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Soil water repellency and influencing factors of
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HaoTian YANG, XinRong LI, LiChao LIV, YanHong GAO, Gang LI, RongLiang JIA

Shapotou Desert Research and Experiment Station, Cold and Arid Regions Environmental and Engineering Research Institute, Chinese
Academy of Sciences, Lanzhou 730000, China

Abstract: Soil water repellency (WR) is an important physical characteristic of soil surface. It is capable of largely
influencing the hydrological and geomorphological processes of soil, as well as affecting the ecological processes of
plants, such as growth and seed germination, and has thus been a hot topic in recent research around the world. In
this paper, the capillary rise method was used to study the soil WR characteristics of Nitraria tangutorun nebkhas.
Soil water repellencies at different succession stages of Nitraria tangutorun were investigated, and the relationships
between soil WR and soil organic matter, total N, and total P, soil texture, pH, and concentrations of CO;*, HCOy3,
CI, SO,%, Na*, K*, Ca?* and Mg®* were discussed. Soil WR may be demonstrated at the following nebkhas dune
evolvement stages: extremely degraded>degraded>stabilized>well developed>newly developed>quick sand. Apart
from some soil at the bottom, the WR of other soils (crest and slope of dune) was found to be largest at the topsoil,
and decreased as the soil depth increased. The results showed that multiple factors affected soil WR characteristics,
e.g. WR increased significantly as the contents of soil organic matter and total N increased, but did not change as
the total P content increased. Soil texture was a key factor affecting soil WR; soil WR increased significantly as clay
content increased, and decreased significantly as sand content increased. Low pH was shown to be more suitable
for the occurrence of soil WR. Four cations (Ca**, Mg*, K* and Na*) and two anions (CI" and SO,*) enhanced soil
WR, while CO3* decreased it. HCO; did not show any observable effect. Finally, we established a best-fit general
linear model (GLM) between soil-air-water contact angle (CA) and influencing factors (CA=5.606 sand+6.496 (clay
and silt)-2.353 pH+470.089 CO;*+11.346 Na'—407.707 Cl—14.245 SO,*+0.734 total N-519.521). It was concluded
that all soils contain subcritical WR (0°<CA<90°). The development and succession of Nitraria tangutorun nebkhas
may improve the formation of soil subcritical WR. There exist significant relationships between soils subcritical WR
and soil physical or chemical properties.
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Water repellency (WR) is a fundamental physical
property of soils. The term refers to the ability to re-
duce the affinity of soils to water where water entry is
resisted or inhibited (Doerr et al., 2000; Blanco and
Lal, 2009). The degree of WR may be quantified by
the soil-air-water contact angle (CA), which is meas-
urable at the three-phase boundary (i.e. the boundary
among the gas, liquid and solid phases; Letey, 1969).
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In general, a soil surface exhibiting a CA=0° is con-
sidered to be hydrophilic (Siebold et al., 1997). CA in
the soil surface below 90° represents a subcritical wa-
ter repellency (slight WR but non-hydrophobic)
(Morrow, 1976; Yang and Xi, 1995; Siebold et al.,
1997; Shirtcliffe, 2006). When CA>90°, the soils pos-
sess an extreme or severe water repellency (DeBano,
2000a; Doerr et al., 2007). Almost all soils show a
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certain degree of WR (Wallis and Horne, 1992; Doerr
et al., 2000; Jordan et al., 2013).

WR is a widespread phenomenon and recognized as
a severe problem in many parts of the world (Wallis
and Horne, 1992). WR has been reported to occur in a
range of regions, climates, soil types, vegetation cov-
ers and land uses (Wallis and Horne, 1992; DeBano,
2000a; Doerr et al., 2000; Jaramillo et al., 2000; Ma-
taix-Solera and Doerr, 2004; Dekker et al., 2005; Do-
err et al., 2005; Mataix-Solera et al., 2007). For in-
stance, water repellent soils have been identified in the
USA (Steenhuis et al., 2001; Park et al., 2004), Can-
ada (Quyum, 2001), Australia (Cann, 2000; McKis-
sock, 2003), New Zealand (Horne and McIntosh,
2000), and many other countries and regions (Dekker
et al., 2005). WR has also been observed to occur in
soils under both coniferous and deciduous trees (Ma-
taix-Solera and Doerr, 2004; Lewis et al., 2006;
Jordan et al., 2008), temperate heathlands (Mallik and
Rahman, 1985), Mediterranean shrublands (Ma-
taix-Solera et al., 2007; Jordan et al., 2008) and grass-
lands (Berglund and Persson, 1996).

