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ABSTRACT

Understanding the variability in soil hydraulic conductivity in the mountainous headwaters is critical to the modeling of mountainous runoff
and the water resources management of river basins, especially in the arid and semiarid areas. In this study, a total of 32 soil profiles with five
layers within 0-70 cm were sampled under different land cover types: forest, meadow, high coverage grassland (HCG), medium coverage
grassland (MCG), and barren land in the upper stream of the Heihe river watershed, Northwest China. Saturated hydraulic conductivity
(Ks) was measured for each sample. The vertical variation of Kg and soil hydrological response under different land covers were analyzed.
Results show that Kg value in layer 5 was significantly lower than the values of above four layers. Kg decreased in the order of forest,
meadow, HCG, MCG, and barren land, corresponding to the degree of vegetation degradation. The Kg decreased with depth under forest,
HCG, and barren land, but increased first and then decreased under meadow and MCG. The dominant stormflow paths for different land
covers were different: forest was dominated by deep percolation, HCG was dominated by subsurface flow (SSF), meadow was prevailed
by Hortonian overland flow and had no SSF, while MCG and barren land were also dominated by Hortonian overland flow, but still formed
SSF. This result provides important information for improving the accuracy of mountainous hydrological modeling and, in turn, leading to

sustainable management of water resources in the study watershed. Copyright © 2016 John Wiley & Sons, Ltd.
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INTRODUCTION

Water is a key component of the earth system, and the quan-
tity and quality of the water determines the land degradation
(Eskandari et al., 2016; Giménez-Morera et al., 2010; Zhang
& An, 2016). Mountainous areas are the water tower of the
world for its importance in providing the freshwater supply
for the downstream areas, and the mountainous areas have
gained increasing attention recently in the context of climate
change and adaptation (Viviroli et al., 2007; Immerzeel
et al., 2010). Mountain runoff provides up to 95% of the
freshwater supply in some catchments (Liniger et al.,
1998; Zhang et al., 2016), particularly in arid and semi-arid
areas (Chen et al., 2003). Thus, understanding the variability
of the mountain runoff is vital to the sustainable manage-
ment of water and land resources and welfare of people
downstream in the arid and semi-arid areas. The accuracy
of modeling of mountainous watershed hydrology is closely
related to the accuracy of hydrological parameters, such as
soil infiltrability and saturated hydraulic conductivity (Ks)
(Zimmermann et al., 2006) and dynamics of hydrological
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processes in the Alpine area. Kg is one of the critical hydrau-
lic factors that affect water movement and storage and
energy exchange at the land surface (Lin, 2010; Jarvis
et al., 2013; Vereecken et al., 2015); it is also one of the
key input parameters in hydrological models (McDonnell
& Beven, 2014; Ghimire et al., 2014; Jin et al., 2015). Thus,
understanding the variation of the soil hydraulic properties
such as Kg is crucial to both hydrological modeling and
management of land degradation and development (Bonell
et al., 2010; Ghimire et al., 2013; Gao et al., 2014).

The variability in soil hydraulic properties at large scale
affects regional scale hydrological study (McDonnell &
Beven, 2014; Jin et al., 2015). However, it is poorly under-
stood because of the difficulties of conducting soil hydraulic
property measurement in the high and cold mountainous
area (Mcmillan & Srinivasan, 2015). At present, most stud-
ies focused on the horizontal variation of surface Kg at the
small scale, including the variation of Kg at field scale
(Rachman et al., 2004; Zimmermann & Elsenbeer, 2008;
Gwenzi et al., 2011) and the hillslope scale (Wang et al.,
2008; Chen et al., 2009; Archer et al., 2013; Ghimire
et al., 2013; Liu et al., 2013). The vertical variation of Kg
was studied based on limited profiles in small area
(Blanco-Canqui et al., 2002; Coquet et al., 2005; Wang
et al., 2013a; Branham & Strack, 2014; Schwen et al.,
2014). Because of the high variability in soil hydraulic
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properties (Wang et al., 2012), it is difficult to apply the in
situ observation result at small scale to the regional scale
hydrological modeling (He & Croley, 2007; Brocca et al.,
2012). Moreover, although remote sensing can provide
spatial distribution of soil hydraulic properties in large area,
it mainly focuses on the soil surface (depth < 5cm), and its
accuracy is still variable (Brocca et al., 2011). Because of
the absence of in situ observed soil hydraulic parameters
at regional scale, in situ profile measurements in large area
are essential for improving the accuracy of hydrological
simulations, which can also provide new insights in the
spatial behavior of soil hydraulic properties at regional
scale.

