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The occurrence of dried soil layer (DSL) threatens the sustainable development of restored ecosystems in
the Loess Plateau of China. Knowledge of the regional spatiotemporal characteristics of DSL in
water-deficient regions is critical for optimal water management and vegetation restoration. This study
assessed regional temporal persistence of DSL using Spearman’s rank correlation coefficient (rs) and rel-
ative difference (RD) analyses and determined the dominant driving factors. Two DSL evaluation indices
[DSL thickness (DSLT) and DSL soil water content (DSL-SWC)] were calculated by measuring volumetric
SWC of the 0–500 cm soil layer at 86 locations along a south–north regional transect of the Loess Plateau
in 2013–2014.

Based on the study, there was DSL formation at most of the sites (61 out of 86 sites) along the transect.
The level of DSL was severe, with mean DSLT of 273 cm and mean DSL-SWC of only 10.8% (v/v) [field
capacity (FC) = 22.5% (v/v)]. Mean DSL-SWC generally decreased from south to north, while no obvious
trend was noted in DSLT along the transect. Derived rs values indicated a good temporal persistence of
spatial patterns of DSL. Also RD analysis showed that DSL with thicker DSLT and/or lower DSL-SWC
had much stronger temporal persistence, implying higher possibility for the formation of permanent
DSL. The representative locations of each DSL index well represented the regional means of DSLT and
DSL-SWC. This suggested that there was the feasibility of directly estimating regional patterns of DSL
from theoretical temporal stability. The temporal persistence of DSL patterns was mainly controlled by
soil texture, soil organic carbon, field capacity, mean annual precipitation, precipitation seasonal distri-
bution (PSD) and mean annual temperature. We concluded that soil- and climate-related factors domi-
nated regional temporal persistence of DSL. Lower soil water holding capacity, fewer rainfall and more
concentrated PSD could intensify the formation and/or development of permanent DSL in the Loess
Plateau. This is especially true under worsening global climate change conditions.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The formation of dried soil layer (DSL) is common phenomenon
across the globe. For instance, DSL has been detected in the Loess
Plateau of China (Li, 1983), Russia (Yang and Han, 1985), Eastern
Amazonia (Jipp et al., 1998) and Southern Australia (Robinson
et al., 2006). DSL is recognized as a serious ecological phenomenon
in the Loess Plateau (Li, 1983; Chen et al., 2008a; Wang et al.,
2010a, 2011a) that has deep loess deposits, unique landscapes
and intensive soil and water erosion (Shi and Shao, 2000). The
occurrence of DSL potentially interferes with water cycle in soil–
plant-atmosphere systems by preventing water flow between shal-
low (soil moisture) and deep (groundwater) soil layers (Chen et al.,
2008a). In addition, prolonged soil desiccation could lead to soil
degradation, regional vegetation die-off and aridity of local cli-
matic environments (Breshears et al., 2005; García et al., 2008).
Thus DSL affects hydrological conditions and threatens sustainable
development of restored ecosystems in the Loess Plateau and
beyond. Understanding the development processes of DSL and
developing corresponding land management strategies are critical
for long-term soil and water ecosystem services in the Loess
Plateau and other fragile ecosystems.
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mailto:shaoma@igsnrr.ac.cn
http://dx.doi.org/10.1016/j.jhydrol.2015.06.025
http://www.sciencedirect.com/science/journal/00221694
http://www.elsevier.com/locate/jhydrol


X. Jia et al. / Journal of Hydrology 528 (2015) 152–160 153
After the first discovery of soil desiccation in the semi-arid
regions in Shaanxi and Gansu provinces of China in the 1960s (Li,
1983), numerous studies have since been conducted on DSL in
the Loess Plateau. Studies have been conducted on the definition
and classification (Yang, 2001; Chen et al., 2008a), formation and
development processes (Wang et al., 2009, 2010b), spatial distribu-
tion patterns at various scales (Wang et al., 2010a, 2011a, 2012a)
and sustainable recovery (Fan et al., 2004; Wang et al., 2011b,
2012b) of DSL.

DSL varies in space and time due to the heterogeneity in soil
type, climate, vegetation and topography. Wang et al. (2010a)
mapped the spatial distribution of DSL for the entire Loess
Plateau, and showed that DSL was generally thicker (>170 cm) in
the western and central Loess Plateau region (170–220 cm) than
in around the Yellow River and flood plains in the interior irriga-
tion regions. Wang et al. (2010a) concluded that precipitation
and soil type were respectively the primary and secondary factors
with significant impact on DSL formation and/or development. The
rate of formation and thickness of DSL depend largely on vegeta-
tion type at regional scale and vegetation age at site scale (Wang
et al., 2010b).

Soil desiccation is divided into two types based on dynamic
characteristics – temporary type and permanent type (Li, 1983).
Permanent DSL typically occurs in arid and semi-arid regions
where there is low soil water content due to long-term soil desic-
cation. Temporary DSL, however, mostly occurs in semi-humid
regions. Permanent DSL is difficult to reclaim in the Loess Plateau
due to generally limited rainfall, deep groundwater, vegetation
consumption and intense evaporation (Wang et al., 2011b). The
formation of permanent DSL could have profound and long-term
impact on ecological and hydrological processes. Although there
exist numerous studies on DSL in the Loess Plateau at various
scales, little has been done on the spatiotemporal characteristics
of DSL and the related factors at regional scale. The unique region-
alized variability of the Loess Plateau makes it specifically difficult
to study in terms of sample collection cost and time. Thus there is
need for sufficient information on regional temporal persistence of
DSL for policy decisions for sustainable soil water management
and ecological restoration.