Soil WR has a significant effect on ecological and
hydrologic processes in many ecological systems, es-
pecially in arid areas (Doerr et al., 2000). Soil WR
may modify the redistribution of surface and subsur-
face water by reducing soil infiltration rates, increas-
ing runoff, inducing preferential flow paths, and
changing the spatial variability of soil moisture distri-
bution. Soil moisture redistribution has key implica-
tions for the water uptake of plant root systems, there-
fore soil WR may have a major repercussion for plant
growth, and may also have an impact on the re-estab-
lishment (re-distribution) of vegetation, due to the re-
duction of water availability and redistribution of soil
nutrients (Dekker and Ritsema, 1994; Ritsema and
Dekker, 1994, 1998, 2000; Bauters et al., 1998; De-
Bano, 2000; McLeod et al., 2001; Mataix-Solera et al.,
2007; Jordan et al., 2008; Martinez-Zavala and Jordan
Lépez, 2009). In addition, soil WR may modify many
soil properties, such as the water retention curve and
soil aggregation (Blanco et al., 2007; Czachor et al.,
2010; Mataix-Solera et al., 2011), and may also en-
hance erosion risk (Doerr et al., 2000). The impor-
tance of these effects mainly depends upon the degree
and spatial variability of the soil WR (Ritsema and
Dekker, 1994).

Despite the significance of soil WR to a wide range
of hydrologic, geomorphological and ecological proc-
esses, the degree of this property and its relationships
with other soil properties (e.g. soil organic carbon,
particle size distribution, soil pH, soluble ions, etc) in
the arid desertified grasslands in western China have
not yet been comprehensively investigated. The Min-
qin Oasis once acted as a natural barrier between the
Badain Jaran Desert and Tengger Desert in western
China. It is also one of the four major sources of sand-
storms in northern China, continuously resulting in
severe ecological problems. Local monitoring showed
that the degree of desertification in this area was de-
graded from mild to severe/very severe by the end of
the 20™ century (Shi, 2000). As a typical desert plant
species in the oasis-desert transitional zone of Minqin,
Nitraria tangutorun nebkhas is an effective preventer
of desertification. The pattern of the vegetation struc-
ture in Mingin has been documented as the occurrence
of vegetation patches within large patches of bare soil,
similar to the case in most arid and semi-arid regions
of the world. One of the most important features in
patchy or banded vegetation types in arid and
semi-arid regions is that the bare soil patches among
vegetation clumps are considered to be the runoff
generation or source areas, and the vegetation-covered
areas are considered to be water-adsorbing patches or
sink areas (Li et al., 2008). Soil WR may play an im-
portant role in controlling the distribution of limited
water resources in this area, which in turn may affect
soil water use and growth of plants, and therefore af-
fect vegetation succession.

On the basis of the above mentioned important as-
pects, it is necessary to examine WR in desert soils to
specifically clarify the effects of vegetation (Nitraria
tangutorun), as well as the effect of vegetation succes-
sion on WR. In addition, it is also important to study
the relationship between WR and other soil properties
(e.g. soil organic carbon, particle size distribution, soil
pH and soluble ions), in order to more accurately pre-
dict soil WR in arid decertified grassland environ-
ments. The authors of this paper hypothesize that soil
WR varies with vegetation succession and may thus
have impacts on the local eco-hydrological processes.
The objectives of this study are: (a) to examine the
degree of WR in soil samples under plants of Nitraria
tangutorun nebkhas at its different evolvement stages,
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and (b) to examine the effects of other soil properties
such as soil organic carbon, total nitrogen, total
phosphorus, particle size distribution, soil pH, and
soluble ions on WR.