Land cover change has great influence on soil hydraulic
properties (Gao et al., 2014; Zhao et al., 2014, 2015; Shi
et al., 2015). Many studies have concluded that the surface
K increased with the rehabilitation of degraded grassland
to forest (Godsey & Elsenbeer, 2002; Li & Shao, 2006;
IIstedt et al., 2007; Zimmermann & Elsenbeer, 2008; Bonell
et al., 2010; Price et al., 2010; Archer et al., 2013; Wang

and then analyzes the vertical variation of Kg with depth in
soil profiles under different land covers. Finally, we discuss
different runoff pathways and the soil hydrological re-
sponses under different land covers in the upper stream of
the Heihe river watershed, Northwest China.

MATERIAL AND METHODS

Study area

This research was conducted in the upper stream of the
Heihe river watershed, the second largest inland river water-
shed (or terminal lake) in China. It is located in Qilian
Mountain, the northern margin of the Qinghai—Tibet
Plateau, with an area of about 27 x 10°km? (97°29’-101°
32" E, 37°43’-39°39" N) (Figure 1). The mountain runoff
provides almost all of the water for the entire watershed, sus-
taining the population of about 1-2 million and farmland of
2-4x 10° hectares in the midstream, one of the major grain
production regions in China (Chen et al., 2005; He ef al.,
2009; Li et al., 2015).

et al., 2013b). Studies also reported that Kg decreased with
increasing depth along soil profiles (Blanco-Canqui et al.,
2002; Schwen et al., 2014; Fu et al., 2015). Hwang et al.
(2012) reported an exponential delay factor for variation of
Ky along depth in the ecohydrological model (RHESSys)
in North Carolina, USA. However, Coquet et al. (2005)
found increasing of Kg with depth in two profiles in
France, while Ghimire ef al. (2013) found that K increased
from surface to 0-25 m and then decreased from 0-25 to 1 m
in a headwater catchment of Nepal. However, few studies
have systematically compared dynamics of the vertical vari-
ation of Ky across different land cover types including bar-
ren land, grassland, meadow, and forest in the large
mountainous watersheds.

Vertical variation of Kg, in combination with precipitation
intensity, has been demonstrated to influence the dominant
stormflow pathways (Chen et al., 2006; Zimmermann
et al., 2006; Hellebrand et al., 2007; Bonell et al., 2010;
Archer et al., 2013; Ghimire et al., 2013), including
Hortonian overland flow (HOF, occurs when precipitation
intensity exceeds the infiltration capability of surface soil
horizon; Horton, 1933), saturated overland flow (surface
flow due to the saturation of soil) or subsurface flow (SSF,
lateral subsurface flow due to lateral flow structures), and
deep percolation (DP, water percolated through the soil
profile) (Scherrer & Naef, 2003; Ghimire et al., 2014).
Researchers also reported how runoff process changed under
different land cover types in the Alpine watersheds in
Northwest China (He et al., 2012; Chen et al., 2014).
However, little has been reported on how precipitation, K,
and land cover types affected runoff pathways and soil
hydrological responses in the mountainous watersheds.

This study aims to understand the variation of Kg and soil
hydrological processes under different land cover types in a
high elevation, topographically complex Alpine watershed,
Northwest China, through in situ observations. The paper
first describes the variation of Kg under different land covers

Copyright © 2016 John Wiley & Sons, Ltd.

Annual precipitation ranges from over 200 mm in the
steppe to 700 mm in the peak of the mountain (Li ef al.,
2009); the mean annual evaporation is about 700-2000 mm
(Pan & Tian, 2001). Most of the study area is over 2000—
5600 m above sea level (a.s.l.), belonging to the semi-humid
forestry grassland climatic zone and cold-humid climate
(Zhang et al., 2001; Wu et al., 2014). The vertical difference
of hydrothermal condition leads to the formation of various
natural land cover types: grassland (47%), barren land
(21%), and forest (14%) (Feng et al., 2013). The main soil
types are Alpine steppe soil, chestnut soil, and Alpine frost
desert soil (Li et al., 2009), and the main textures of the soils
are silt, silt loam, and sandy loam (USDA classification).

