procedure as
described above. To avoid effects of daily soil moisture
variations and thus ensure the comparability of the results,
the measurements on each of the aforementioned dates
were taken at the same time of day and completed within
2 h.

At each side of the rock, an observation area of
50 cm x 30 cm was divided into five parts (T1, T2, T3, T4,
and NT; see Fig. 2a). For the first measurement in February
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Fig. 2 Illustration of bare rock outcrops at the investigated site a schematic map of individual rock samples for soil moisture measurement at
different distances and depth; b rock sample A (see Fig. 1); ¢ control plot CK. (Modified after Li et al. 2014)

2010, a soil pit of 30 cm length, 10 cm width, and 15 cm
depth was dug at the NT area. To avoid disturbance of the
soil, the probe was inserted horizontally at different depths
below ground surface (5, 10, 15 cm) and different distances
from the rock (5, 15, 25 cm) within the T1 area. When the
detection was completed, the pit in the NT area was refilled
to assure the uniformity of the soil environment. The same
procedure was employed for the other orientations at the two
rocks and at the control plot. For the second detection in
May 2010, a soil pit was dug at the T1 area, soil moisture
was measured within the T2 area, and the soil pit of the T1
area was refilled after the detection was completed. The
detections in August and November 2010 were carried out
following the same procedure at the T3 and T4 areas.
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Results

Seasonal variation of surface soil moisture around
the bare rocks

Soil moisture was found to be highly significantly
(p < 0.01; 1 test) correlated to precipitation and exhibits an
obvious seasonal variation of wet and dry (Fig. 3). Soil
moisture measured in the dry season on February 10, 2010,
was highly significantly (p < 0.01) lower than that in the
rain season (August 25, 2010). The differences among soil
moisture values at different distances from the rocks gen-
erally do not show clear trends and particularly were not
significant in the wet season. In contrast, the soil moisture
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Fig. 3 a Average monthly
rainfall of several years and of
2010 in the research area;

b seasonal change in volumetric
soil moisture content at the
different depths and different
distances from the bare
bedrocks
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Table 1 Water contents (mean and standard deviation) at various
depths in different seasons for the different directions from the bare
rocks and comparison of the water contents at the control plot (“CK”)

and the mean obtained from the measurements in all directions from
the rocks (“All”)

Date in 2010 Soil layers (cm) E (%) S (%) W (%) N (%) All (%) CK (%)
February 10 0-5 13.9 £ 2.0 10.5 £ 2.0 13.1 £3.0 15.7 £ 1.7 133 £28 10.4
5-10 16.1 £2.2 13.4 + 24 14.6 £29 169 + 2.6 152 £2.7 12.6
10-15 17.4 + 3.1 14.6 + 2.4 15.4 + 2.4 18.6 &+ 2.4 16.5 + 2.9 15.6
May 19 0-5 15.8 + 3.0 11.8 + 1.2 13.7 + 2.1 172 +£53 14.6 + 3.7 13.8
5-10 19.8 £ 3.5 145+ 138 172 £35 202 £ 45 17.9 & 4.0 15.7
10-15 213+ 14 16.1 £2.1 20.0 £ 3.3 23.8 £ 4.4 20.3 £ 4.0 17.0
August 25 0-5 325+ 3.1 295 £ 1.7 313+ 1.1 338+ 13 31.8 + 24 35.0
5-10 356 + 3.8 347 £2.7 355 + 2.1 36.5 + 1.9 356 + 2.6 36.0
10-15 37.2 +£ 2.0 36.4 + 2.8 37.0 £ 2.5 377 £25 371 + 24 36.5
November 23 0-5 312450 284 4 1.9 310 + 1.4 325425 30.8 & 2.4 338
5-10 339 £ 1.5 317 £ 38 329 434 346 + 1.4 333 4£26 34.1
10-15 355+ 1.2 34.1 £ 2.6 350 £2.7 364 £ 1.2 353+ 2.6 35.1

clearly showed an increase with depths (Table 1; Fig. 3b).
In particular, the difference in the soil moisture content at
the surface (0-5 cm) and that at greater depth was highly
significant (p < 0.01) in all seasons and in all directions
from the bare rocks. During the dry season (February 10,
May 19), the mean values measured in the vicinity of the
rocks are found to be generally higher than those measured

at a corresponding depth at the control plot, whereas they
are more similar during the wet season (Table 1). On
average (bare rocks and control plot), the surface (0-5 cm)
soil water content on August 25, 2010, was approximately
32%, whereas it was only 13% on February 10, 2010. The
soil water content at a depth of 5-10 cm in August was
36% compared to 15% in February. At a depth of
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10-15 cm, the soil water content was 37% in August, but
only 16% in February.