1 Materials and methods

1.1 Study area

The study area (101°59'-104°12'E, 38°08'-39°26'N;
1,311-1,378.5 m asl) is located in the downstream of
the Shiyang River, at the leading edge intersection of
the Tengger and Badan Jilin deserts, and is a typical
oasis-desertification region. The area includes Qingtu
Lake, Shajingzi, and Sanjiao town, and is surrounded
by the Tengger and Badan Jilin deserts in the east,
west, and north. According to the meteorological data
from the Weather Bureau in Mingin county, the area is
characterized by a typical continental arid climate,
with an annual average temperature of 7.6°C. The av-
erage annual precipitation is 113.2 mm; the annual
potential evaporation is as high as2,604.3 mm;
and the annual average number of days with sand-
storms is 25.6. In the 1950s, seasonal lakes appeared
in the low-lying region of the Minqin Basin, and the
groundwater level was 1-3 m; however, it has since
fallen to below 23 m in 2006 (Han et al., 2008).

Oasis peripheries in the area consist mainly of allu-
vial plains with sand soil. Natural vegetation consists
mainly of Nitraria tangutorum plants, which mostly
exist in the form of 0.5-3.0 m high nebkhas. Ni-
traria tangutorum is a typical desert plant, forming the
local climax community. Other species include
Tamarix laxa, Calligonum mongolicum, Halogeton
arachnoideus, etc. Nitraria tangutorum nebkhas en-
ables the formation of the landscape pattern with al-

Table 1

ternatively distributed strips of sand lowland and
nebkhas, and effectively prevents peripheral mobile
sand dune erosion from reaching the oasis.

1.2 Sample collection

Soil samples were collected from the natural vegeta-
tion area of oasis-desert transitional zone in Minqin in
May 2010. Samples of mobile sand dune (control)
and Nitraria tangutorun nebkhas at five different
succession stages (i.e. newly developed, well devel-
oped, stabilized, degraded and extremely degraded)
(Table 1) were selected. At each stage, samples were
taken from three typical nebkhas with similar shape,
size, vegetation cover, crust development degree. Soil
samples (at 0-5, 5-10 and 10-20 cm depths) were
collected at different parts of the nebkhas (crest, slope,
and bottom). At each part (crest, slope, and bottom),
four sites were selected in the east, west, south and
north, respectively. At each site, three soil samples
were collected and mixed for reducing soil spatial
heterogeneity.

1.3 Soil analysis

Each soil sample was divided into two parts after
mixing. One part was dried at 25°C to a constant
weight and sieved (<2 mm) to eliminate coarse soil
particles. Those samples were used to measure soil
water repellency, and soil acidity (pH) was measured
in aqueous soil extract in de-ionised water (1:2.5
soil:water). The other part was air dried and sieved (<2
mm) for measuring soil organic carbon, total N, total
P, soil particle composition, ions of potassium, so-
dium, calcium, magnesium, sulfate, carbonate, bicar-
bonate, and chloride-soluble salt. Soil organic matter
was determined by the Walkley—Black method

Characteristics of Nitraria tangutorun nebkhas

Type Succession stage Nitraria tangutorun nebkhas characteristics
Nitraria was fully degraded. There was a well-developed biological soil crust. The small amount of
A Extremely degraded annual herbaceous and perennial shrubs exists in the seedling stage, and vegetation cover is less
than 5%.
B Degraded Good growth of Nitraria, Phragmites communis nearby, with little sand sheet, vegetation cover is 70%.
o Phragmites communis grows between Nitraria tangutorun nebkhas, with relatively good growth of
C Stabilized e . I
nitraria, vegetation cover is 70%.
D Well developed No crust coverage, nitraria cover is about 30%; lowland between dunes is lacustrine and sturdy.
Twenty meters far from mobile sand dune (significantly distant), no biological soil crust, small amount
E Newly developed . ; . S . DN
of Agriophyllum squarrosum, Limonium aureum, and Pugionium cornutum, vegetation cover is 20%.
Immature . . .
F No vegetation or vegetation cover is less than 1%.

(mobile sand dune)
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(Walkley and Black, 1934). Total nitrogen was meas-
ured by the Regular Macro—Kjeldahl method. Particle
size distribution (2-0.05 mm, sand; 0.05-0.002 mm,
silt; <0.002 mm, clay) was determined by a laser par-
ticle size analyzer (MS-S, British Malvem instrument,
UK). Total phosphorus (TP) was analyzed through
perchloric acid—sulfuric acid digestion-Mo-Sb col-
orimetry (Parkinson and Allen, 1975). Sodium and
potassium ions were analyzed through flame pho-
tometry (Barnes et al., 1945). Calcium and magnesium
ions were determined by EDTA titration (Hadjiioan-
nou and Papastathopoulous, 1970). Chloride ion was
determined by silver nitrate titration. Carbonate and
bicarbonate ions were determined by the double indi-
cator titration method, and the Ion Chromatographic
method was used for determining SO, in soils (Dick
and Tabatabai, 1979).