Field sampling

In order to analyze the impact of land cover on soil hydraulic
property, we selected 32 representative soil locations
(profiles) based on the spatial pattern and area of the vegeta-
tion. These 32 soil profiles contain the main land covers
(forest, meadow, high coverage grassland (HCG), medium
coverage grassland (MCG), and barren land) and scattered
across the upper stream of the Heihe river watershed (Jin
etal., 2015) (Figure 1). Because of the steep topography, and
rough, even dangerous road conditions, the 32 profiles repre-
sented the best coverage of the spatial variability of vegetation
in the study area given the physical and resource constraints.
The undisturbed soil samples were collected by the metal
cylinder (with height and internal diameter of 5cm) with a
thin silicone grease layer applied on the internal wall of
the cylinder to avoid the wall-effect (Fodor et al., 2011; Fu
et al., 2015). At each sampling site, five layers were sampled
(layer 1: 0-10cm; layer 2: 10-20cm; layer 3: 20-30cm;
layer 4: 30-50cm; layer 5: 50-70cm). The cylinder was
slowly pushed vertically at the middle depth of each layer
to collect the undisturbed soil core for each layer (layer 1:
2-5-7-5cm; layer 2: 12-5-17-5cm; layer 3: 22-5-27-5cm;
layer 4: 37-542-5cm; layer 5: 57-5-62-5cm). Three
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Figure 1. Study area and soil sampling/measurement locations in the upper stream of the Heihe river watershed, Northwest China. This figure is available in
colour online at wileyonlinelibrary.com/journal/ldr

duplicate undisturbed samples were collected at each layer
and taken to the laboratory to determine the Kg and soil bulk
density. Meanwhile, the disturbed soil samples were also
collected by the self-sealing bag after the collection of
undisturbed sample at the same location for the analysis of
soil organic matter and soil particle size distribution.

As one of the most spatially variable soil characteristics
(Upchurch et al., 1988), K, exhibits scale dependency
(Lai & Ren, 2007; Bormann & Klaasen, 2008; Fodor
et al.,, 2011) with regard to the volume of the measured
soil. Although the small cylinder might underestimate Kg
in the presence of macropore, it is still a widely used
technique of collecting the undisturbed soil samples, espe-
cially in the high elevation, hard to reach Qilian mountain
area (Lado et al., 2004; Benjamin et al., 2008; Gwenzi
et al., 2011; Yao et al., 2013; Schwen et al., 2014; Shabtai
et al., 2014; Fu et al., 2015; Yang et al., 2016). Facing
with the physical and resource constraints in the topograph-
ically complex mountainous area, collecting the undis-
turbed soil samples in different layers with the small soil
cores has been widely used and is more suitable to our
regional scale study in the upper stream of the Heihe river
watershed.

Other site-related parameters include the land cover type
(forestland, meadow, high coverage grassland, medium cov-
erage grassland, and barren land), soil type, and root depth
for each soil profile. The 32 profiles were named from D1
to D32.

Among the collected 32 soil profiles, six profiles only had
the first four layers, two profiles had three layers due to the
fact that the depth of the study soil profiles only contained
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three to four layers, and the remaining had five layers. Thus,
150 soil samples were obtained and analyzed for the soil
hydraulic and related properties in the laboratory.

Laboratory measurement of soil properties

The constant head method was used to measure Kg, which is
based on the Darcy’s law (llek & Kucza, 2014; Fu et al.,
2015). Firstly, samples were saturated from the bottom in a
container filled with water for 48 h. Then an empty cylinder
with the same size was tightly secured to act as a reservoir,
and the Mariotte bottle was used to keep a constant head
to the core reservoirs. Lastly, the mass of water eluted from
the sample cylinder was measured by an electronic balance
in 5-min intervals until the flux rate became steady (the
change of flux rate is less than 0-05g at five consecutive
readings) (Gwenzi ef al., 2011). The experiment temperature
(T, °C) was recorded using a thermometer. The saturated
hydraulic conductivity at the experiment temperature
(Ks1) was calculated using Equation 1 and transformed
to saturated hydraulic conductivity at 10 °C (Kg) using
Equation 2 (Yi, 2009; Ilek & Kucza, 2014).

14.4x0OxL
Ko ="0hxr W
1.359
Ky =KgrXx 2
SRSt (1 +0.0337xT + o.ooozsz2> @

Where: 14-4 is a unit conversion factor that transfers the
Kg from centimetres per minute to metres per day, Ks is
the saturated hydraulic conductivity at the measurement
temperature 7 (m/d), Q is the percolated volume of water
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(cm?®), L is the length of the soil column (5cm), A is the
cross-sectional area of the soil sample (19-6cm?), and 4 is
the difference of hydraulic potential of soil column ( 4
equals length of soil column plus height of water, 10cm), ¢
is the time interval (min). Kg is the saturated hydraulic con-
ductivity at 10 °C (m/d).