It has recently been demonstrated that the theory of temporal
stability is an effective tool for analyzing temporal persistence of
properties that vary in space and time. Vachaud et al. (1985) first
proposed the concept of temporal stability and defined it as the
time-invariant association between spatial location and classical
statistical parameters of a given soil property. The definition of
the stability of soil water content over time was later expanded
to describe temporal persistence of spatial patterns (Kachanoski
and de Jong, 1988). This concept has been broadly used to study
soil water around the world. This includes the Loess Plateau of
China (Hu et al., 2010a,b, 2012; Gao and Shao, 2012; Jia et al.,
2013a,b; Liu and Shao, 2014), where soil water content is the most
crucial factor for ecological restoration. One of the most useful
applications of the concept of temporal persistence is its potential
to identify representative locations that rapidly and effectively
estimate mean conditions of a given property within the entire
study area of interest. Studies on soil water in the Loess Plateau
confirm and support the application of temporal persistence. The
theory of temporal persistence could therefore provide a useful
understanding of regional spatiotemporal characteristics of DSL
and the driving factors in the Loess Plateau.

There is widespread occurrence and severity of DSL with poten-
tial negative impacts on hydrological processes and ecological
environments in the Loess Plateau. There is therefore the need
for information on regional spatiotemporal characteristics of DSL
and the driving factors. This could guide policy decisions and veg-
etation restoration strategies to optimize soil and water
management. To deepen insight into regional temporal persistence
of DSL, this study analyzed neutron probe data collected on 10
occasions along the south–north transect of the Loess Plateau from
June 2013 to September 2014. The specific objectives of the study
were to deepen insight into the spatiotemporal characteristics of
DSL along the south–north transect, and to determine the primary
factors that control regional temporal persistence of DSL in the
Loess Plateau of China.
2. Materials and methods

2.1. Study area description

This study was conducted in the typical Loess Plateau region.
The typical Loess Plateau area covers a total area of ca.
430,000 km2 (Fig. 1), with loess as the most continuous soil in hor-
izontal and vertical space. This area has the most typical loess geo-
morphic landforms and erosion terrains, such as Yuan (a large flat
surface with little or no erosion), ridges, hills and various gullies
(Yang et al., 1988). Most of the study area is subject to severe soil
and water erosion, causing land degradation and loss of soil fertil-
ity. In order to control soil and water erosion and to restore the
ecosystem, an extensive ecological rehabilitation program (the
‘‘Grain-for-Green’’) was initiated by the Chinese government in
1999. The program has now been operating for 15 years and the
natural environment in most parts of the Plateau is progressively
improving.

To effectively measure the characteristics and dynamic proper-
ties of DSL at regional scale, a south–north transect (ca. 800 km)
within latitudes 34.09�N–39.38�N and longitudes 108.62�E–110.3
2�E was determined in the Loess Plateau (Fig. 1). This transect
crosses the moderate-temperate and semi-arid zones, with mean
annual precipitation of 400 mm in the north and 620 mm in the
south. The mean annual temperature along the transect is 6.8 �C
in the north and 12.3 �C in the south.

The soils are mainly of loess with clay-loam as the most com-
mon soil texture, sandier soils in the north and clayier soils in
the south. The transect has complex topography, including plains,
sub-plateaus, hills and gullies with altitude rang of 380–1600 m
above mean sea level. From south to north, the land use type gen-
erally changes from cropland to forestland and then to grassland.
The cropland is often cultivated with winter wheat and summer
maize, with irrigation. All the forestlands are artificial with differ-
ent tree species, including apple (Maluspumila), black locust
(Robiniapseudoacacia L.), apricot (Armeniacasibirica L.), jujube
(Zizyphusjujuba) and korshinsk peashrub (Caraganakorshinskii).
The grasslands are both artificial, mainly comprised of purple
alfalfa (Medicago sativa L.), and natural, comprised of
Stipabungeana, Lespedeza davurica and Heteropappusaltaicus.
2.2. Sampling location and profile soil water content

Along the south–north transect, 86 aluminum neutron probe
access tubes (5.2 m in length) were installed at approximate inter-
vals of 10 km (Fig. 1), measured by vehicle milometer during tra-
vel. Each sampling point was randomly selected and located
using GPS receiver (5 m precision in the horizontal direction) to
represent the main land uses, topography and vegetation types
within the range of vision. Volumetric soil water content (SWC)
was measured using neutron probe at the 86 locations during the
growing season in the period from June 2013 to September 2014.
Each measurement process took 3–4 days. There was a total of
10 sampling occasions during the entire sampling period. Slow
neutron counts were taken at intervals of 0.2 m to depth of