1.4 Contact angle of soil

In this study, CA was determined by the Capillary
Rise Method (CRM), which is in theory ranging from
0° to 90°. This method is an effective indirect method
and suitable for this study. The soil samples were
placed in a glass tube (10 mm in diameter) with a sin-
tered bottom (Ramirez-Flores et al., 2008). The pack-
ing density was controlled by the mass (about 35 g)
and height (25 cm) of the soil in the glass tube, which
was filled uniformly. The glass tube was then lowered
until the sintered glass bottom immerged into the lig-
uid. The Iength of the wetting-front and the change of
the sample weight (w) were recorded until the final
height was reached. During the experiment, the labo-
ratory temperature and relative humidity were 20°C
and 50%, respectively (Siebold et al., 1997; Ramirez-
Flores et al., 2008; Cosentino et al., 2010).

The CA (6°) is calculated on the basis of the
Washburn equation:
_ rycos Ht
= —277 .
Where £ represents the liquid-penetration length (m)

h* (1)

of the wetting-front; r, the effective radius of the cap-
illary, expressing the idealized pore system of granular
material (m); y, the surface tension of the test liquid
(J/mz); n, the viscosity of the test liquid (Pa-s); ¢ time
(s); and 0, the CA between soil and liquid (Siebold et
al., 1997).

In general, the increase of the sample weight (w) is

more accurate and easier to measure than the visual
evaluation of the height of the wetting front. The soil
weight (w) can be measured and automaticlly recorded
by using a sensitive microbalance connected to a
computer (Siebold et al., 1997). Equation 1 then be-
comes a modified Lucas—Washburn equation:
w’ :K—pQ;/cosHt.
2n
Where w is the mass of the absorbed liquid (kg), K is
an empirical constant summarizing property of the
pore system, which depends on particle size and de-

@

gree of packing (m’). The parameters p, y and 7 are the
density (kg/m3), surface tension (J/mz) and viscosity
(Pa-s) of the test liquid, respectively. 6 is the CA be-
tween the solid and liquid.

The values of 4 and w are determined respectively
with distilled water and n-octane. N-octane is a type of
entirely wettable liquid with a CA=0° was used to es-
timate » in the Washburn Eq. 1 and K in Eq. 2. When
determining either » or K, the CA using distilled water
can be calculated using the same equation (Siebold et
al., 1997; Ramirez-Flores et al., 2008; Cosentino et al.,
2010; Ramirez-Flores et al., 2010).

1.5 Data analysis

SPSS 16.0 was used for statistical analysis. Tests of
normal distribution and Chi-square were used to test
the data. One-way ANOVA was used to analyze the
differences between the succession stages of Nitraria
tangutorun nebkhas, as well as between soil layers,
and Tukey’s test was used for multiple comparisons.
R-Spearman correlations and Linear regression analy-
sis were applied for correlation analysis between CA
and influencing factors (soil organic matter, total N,
total P, soil texture, pH, and concentrations of CO32',
HCO5, CI, SO,.~, Na“, K¥, Ca*" and Mg™"). At last, a
general linear model (GLM) was used to describe the
integrative effects of main influencing factors on CA.

2 Results

2.1 Soil water repellency characteristics

Figure 1 shows the respective CA on the dune crest,
slope and interdune land at different succession stages.
Overall, the CA at stages A, B, C and D are signifi-
cantly greater than those of newly developed dune and
mobile sand dune (P<0.001) for all three parts. On the
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Fig. 1 Soil water repellency characteristics of Nitraria tanguto-
run nebkhas at different succession stages. (a), (b) and (c) are
the crest, slope and bottom of the Nitraria tangutorun nebkhas,
respectively. A represents the extremely degraded stage; B, de-
graded stage; C, stabilized stage; D, well developed stage; E,
newly developed stage; and F, mobile sand dune.