After the measurement of Kg, the undisturbed soil sam-
ples were retained for the determination of soil bulk density.
The soil samples were oven-dried at 105 °C for 24h and
weighted (m;); the mass of the metal cylinder (m,) and the
total soil volume (98-17cm?) were used to calculate the
dry soil bulk density (p,=(m;—m,)/98.17: g cm™)
(Gwenzi et al., 2011). Soil particle size was determined
using the disturbed soil by the Mastersizer 2000 laser dif-
fraction particle size analyzer (Malvern, Wang et al.,
2007a); the soil particles were classified as silt, clay, and
sand. Then the soil textural classification was determined
from the percentages of sand, silt, and clay by the soil tex-
tural triangle (Soil Survey Division Staff, 1993). The soil or-
ganic matter was measured using the total organic carbon
analyzer (HT 1300, Analytik Jena AG).

Statistical analysis

Experiment data might contain outliers because of field sam-
pling and measuring errors, and the outliers should be re-
moved from the dataset before the analysis. If the suspect
item x,, satisfies Equation 3, the item is the outlier according
to the Grubbs test (Grubbs, 1950).

[y = X[ = A s 3)

X is the arithmetic mean, s is the standard deviation, A
is the critical values of Grubbs test at a=0-01 level, and # is
the sample size.

Descriptive statistics about the maximum, minimum,
mean, and coefficient of variation (CV) were performed
for the soil properties. Result of the Kolmogorov—Smirnov
test (p <0-05) indicated that the dataset of Kg was loga-
rithmic normally distributed. Ks was transformed using
logy before further statistics analysis (Bonell et al.,
2010; Archer et al., 2013). One-way analysis of variance
(ANOVA) was used to test the difference in soil texture
for the soil samples and to evaluate the difference in soil
properties under different land covers. Two-way ANOVA
was used to identify the influence of land cover and soil
texture on Kg. If the results of ANOVA were significantly
different at the p < 0-05 level, mean comparison of Kg was
tested by the Fisher’s least significant difference. In order
to identify the relationship between soil properties and K,
correlation analysis was performed and considered
significant at p <0-05 level. All the statistics, ANOVA,
and correlation analysis were performed by the SPSS (ver-
sion 18.0, IBM, Armonk, NY, USA).

Polynomial fitting of K along depth
The variation patterns of Kg with depth under different land

covers were analyzed by the polynomial fitting method (Yao
et al., 2013) in the Origin (version 8.5, OriginLab, Hampton,
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MA, USA). The best fitting equation was chosen by the
equation with the highest determination coefficient.

Calculation of rainfall intensity—duration—frequency
curves

By superimposing maximum precipitation intensity /ax
on Kg of different layers, the runoff pathways can be
interpreted to reveal the percentage of HOF, SSF and DP
in response to a rainfall event.(Zimmermann et al., 2006;
Hellebrand et al., 2007; Bonell et al., 2010; Archer et al.,
2013; Ghimire et al., 2013)

In this work, intensity—duration—frequency (IDF) curve
was calculated based on the precipitation data of over
20years (1990-2009) from the meteorological stations
(Qilian, Tuole, Yeniugou, and Sunan) in the upper stream
of the Heihe river watershed (Figure 1). Firstly, maximum
daily precipitation intensity for three specific return intervals
(RIs: 1, 10, and 100years) (/; ;) was derived through the
Log-Pearson Type III frequency curve based on the fre-
quency calculation of the precipitation data. Secondly, the
I, , was used to calculate the maximum 24-hour precipita-
tion intensity at specific RIs (/>4,) by Equation 4. Lastly,
the maximum precipitation at duration (f) from 0-1 to 48h
at three RIs (/; ;) was calculated through Equations 5 and 6.

Doap =nxlyp @)
When1h<t<24h I, = ]24‘p><24("2*1>><t(1*n2) 5)
Whent < 1h I, = Ipy,x24m7 1 x1-m) (6)

Where: 1 is the ratio of 1,4 , and /; , (equal to 1-15), n; and
n, are the rainstorm parameters (n; =0-66, n,=0-77 in the
Qilian Mountain according to Niu et al., 2004 and Liang
et al., 2008). The IDF curve was derived by plotting the /;
p versus the duration ¢ (logarithmic curve) (Koutsoyiannis
et al., 1998) (Figure 5).

RESULTS AND DISCUSSION

Textures of the 150 soil samples were silt loam (114, 76%),
silt (19, 13%), and sandy loam (16, 11%). Distribution of the
samples in the land covers were MCG (40%), HCG (25%),
meadow (19%), forestland (8%), and barren land (8%). Par-
ticle size fractions did not significantly differ among the land
covers (Table 1), indicating that the collected soils had sim-
ilar particle size fractions among the land covers. Further-
more, the result of two-way ANOVA for Kg under the
interaction of land cover and soil texture indicated that the
influence of land cover on Kg was more important compared
with soil texture (p < 0-01) (Table II). Results of the Grubbs
test for Kg showed that there were six outliers among the
150 soil samples; those outliers were removed from the
dataset before the statistics analysis.

