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A large number of bare rocks exposed in the field represent one of themost spectacular scenes of the Karst Rocky
Desertification (KRD) process. The presence of bare rocks modifies the microenvironment. An understanding of
soil moisture variability is necessary to characterize the linkages between a region's hydrology, ecology, and
physiography. The objective of the studywas to determine the influence of those exposedbare rocks on soilmois-
ture in the surrounding area in a typical KRD region—the Forest Station of Sandoqing, in Fu'yuan County, Yun'nan
Province, Southwest China. Dynamic soilmoisturewas quantified in Feb, 2010 during an extremedrought period.
Results showed that during the drought period, soil moisture on the north side of the rocks was significantly
higher than those on the east, west and south sides (p b 0.01). Soil surface moisture increased with the above-
ground height of the rocks. The size of the bare rocks was significantly correlated with soil moisture on the
west and north sides of the rocks (p b 0.01) and the east side of the rocks (p b 0.05). Sharper rocks were associ-
ated with declining soil moisture on the east, west and north sides of the rocks. Soil moisture began to increase
and then declined on the north, east and west sides, but showed a continued increase on the south side with the
distance from the rocks. The soil moisture around the rocks increased gradually with depths of soil layers. During
the drought period bare rocks created some shade, resulting in higher soilmoisture on the north side of the rocks
compared to the other three directions. The location at 15 cm north of the rocks had the highest soil water con-
tent, thus becoming themost ideal site for establishing vegetation restoration in the KRD area under stressful en-
vironmental conditions. Results from this study can be used to assist in restoration of ecological systemdamaged
by the KRD process.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Spatial heterogeneity is one of the important properties of soil
(Burgess and Webster, 1980), and it occurs on various scales in all
types of soil environments (Cain et al., 1999; Farley and Fitter, 1999;
Gross et al., 1995; Jackson and Caldwell, 1993; Schlesinger et al.,
1996). Themoisture of surface soil layer has a significant role in this mi-
croenvironment and is a key parameter in soil surface modeling. Soil
moisture is also an essential condition for normal plant growth, affect-
ing both quality and survival; therefore, the variability and pattern of
soil surface moisture are receiving increased attention from local to
continental scales (Koster et al., 2004; Parent et al., 2006; Qi et al.,
2004; Qiu et al., 2001). So far, little attention has been paid to surface
soil moisture variability, specifically in fragile ecosystems or in the con-
text of vegetation restoration efforts in the karst region of subtropi-
cal China (Chen et al., 2010; Zhang et al., 2011).

Karst rocky desertification (KRD) is onemajor type of desertification
caused by human impacts on the vulnerable eco-geo-environment
ghts reserved.
(Huang et al., 2009; Li et al., 2009b; Sweeting, 1993; Wang et al.,
2004). KRD is a process in which soil is eroded seriously or even
thoroughly, so that bedrock is exposed widespread, carrying capac-
ity of land declines seriously, and at last, landscape appears similar
to desert under violent human impacts on the vulnerable eco-geo-
environment (Huang and Cai, 2007). The main features are: serious
soil erosion; extensive exposure of bedrocks; drastic decrease of soil
productivity; and the appearance of a desert-like landscape, caused
by human activities degrading the fragile subtropical karst environ-
ment. It can have far-reaching effects on the middle-lower reaches
of rivers like the Yangtze and Pearl (Wang et al., 2004). In the karst
region of southwest China, development and cultivation on steep
slopes, and intensive land use in this extremely fragile geological en-
vironment often result in serious soil loss by water erosion, which fi-
nally lead to a drastic decrease in soil productivity, progressive
poverty of the local residents, and extensive exposure of basement
rocks in the form of rocky desertification (Wang et al., 2004). The
sloping farmlands occur in small patches, distributed irregularly
among exposed rocks and in fissures. Compared with other regions,
the mosaic of rock and soil increases the complexity of topography
and diversity of microhabitats in the karst region of southwest China.
This kind of mosaic may play an important role in the spatial
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distribution of nutrients due to differences of soil and water loss at dif-
ferent sites (Crowther, 1982; Descroix et al., 2001). Southwest China is
in the fragile karst ecological zone (Sweeting, 1993), with 129,600 km2