dune crest, for the 0—5 and 5-10 cm soil layers, CA
were significantly different among stages A, B, C and
D (A>B>C>D); for the 10-20 cm soil layer, CA at B
stage was significantly greater than that at stages A,
C, and D, with no significant difference among stages

A, C, and D (B>D>A>C). On the dune slope, for the
0-5 cm soil layer, the CA among stages A, B, C and
D were significantly different (A>B>C>D); for the 5—
10 cm layer, the CA among stages A, B, Cor A, B, D
were significantly different, but the difference between
stages C and D was not significant (A>B>C>D). At
the bottom, for the 0-5 cm soil layer, the CA among
stages D, C, and A and among D, B, and A were sig-
nificantly different, but the difference between B and
C was not significant (D>C>B>A); for the 5-10 cm
layer, the CA among A, B, C, and D were significantly
different (B>C>D>A); for the 10-20 cm soil layer, the
CA among stages A, C, and D and A, B, and C were
significantly different, but the difference between B
and D was not significant (D>B>C>A). The CA dif-
fered at different soil layers. On the dune crest and
slope, CA among stages A, B, and C were significantly
different (P<0.001) (0—5 cm>5—-10 cm>10-20 cm);
there was no similar trend among the D, E,and F
stages. In the bottom, the CA was greater for deeper
soil layers.

2.2 Correlation between soil water repellency and
soil physical and chemical properties

The results show a significant correlation between CA
and soil texture, and CA decreases with sand content
increase (R= —0.885, P<0.001). Clay and silt content
was positively correlated to soil WR (R=0.885,
P<0.001) (Figs. 2¢e and f). Figure 2a shows a negative
correlation relationship between pH and CA, where as
pH increases, the CA decreases (R=—0.545, P<0.001).
The relationship between soil organic carbon content
and CA is shown in Fig. 2c. CA increases as organic
matter content increases, with a significant linear cor-
relation between them (R=0.28, P<0.001). Fig-
ure 2b shows the correlation between total N content
and CA. Similarly, CA increases as total N increases
(R=0.578, P<0.001). The linear regression results
show that soil total P content does not alter the CA
(Fig. 2d).

Figure 3 shows the linear regression relationship
between CA and eight soluble ions. There are signifi-
cant positive correlations between CA and CI (R=
0.507, P<0.001), SO,* (R=0.285, P<0.001), Na" (R=
0.462, P<0.001), K™ (R=0.212, P<0.05), Ca*" (R=
0.688, P<0.001), Mg”" (R=0.411, P<0.001), and sig-
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nificant negative correlation between CA and COs>
(R=-0.378, P<0.001). There is no remarkable correla-
tion between CA and HCO3™ (R=0.033, P>0.001).

According to above-described relationship between
CA and influencing factors, a best-fit general linear
model (GLM) model had been established using six
variables (sand, clay and silt, pH, CO32', Crl, SO42',
Na' and total N). The results suggested that main in-
fluencing factors (soil texture, pH, CO32', Crl, SO42',
Na" and total N) explained 61.3% of the overall varia-
tion of CA. The GLM regression can be expressed as
follows:

CA=5.606 sand+6.496 (clay and silt)-2.353 pH+
470.089 COs> +11.346 Na" — 1407.707 C1-14.245
SO4>+0.734 total N—-519.521, (R*=0.613, P<0.001).
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3 Discussion

3.1 Soil WR under different succession stages of
Nitraria tangutorun nebkhas

In general, soil WR is mainly induced by hydrophobic
organic matter covering the soil particles and released
by roots and plant tissues (Dekker and Ritsema, 1996;
Doerr et al., 1998), fungal activity (Jex et al., 1985), or
the rates of mineralization and humification (McGhie
and Posner, 1981).

Severe soil water repellency (DeBano, 2000; Doerr
et al., 2007) is often associated with some vegetations
which can secrete resins, waxes or aromatic oils, such
as evergreen trees (pines and eucalyptus) (Mataix-
Solera and Doerr, 2004; Hubbert et al., 2006; Lewis et