Impact of land cover on soil properties

Results of statistical analysis for the soil physical, chemical,
and hydraulic properties under different land covers are
shown in Table III. The CV for silt (0-19), clay (0-21), and
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Table I. Comparisons of mean soil sand, silt, and clay percentage
(g 100 g™") among different land covers

Land cover (%) Sand Silt Clay
(50-2000 pm) (2-50 um) (<2 pm)
Forest land (8) 24-06a 69-24a 6-69a
Meadow (19) 32-31a 61-25a 6-43a
HCG (25) 22-39a 70-59a 6-98a
MCG (40) 27-27a 65-74a 6-95a
Barren land (8) 31-74a 62-11a 6-16a

Different letter represents significant difference for soil particle fraction
among different land covers at p < 0.05 (LSD) within each column

soil compaction (py) (0-24) were greater than 0-16 and less
than 0-35, showing a relatively moderate variability, and
CVs for sand (0-51), soil organic carbon (SOC) (0-97), and
Ks (0-96) were greater than 0-36, showing a strong variabil-
ity according to Wilding (1985), which indicates that the
SOC and Kg had the high spatial variability and the soil tex-
ture had the least spatial variability.

The soil compaction (py,), SOC, and Kg were significantly
affected by land cover; the effects of land covers on p, were
in the order of forest <HCG < meadow < MCG < barren
land and on SOC were in the order of forest>
meadow > HCG > MCG > barren land (Table III). The dif-
ferent trends for SOC and p,, were due to the fact that better
vegetation coverage had larger root system and more intense
biological activity in the soil, the soil becoming looser and
accumulating more soil organic matter. The correlation anal-
ysis between soil properties and Kg showed that K¢ was pos-
itively correlated to the SOC (»=0-075) and sand percentage
(0-09), negatively correlated with p, (—0-13), silt (—0-09),
and clay percentage (—0-004), and Ky did not correlate
significantly with the soil properties. The correlation among
P, SOC, and Kg may be the reason that Kg decreased in
order of forest > meadow > HCG > MCG > barren land.

Impact of land cover on Kg

The variation of Kg with soil depth (Table IV) showed that
Ks increased with depth (cm) at the average rate of 0-01
(mxd 'xem™") within 0-20cm first and then decreased
with depth at the average rate of 0-0056 within 20-70 cm;
the variation of Kg may be related to the distribution of root
(Wang et al., 2008). As the root could increase Kg, the
average depth of root was concentrated in 10-20 cm in the
area according to the field survey. CV of Kg was lowest in

Table II. The two-way ANOVA for K under the influence of soil
texture and land cover

Factor DF Sum of Squares F Value Sig
Soil texture 2 0-146 0-880 —
Land cover 4 1293 3-891 ok
Interaction 8 1-137 1-710 —
Error 96 7-977 — —
Total 110 11-468 — —

**Significant effects at p < 0-01; the result indicated that the influence of
land cover on Kg is more important compared with soil texture.

Copyright © 2016 John Wiley & Sons, Ltd.

Table III. Summary of statistics (maximum, minimum, average, and coefficient of variation) and ANOVA for the soil bulk density (py,), soil organic carbon (SOC), soil texture (sand, silt, clay),
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Table IV. Result of descriptive statistics (maximum, minimum,
average and coefficient of variation, CV) and ANOVA for average
Kg (m/d) in 5 layers of 32 profiles

Layer Max Min Ave CV

1 1-.224 0-019 0-371* 0-780
2 1.557 0-003 0-471%* 0-885
3 1-429 0-023 0-390* 0-901
4 1-443 0-019 0-382%* 0-980
5 0-951 0-003 0-222% 1-241
Total 1.557 0-003 0-373 0-956

Layer 1: 0 ~10cm; 2: 10~20cm; 3: 20~30cm; 4: 30 ~50 cm; 5:
50 ~70 cm; CV =SD/Ave, SD is the standard deviation.
*Significant differences among different layers at p < 0-05.

the surface and increased with depth, showing a negative
correlation with the mean of Ks (Table IV).

Result of ANOVA for Ky at different layers showed that
there was significant difference for Kg among different
layers (p <0-01). Multiple comparison analysis by Fisher’s
LSD indicated that only Kg in layer 5 was significantly
lower than in the other four layers because of the compac-
tion of soil in layer 5, while the Kg within the other four
layers did not show significant differences (Table IV).