Fig. 1. Map depicting the location of the Loess Plateau in China (left plate) and the south–north transect of the Plateau along with the distributions of mean annual
temperature (MAT) and mean annual precipitation (MAP) (right plate). A total of 86 sites were used to determine the south–north transect.
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5.0 m. SWC (h) at each depth was calculated from the slow neutron
count rates (CR) using the calibration curve as follows:

h ¼ 0:5891� CR þ 0:0089 ðR2 ¼ 0:93; p < 0:001Þ ð1Þ

The calibration curve was obtained for the same area and was
considered valid for all soil depth. Based on DSL definition, SWC
data in the 0–1.0 m soil layer were not processed. This is because
the infiltration depth of loess soil is generally less than 1.0 m in
the entire Loess Plateau, especially in dry years (Wang et al.,
2010a, 2011a). Thus, consistent with other studies, this study
focused on SWC below the 1.0 m soil depth.
2.3. DSL-related factors

2.3.1. Soil
Some 0.5 m away from the access tube at each site, a 40 cm

deep pit was excavated to take undisturbed soil samples in the
0–20 cm and 20–40 cm soil layers. The measurements were used
to determine saturated soil hydraulic conductivity (Ks, mm/min),
field capacity (FC, %) and bulk density (BD, g/cm3). Ks was deter-
mined using the constant-head method (Klute and Dirksen,
1986). SWC at FC (volumetric soil water content at �0.03 MPa)
was estimated using the soil water retention curve of Ratliff et al.
(1983). Then BD was determined from volume-dry mass relation-
ship for each core sample (Jia et al., 2012).

Disturbed soil samples were also taken for laboratory analyses.
The disturbed soil samples were air-dried and divided into two
sub-samples. One sub-sample was passed through 1-mm mesh
and was analyzed for particle size composition (%) by laser diffrac-
tion Mastersizer 2000 (Malvern Instruments, Malvern, England).
The other sub-sample was passed through 0.25-mm mesh to deter-
mine soil organic carbon (OC, g/kg) using dichromate oxidation
method (Nelson and Sommers, 1982). Thus in this study, a total
of 5 soil parameters were chosen as factors potentially related to
DSL. These factors included Ks, BD, FC, OC and clay content (Clay,
<0.002 mm).
2.3.2. Climate
Mean annual precipitation (MAP, mm) and temperature (MAT,

�C) for 1953–2013 were derived from the China Meteorological
Data Sharing Service System (http://cdc.cma.gov.cn/). This dataset
contains climatic data from 73 stations in the Loess Plateau, 64 of
which were selected on the basis of the standards set by European
Climate Assessment. The station-specific data were interpolated
via kriging (at 100 � 100 m2 resolution) to create a continuous data
surface of meteorological factors. Then there was re-sampling in
ArcInfo GIS software (version 9.2) to extract the specific meteoro-
logical factor for each sampling site and pixel from the data
surface.

Precipitation seasonal distribution (PSD) in the growing season
(May to September) is often quantified as the coefficient of varia-
tion of the monthly precipitation (CVmp) for each meteorological
station (Guo et al., 2012):

CVmp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
5

P9
i¼5ðMi �MÞ2

q
M

ð2Þ
M ¼ 1
5

X9

i¼5

ðMiÞ ð3Þ

where Mi is the average precipitation of month i (i is May to
September); and M is the mean precipitation for the 5 months
(May–September). PSD for each sampling site was obtained in the
same way as for MAP and MAT.
2.3.3. Topography
The RTK-GPS receiver (5 m location precision) was used to iden-

tify the latitude, longitude and elevation (m, above mean sea level)
of each site. Slope gradient (�) and aspect (�) was measured using
geological compass.
2.3.4. Plants
The investigation of the vegetation at each sampling site was

carefully thorough. The investigated variables included tree/grass
species, stand density (plants/ha), growth age (years) and vegeta-
tion cover (%). In forestlands, three 10 m � 10 m quadrants were
established and mean stand density calculated by counting indi-
vidual trees in each quadrant. Vegetation cover within the quad-
rants was estimated by visual observation against a 5-m ruler.
The growth age of trees was determined by the tree-ring method
using Pressler increment borer. In grasslands, three 1 m � 1 m
quadrants were established after plant species identification. The
plant cover was visually estimated using gridded quadrat frame.

http://cdc.cma.gov.cn/


Fig. 2. Spatial distribution and statistical characteristics of dried soil layer thickness
(DSLT) (a) and soil water content (SWC) of DSL (DSL-SWC) (b) for the 61 locations
(out of 86 sample sites) with detected DSL along the south–north transect of the
Loess Plateau. DSLT and DSL-SWC are displayed as mean values for the 10
observations at each site ± standard deviations. Note that mean refers to the spatial
mean of DSL for the 61 locations; SD of DSL is the standard deviation of the spatial
DSL; CV of DSL is the coefficient of variation of the spatial DSL; empty circles (a)
denote sampling locations with 0 cm DSLT, i.e., no dried soil layer.
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2.4. Dried soil layer indices

Two DSL evaluation indices – dried soil layer thickness (DSLT)
and SWC of DSL (DSL-SWC) were treated in this study. DSLT (cm)
is calculated as follows (Wang et al., 2010a, 2012a):

DSLT ¼ 20�
Xn

i¼6

Sðhi � hSFCÞ ð4Þ

where Sðhi � hSFCÞ ¼
0; hi � hSFC > 0
1; hi � hSFC 6 0

�
; ði ¼ 6;7;8; . . . ;25Þ;n ¼ 25; hi

is the SWC of the ith soil layer; hSFC is the SWC at stable field capac-
ity (SFC, generally considered to be equivalent to 60% of FC in the
Loess Plateau). After determination of DSLT, DSL-SWC was calcu-
lated as the mean of SWC with DSLT.