100
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Fig. 2 Relationships between soil water repellency and pH (a), total N (b), organic carbon (c), total P (d), clay and silt content (e), and

sand content (f)
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Fig. 3 Relationships between soil soluble ions and soil water repellency

al., 2006), temperate heathlands (Mallik and Rahman,
1985; Jordan et al., 2008) or some Mediterranean
shrublands (Giovannini et al., 1987; Mataix-Solera et
al., 2007; Jordan et al., 2008). However, in this work,
the CA of all soil samples under Nitraria tangutorun
are below 90°, therefore all the soil samples are clas-
sified as being subcritical WR (slight water repel-
lency). This may be mainly due to one of two reasons.
First, the productivity in this area is relatively low due
to the dry climatic conditions, as a consequence of a
lower input of organic carbon content and the quality

of organic matter in the soils. Second, leaves, roots,
other Nitraria tangutorun tissues, soil animals and
microorganisms secrete a small amount of hydropho-
bic organic matter which also impacts the soil WR.
The results of this study are in accordance with the
findings of Varela et al. (2005) who found a lower
persistence level of WR in soils under shrubs com-
pared to pine and eucalyptus forests.

This study demonstrates that slight WR in soils
varies remarkably among the different succession
stages of Nitraria tangutorun nebkhas, due to the fact
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that the development of Nitraria tangutorun nebkhas
altered the soil WR characteristics considerably. In
addition to the newly developed Nitraria tangutorun
nebkhas, the soil WR was significantly increased at
other succession stages, the reason for which was the
fact that the physical and chemical properties of the
newly developed dunes are similar to those of quick
sand, therefore the soil WR characteristics of the two
dunes are not significantly different. However, as Ni-
traria tangutorun nebkhas continues to develop and
its surface accumulates a considerable amount of fal-
ling dust, branches and leaves are decomposed and
stored in the soil, and Nitraria roots secrete a variety
of organic substances; consequently, the physical and
chemical properties of the soil continuously im-
prove, and the contents of organic matter, total N, clay,
and soluble ions increase. Soil organic matter and
other substances may modify the surface properties of
soil particles by changing the surface tension of the
particle surfaces. In this study, these are expected to
increase the CA or subcritical WR. It was shown that
soil WR at the upper soil layer was significantly
greater than that of the lower layers. This is mainly
due to the fact that the surface soil accumulates more
litter than the lower layers, where organic matter is
decomposed. In addition, the biological soil crust
which appears during the degradation stage is another
important reason for the increase in water repel-
lency. The soil WR of Nitraria tangutorun nebkhas is
significantly different at various succession stages,
with an increasing trend from the mobile sand dune
stage to the newly developed stage, then to the stable
developed stage.

Although it is different from severe WR, the term
subcritical WR has been introduced for soils which
show reduced wettability (Hallett et al., 2001; Czachor
et al., 2010). Subcritical WR in soils may inversely
alter the hydrological and ecological processes of the
dune surface, in ways such as by reducing water infil-
tration, increasing runoff, and ultimately reducing the
supply of water inside the dune; in this manner, sur-
face water redistribution due to soil WR would affect
the water usage of Nitraria tangutorun, contributing
to the degradation of Nitraria tangutorun nebkhas.

3.2 Influence of soil characteristics on water re-
pellency

The relationship between severe soil WR and organic
carbon content has been appeared in many studies.
However, the results remain inconsistent. Some au-
thors have found strong positive correlations between
soil organic matter content and severe WR (Varela et
al., 2005; Mataix-Solera et al., 2007), while others
found a negative or non-correlated relationship be-
tween the two factors (Teramura, 1980; DeBano, 1991;
Wallis et al., 1993; Ritsema and Dekker, 1994). These
discrepancies may be due to the quality of soil organic
matter, which is more important than the amount of
organic matter in the soil (Doerr et al., 2000). How-
ever, beyond this there is little information regarding
the relationship of subcritical WR and the organic
carbon content in soils. In this study, remarkable posi-
tive correlations between the organic carbon content
in soils and subcritical WR were determined for soils
under Nitraria tangutorun. In contrast with forest and
grassland soils, soils under Nitraria tangutorun con-
tain very little hydrophobic organic matter capable of
inducing WR. Although organic matter in soils under
Nitraria tangutorun may not induce severe WR, it
may contribute to subcritical WR.

