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Abstract. Soil moisture in deep soil layers is an important 1  Introduction

relatively stable water resource for vegetation growth in the

semi-arid Loess Plateau of China. Characterizing the spa-

tial variations of deep soil moisture with respect to the to- In the semi-arid Loess Plateau of China, soil moisture is an
pographic conditions has significant importance for vegetaJmportant water source for plant growth in local ecosystems
tion restoration. In this study, we focused on analyzing the(Cao et al., 2009). This region is covered by nearly 100m
spatial variations and factors influencing soil moisture con-l0ess in thickness and a loose soil structure (Chen et al.,
tent (SMC) in shallow (0-2 m) and deep (2—-8 m) soil Iayers,2007b)a and the groundwater levels in this region are gen-
based on soil moisture observations in the Longtan watererally at depths of 30 m to 100 m below surface (Mu et al.,
shed, Dingxi, Gansu province. The vegetation type of eachg003). Little of the groundwater at these depths can be used
sampling site for each comparison is same and varies by dif2s @ supply for soil evaporation and plant transpiration. For
ferent positions, gradients, or aspects. The following discov-1his reason, plants in this area are forced to develop deep and
eries were captured: (1) in comparison with shallow SMC, robust root systems to utilize soil moisture stored in the deep
slope position and slope aspect may affect shallow soil moisSOil layers (Chen et al., 2008a). Therefore, deep soil mois-
ture more than deep layers, while slope gradient affects botfiure (usually 2m below surface) becomes especially impor-
shallow and deep soil moisture significantly. This indicatestant for the sustainable growth of plants in this area (Chen et
that a great difference in deep soil hydrological processedl- 2008a; Y. Wang et al., 2011).

between shallow and deep soil moisture remains that can be In order to control serious soil erosion in the Loess
attributed to the introduced vegetation and topography. (2) APlateau, large-scale implementation of the “Grain to Green
clear negative relationship exists between vegetation growttProgram” (GTGP, also known as the Sloping Land Conver-
condition and deep soil moisture, which indicates that plantsSion Program or the Farm to Forest Program) was initiated by
under different growing conditions may differ in consum- the central government in recent years (Chen et al., 2010; Liu
ing soil moisture, thus causing higher spatial variations in€t al-, 2008). Non-native species were used to restore local
deep soil moisture. (3) The dynamic role of slope position degraded ecosystems, and introduced vegetation became the
and slope aspect on deep soil moisture has been changdg@in vegetation type in this region (Wang et al., 2007). How-
due to large-scale plantation in semi-arid environment. Con-eVver, introduced vegetation usually needs more soil moisture
sequently, vegetation growth conditions and slope gradientéhan native plants and can rapidly deplete limited soil mois-

may become the key factors dominating the spatial variationdure stored in deep soil layers (Wang et al., 2009, 2010b).
in deep soil moisture. For this reason, large-scale system restoration using intro-

duced vegetation may be limited by soil water availabilities
(Chen et al., 2010), and may have negative impacts on the
sustainability of the restoration effort (W. Liu et al., 2010),
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watershed hydrological processes (Yang et al., 2008), and3) to elucidate the main factor affecting the spatial variation
ecosystem services (Chazdon, 2008; Liu et al., 2008). in deep soil moisture.

Several recent studies have been conducted on deep
soil moisture depletion influenced by large-scale vegetation ,
restoration in the Loess Plateau. For instance, soil moisturé Materials and methods
consumption rates were found to depend on vegetation typei
(Wang et al., 2009, 2010b). It is also found that vegetation

species markedly influence the balance of deep soil mOiSturEongtan watershed (383—3546 N, 104#27-10431 E)
(L. Wang et al., 2011). W. Liu et al. (2010) found a negative \ hich is located in Dingxi, Gansu province, covers an

relationship between deep soil moisture content and the agg oo of about 16.1kfn and ranges from 1840m to

of the plants. However, limited attention has been given t0,560 mas.. (above sea level) with a highly fragmented
the question of how spatial variation in deep soil moisture islandscape. It belongs to a typical semi-arid loess hilly re-