2.5. Temporal persistence of DSL

Two techniques were used to assess the temporal persistence of
DSL – the non-parametric Spearman’s rank correlation test (rs) and
relative difference (RD) analysis (Vachaud et al., 1985).

The first technique examined the overall similarity of the spatial
patterns DSL for different dates of measurement. Then rs deter-
mined the persistence of the location ranks over time. The rs value
is calculated as follows:

rs ¼ 1�
6
PN

i¼1ðRij � Rij0 Þ
2

NðN2 � 1Þ
ð5Þ

where N is the number of observation locations; Rij is the rank of
DSLT or DSL-SWC observed at location i on day j; and Rij0 is the rank
of the same variable at the same location for day j0. Values of rs close
to 1 indicate high temporal persistence of DSL.

RD analysis assessed the temporal persistence of DSL for indi-
vidual observation locations. For each location i, the mean relative
difference (MRD), di, and the associated standard deviation (SDRD)
over time, rðdiÞ , are expressed as:

di ¼
1
Nj

XNj

j¼1

DSLij � DSLj

DSLj

ð6Þ

rðdiÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

Nj � 1

XNj

j¼1

DSLij � DSLj

DSLj

� di

 !2
vuut ð7Þ

where DSLij is the DSLT or DSL-SWC for the ith location at the jth

time; DSLj is the mean DSLT or DSL-SWC of the transect at the jth
time. In this method, time-persistent locations tend to have MRD
close to zero with minimum associated SDRD over time. In this
study, an index of temporal stability (ITS) was used in combination
with MRD and the associated SDRD to determine time-persistent
sites along the transect (Jacobs et al., 2004; Zhao et al., 2010; Jia
et al., 2013a). ITS for each location is computed as follows:

ITSi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

i þ rðdiÞ2
q

ð8Þ

The site with the strongest temporal persistence has the lowest
ITS. In this study, sampling sites with ITS less than 10% were used
as time-persistent locations along the transect. To determine the
feasibility of directly estimation of mean DSL of the transect from
identified time-persistent sites, 4 criteria were used to measure
the strength of statistical relatedness of the estimated and mea-
sured DSL indices (i.e., DSLT and DSL-SWC). This included the coef-
ficient of determination (R2), mean error (ME), mean absolute error
(MAE)and root mean square error (RMSE), given as:
ME ¼ 1
N

XN

i¼1

ðEi �MiÞ ð9Þ

MAE ¼ 1
N

XN

i¼1

jðEi �MiÞj ð10Þ

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

i¼1

ðEi �MiÞ2
vuut ð11Þ

where N is the number of observation point; and Ei and Mi are the
estimated and measured values, respectively.

Pearson correlation analysis was used to determine the correla-
tion between MRD, SDRD of DSL indices and environmental factors
(i.e., soil, climate, topography and plants). DSL was statistically
computed in SPSS 16.0 software.

3. Results and discussion

3.1. Spatial distribution of DSL

In this study, DSL was detected at 61 (71%) of the 86 sampling
sites along the south–north transect of the Loess Plateau during
the ten observation times from June 2013 to September 2014.
The other 25 locations (29%) showed good soil water conditions
(SWC > SFC) during the entire experimental period with no DSL
formation.

Mean spatial distributions of DSL-SWC and DSLT were deter-
mined for the 61 sampling sites with DSL (Fig. 2). The mean
DSL-SWC was 10.8% (v/v), significantly lower than the mean FC



Fig. 3. Plot of correlation between dried soil layer minus soil water content (DSL-
SWC) and dried soil layer thickness (DSLT) along the south–north transect of the
Loess Plateau (n = 61). Note that n is sample size.
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of 22.5% (v/v). The mean DSLT was 273 cm, showing the severity of
DSL at most of the sampling sites.

DSL-SWC generally decreased from 20.6% in the south to 6.0% in
the north along the transect. As shown in Fig. 2b, DSL-SWC
decreased significantly with increasing latitude. This latitudinal
zonality of the spatial pattern of DSL-SWC was mainly related to
climate and soil characteristics in the region. Precipitation is the
main source of soil moisture in slope lands, plus deep groundwater,
MAP and soil water holding capacity were the determinants of
SWC at regional scale. The effect of precipitation and soil water
holding capacity on DSL-SWC can be explained as the source of
input of soil.