Variation of soil moisture around the bare rocks
in the dry season

The surface (0-5 cm depth) soil water content of the 102
rocks investigated in February 2010 (Li et al. 2014) dif-
fered highly significantly (p < 0.01) among the four sides
of the rocks. The soil moisture north of the rocks was
highest and particularly different from that in the south and
the west. In the following, the soil moisture distribution in
the vicinity of the bare rocks A and B on February 10,
2010, is considered in more detail and compared with that
on May 19, 2010.

Both in February and in May, the soil moisture north
and east of the two bare rocks was highly significantly
(p < 0.01) higher than that in the southern direction. The
soil moisture north of the rocks was also found to be highly
significantly (p < 0.01) or significantly (p < 0.05) higher
than that west of the rocks in February and May, respec-
tively. Thus, the directional dependency of the soil mois-
ture distribution in the vicinity of the two rock samples was
similar on February 10 and May 19 and shows the same
pattern as described by Li et al. (2014) for the surface layer
of a larger sample of 102 rocks.

To facilitate the comparison of the soil moisture distri-
bution at different times (including the wet season—see
“Variation of soil moisture around the bare rocks in the wet
season” section), Fig. 4 shows differences between the soil
moisture measured at rock A or B and that measured at the
control plot at the corresponding depth and time. The
above-described directional dependency is generally found
to be similar at both rocks, but the soil moisture values are
clearly higher close to rock A. In particular, almost all soil
moisture values measured close to rock A are higher than
those at the control plot. In contrast, the values measured at
rock B tend to be higher than those at the control plot only
in the north and east, while those in the south and west are
mostly lower than at the control plot. As a result, the mean
values of the soil moisture measured close to rock B and at
the control plot are similar and lower than those close to
rock A (Table 2).

Variation of soil moisture around the bare rocks
in the wet season

The soil moisture measured north of the rocks is still found
to be significantly (p < 0.05) or highly significantly
(p < 0.01) higher than that in the south on August 25 and
November 23, respectively. Soil moisture differences
between other directions from the rocks, however, are
statistically not significant. As in the dry season, the soil
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moisture close to rock A on average is higher than that in
the vicinity of rock B (Table 2), but the values measured at
the control plot are now in between those measured at the
two rocks and closer to those of rock A.

Figure 5 illustrates that the directional dependency of
the soil moisture is less pronounced in the wet season than
in the dry season (cf. Fig. 4). Yet, the depth dependency
appears to be even more obvious both at rock A and rock
B. In fact, a closer look at the soil moisture of the indi-
vidual soil layers in the wet season reveals that significant
directional dependencies are only found in the surface layer
(0-5 cm) but not below. At rock A, the surface soil
moisture in the northern and eastern direction is similar to
that of the control plot, but in the other directions from rock
A and in all directions from rock B, the surface soil
moisture is lower than at the control plot. At greater depths,
the soil moisture generally is higher and more similar to
that of the control plot.

Discussion

The soil moisture at the field site exhibits a distinct sea-
sonality with volumetric water contents generally below
20% in the dry season and above 30% in the wet season
(Fig. 3). A similar seasonality is reported in more detail by
Ries et al. (2015) for a semiarid karst area in the Jordan
Rift Valley. Throughout the dry season, their records show
low soil moisture values similar to those observed here. At
the beginning of the wet season, the soil profiles were
found to be wetted from the top to the bottom; yet after
heavy rainfall events within the wet season, saturated
conditions started to develop at the rock—soil interface,
suggesting rapid infiltration into deeper portions of the soil.
According to Ries et al. (2015), the saturated conditions
persisted at maximum two days. As our measurements
were taken after three days without rain, the observed
water contents in the wet season are expected to represent
values close to field capacity rather than saturation. Nev-
ertheless, rapid infiltration causing temporarily high water
contents at the rock—soil interface likely affect the subse-
quently observed soil moisture pattern, in particular the
depth distribution as discussed further below.