affected by environmental factors due to the arduous Workgion, with approximately 6 mean annual temperature
required. As spatial variations of soil moisture have impor- 54 386 mm mean annual rainfall. Most rainfall occurs in the
tant implications on agriculture (Hebrard et al., 2006; Y. LiU o of thunderstorms during the summer months from July
etal., 2010), soil erosion (Chen et al., 2007b; Fitzjohn et al.,; geptember. The potential annual evaporation (pan evapo-
1998) and vegetation restoration (Engelbrecht et al., 2007)4tion) is about 1649 mm. All meteorological data were pro-
understanding its dynamic role will provide a scientific ba- vided by the meteorological station 0.6 km from the water-
sis for the optimization of spatial allocation in the vegetation ¢ o4 and represent 45-yr averages (1961—2006). The rain-
restoration efforts. Specifically, because deep soil moisture igy| haq a uniform distribution in the watershed based on five
an important stable water source for introduced vegetation i%patial-distributed auto-recording rain gauges during 2008—
the semi-arid Loess Plateau, understanding the spatial varhy1g_goil types in this study area are mainly composed of
ation of deep soil moisture is fundamental for the possiblejgesg soil with low fertility, and vulnerable to soil erosion.
optimization of vegetation restoration. o Such kind of soil has a loose structure, low soil moisture
In fact, dozens of factors may impact deep soil moisture.¢q|q capacity (0.180-0.240gd) and low organic matter

Besides vegetation, upslope contributing areas, topographisontent (ca. 0.2-2.9 %). The wilting point in the study area is

cal factors, geographical location, land use, and soil types alb.054g gl (Chen et al., 2007a). Soil thickness varies from
play key roles (Favreau et al., 2009; Fu et al., 2008n8z- 40 to 60 m.

Plaza et al., 2000; Qiu et al., 2003; Wang et al., 2010a; Shi 1he predominant land use types are sparse native grass-
etal., 2012). Specifically, the detailed topographic variability |ang and rainfed farmland, and then pasture grassland, shrub-
as represented by the complex hills and gullies in the Loes§yng and forestland. The native vegetation in study area
Plateau results in significant local redistribution of precipi- jg sparse grass, dominated by species bunge needlegrass
tation, solar radiation and_ surfa_ce _runpff (_Qiu_et al., 2010;(Stipa bungeandrin.), commonLeymus(Leymus secalinus

Zhu and. Shaq, 2008). Th|§ redllstrlbutmn inevitably affects (Georgi) Tzvel.), Altai heteropappubiéteropappus altaicus

the spatial variations of soil m0|sture (ITegates et al., 2011;(Wi||d.) Novopokr.), etc. The introduced vegetation types
Meerveld and McDonnell, 2006; Vivoni et al., 2008). Be- 56 gifalfa (edicago Sativi korshinsk peashrulSaragana

cause soll properties in the Loess_ Plateau are homogeneo%rshinski)’ Siberian apricot4rmeniaca sibiricaL.) Lam.),
(Yang and Tian, 2004), the vegetation and topography are keyspinese red pineRinus tabulaeformi€arr.), and others. Lo-

factors contributing to soil moisture dynamics in the semi- .ata4 in the semi-arid climatic zone, water shortage is the

arid loess hilly region (Qiu_ et aI.,_2001)._ ) .. .. major constraint to vegetation growth and agriculture pro-
Based on the above discussion, soil moisture is signifi-y ,ction in this area.

cantly influenced by topography in such regions. However,

there are two questions that remain unresolved. Firstly, doeg 2  Observation and analysis

the topographic variability affect soil moisture in deep lay-

ers? Secondly, how do dynamics in deep soil moisture re2.2.1 Experimental site design

spond to the introduced vegetation restoration? Both ques-

tions need clear answers urgently, which can provide a betteBased on vegetation distribution characteristics in study area,
understanding of soil moisture dynamic between shallow andhe native natural grassland, farmland and planted vegeta-
deep soil layers and provide scientific basis for the optimiza-tion lands were conducted for analysis. Furthermore, five
tion of vegetation restoration efforts, especially for the semi-typical introduced vegetation types were selected: alfalfa
arid regions. Therefore, the objectives of this study are (1) to(M. sativg, korshinsk peashrul( korshinski, Chinese ar-
analyze the spatial variation of shallow and deep soil mois-borvitae Platycladus orientalis Chinese red pinel tabu-

ture under different topographic factors, (2) to investigatelaeformig and Siberian aprico#. sibirica).