Linear regression analysis showed that MAP and FC respectively
explained 50% (p < 0.01) and 79% (p < 0.01) of the spatial variations
in DSL-SWC in the study (data not shown). MAP generally
decreased from 620 mm in the south to 400 mm in the north
(Fig. 1). There was a slight increase in DSL-SWC at the driest end
of the transect (Fig. 2b). This highlighted the close relatedness of
DSL-SWC and soil properties. Generally, mean Clay and FC of the
0–40 cm soil layer decreased from the south to the north of the
transect. There was a slight increase in both properties at the
end of the transect from south to north (data not shown). Higher
Clay and/or FC meant higher soil water holding capacity. Our
results were in agreement with the findings of Wang et al.
(2011a), where DSL-SWC was reported to be significantly influ-
enced by soil type and DSL regional distribution pattern related
with climatic region and soil texture in the semi-arid Loess
Plateau. Jin et al. (2011) also showed that MAP was a decisive fac-
tor in determining SWC at regional scale in the Loess Plateau.

Inconsistent with DSL-SWC, no obvious DSLT distribution pat-
tern was detected along the transect (Fig. 2a). This suggested that
compared with DSL-SWC, DSLT was driven by more complex pro-
cesses. Climate, soil, topography and plant factors could invariably
influence regional distribution of DSLT. Thus the entire set of DSL
data from the 61 sites with DSL was divided into three groups on
the basis of land use types – cropland (n = 3), forestland (n = 38)
and grassland (n = 20) in order to determine the effects of land
use on the spatial patterns of DSLT. The results showed that DSL
was generally thicker for forestland (280 cm), and with MAP and
mean FC of 513 mm and 22.9% (v/v), respectively. However, DSLT
for grassland was 270 cm, and with MAP and mean FC of
450 mm and 19.9% (v/v), respectively. DSLT for cropland was the
lowest (210 cm). Thus DSLT under forest (with much higher MAP
and soil water holding capacity) was more developed than that
under grassland (with lower MAP and soil water holding capacity).
This suggested that plants could be critical in determining the dis-
tribution patterns of DSLT.

Wang et al. (2011a) showed that the extent of DSL was closely
related with the plant species, e.g. tree or grass. This is ascribed to
different root distribution patterns of different plants and thus dif-
ferent water uptake capacities, resulting in distinct patterns of
development of DSL. Trees generally have deeper root distribution
than grass, especially for some exotic tree species with high rate of
growth and water uptake. For instance, the maximum depth stud-
ied under apple orchard in Changwu County in the south of the
Loess Plateau is 12 m (Fan et al., 2004). The depths of soil water
depletion by 23-year-old plantedcaragana (Caraganamicrophylla
Lam.) shrub and 23-year-old planted pine (Pinustabulaeformis L.)
forest reached were 22.4 and 21.5 m, respectively (Wang et al.,
2009). Although no obvious DSLT spatial pattern was detected
along the regional transect, a significant relationship was noted
between DSLT and DSL-SWC (R2 = 0.29, p < 0.01). This was visible
in the scatter plot for mean measured DSLT and DSL-SWC
(Fig. 3). The plot suggested that the lower DSL-SWC, then the
thicker DSLT at regional scale. Irrespectively, the above observa-
tions implied that DSL-SWC generally decreased from the south
to the north of the transect. This trend was a function of climatic
conditions and soil water holding capacity. There was no consis-
tent pattern in DSLT, which could be due to the effect of the plant
cover.
3.2. Temporal persistence of DSL

3.2.1. Spearman’s rank correlation coefficient
The non-parametric Spearman’s rank correlation coefficient (rs)

for the two DSL indices was calculated for the south–north tran-
sect. This was used to assess the temporal persistence of the spatial
patterns of DSL between the times of measurement in the different
months (Table 1). All the coefficients were significant at p < 0.01,
suggesting strong temporal persistence or similarity of DSLT and
DSL-SWC. Also rs value for DSL-SWC was relatively higher than that
for DSLT. For instance, the mean rs over the whole period of mea-
surement was 0.96 and 0.86 for DSL-SWC and DSLT, respectively.
This indicated that temporal persistence of the distribution pattern
of DSL-SWC was much stronger than that of DSLT. Higher rs sug-
gested smaller loss of information between two successive mea-
surement times (Jia et al., 2013b).
3.2.2. Relative difference analysis
Fig. 4 presents the ranked MRD for DSLT and DSL-SWC along

with the associated SDRD and the ITS for each sampling site with
DSL formation. Generally, the minimum, maximum and range of
MRD and the associated SDRD of DSLT were different from those
of DSL-SWC. The ranges of MRD and SDRD for DSLT were
�90.42% to +46.44% and from 3.73% to 39.72%, respectively
(Fig. 4a). The ranges of MRD and SDRD for DSL-SWC were
�44.31% to +91.1% and 0.62–12.58%, respectively (Fig. 4b). The
range of MRD for DSLT (136.86%) was similar to that of DSL-SWC
(135.41%). The almost equal MRD could be ascribed to the similar
spatial variability of DSLT and DSL-SWC along the transect (Fig. 2).