In the dry season, the mean soil moisture in the vicinity
of the bare rocks is found to be higher than that at a control
plot without bare rock outcrop (Table 2). Figure 5 illus-
trates that this overall positive effect on the soil moisture
results from the increased water content north and east of
the rocks. The higher water contents on these sides of the
rock indicate that the shade created by the rock reduces the
evapotranspiration. Hence, as discussed by Li et al. (2014),
the shading by the rock is found to be a factor controlling
the soil moisture distribution in the dry season. This further
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February N

February N
Rock B

S
0-5 cm depth
5 cm distance
15 cm distance ——

25 cm distance

Fig. 4 Soil moisture distribution in the vicinity of rock A and rock B
within the dry season (February 10 and May 19, 2010). The values
represent differences between the volumetric soil moisture (in %)

Table 2 Mean water contents and standard deviation in the vicinity
of rock A and rock B and at the control plot (“CK”) in different
seasons

Date in 2010 Rock A (%) Rock B (%) CK (%)

February 10 16.8 & 2.6 129 £25 129 £ 26
May 19 19.0 + 45 15.7 £ 4.1 155 + 1.6
August 25 36.5 £ 3.3 33.9 £ 24 35.8 £ 0.8
November 23 34.6 £ 2.5 323 £33 343 £ 0.7

suggests that the finding by Western et al. (1999), who
showed that soil moisture patterns at the hillslope scale are
controlled by the spatial variation of evapotranspiration
particularly during dry periods, can be generally transferred

5-10 cm depth 10-15 cm depth

measured close to the rock and that measured at the control plot at the
same depth (positive values indicating values higher than at the
control plot)

to the microenvironment close to bare rock outcrops in
KRD areas.

Following Western et al. (1999), the soil moisture dur-
ing the wet season is expected to be mainly controlled by
the redistribution of water. As mentioned in the introduc-
tion, the surface runoff from the rock outcrops is consid-
ered as a factor potentially influencing the soil moisture
distribution in the vicinity of the bare rocks particularly
after heavy rain events within the wet season (Zhang et al.
2011; Sohrt et al. 2014; Wang et al. 2016). Hence, the soil
moisture close to the rock would be expected to be
increased relative to the control plot on all sides. This is not
evident from the observations in the wet season at rock A
and rock B (Table 2; Fig. 5). Yet the soil moisture values
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August
Rock A

November
Rock A

November
Rock B

S

0-5 cm depth

5 cm distance
15 cm distance
25 cm distance

cocoee

Fig. 5 Soil moisture distribution in the vicinity of rocks A and B
within the wet season (August 25 and November 23, 2010). The
values represent differences between the volumetric soil moisture (in

reported in Table 1 show that the differences between the
soil moisture of the surface layer and that measured at
greater depths are more pronounced in the vicinity of the
rock outcrops than at the control plot. This might indicate a
process sustaining the soil moisture at greater depth but not
in the surface layer close to the rock outcrops. Sohrt et al.
(2014) found that precipitation-induced runoff from rock
outcrops continued below ground as preferential flow along
the rock—soil interface. Hence, water infiltrating at the
rock—soil interface might explain why the effect of the
shading is only visible at the soil surface but not at greater
depth. Thus, the redistribution of water resulting from
runoff processes creates a heterogeneous spatial distribu-
tion of soil moisture (Schlesinger et al. 1990). In contrast,
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5-10 cm depth 10-15 cm depth

%) measured close to the rock and that measured at the control plot at
the same depth (positive values indicating values higher than at the
control plot)

the depth distribution of the soil moisture tends to be more
homogeneous when the redistribution is less effective
within the dry season and at the control plot, where rock
outcrops are absent.