whether the deep soil hydrological processes are the same

as in the shallow soil under the influence of topography, and

.1 Study area
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Native grasslandThe native grassland is the dominant in the study area, not all the eight different types of vegeta-
native species community in this region. The main speciegion can be found in different slope aspect or gradient. Soll
are native low water-demanding grasses and herbs, inmoisture data of some sampling sites were simultaneously
cluding commonLeymus(L. secalinu¥, bunge needlegrass used in Group 1, Group 2 or Group 3. For example, the site
(S. bungeang Altai heteropappusH. altaicug, Mongolian  “PO-U" and “PO-Sunny” are the same sampling site, and the
thyme (Thymus mongolicukonn.), and others. According to site “KP-M" and “KP1-Sunny” are also the same sampling
local farmers and stakeholders, natural grasslands have beaite (Fig. 1).
kept from human disturbance for at least 50 yr.

Farmland Crops were planted annually in farmlands. 2.2.2 Shallow and deep SMC measurement

From 2009 to 2010, potatoes were sown in April and har-

vested manually at the end of September or the beginning§‘0iI mqisture meas.ure_ments in.the growing seasons were
of October in farmland sites. Abandoned farmland is fal- made biweekly (beginning and middie of each month) for the

lowed with native grasses and herbs to grow since 20022"M profile in 20-cm increments, from April to October in
The soil moisture conditions in farmland could be consid- 2009 and 2010. Soil samples were taken by a drill and stored

ered as the reference condition before introduced vegetatiolf S€aled aluminum cases when taken out. Then the sealed
was planted. aluminum cases were taken to laboratory to measure SMC

. l . . .
Introduced vegetation landshe lands with introduced (UNit: 997) by using gravimetric approach. The SMC was

vegetation were converted from farmland where in pasturgf€t€rmined using the oven-dry method (24 h at I0p At
grasslands (planted with alfalfa), shrubs (planted with kor-€ach sampling time, three sampling profiles were randomly

shinsk peashrub) and forests (planted with Chinese arboryich0Sen to obtain the average SMC each time at each experi-
tae, Chinese red pine and Siberian apricot) were involvegmental site. In this study, 26 times in total shallow SMC data

Alfalfa was planted in 2003 after “Grain-to-Green” project VeT® collected. The depth—a}veraged SMC of each experimen-
was initiated. In rainfall-deficit years, alfalfa was cut only 1@l Site ateach measuring time was calculated by Eg. (1):

once because of its poor growth, while it was cut twice in 1

rainfall-rich years. The korshinsk peashrubs were planted irsMC; = - Z SMG; (1)
1984. The Chinese arborvitae, Chinese red pine and Siberian Lz

apricot were planted with same density in 1980, 1972 and . .
1960, respectively. wherei is the number of measurement layers at the gjte

In this study, experimental sites were divided into threeanld tsg/lg |sththe meac? soil m0|s|_ture cofr_1|tent+r;] Iay'ecaL— f
groups to study the spatial variation of shallow and deepCu ated by three random sampling profiies. the number o
measurement layers of shallow SMC is 10.

SMC under the influence of topographical factors. (1) Eight .
typical transects with different vegetation covers (NG — na- The temporal-averaged shallow SMC of each experimen-
tal site was calculated by Eqg. (2):

tive grassland, PO — potato farmland, AF — abandoned farm-
land, AL — alfalfa grassland, KP — korshinsk peashrub, CP 18
— Chinese red pine, CA — Chinese arborvitae, and SA -SMC, = — ZSMC,' 2
Siberian apricot) were selected to compare soil moisture vari- =

ations on different positions. The transects were selected hare, is the number of measurement times at the site
based on upslope contributing areas and flow direction. Allte umber of measurement times of shallow SMC is 26.