The impact of land cover on Kg is shown in Table III
and Figure 2. The mean values of Kg for different land
covers were in the order of forest>meadow >HCG >
MCG > barren land, indicating that Kg corresponding to
the degree of vegetation degradation. The mean values of
CVs for different land covers were in the order of barren
land > MCG > meadow > HCG > forest, indicating that the
higher mean value of Kg had lower variability. The result
was similar to the findings of other studies that Kg decreased
with the vegetation degradation (Godsey & Elsenbeer, 2002;
Li & Shao, 2006; Ilstedt et al., 2007; Bonell et al., 2010;
Price et al., 2010; Ghimire et al., 2013).

Figure 2 shows that Ky of different land covers were dif-
ferent significantly in the first layer; the meadow and forest
had minimum and maximum Kg among all the land cover
types, respectively, while there were no significant differ-
ences among the paired comparison for the other land cover
types. The order of Kg in layer 2 for different land covers
was forest > meadow > HCG > MCG > barren land, and
Kg was not significantly affected by land covers in layer 2.

1.45 % i M forest land [JHCG B meadow
1.25 bi M barren land MIMCG R
A A a

K. (m/d)

0.75

0.5

0.25

Layer 1 Layer 2 Layer3 Layer 4 Layer 5

Figure 2. Vertical distribution of K in different layers. Different lowercase

and capital letter show difference among land covers and layers, respec-

tively (p < 0.05). K, saturated hydraulic conductivity; MCG, medium cov-

erage grassland; HCG, high coverage grassland. This figure is available in
colour online at wileyonlinelibrary.com/journal/ldr

Copyright © 2016 John Wiley & Sons, Ltd.

The variation of Kg under different land covers in layers 3
to 5 was quite different from the first two layers. For
example, for layers 3 and 4, the minimum values of Kg were
all in HCG and the maximum values were in meadow and
MCG, respectively, but the order for layer 5 was
meadow > MCG > HCG. Thus, it appears that the K of soil
below layer 1 was not controlled by the land cover overlying
the profile. Kg of forest was always higher than that of bar-
ren land within 0-50 cm, and the root of forest was mainly
distributed over 0-50cm, indicating that the influence of
land covers on Kg corresponds to the scope of root zone
(Figure 2).

The results showed that the significant difference of Kg
under different land covers only existed in layer 1 and the
significant difference among different layers only existed
in HCG (Figure 2). Ghimire et al. (2014) also concluded that
the difference of Kg under different land covers was
maximum at the depth of 0—10cm.

Therefore, the impact of land cover on Kg mainly
occurred at layer 1 (0—10cm); land cover was not the major
control factor for determining the spatial variation of Kg
below layer 1.

Polynomial fitting of Ks with depth under different land
covers

The polynomial fitting was used to analyze the distribution
pattern of Kg with depth (Ibbitt & Woods, 2004; Hwang
et al., 2012; Yao et al., 2013). Simple polynomial fitting
(quadratic fitting and cubic fitting) and log;( transformed
polynomial fitting (quadratic fitting and cubic fitting) were
applied to all the 32 profiles, and the range of root zone
was also plotted for each profile to explain the vertical vari-
ation of Kg (Figure 3). Additionally, an exponential fitting
and log;, transformed exponential fitting were also fitted
for the average vertical variation of Kg of different land
cover types and the best fitting equations were selected
(the highest coefficient of determination) for the five land
cover types (Figure 4).

The influence of root on K5 was also analyzed by joining
the range of root with distribution of Kg in soil profiles as the
root can affect the hydraulic conductivity through the
formation of macropores and system of continuous pores
(Gyssels et al., 2005; Santra et al., 2008; Chen et al.,
2009; Scholl et al., 2014) (Figure 3).

Figure 3 shows that the vertical distribution pattern of Kg
for each profile was different among all 32 profiles, but the
variation of Kg with depth was similar within the same type
of land cover, the result was discussed as follows.

As shown in Figures 3 and 4, Kg decreased with depth at
the average rate of 0-0198 (mxd~'xcm™") for all profiles
of forest, corresponding to the range of root distribution of
forest (the range of root in the forest was >50cm). The best
fitting equation was quadratic fitting for the variation of Kg
with depth in forest.

As can be seen in Figures 3 and 4, Kg increased with
depth at the average rate of 0-024 from layer 1 to layer 2
and then decreased at the average rate of 0-01 for the
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Figure 3. The fitting curve for the variation of Kg with depth for 32 profiles under different land covers and the depth of root for each profile (cm). The x-axis is

the value of K or log(Ks) (m/d) (cm), and the y-axis is depth. (log) in each profile

represents the curve fitted for log10 transformed K. K, saturated hydraulic

conductivity; MCG, medium coverage grassland; HCG, high coverage grassland. D1 to D32 are the IDs of profiles for the soil sampling/measurement locations
from 1 to 32. This figure is available in colour online at wileyonlinelibrary.com/journal/ldr

meadow, and the best fitting equation was log; transformed
cubic fitting.