of land undergoing the process of KRD. Exposure of large amounts of
rocks above ground level is the most spectacular scene in KRD regions.
Karst lands can be very drywhere the shallow soil layers and bare rocks
are interwoven (Chen et al., 2012; Zhang et al., 2011), forming a highly
heterogeneous ecological systemwith dramatic variation in soil ecolog-
ical functions (Wang et al., 2004). In general the microenvironment in
the KRD regions is changing toward more drought and heat conditions
(Li et al., 2009a), which have led to low plant survival rates and reduc-
tion in the efficiency of current vegetation restoration practices.

Karst ecosystems with vegetation covers on thin soils overlying
limestone are sensitive to global change. They are extremely vulnerable
to soil degradation, water loss, and erosion due to intensive land use
and other human activities (Tuyet, 2001; Zhang et al., 2011). Although
it is known that the surface soil moisture plays an extremely important
role in the ecological process of surface soil (Chen et al., 2010), there are
very few studies characterizing the relevant factors quantitatively
(Zhang et al., 2011); furthermore, no progress has been made toward
understanding the effect of exposed rocks on the surface soil water con-
tent. Therefore, more attention should be paid to the spatial variability
of soil moisture in the karst area of southwest China.

This study began with a data collection survey in a typical KRD re-
gion of Fuyuan County in Yunnan Province, China. The influence of
bare rocks on surface soil moisture was then analyzed. Results from
this study can be used to guide vegetation restoration under stressful
environmental conditions, and to direct ecological management of
areas affected by KRD.

2. Methods

2.1. Site description

The study was carried out in San-do-qing Forestry Station (25°02′
30″–25°58′22″N, E103°58′37″–104°49′48″), which is in Fuyuan
County, Yunnan Province (Fig. 1). Fuyuan County has a total area of
3251 km2. It is on the eastern Yunnan karst plateau. The topography
is mainly mid-mountain at the early developmental stage of karst
landform. The whole county has 2049.311 km2 of karst. The KRD
area is up to 601.018 km2, which is 18.49% of the total arable land,
or 29.33% of the karst region.

The area has a northern subtropical monsoon climate. The annual
average temperature is 13.8 °C. July is the hottest month with an
100m

Fig. 1. Research area and the GPS map of investigation sites
average temperature of 19.8 °C; January is coldest with an average air
temperature of 5.7 °C. The annual hottest temperature is 39.4 °C, and
the lowest is −10.7 °C. The annual sunshine duration is 1819.9 h.
The frost free season is 240 days, and annual average precipitation
is 1332 mm. The rainy season is from May to October (Fig. 2). The
main soil type is Haplic Alfisols (Chinese for ‘red limestone soil’), ac-
cording to FAO soil classification systems (FAO, 1998). Rivers within
the county are in the Pearl River basin. County population is 716,400,
with a population density of 220 per km2. From Sept., 2009 to April,
2010, this region experienced an extreme drought period. The pre-
cipitation during this period was 107.8 mm, and was 57.2% com-
pared with that of the dry reason of normal years (188.6 mm).

2.2. Data collection

In Feb., 2010, on the south slope of the experimental site, a plot
with typical mid-level KRD features, 50% vegetation cover, 60% out-
crops cover, soil depth between 10 cm and 30 cm and minor
human disturbance was selected (Fig. 3). 102 rock outcrops were
chosen along a 1000 meter sampling line. These rocks were selected
with length from 0.20 m to 3.70 m, width from 0.19 m to 3.50 m and
height from 0.13 m to 2.5 m. The cover area and height of the rocks
were measured. Soil moisture in the upper 5 cm of the soil at 5 cm
north, west, south and east of the rocks was measured as volumetric
soil water content in m3 m−3, with a soil moisture sensor (5TE, Deca-
gon Devices, Pullman, Washington, USA) coupled to a readout device
(ProCheck, Decagon Devices, Pullman, Washington, USA) (Moody and
Ebel, 2012; Sperdouli and Moustakas, 2012). Each rock's location was
recorded using a GPS device (Fig. 1).