transects were covered with same vegetation from top to the |, August 2010, deep SMC in the 2-8 m layers was mea-
bottom of the hillside, along with the flow direction and ¢, .aq at each site. Soil samples in the depth of 2-8 m were

upslope contributing areas. There were three separate san,ap, by a drill (5cm in diameter). The soil samples were

pling sites in each transect on the upper, middle and downgeaieq in airtight aluminum cylinders and brought to the

hill slopes. Each transect had same slope aspect and similgg o ratory for determination of gravimetrically SMC (unit:
slope gradient. (2) To elucidate the dynamic role of slope as-g g 1. A total of 30 soil samples were collected from each

pect on shallow SMC "_ind deep SMC, six groups of NG, |:)O'sampling point. Three sampling profiles were randomly cho-
AF, AL, KP1, KP2 on different slope aspects were selected t0go, g ghtain the average SMC each time at each experimen-

compare SMC affected by slope aspects. Each site selected {g gjie The depth-averaged deep SMC of each experimental

the same group was on same slope position, same slope 9rgye 4t each measuring time was calculated by Eq. (1), and
dient and same vegetation growth conditions, but varied b he number of measurement layers of deep SMC is 30.
slope aspects. (3) Slope gradient was patrticularly highlighted

in this study. Four groups of NG, AL, CP, and CA forestland 2.2.3  Soil properties and vegetation characteristics

in different slope gradients were selected to compare SMC

affected by slope gradient. Each site in a group was on th&he latitude, longitude and elevation were determined for
same slope position and aspect, but varied by slope gradieach experimental site using a Garmin GPS60. Site slopes
ents. From the limited vegetation distribution characteristicsand aspects were determined by using compass method in
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field investigation. Slope gradient was recorded in degrees.
Slope aspect (clockwise from north), which is a circular vari-
able, was transformed into cos(aspect). At each site, undis-
turbed soil cores were collected for soil bulk density mea-
surement in surface (0-5 cm) and subsurface soil layers (20—
25cm) in metal cylinders (diameter 5cm, length 5 cm). Soil
bulk density and porosity were determined from the volume-
mass relationship for each core sample. Disturbed soil sam-
ples were collected to a depth of 1 m at 0.2 m intervals us-
ing a soil auger for each sampling point. Soil particle sizes
were evaluated using the Mastersizer 2000 apparatus manu-
factured by Malvern. The proportions of clay 0.002 mm),

silt (0.002—-0.02 mm), and sand 0.02 mm) contents were
then calculated. Soil organic matter (SOM) content was de-
termined by the dichromate oxidation method.

Legend
e Experimental sites

— Transectline At each experimental site, vegetation investigation was

- :h“"d“““ of valley also conducted. At forest sites, the stand density (plants/ha),

B High: 2233m tree height (m), diameter at the breast height (DBH, cm),
e i e canopy width in a 10 nx 10 m quadrat, and the total canopy

B Low : 1834 .
e @ or coverage of each quadrat were recorded, respectively.

At shrub sites, plant height (m) and canopy width in a
10 mx 10 m quadrat were measured, and canopy cover was
measured by visual estimation. Species composition, total
herbaceous coverage, plant height, and biomass were mea-
sured in each herbaceous quadrat (Table 1).

2.3 Statistical methods

The basic statistical features of mean values (Mean) and
standard deviation (S.D.) were analyzed and reported for
each site. One-way ANOVA was used to assess the contri-
bution of different topography factors to the overall varia-
tion of soil moisture variable. Multiple comparisons were
made using the least significant difference (LSD) method.
To identify the relationships between SMC and environmen-
tal factors such as geographical, and vegetation variables, a
correlation analysis was conducted. S@Sﬁ/ersion 18.0)
was used for all of the statistical analyses. Canonical cor-
respondence analysis (CCA), a constrained ordination tech-
nigue, was used to identify specific environmental variables
at different depths. CCA was performed using the program
CANOCO version 4.5. The following environmental vari-
ables, which showed significant correlations with SMC, were
included in the CCA: vegetation type, slope position, slope
aspect, and slope gradient.