In this study, strong WR was not found in soils with
pH ranging from 7.41 to 9.39. The CA of all soils be-
low 90° was in accordance with the concept that it is
more difficult for alkaline soils to produce severe soil
WR than acidic soils (Roberts and Carbon, 1971;
Benito et al., 2003; Cerda and Doerr, 2007; Ma-
taix-Solera et al., 2008). The study results also show
negative relationships between subcritical WR and pH.
It is demonstrated that soil subcritical WR in alkaline
soils may be greatly influenced by soil acidity. Sub-
critical WR decreases with an increasing pH. This is
in agreement with previous findings concerning the
relationship of the persistence of severe WR and soil
acidity (Mataix-Solera et al., 2007). The pH of the soil
may modify the surface properties and structure of the
soil and soil organic matter, in turn influencing the
WR (De Jonge et al., 1999).

In this study, subcritical WR was found to increase
as the clay and silt contents increased and the sand
content decreased. The findings of this study agree
with those of Zavala (2009), who found that soil WR
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increased in soil samples containing more than 20%
clay. However, this result is not in accordance with the
general theory which states that soil WR is more
prone to be produced in coarse grained soils than fine
grained soils. It is widely believed that coarse textured
soils with a low specific surface area are more suscep-
tible to soil WR than fine grained soils with a larger
specific surface area (Roberts and Carbon, 1972). This
may be due to the fact that the low specific surface
area is prone to be covered by a relatively small
amount of hydrophobic organic matter (Giovannini
and Lucchesi, 1983; Blackwell, 1993), thus more hy-
drophobic organic matter is required for developed
soil WR as the clay content increases. However, most
studies in recent years have confirmed that water re-
pellency may occur in clay soils, with some even ex-
hibiting higher degrees of WR (McGhie and Posner,
1980; Dekker and Ritsema, 1996; de Jonge et al.,
1999). In this study, the relatively low organic matter
from biomass production was not enough to cover all
soil particles. However, clay and silt soil from dust fall
may contain relatively larger amounts of organic mat-
ter. It is speculated that the occurrence of subcritical
WR under Nitraria tangutorun may depend on the soil
porosity and capillarity. As the clay content increases,
the soil porosity may be greatly changed. Therefore,
soil capillarity is modified to contribute to subcritical
WR.

Few studies regarding the relationship between to-
tal N and soil subcritical WR have been performed in
the past. This study shows that there is a significantly
positive correlation between total N and soil subcriti-
cal WR. It is concluded that total N contributes to the
formation of soil subcritical WR.

The relationship between CA and soluble ions de-
pends on the type of ions. CI, SO42', Na’, K, Ca*"and
Mg”" can significantly promote the formation of soil
subcritical WR (Fig. 3). These cations may be ad-
sorbed on the surface of the soil particles, and the CA

may increase as the number of adsorbed ions increases.

However, CO32‘ is not conducive to the formation of
soil subcritical WR. This is mainly due to the fact that
CO*"ions are able to easily react with Ca®" and Mg’ " ions
to form insoluble substances such as CaCO; and
MgCO;, which may have greater surface tensions,
thus effectively reducing the CA and soil subcritical
WR. HCO; does not affect the change of CA and soil

subcritical WR.

Finally, the best GLM model shows the contribu-
tion of main influencing factors on soil subcritical WR.
This model can be used to effectively predict CA and
soil subcritical WR.

4 Conclusion

In this study it was concluded that all soils under Ni-
traria tangutorun nebkhas contain subcritical WR.
The development and succession of N. tangutorun
nebkhas may improve soil subcritical WR, which is
shown by the fact that the soil WR of newly devel-
oped N. tangutorun nebkhas is similar to that of mo-
bile sand dune, increasing as nebkha develops and
reaching the highest point at the extremely degraded
stage. On the other hand, soil subcritical WR may af-
fect the hydrological process of M.
nebkhas, promoting the degradation of sand dunes.
There was little information of relationships between
soil subcritical WR and soil physical or chemical

tangutorun

properties. On the basis of our results, significant rela-
tionships have been established between them. Soil
organic matter, total N content, clay and silt, Caz+, Mg2+,
K", Na™, CI" and SO4* play a crucial role in the devel-
opment of soil subcritical WR. However, high pH, sand
content and CO;” may prevent the formation of soil
subcritical WR. We also found a best GLM model be-
tween influencing factors and soil subcritical WR.
Given the information, one can predict the CA of all
soils exhibiting subcritical WR, and there may be par-
ticular management implications for the succession of
this N. tangutorun nebkhas under human intervention.
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