Rocks were selected that were well-separated from each other and
had regular external shapes. There was any soil but no large shrubs
around the rocks (Fig. 4b).

On the south slope of the experimental site in Feb., 2010, an agricul-
tural field, a mixed (needle leaf and broad leaf) scrub, a Pinus armandii
scrub, and a KRD field were selected for study. At a depth of 5 cm soil
moisture was measured using a 5TE probe coupled to a ProCheck read-
out device.

Two pieces of rock (A and B in Fig. 1) with uniform size and shape
were selected from the 102 rocks. Locations at 5, 15, and 25 cm to the
east, west, north, and south of these two rocks were chosen to detect
soil moisture, respectively. Soil moisture was measured at depths
of 5, 10, and 15 cm for each location as described above (Fig. 4a).
Mean value of soil bulk density around the rock is 1.17 g·cm−3.
Three measurements were taken for each spot, and the mean was
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used as the water content. The control plot was a 20 m2 waste grass-
land (CK, Fig. 4c) on the same slope as other samples where there
were no bare rocks. Soil moisture was measured following the
same procedure as treatment samples.
3. Results

3.1. Variation of surface soil moisture around the bare rocks

The surface soil moisture (0–5 cm soil depth) around the 102
rock outcrops is contained in Table 1. The average soil moisture
near the rocks was as low as 9.57%, and the water content differed
highly significantly (p b 0.01) among the four sides of the rocks.
The soil north of the rocks had the highest water content; it was sig-
nificantly different from those on the south and west sides, but the
difference from the east side soil did not reach the significant difference
level. Soil moisture on the east andwest sides of the rocks had no signif-
icant difference, but both were highly different from the south side. The
difference in soil moisture between the west and south sides of the
rocks was also highly significant. During the drought period, soil mois-
ture varied greatly depending on the relative direction from the rocks
and could be attributed to the shade of the rocks.
Fig. 3. Landscape of karst rocky dese
Soil moisture in the bare rock field was the lowest among the four
land cover types (Table 2). The coniferous and broad-leaved mixed
forest ensured a much higher soil moisture level, which was 1.96
fold higher than that of bare rocks. In spots having exposed bare
rocks, intensive evaporation of soil water occurred due to the ab-
sence of vegetation as ground cover. Together with the diffuse reflec-
tion of solar radiation from the bare rocks, it created an environment
with elevated temperature. The consequential intensified soil evapo-
ration led to a decline of the surface soil moisture around the bare
rocks. This phenomenon also occurs in the rainy season with plentiful
precipitation (Li et al., 2009a). On the other hand, appropriate vegeta-
tion and litter coverage together could have improved soil moisture.
3.2. Effect of the shapes of the bare rocks on the surface soil moisture

The 102 bare rock outcrops were divided in four groups according
their altitude above ground (0–0.5 m, 0.5–1.0 m, 1.0–1.5 m, and
N1.5 m). The surface soil moisture (0–5 cm depth) increased around
taller rocks (Fig. 5), and water content decreased in the order of
north N east N west N south relative to the rocks.

The relationship between soil moisture and rock height, the cover
area, and the ratio of height to cover area were determined (Table 3).
rtification at investigation sites.
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The soil moisture had a positive correlation with the rock height, which
is stronger than that with the cover area. The correlation between the
height and the cover area of the rocks and soil moisture on the west
and north sides was higher than those on the east and south sides.

The height of the rocks had a highly significant correlation with soil
moisture on the west side of the rocks, but not in the other three direc-
tions. For the cover area of the rocks, correlation with soil moisture was
highly significant (p b 0.01) on thewest and north sides but only signif-
icant (p b 0.05) on the east side of the rock soil. The ratio of height to
cover area is ameasurement of the taperingness of the rocks: the higher
ratio indicates more tapered rocks. The ratio of height to cover area is
negatively correlated with soil moisture on the east, west, and north
sides of the rocks. These results indicate that more tapered rocks en-
courage lower soil moisture on the east, west, and north sides of the
rocks, relative to more rounded rocks.