(©

Fig. 1. Location of the study area and experimental sig@sLoca- 3 Results

tion of the study area in the Loess Plateau and experimental sites

in watershed;(b) photo of alfalfa grassland transect (land con- 3.1 Spatial variations of SMC on different slope

verted from farmland and planted with alfalf4};) photo of kor- positions

shinsk peashrub shrubland transect (land converted from farmland

and planted with korshinsk peashrub). Note: NG represents nativdNo significant difference in SMC was found between dif-
grassland; PO represents farmland planted with potato; AF repreferent slope positions in shallow layers, and the vegetation
sents abandoned farmland; AL represents alfalfa; KP represents kazovers did not matter (Table 2). The SMC in alfalfa transect

rshinsk peashrub; CP represents Chinese red pine; CA represerjgcreased from top to foot of the hillside. Interestingly, the
Chinese arborvitae; SA represents Siberian apricot.
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Table 1.Continued.

Groups for ~ Sampling Number Topographical properties Soil properties Vegetation growing conditions

comparing  sites in CCA Slope  Slope Bulk Porosity Clay  Silt Sank SOM

SMC gradient aspect density

) ®) (gem™) (%) (%) (%) %) (gkg?h)

Siberian SA-U 44 26 165 Upper 1.19 48.91 514 82.66 12.20 9.37  Siberian apricot with planting density of 900 plant/ha, the mean

apricot height and DBH was 3.24 m and 7.64 cm. Undergrowth vegetation

forestland was sparse native grass

transect SA-M 45 24 126 Middle 1.06 50.31 581 7751 16.68 7.95 Siberian apricot with planting density of 900 plant/ha, the mean
height and DBH was 3.33 m and 7.45 cm. Undergrowth vegetation
was Korshinsk peashrub with planting density of 1670 plant/ha.

SA-D 46 22 135 Downhill 1.23 47.59 488 84.88 10.24 13.89 Siberian apricot with planting density of 900 plant/ha, the mean
height and DBH was 3.34 m and 7.32 cm. Undergrowth vegetation
was Korshinsk peashrub with planting density of 1671 plant/ha.

Group 2 for different slope aspects
Native NG-Shady 4 9 1 Upper 1.05 55.83 7.94 80.43 11.63 16.32 Native grasses and herbs, mean height of grasses was 0.1 m and
grassland the coverage was 75 %
group NG-Sunny 5 9 180 Upper 1.07 52.42 6.22 81.28 12.50 16.61 Native grasses and herbs, mean height of grasses was 0.1 m and
the coverage was 75 %
Farmland PO-Shady 12 2 8 Middle 1.05 49.53 452 82.00 13.48 6.73  Potato with crown width of ©.@88Bm, and the coverage was 45 %
group PO-Sunny 13 3 180 Upper 112 49.01 5,53 83.71 10.77 11.92 Potato with crown width of-0@85m, and the coverage was 45 %
Abandoned  AF-Shady 17 14 295  Upper 1.09 53.00 546 84.74 9.80 14.63 Native grasses and herbs, mean height of grasses was 0.25m
farmland AF-Sunny 18 16 181 Upper 1.10 53.43 5.24 80.27 14.49 14.85 Native grasses and herbs, mean height of grasses was 0.12m
group
Alfalfa AL-Shady 22 15 289 Middle 1.10 53.21 5.27 87.19 7.55 7.74  Alfalfa with aboveground biomass 246:31gm
grassland AL-Sunny 23 14 181 Middle 1.09 54.52 7.16 80.80 12.04 10.94 Alfalfa with aboveground biomass 24631 gm
group
Korshinsk KP1-Shady 30 29 276  Middle 1.26 49.75 6.92 75.73 17.35 11.53 Korshinsk peashrub with planting density of 1900 plant/ha, mean
peashrub height was 1.28 m and mean crown width was 1.72 in32 m,
shrubland undergrowth vegetation was sparse native grass
group 1 KP1-Sunny 31 32 180 Middle 1.14 48.99 540 7841 16.19 9.76  Korshinsk peashrub with planting density of 1900 plant/ha, mean
height was 1.21 m and mean crown width was 1.88 in37 m,
undergrowth vegetation was sparse native grass
Korshinsk KP2-Shady 32 27 300 Downhill 1.23 50.48 5.65 84.04 10.31 10.52  Korshinsk peashrub with planting density of 1900 plant/ha, mean
peashrub height was 1.28 m and mean crown width was 1.42 in37 m,
shrubland undergrowth vegetation was sparse native grass
group 2 KP2-Sunny 33 30 180 Downhill 1.14 49.01 495 82.78 12.27 8.19 Korshinsk peashrub with planting density of 1900 plant/ha, mean
height was 1.23 m and mean crown width was 1.48 in37 m,
undergrowth vegetation was sparse native grass
Groups for different slope gradients
Native NG9 6 9 1 Upper 1.05 55.83 7.94 80.43 11.63 16.32 Native grasses and herbs, mean height of grasses was 0.1 m and
grassland the coverage was 75 %
group NG13 7 13 174  Upper 1.16 50.73 485 82.02 13.13 11.40 Native grasses and herbs, mean height of grasses was 0.1 m and
the coverage was 75 %
NG24 8 24 150 Upper 1.14 51.11 435 84.92 10.73 12.21  Native grasses and herbs, mean height of grasses was 0.1 m and