K of the first layer under Alpine meadow was very low
because of the influence of mattic epipedon of the Alpine
meadow, which was formed by the abundant root system
and its long-term interaction with the soil (Bao & Gao,
1994; Zeng et al., 2013); it can significantly influence the
soil hydraulic property (Wang ef al., 2007b).

Figures 3 and 4 show that the overall variation pattern of
Ks under HCG was undulatory decreasing with depth,
while the average Kg was steadily decreasing with depth
at the rate of 0-0055 within 0-70 cm. The best fitting equa-
tion was quadratic fitting. As the average root zone was
within 35 cm, it can be inferred that that the root of HCG
can increase Kg.

The average variation of Kg along depth for MCG was in-
creasing with depth from layers 1 to 4 at the rate of 0-0059
and then decreasing at the rate of 0-0017. The best fitting
equation was cubic fitting (Figures 3 and 4).

Copyright © 2016 John Wiley & Sons, Ltd.

The trend of Kg with depth in barren land was decreasing
with depth at the rate of 0-0023 (mxd~'xcm™"). The best
fitting equation was parabola model (Figures 3 and 4).

Soil hydrological processes under different land covers

Kg of different layers on the IDF curve for different land
covers was plotted (Figure 5). Subsequently, soil hydrolog-
ical processes and dominant stormflow pathways (DSP)
during rainfall events were analyzed by comparing the
precipitation intensity with vertical distribution of Kg,
(Zimmermann et al., 2006; Hellebrand et al., 2007; Bonell
et al., 2010; Ghimire ef al., 2013).

We chose the maximum precipitation over 6 min (Zgyax:
26-4mmh~"') at 1-year return period as the index to infer
the soil hydrological processes and DSPs under different
land covers (Ghimire et al., 2013); the results are shown
in Figure 6. The Kg;, Ks», Ks3, Ks4, and Kgs were used
to represent the Kg of layers 1, 2, 3, 4, and 5,
respectively.
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Forest

Figure 6a indicated that KSI > KSZ > Iémax > K53 > K54.
Thus, the rainfall percolated through layers 1 and 2 (at the
rate of 26-4mm h"), and then water accumulated and
formed a perched water-table or generated SSF on layers 3
(9-9mmh~') and 4 (1-7mmh~"); finally, water vertically
percolated through the soil profile at the rate of the minimum
among the Ky of different layers and Igmqx (14-8mmh™?).
Our finding is similar with the conclusions of others that for-
est with high hydraulic conductivity could reduce the occur-
rence of Hortonian infiltration excess overland flow and
increase the volume of precipitation recharging to deep soil
compared with degraded grass (Zimmermann & Elsenbeer,
2009; Bonell et al., 2010; Ghimire et al., 2013; Archer
et al., 2013).

HCG

As shown in Figure 6b, Iémax > KSI > KSZ > K54 > K53 > K55.
Thus, the rainfall ponded or generated HOF on the ground
surface (10mmh~") and percolated through layer 1 as the
rate of Kg; (16-4mmh~"). Then water accumulated or
generated SSF on layers 2 (Immh™') and 3 (6-8mmh™");
subsequently, water percolated through layers 2 to 4 and
eventually accumulated or generated SSF on layer 5
(4-8mmh™1).

Meadow

Figure 6¢ manifested that Kg of layer 1 was the minimum
among the five layers and /g ,,,x Was higher than Kg; There-
fore, the rainfall ponded or generated HOF on the ground
surface (20-7mmh~") and percolated through the whole soil
profile at the rate of 5-7mmh~".

MCG

Figure 6d indicated that Iémax > KS4 > K53 > KSZ > KSI > K55.
Consequently, the rainfall ponded or generated HOF on the
ground surface (13-5mmh '), and then the water percolated
through layers 1 to 4 at the rate of 12-9mmh~'. Even
though part of water accumulated or generated SSF on layer
5 (6mmh™"), plenty of water still percolated through layer 5
(6-9mmh™1).

Barren land

Figure 6e demonstrated that I, > Kg > Kg» > Kg3 > Kgy-
Hence, rainfall ponded or generated HOF on the ground sur-
face (13mmh™"), and water accumulated or generated SSF
on layers 2 (0-lmmh™'), 3 (27mmh™'), and 4
(0-1mmh™"), respectively. A fraction of water percolated
through layer 4 (10-5mmh™").