3.3. Changes of moisture for various depths of soil around the bare rocks

Soil moisture for different depths was determined at different dis-
tances from the two selected bare rocks and the control plot (Table 4).
Soil moisture declined in the order of north N east N west N south
sides of the rocks, and this was similar to the results of the 102 rock out-
crops. It is very likely that soil on the south side of the rocks had re-
ceived the strongest solar radiation. When reflected by the rocks, the
strong solar radiation induced faster evaporation of surface soil water
on the south and west sides of the rocks. Due to the shade effect from
the bare rocks, light intensity was lower on the north and east sides
where the soil water content was higher. On the waste grassland of
the control samples, the surface soil moisture was higher than soils of
5 and 15 cm south of the rocks, but lower than those on the other
three sides. At a distance of 25 cm from the rocks, soil moisture was
higher than the control.

For locations 5, 15, and 25 cm east of the rocks, soil moisture had a
significant difference (p = 0.049) for the surface layer (0–5 cm), but
not the deeper soil layers (5–10 cm and 10–15 cm). On the south side
at the same distances from the rocks, water content had no significant
difference for the surface soil layer (0–5 cm), but the differencewas sig-
nificant for the 5–10 cm and 10–15 cm soil layers (p = 0.046; 0.035).
No significant variation was found for soil moisture on the west and
north sides at any depth or distance.

On the north, east and west sides of the rocks, the soil moisture
increased at shorter distances and then declined as it moved away
Table 1
Surface soil moisture at different orientations around the bare rock outcrops.

Orientation E S W N

0–5 cm soil
moisture (%)

8.99 ± 2.73AB⁎ 7.37 ± 1.93C 8.62 ± 2.72B 9.79 ± 2.98A

⁎ Different letters indicate highly significant differences at p b 0.01 level.
from the rocks. On the south side of the rocks, soil moisture showed
a continuous increase as it got farther away from the rocks. It is very
likely that those rocks would generate a very strong heating effect,
causing serious soil water loss in the surrounding nearby area. Such
effect dwindled with the distance from the rocks, and meanwhile
soil water appeared to increase continuously.

Soil moisture increased with soil depth. Under drought conditions,
there was a significant difference in the soil moisture between 0–5 cm
and 5–10 cm (p b 0.05), and thewater contentwas highly different be-
tween the 10 and 15 cm soil depths (p b 0.01).

15 cm north of the rocks the surface soil water content was lower
than the 5 and 25 cm depths. The 5–10 cm and 10–15 cm depths
contained higher water content at 15 cm distance than at 5 and 25 cm
distances. 5–10 cm and 10–15 cm depths also contained higher water
content than all locations in the control waste grassland.

The KRD region has a very shallow layer of soil. In the experimental
field, the average soil depth was 20 cm. Plant roots are mainly dis-
tributed from 5 to 15 cm depth. Higher soil water at this depth
would promote plant root absorption and utilization of water. As
this depth has the highest moisture 15 cm north and east of bare
rocks, the location 15 cm north of the rocks should be ranked as the
suitable site for vegetation restoration, followed by the site at 15 cm
east of the rocks.

4. Discussion

An understanding of soil moisture variability is necessary to char-
acterize the linkages between a region's hydrology, ecology, and
physiography. In China's subtropical karst region, the spatial vari-
ability of surface soil moisture is still unclear for the rocky ecological
environment and areas with intensive land use (Zhang et al., 2011).

Our results were in accordance with the studies of Huang et al.
(2009) in the same depression area of China that only seasonal drought
may have a high impact on the karst ecosystem. Drought for extended
period not only causes declining of soil moisture as a whole but also re-
sults in redistribution of soil water into a more homogenous state both
horizontally and vertically (Huang et al., 2009). The extent of such
changes depends on the level and duration of the dryness (Huang
et al., 2009; Zhang et al., 2011). This study found that surface soil mois-
ture presented amoderate variability in the depression area at the sam-
pling times, and this result was in accordance with the studies of Zhang
et al. (2011) in a karst depression area of southwest China.