the coverage was 75 %

www.hydrol-earth-syst-sci.net/16/3199/2012/

Hydrol. Earth Syst. Sci., 16, 31993217, 2012



3205

oess Plateau

L. Yang et al.: Spatial variations of shallow and deep soil moisture in the semi-

7z auaipelb ado|s yum pue|sseld [einjeu o1 z ON pugT,uaipeld adojs yum puejsselh

eloreipegf 9apis yum puejsseld aaireu 0] s1ajal ON ‘a|dwexa 104 Juaipelh adojs 01 siagas Jaquunu 1se| ayl ‘g dnoub ui (g) ‘adojs Auuns uo puejsseld anleu 01 siagal Auuns-9N pue ‘adojs Apeys uo puejsseld
|m>:mc 0] sJajal Apeys-oN ‘ejdwexa 104 ‘ado|s %mcw 01 s19jal Apeys pue adojs Auuns 01 si1ajal Auuns ay) ‘g dnoib ui () ‘Aleanoadsal ‘puejsseld [einyeu jo uonisod [jiyumop pue puejsseld [einyeu jo uonisod ajppiw ‘pue|sselh
_m:ac Jo uomisod Jaddn 0} Jajal @-ON pue W-ON ‘N-ON ‘ajdwexa 104 "uonisod [Iyumop o1 g pue uonisod ajppiw 01 |\ ‘uonisod Jaddn 03 siajal N Jana] 1se| ayl ‘T dnoub ui (T) 10o1de uelaqIS sluasaldal S ‘aelalogte asaulyd
ﬂcﬂmmam_ vD ‘auid pai asauly) siuasaidal 49 ‘gniysead xsulysioy sjuasaidal 4 ‘ejejje siuasaidal Ty ‘puejwire} pauopuede sjuasaidal 4y ‘orejod yum pajueld puejwae) siuasaidal Od ‘puejsseld aneu sjuasaidal ON 810N

sselb anneu asreds
sem uoneiaban yimolbiapun ‘wo 9's pue W Te'Z sem HGa pue ybiay

ueaw ay ‘eypue|d 009 Jo Ausuap Bunueld yum seyAIoge 3SBUIYD  ZL°0T ¥v6'ST 6¥V'8. LSS  L0CS 80'T laddn  v.T €2 (514 €2v0 dnoib
sselb anjeu asreds puefsaloy
sem uoirelaban ymmoibiapun ‘wd 9'E pue W zg's sem HGQ pue ybiay aejAlogle
uesw ay ‘eypueld 009z Jo Aususp Bunueld yum selaiogre 8ssuIyD OG0T 9’6 08Vv8 V.S  8LYS 20T Jladdn 08T zT 44 ZIvO asaulyd
sselb aAeu asreds
sem uoielaban ymmoibiapun ‘wo °/ pue W g v sem HGa pue ybiay
ueaw ays ‘eypueld 00ve Jo Aususp Bunueld yum suid pal ssaulyd  15°8 V€T 2028 LISV /871§ €0'T lsddn  ogg {ord 8e €2do dnoib
sselb anjeu asreds puepsaloy}
sem uoirelaban ymmoiBiapun "wo '/ pue W GGy sem HGa pue ybiay auid pal
ueaw ay ‘eyaueld 0oy Jo Aususp Bunueld yum suid pai sssulyd  89'6 €82T 69T8 8rS  80CS 10T leddn  sye L L€ 1dO asaulyd
wb Tg9v¢ sseuwlolq punoifsnoge yumeyjelly  ZT'6T 0.8 90’88 vZ'9 9€'G9 90'T laddn 99 144 9¢ 174\ dnoif
w B TEQYE Sssewolq punoifanoge yum ejelly  86'6 T98T €Lv. 999 90°€S oT'T Jaddn 08T €T 14 eTIv puejsseld
wb TE9P¢ ssewolq punoiBanoge yum ejelly  6£'6 G8'TT G¥'¢8 0L'G 66'617 €T leddn 06 8 e 81V ejlellv
(:5%6) (%) % (%) (%)  (g_wob) (o) (o)
Aisuap nmsod 10adse juaipelb ONS
NOS jues nws  Kep  Ausolod Jing adojs adojs ado|s Voo ul saus  bBuuedwoo
suonipuod Buimolb uoneiabap saiuadoud j10S saiadoud [eaiydelbodo JaqwnpN  Buidwes  1oj sdnoio