The observed ranges of MRD for DSL-SWC were not consistent
with those observed in studies at various sampling scales
(Vachaud et al., 1985; Martínez-Fernández and Ceballos, 2003;
Schneider et al., 2008; Zhao et al., 2010). Schneider et al. (2008)
and Brocca et al. (2009) showed that MRD increased at larger sam-
pling scale because of increasing variations in soil, topography and
vegetation at larger scales. The range of MRD for DSL-SWC at the
regional transect (ca. 800 km), however, was relatively smaller
than that of MRD (178.9%) for SWC at the 2.0–3.0 m soil depth
on small hillslopes (ca. 300 m) (Jia et al., 2013a). This observation
is inconsistent with the conclusions by Schneider et al. (2008)



Table 1
Spearman rank correlation coefficient (rs) matrix corresponding to dried soil layer thickness (DSLT) and soil water content (SWC) of DSL (DSL-SWC) at 61 locations (out of 86
sample sites) with DSL for 10 measurement dates along the south–north transect of the Loess Plateau.

1/6/13 1/8/13 1/9/13 1/10/13 1/11/13 1/4/14 8/6/14 7/7/14 4/8/14 7/9/14

DSLT
1/6/13 1.00 0.80** 0.77** 0.76** 0.76** 0.71** 0.76** 0.73** 0.76** 0.78**

1/8/13 1.00 0.95** 0.90** 0.88** 0.82** 0.83** 0.80** 0.80** 0.78**

1/9/13 1.00 0.96** 0.94** 0.88** 0.87** 0.83** 0.82** 0.79**

1/10/13 1.00 0.98** 0.93** 0.90** 0.84** 0.84** 0.81**

1/11/13 1.00 0.95** 0.92** 0.86** 0.87** 0.84**

1/4/14 1.00 0.94** 0.89** 0.89** 0.87**

8/6/14 1.00 0.94** 0.94** 0.92**

7/7/14 1.00 0.97** 0.96**

4/8/14 1.00 0.98**

7/9/14 1.00

DSL-SWC
1/6/13 1.00 0.98** 0.95** 0.96** 0.95** 0.93** 0.92** 0.92** 0.94** 0.94**

1/8/13 1.00 0.98** 0.98** 0.98** 0.96** 0.95** 0.94** 0.95** 0.96⁄⁄⁄

1/9/13 1.00 0.99** 0.98** 0.96** 0.96** 0.94** 0.94** 0.94**

1/10/13 1.00 0.99** 0.98** 0.97** 0.95** 0.95** 0.95**

1/11/13 1.00 0.99** 0.98** 0.96** 0.96** 0.96**

1/4/14 1.00 0.99** 0.97** 0.97** 0.96**

8/6/14 1.00 0.98** 0.97** 0.97**

7/7/14 1.00 0.99** 0.98**

4/8/14 1.00 0.99**

7/9/14 1.00

** Correlation is significant at the 0.01 level (2-tailed test).

Fig. 4. Ranked mean relative differences in dried soil layer thickness (DSLT) (a) and in dried soil layer minus soil water content (DSL-SWC) (b). Vertical bars represent ± one
standard deviation of relative differences; bold curve is the index of temporal stability (ITS); and locations with ITS less than 10% are marked in blue. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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and Brocca et al. (2009). This was partly due to differences in the
layout of the experiments and also differences in soil, topography
and vegetation (Vanderlinden et al., 2011). Also RD analysis of
SWC in this study (i.e., SWC of DSL) was different from that in other
studies (i.e., SWC of the entire profiles), which could confound
MRD range at different scales.
The mean values of SDRD for DSLT and DSL-SWC were different,
with only 4.22% for DSL-SWC and 15.38% for DSLT. This suggested
that DSL-SWC exhibited a much stronger temporal persistence
than DSLT. Assuming that locations with SDRD less than 5% were
temporally stable (Starks et al., 2006; Hu et al., 2010b), then the
number of time-stable locations of DSL-SWC was relatively higher



Table 2
Summary statistics of representative of the transect and evaluated estimation
accuracy based on4 criteria.a

DSL indices Locations ITS (%) R2 ME MAE RMSE

DSLT/cm 33 8.06 0.34 5.21 16.62 20.75
68 6.42 0.24 5.21 14.98 17.38
79 9.99 0.14 7.21 22.62 26.97

DSL-SWC/cm3 cm�3 12 2.39 0.32 �0.23 0.26 0.29
22 3.57 0.16 �0.30 0.37 0.41
29 5.90 0.52 �0.34 0.53 0.63
34 6.04 0.06 �0.09 0.55 0.62
36 3.80 0.36 0.07 0.31 0.38
38 6.77 0.15 �0.19 0.63 0.71
44 9.27 0.15 0.62 0.85 0.94
52 5.39 0.07 �0.54 0.54 0.62
58 5.05 0.02 0.41 0.41 0.48
62 4.62 0.41 �0.30 0.43 0.50
66 5.83 0.49 �0.63 0.63 0.67
68 6.33 0.15 �0.70 0.70 0.73
78 4.82 0.35 0.09 0.40 0.48
79 4.22 0.03 0.22 0.30 0.40

a R2 is coefficient of determination; ME is mean error; MAE is mean absolute
error; RMSE is root mean square error; and ITS is index of temporal stability.
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than that of DSLT. For instance, the number of locations with SDRD
less than 5% for DSL-SWC was 43 (out of the 61 sites). For the DSLT,
however, only 2 of the 61 sites were temporally stable (Fig. 4). It
was therefore concluded that DSLT was apparently less temporally
stable than DSL-SWC. This was because of increased dependence
on soil, climatic and vegetation factors at regional scale.