By analyzing the soil moisture around the rocks during a drought
period, our study identified the rock's important function of providing
shade to the land, which partially ameliorated drought-related stresses.
The drought period in this study lasted for over 150 consecutive days
(fromSept., 2009 to Feb., 2010). Soilwas extremely dry, and the average
surface soilmoisturewas reduced to 9.57%. This provided themost ideal
environment for measuring the shade effect provided by the rock
outcrops.

image of Fig.�4


Table 2
The surface soil moisture from lands with different types of land cover.

Types of land cover Coniferous and broad-leaved mixed forest P. armandii forest Farmland Bare rock field

0–5 cm soil moisture (%) 18.73 ± 1.37A⁎ 10.53 ± 0.64B 10.30 ± 0.96B 9.57 ± 0.64B

⁎ Different letters indicate highly significant differences at p b 0.01 level.
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Soil moisture in the bare rock field was the lowest among the four
land cover types. The coniferous and broad-leafedmixed forest ensured
a much higher soil moisture level, which was 1.96 fold higher than the
bare rocks. These results were in accordance with the studies of Zhang
et al. (2011) that the dominant influencing factors on the variability of
surface soil moisture were rainfall and land use types.

One of the most spectacular characteristics of the KRD process in
Southwest China is the large amount of rocks exposed at the surface.
Those bare rocks not only affect redistribution of light and water re-
sources on the ground but also influence soil water distribution, as
well as the local microclimate and vegetation growth. In the typical
KRD regions, the specific environmental conditions have hindered
the progress of restoration of ecological systems through vegetation
reinstallation. Therefore understanding the impact of bare rocks on
soil moisture is very important.

Conn and Snyder-Conn (1981) found that rock outcrops influenced
soil moisture in the surrounding area, but the scale of the effect
depended on the shape, size, and surface area of the rocks, along with
other factors including the smoothness of the rock surface, distribution
of cracks, solar radiation angle, wind, precipitation, and vegetation cov-
erage. In their study areas immediately adjacent to outcrops had higher
soil moisture content than the areas away from outcrops, which could
provide greater runoff, shading, and soil temperature stability. Conn
and Snyder-Conn (1981) did not consider the influence of direction
from the rock outcrops on soil moisture. Our results showed that during
the extreme drought period, soil moisture on the north side of the rock
outcrops was significantly higher than the other sides. Our results also
found that soil moisture began to increase and then declined on the
north, east andwest sides with the distance from the rocks, but showed
a continued increase on the south sidewith the distance from the rocks.
This result was also different from those reported by Conn and Snyder-
Conn (1981) and Noy-Meir et al. (1991). Noy-Meir et al. (1991) discov-
ered that soil moisture content close to or between rocks was signifi-
cantly higher than elsewhere at the sampling points, particularly the
tall smooth rocks. In karst depression areas, soil surfaces are often char-
acterized by the presence of rock outcrops, therefore, the soil moisture
content and variability could be deeply affected by rock outcrops.

There are still disagreements in defining factors affecting soil water
spatial variation, especially average water content (Zhang et al., 2011).
Zhang et al. (2011) suggested that more soil samples might be required
and the sampling interval should be shortened in the dry season com-
pared with the rainy season. In one study (Chen et al., 2010), it was
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suggested that under homogenous vegetation types and even slope
conditions, slope position had veryminimal effect onwater distribution
along the slope. This study only determined the physical shading effect
from bare rocks during drought period. Other phenomena such as
heating effect from bare rocks on soil moisture, and comprehensive
changes in soil moisture under the influence of bare rocks will be inves-
tigated in future studies.

Cousin et al. (2003) suggested that the color characteristics of rock
fragments would lead to heating of the soil and therefore to a decrease
of its water content under strong evaporation conditions. Therefore, the
effect of rock outcrops on the surface soil moisture and its variability
depended on the sampling scale, the sampling point distance from
rock outcrops, the rock outcrops' size and their relative position at the
soil surface (Zavala et al., 2010). Compared with Zavala's work (Zavala
et al., 2010), our research has some differences. First is condition, our
work was carried out under natural drought condition but not simulat-
ed rainfall. Second is that our research object is outcrop bedrocks but
not rock fragments laying on the soil surface. Third is size of the rocks,
rock size we researched is length from 0.20 m to 3.70 m, width from
0.19 m to 3.50 m, height from 0.13 m to 2.5 m, and the rock can't be re-
moved. However, Zavala's rock fragments varied from 2 mm to 10 cm,
and they carried out the experiment under rock fragments existed and
been removed. removed. Our study accounted for these factors by
choosing 102 rocks randomly along the 1000 m sampling line to inves-
tigate the surface soil moisture at four directions from the rocks and at
multiple soil depths.