"panuuUoY ‘T djgeL

Hydrol. Earth Syst. Sci., 16, 3122417, 2012

www.hydrol-earth-syst-sci.net/16/3199/2012/



3206 L. Yang et al.: Spatial variations of shallow and deep soil moisture in the semi-arid Loess Plateau

(a) Soil moisture content (g/g) (b Soil moisture content (g/g)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16

0-0'|'I'I'I'I‘I'I O'O'I'I'I'I'I'I'I'I

- 02— — = 0.2

E 04| — E o4

= 06} < 06

B 08f 208

2 1.0} < 1.0

= 1.2} = 1.2

S 14t —=—NG-U ¢ 14
1.6 —e— NG-M 1.6
1.8f . 4 1.8
20t NG-D 2.0

(c) Soil moisture content (g/g) (d) Soil moisture content (g/g)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14
’_\O'O'I'l'l'l'l'l'l'l 00—
g 02 —— g 02 i
Z 0.4 t = 04)F HH+—— =
£ 06 < 06} ;

o 0.8 % 0.8}

T 10 S 10}

9 12 3 12t b —

D14 o 14} H —=—AL-U
1.6 16} —e—AL-M
20 2ol ——ALD

(e) Soil moisture content (g/g) ) Soil moisture content (g/g)

0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16
AO'O‘I'I'I'I'I'I'IAO'O'I'I'I'I‘I‘I‘I'I
€ 02} = ae H £ 02}
~ 04 HH———— A+ o 04}
£ 06} —H—d S 0.6}
© 08} | 2 o8}

S 10} i:} = 190}

L A L

& 14l e —=—KP-U @ 13l
16} - —eo— KP-M 1.6}
1.8F t —a—KP-D 1.8¢
20t 20t

(@) Soil moisture content (g/g) (h) Soil moisture content (g/g)

_. 000 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

EO-O o & T =FT L 3 0.0 | L I I L T T

Z 0.2} /E\ 0.2}

= 04} = 04}

o 06} < 06}

D o8t 2 08}

‘© 1.0f © 1.0}

D 12t 5 1.2}

141 n 14F
16} 16}
1.8} 1.8}
20t 20t

Fig. 2. Comparison of temporal-averaged shallow soil moisture content (SMC) on different slope positions. Note: NG represents native
grassland; PO represents farmland planted with potato; AF represents abandoned farmland; AL represents alfalfa; KP represents korshins
peashrub; CP represents Chinese red pine; CA represents Chinese arborvitae; SA represents Siberian apricot. The number of samples
shallow soil moisture content was 26. The last letter U refers to upper position, M to middle position, and D to downhill position. For
example, NG-U, NG-M and NG-D refer to upper position of natural grassland, middle position of natural grassland and downhill position of
natural grassland, respectively.

highest SMC was found on the upper positions in the nativelayers in some transects (Table 2). On native grassland tran-
grassland transect, and then followed by downhill and mid-sects, SMC on middle position was significantly lower than
dle positions. Mean SMC on downhill positions usually had that on downhill position. In korshinsk peashrub and Siberian
the lowest value in transects with shrub and forest covers (Taapricot transects, SMC on upper positions was significantly
ble 2, Fig. 2). Relatively higher SMC was found in top soil higher than those on the middle and downhill positions.
layers in lands with introduced vegetation; however, relativeHigher SMC appeared on middle position in Chinese ar-
lower values appeared in the deeper layers. borvitae transect. However, significant differences were still
Compared with shallow layers, significant differences in not found in farmland, alfalfa grasslands, and Chinese red
SMC between different slope positions appeared in the deepine transects. The difference in SMC between different

Hydrol. Earth Syst. Sci., 16, 31993217 2012 www.hydrol-earth-syst-sci.net/16/3199/2012/
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Table 3. Temporal- and depth-averaged shallow SMC and depth-averaged deep SMC on different slope aspects, together with t-test.