In addition, a significant positive correlation (p < 0.01) was
detected between mean DSL-SWC and the associated SDRD
(Fig. 5a). This suggested that temporal persistence of DSL in rela-
tively drier locations were always more stable than in wetter loca-
tions. Conversely, a significant negative correlation (p = 0.048) was
noted between mean DSLT and the associated SDRD (Fig. 5b). This
also suggested that the thicker DSL was, the more persistent was
DSL. This observation was consistent with that of Martínez-Ferná
ndez and Ceballos (2003) where the temporal stability of SWC
was observed to be stronger in dry than in wet conditions.
However, Hupet and Vanclooster (2002) and Zhao et al. (2010)
observed the opposite relationship.

Irrespectively, sites with lower DSL-SWC and/or thicker DSLT
tended to be more temporally stable. This was attributed to weak
capillarity of water from shallow to deep soil layer which in turn
enhanced temporal persistence of DSL. Stronger temporal persis-
tence implied higher possibility for the formation of permanent
DSL. Permanent DSL was stable, with extremely difficult soil water
replenishment because of limited rainfall and high vegetation
water consumption (Wang et al., 2010b, 2011a). As groundwater
was unusable for recovery of soil desiccation due to thick loess
deposits, undoing soil desiccation in the Loess Plateau could only
be achieved over long period of time (Wang et al., 2011b).
Permanent soil desiccation therefore has long-term implications
for hydrological processes, sustainable ecological restoration and
social stability in the Loess Plateau.

3.2.3. DSL estimation from representative sites
Time-stable locations as sites with ITS less than 10% were used

to represent the mean DSLT and DSL-SWC at regional scale. In this
study, 3 and 14 locations were identified to represent DSLT and
DSL-SWC, respectively (Fig. 4 and Table 2). Thus more
time-stable locations were chosen to represent regional transect
mean of DSL-SWC than DSLT. We further selected the time-stable
sites that were simultaneously representative of DSLT and
DSL-SWC. Two sites (68 and 79) were simultaneously representa-
tive of estimated mean DSLT and DSL-SWC. Finding a single site
that was representative of both mean DSLT and DSL-SWC at the
regional transect can reduce labor and cost. However, the accuracy
of estimation could not be the best for all representative sites.

Thus we determined the feasibility of estimating DSL using rep-
resentative sites against four criteria – R2, ME, MAE and RMSE
Fig. 5. Plot of linear correlation between standard deviation of relative difference (SDRD
SWC is soil water content; DSLT is dried soil layer thickness; and n is sample size.
(Table 2). Site 68 was used to estimate mean DSLT of the transect
because it had the lowest ME (5.21), MAE (14.98) and RMSE
(17.38). Representative sites with the best accuracy of estimation
of DSL-SWC were sites 12 and 36. Also site 68 was representative
of mean DSL-SWC, with ME, MAE and RMSE of �0.70, 0.70 and
0.73, respectively (Table 2). Thus in this study, a single
time-stable site (68) was said to be representative of both DSLT
and DSL-SWC. This was advantageous because it reduced sample
size to one and maintained high accuracy of estimation. The study
showed the feasibility of directly estimating mean DSLT and
DSL-SWC from one representative site at regional scale, closely
consistent with other studies (Jacobs et al., 2004; Hu et al.,
2010b, 2012; Brocca et al., 2012; Gao and Shao, 2012; Jia et al.,
2013a). Schneider et al. (2008) and Liu and Shao (2014) further
showed that representative sites were appropriate for estimating
mean SWC in multiple year analysis. Nevertheless, there was need
for further research on the feasibility of long-term estimation of
DSL from a single representative site.
3.3. Factors driving temporal persistence of DSL

Spatial patterns of DSL are related to soil properties (Pollen,
2007), climatic factors (Wang et al., 2012a), topographic factors
(Wang et al., 2010a, 2011a) and plant characteristics (Bosch
et al., 2006; Wang et al., 2011a). In order to determine the
) and dried soil layer (DSL) indices for (a) DSL-SWC, and (b) DSLT (n = 61). Note that



Table 3
Pearson correlation analysis for mean relative difference (MRD), standard deviation of relative difference (SDRD) and selected soil, climate,
topography and plant factors along the south–north transect of the Loess Plateau.