The above-discussed patterns of the soil moisture distri-
bution in the vicinity of the rock outcrops suggest that
findings by Western et al. (1999) about the spatial organi-
zation of soil moisture pattern at the hillslope scale can at
least partly be transferred to the much smaller spatial extent
considered here. In particular, the patterns found in the
microenvironment close to the rock outcrops are generally
consistent with the understanding that evapotranspiration is
a controlling process mainly in the dry season, while the
redistribution of water is most effective in the wet season.
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Both the reduced evapotranspiration due to the shading
of the rock and the runoff infiltrating at the rock—soil
interface are expected to increase the soil moisture close to
the rock outcrops. Within the dry season, the soil moisture
close to the rock outcrops indeed is found to be on average
higher than that at the control plot without bare rock out-
crop (Table 2; Fig. 4). In the wet season, however, the soil
moisture near the rock outcrops tends to be even lower than
that observed at the control plot (Table 2; Fig. 5). In
addition, the directional dependency of the soil moisture
distribution close to the rocks is weaker in the wet than in
the dry season. Whereas in the dry season differences in
soil moisture contents in different directions were visible at
all depths (Fig. 4), such differences were obvious in the
wet season only in the surface layer (Fig. 5). The asym-
metric moisture distribution in the surface layer still indi-
cates a shading effect in the wet season. Likewise, the
pronounced depth differences in the wet season suggest
infiltration of runoff at the rock—soil interface. However, it
seems that neither the shading nor the runoff from the rock
outcrops resulted in an overall positive effect on the soil
moisture in the wet season (Table 2); even in the most
favorable northern direction, an increase in the soil mois-
ture relative to the control plot is not evident (Fig. 5). This
might suggest that these positive effects are compensated
by some other effects. A potential explanation might be
that the rock outcrops cause heating of the adjacent soil,
thus enhancing evapotranspiration. A similar effect
resulting from rock fragments within the soil was postu-
lated by Cousin et al. (2003). While these authors found
this effect reduces the soil moisture under drought condi-
tions, the data presented here suggest its relevance in the
wet season rather than in the dry season. A heating effect of
the bare rocks could be indicated by a decrease in soil
moisture with increasing distance from the rock outcrops.
This, however, is not obvious from the data examined here
and thus needs further investigation using more extensive
data samples.

Conclusion

A sound understanding of the spatial and temporal vari-
ability of soil moisture is necessary to characterize the
linkages within the soil-plant—-atmosphere system. In the
Chinese subtropical karst region, the spatial variability of
surface soil moisture within KRD areas is still poorly
understood. Thus, this work examined the seasonal changes
in the small-scale soil moisture distribution within the
microenvironment close to bare rock outcrops on a slope in
this type of setting.

The shading of the rock outcrops was found to have a
positive effect on the soil moisture north and east of the

rock. The shading effect was evident in both the dry and the
wet seasons, but clearly more pronounced in the dry season.
In particular, the soil moisture distribution showed a direc-
tional dependency in all investigated soil layers (0-5, 5-10,
10-15 cm) in the dry season, but only in the surface layer in
the wet season. The soil moisture observed in the vicinity of
the rocks generally shows an increase with depth, relative to
the control plot most pronounced in the wet season. Pre-
cipitation-induced runoff from the rock outcrops infiltrating
along the rock—soil interface is proposed to explain this
observation. This suggests that the redistribution of water is
a factor controlling soil moisture patterns in the wet season,
whereas the pronounced shading effect in the dry season
points to evapotranspiration as a controlling factor. Similar
findings previously reported at the hillslope scale thus
appear to be generally transferrable to the microenvironment
around the rock outcrops in KRD areas.

Yet the finding that the average soil moisture in the dry
season tended to be higher in the vicinity of the bare rocks
than at the control plot, while there was little difference in
the wet season might indicate a mechanism operating in the
wet season that reduces the soil moisture close to the rock
outcrops. A heating effect of the bare rocks was proposed
as such a mechanism, but it is unclear why this process
would be less effective in the dry season. This therefore
needs further investigation using larger data samples. The
effective mechanisms and factors controlling the moisture
distribution close to bare rocks thus still need to be further
researched in-depth. Future research related to KRD areas
in southwest China should focus on the soil moisture bal-
ance and its effective management, the mutual relation-
ships of environmental factors, and their effects on
hydrological processes and vegetation restoration
strategies.
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