Tgmax at 100-year RI: For the condition of /g, at other re-
currence intervals, the movement of water in soil could be
inferred similarly as discussed previously. Taken forest land
under 100-year RI as an example, Figure 6f manifested that
Tomax > Ks1 > Ko > K3 > K4, which had a parallel result to
barren land as shown in Figure 6e. Consequently, rainfall
ponded or generated HOF on the ground surface
(73-9 mmh’l); later, water accumulated or generated SSF
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on layers 2 (6mmh~ '), 3 (175mmh~!), and 4
(1-7mmh "), respectively. A fraction of water percolated
through layer 4 (14-8mmh™").

Percentage of dominant stormflow path: The percentage
of stormflow path under different land covers during or
shortly after the rainfall event was calculated by dividing
the rate of stormflow path by the precipitation intensity
(Figure 6). For Ig,.x at 1-year RI, HOF mainly generated un-
der meadow (78%), MCG (51%), barren land (49%), and
HCG (38%), while forest land could not generate HOF; in
addition, SSF was mainly emerged in HCG (48%), forest
land (44%), MCG (23%), and barren land (11%), while no
SSF for meadow; unlike other DSPs, DP was generated in
all of the land cover types and increased in the order of

Copyright © 2016 John Wiley & Sons, Ltd.

HCG (14%), meadow (22%), MCG (26%), barren land
(40%), and forest (56%) (Figure 6).

Hao and Zong (2013) reported that the forest land de-
creased before 2000 and increased after that in the upper
stream of the Heihe river watershed; our result indicates that
the increase of forest land is likely to increase the deep per-
colation and baseflow and vice versa; this was verified by
the observations of Dang et al. (2011) and Zhang et al.
(2011), while Yin ef al. (2014) also confirmed the process
by the simulation of SWAT in the upper stream of the Heihe
river watershed.

In summary, under the /g« at 1-year RI, the DSPs for
different land covers were different. For the forest, the
DSP was DP and rainfall percolated through layers 1 and 3
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Figure 6. The percolation of rainfall at the rates of /6max of 26-4 mm h' (1-year return period: a, b, c, d, e) and 113-9 mm h' (100-year return period: f)

through various soil layers for different land covers in the upper stream of the Heihe river watershed. The histogram is the representation for the percentage

of different stormflow paths under different land covers. HOF is Horton overland flow, SSF is subsurface flow, DP is deep percolation, and the numbers in

the parenthesis are the rate of the corresponding flows. Infiltration occurred in the whole soil profile and is abbreviated as /, and the numbers in the parenthesis

are the infiltration rates. MCG is medium coverage grassland, and HCG is high coverage grassland. Unit of precipitation intensity, K and the rate of hydro-
logical processes are mm h ' This figure is available in colour online at wileyonlinelibrary.com/journal/ldr

and generated SSF on layers 3 and 4. For the HCG, the
DSP was SSF, the rainfall ponded or generated HOF on
the surface ground, and SSF formed on the layers 2, 3,
and 5. In the case of meadow, with the influence of mattic
epipedon, the DSP was HOF generated on layer 1, and
then water infiltrated through the profile. For the MCG,
the DSP was HOF generated on layer 1 and, subsequently,
rainfall percolated through layers 2—4 and generated SSF
on layer 5. For barren land, the DSP was HOF generated
on layer 1 and SSF was formed on layers 2, 3, and 4,
respectively. The differences in runoff generation process
under different land cover types must be taken into
consideration in modeling of mountainous watershed
hydrology.

CONCLUSIONS

We analyzed the vertical variation of hydraulic conductivity
and identified the dominant stormflow paths under different
land cover types in the upper stream of the Heihe river wa-
tershed. The main findings are as follows: (i) the spatial var-
iation of Kg in the first layer (0—-10cm) was mainly
controlled by land cover types, and Kg below 10cm was
not controlled by land cover in the study area; and (ii) K de-
creased in the order of forest, meadow, HCG, MCG, and
barren land. The vertical variation pattern of Kg varied under
different land covers: For the forest, HCG and barren land,

Copyright © 2016 John Wiley & Sons, Ltd.

Kg decreased along the profile; for meadow and MCG, it
increased first and then decreased. The result reflects the
influence of root on Kg; the polynomial fitting equation for
the variation of Kg with depth under forest and barren land
were quadratic model and for other land cover types were
the cubic model; and (iii) the response of soil hydrological
process and the dominant stormflow paths to precipitation
under different land covers were different. For the forest,
most of the water vertically percolated through the soil
profile; and HCG was dominated by SSF; however, meadow
was prevailed by HOF and had no SSF, while MCG and
barren land were also dominated by HOF, but still formed
SSF. These different hydrological responses must be taken
into consideration in the future eco-hydrological modeling
of the mountainous watersheds.
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