Environmental variables MRD SDRD

DSL-SWC DSLT DSL-SWC DSLT

Soil
Clay content (%) 0.802** �0.248* 0.376** �0.072
Soil organic carbon (g kg�1) 0.707** �0.16 0.380** 0.032
Field capacity (%) 0.891** �0.285* 0.450** �0.094
Bulk density (g cm�3) �0.094 �0.007 �0.084 �0.217
Saturated hydraulic conductivity (cm min�1) 0.055 �0.132 0.137 0.154

Climate
Mean annual precipitation (mm) 0.708** �0.385** 0.319* 0.017
Precipitation seasonal distribution (%) �0.665** 0.167 �0.389** �0.14
Mean annual temperature (�C) 0.618** �0.145 0.325* 0.118

Topography
Elevation (m) �0.343** 0.024 �0.219 �0.147
Slope aspect (�) �0.04 �0.027 �0.209 �0.244
Slope gradient (�) �0.254* 0.099 0.088 0.02

Plants
Stand density (plants ha�1) �0.174 0.041 �0.05 0.238
Vegetation coverage (%) 0.156 �0.013 0.032 �0.152
Growth age (years) �0.012 0.101 �0.134 0.211

* Correlation is significant at the 0.05 level (2-tailed).
** Correlation is significant at the 0.01 level (2-tailed); DSL is dried soil layer; DSLT is dried soil layer thickness; and SWC is soil water content.
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dependence of temporal persistence of DSL on these variables, a
simple correlation analysis was conducted on MRD and SDRD for
each DSL index and the selected factors of soil, climate, topography
and vegetation (Table 3).

MRD of DSL-SWC was positively correlated with Clay, OC, FC,
MAP and MAT. However, it was negatively correlated with PSD,
elevation (E) and slope gradient (SG). Except for topographic
factors, the correlation between SDRD (of DSL-SWC) and
soil/climate-related factors was similar to that between MRD and
the factors (Table 3). In contrast to DSL-SWC, MRD (of DSLT) was
negatively correlated with Clay, FC and MAP. However, no signifi-
cant correlation was observed between SDRD (of DSLT) and the var-
ious factors. In addition, no significant correlation existed between
MRD, SDRD and vegetation properties at regional scale (Table 3).
The above observations suggested that soil/climate-related factors
could determine regional temporal persistence of DSL-SWC and
DSLT in the Loess Plateau. This observation was concurrent with
the findings of Hu et al. (2010a), where soil texture significantly
affected the temporal stability of SWC. Furthermore, soil OC can sig-
nificantly improve soil structure, soil water holding capacity and
soil infiltration, thereby influencing the spatiotemporal patterns
of SWC (Zhao et al., 2010; Biswas and Si, 2011; Jia et al., 2013a).
Precipitation (the main source of soil moisture in slope lands in
the Loess Plateau) could directly affect soil water replenishment
in dried soil layers. This could in turn affect the temporal persis-
tence of the spatial patterns of DSL (Wang et al., 2011a).
Furthermore, annual precipitation in the Loess Plateau has been
decreasing and air temperature increasing (Wang et al., 2011a,
2012c). This not only decreased precipitation input, but also
increased evaporation and potentially increased the severity of
DSL in the Loess Plateau.

In addition to MAP, there was significant negative correlation
between PSD, MRD and SDRD (for DSL-SWC). This was ascribed
to the diverse and complex terrains in the Loess Plateau. The typ-
ical landforms in the region are loess ‘‘Yuan, Liang and Mao’’ and
various valleys with different magnitudes of erosion. Hills, deep
gullies and undulating loess slopes are common landforms of the
Loess Plateau landscape (Tsunekawa et al., 2014). Consequently,
sparse and more extreme rainfall events without concurrent
changes in total precipitation could intensify soil and water ero-
sion, increase runoff water loss, decrease water infiltrate into deep
soil layers and thereby enhance temporal persistence of DSL-SWC
(Yu, 1992; Yang, 2001; Tsunekawa et al., 2014). The complex ter-
rain could also affect hydrological processes such as overland flow,
rainwater infiltration and redistribution, soil water movement in
both surface and subsurface layers (Chen et al., 2008b). This could
explain the significant correlation between E, SG and MRD (for
DSL-SWC). We therefore concluded that low soil water holding
capacity, fewer precipitation and more concentrated PSD could
intensify the formation of permanent DSL in the Loess Plateau
under global climate change.

4. Conclusions

Spatial patterns of DSLT and DSL-SWC along the south–north
transect of the Loess Plateau differed significantly at regional scale.
Mean DSL-SWC generally decreased from south to north along the
transect while no obvious trend existed in DSLT. Spearman’s rank
correlation coefficient (rs) and relative difference (RD) analyses
showed good temporal persistence of the spatial patterns of both
DSLT and DSL-SWC. DSL with thicker DSLT and/or lower
DSL-SWC was apparently exhibited much stronger temporal per-
sistence. From ITS values, one time-persistent site simultaneously
represented regional transect of mean DSLT and DSL-SWC, which
was further verified by four other criteria – R2, ME, MAE and
RMSE. This demonstrated the feasibility of estimating regional pat-
terns of DSL from theoretical temporal stability. Soil texture, OC,
FC, MAP and PSD affected the temporal persistence of DSL-SWC
and DSLT. This also suggested that soil- and climate-related factors
dominated regional temporal persistence of spatial patterns of DSL
in the Loess Plateau. Lower soil water holding capacity, fewer pre-
cipitation and more concentrated PSD could intensify the forma-
tion and/or development of permanent DSL under global climate
change.

There was need for future research to further verify the feasibil-
ity of estimating long-term regional mean DSL. There is also need
to assess temporal persistence of DSL under different land use con-
ditions and climatic zones. Results of such studies could be used to
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optimize land use management and mitigate the formation and
development of DSL in the Loess Plateau and other regions.
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