However, more soil samples are required in extreme dry period in
this karst area to take into account differences in soil moisture variabil-
ity according to rock outcrop distribution patterns. Geostatistical analy-
sis of surface soil moisture would be helpful to the soil moisture
management and hydrological modeling of the local karst area. Future
research should be focused on the soil moisture balance and its effective
management, the mutual relationships of environmental factors and
their effects on hydrological processes and vegetation restoration strat-
egies in the karst region of southwest China.
5. Conclusion

Under severe sustained drought conditions, bare rocks provide some
physical shade and affect the soil water content surrounding the rocks.
The surface soil water content of the 0–5 cm layer around the rocks
was generally lower, but a site with the highest soil moisture (9.79%)
was identified on the north side of the rocks, and it reached the highly
significantly different level from those on the east, west and south
sides of the rocks (p b 0.01).

Rock shape also affects soil moisture in the surrounding areas,
and soil moisture in the 0–5 cm layer was higher on the four sides
of taller rocks. The size of the exposed surface area of bare rocks
had highly significant effects on soil moisture on the west and
Table 3
Correlation coefficient between the surface soil moisture and the height, the cover area
and ratio of height/cover area of bare rock outcrops at different orientations.

The correlation coefficient E S W N

Height of rocks 0.077 0.084 0.270⁎⁎ 0.148
Cover area of rocks 0.203⁎ 0.089 0.265⁎⁎ 0.254⁎⁎

Ratio (height/cover area) −0.107 0.029 −0.192 −0.177

*: indicate significant differences at p b 0.05 level, **: indicate highly significant differences
at p b 0.01 level.



Table 4
Changes of water content in various depths of soil at different distances from bare rocks at different orientations.

Distance from rocks
(cm)

Soil layers
(cm)

E
%

S
%

W
%

N
%

CK
%

5 0–5 14.36 ± 2.06 10.17 ± 3.10 13.78 ± 4.00 16.24 ± 1.20 10.43 ± 0.54
5–10 14.64 ± 2.52 13.43 ± 2.83 14.12 ± 2.86 16.45 ± 2.87 12.59 ± 0.49

10–15 15.55 ± 1.59 14.09 ± 0.94 15.17 ± 2.53 17.94 ± 1.04 15.56 ± 0.80
15 0–5 13.66 ± 0.89 10.05 ± 0.33 13.24 ± 2.69 15.22 ± 3.09 –

5–10 16.49 ± 2.09 13.87 ± 3.45 15.30 ± 4.16 18.42 ± 4.22 –

10–15 19.05 ± 5.18 14.86 ± 2.33 16.12 ± 3.61 20.73 ± 2.69 –

25 0–5 13.69 ± 3.71 11.32 ± 2.85 12.26 ± 4.43 15.61 ± 1.27 –

5–10 17.15 ± 2.43 12.92 ± 3.02 14.27 ± 3.70 15.84 ± 1.18 –

10–15 17.63 ± 2.40 14.71 ± 4.71 14.91 ± 2.90 17.27 ± 2.65 –

CK: the control plot, a 20 m2 waste grassland.
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north sides, and a significant effect on the east side of the rocks. More
tapered rocks (with higher ratio of height and area) caused a decline
in the soil moisture on the east, west and north sides. With increas-
ing distance from the rocks, soil moisture increases and then de-
creases on the north, east, and west sides, but it increased
consistently on the south side in 25 cm distances.

Soil moisture around the bare rocks increased with the depth of
soil. The bare rocks provided some shade to the surrounding area,
leading to a more heterogeneous distribution of soil water, with
soil moisture maxima located 15 cm north of the rocks—ideal locations
for planting. These findings have instructive value for vegetation resto-
ration in the KRD regions.
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