Soil Slope NG sD. PO SD. AF SD. AL SD. KP1 SD. KP2 S.D.
layer aspect  (g7h) @gh (g™ @g™ @g™h @gh
Shallow Shady 0.067a 0.015 0.088a 0013 0.082a 0013 0.074a 0012 0059 0011 0.066a 0.011

SMC Sunny 0.060b 0.013 0.087a 0.012 0.066b 0011 0.064a 0.012 0.055a 0.010 0.052b 0.010
(N=26) p-value 0.045 0.686 0.010* 0.103 0.448 0.02%

Deep Shady 0.10la 0.022 0.113a 0.014 0.127a 0.013 0.076a 0.013 0074a 0.011 0.068a  0.009
SMC Sunny  0.102a  0.024 0.114a 0.021 0.106b  0.024 0.080a 0.013 0.070a 0.007 0.068a  0.009
(N=30) pvalue 0-828 0.780 0.000 0.358 0.140 0.871

Note: The shallow SMC was temporal- and depth-averaged from April 2009 to September 2010 during growing reason, and the number of samples was 26. The deep SMC was
depth-averaged during August 2010, and the number of samples was 30.

*: Means with the same letter in the same column are not significantly different at the 0.05 level (t-test).

**: Means significantly different at the 0.05 level (t-test); KP1 and KP2 are sampling sites on the middle and downhill positions of korshinsk peashrub transect.

slope positions was enlarged along with increasing soil deptimean SMC appeared in steepest slope in natural grassland.
in natural grasslands, korshinsk peashrub, Chinese arborvitaéhe differences in SMC between lands with different slope
and Siberian apricot transects. For example, in Siberian aprigradients decreased along with increasing soil depth on ver-
cot transect, SMC on upper position was 16.2 % and 13.7 %ical distribution (Fig. 6). For example, the difference be-
higher, respectively, than that on the middle and downhill po-tween alfalfa grassland in"8&nd 13 at the depth of 0.2m
sitions below the depth of 4.6 m. On the contrary, no signifi-was 0.033 g g%, but decreased to 0.014 gbat the depth of
cant difference appeared in the depth of 2—4.6 m. 1.8m.
Consistent with shallow soil layers, obvious differences

3.2 Spatial variations of SMC on different slope aspects can also be found in deep layers (Table 4, Fig. 7). SMC

in gentle slopes was significantly higher than that in steep
In shallow soil layers, mean SMC on shady slopes was highek|opes, especially in deep soil layers. Furthermore, such dif-
than that on sunny slopes in different vegetation covers (Taference varies with vegetation types. The results reflect that
ble 3) FUrthermore, the difference in SMC between diﬁerents|0pe gradient can affect SMC both in shallow and deep soil
slope aspects varied with vegetation types. From the compaiayers. In contrast to vertical distribution characters of shal-
ison of SMC in vertical distribution, SMC on shady slopes |ow soil moisture, the difference in SMC between differ-

usually had higher values than that on sunny slopes (Fig. 5)ent slope gradients was enlarged along with increasing soil
It indicates that slope aspect was an important factor influ-gepth.

encing soil moisture in shallow layers.

However, the comparison of mean value and vertical distri-3.4  Statistical analysis for SMC and environmental
bution of deep SMC showed a difference from that in shallow factors
SMC. Generally, no significant difference in SMC was found
between shady and sunny sloping lands, except the abartorrelation analysis proved that slope position and aspect
doned farmland (Table 3). This result was also proven by théhad no direct influence on deep SMC (Table 5). However,
vertical distribution of SMC in deep layers, no matter what correlation coefficient between slope aspect and shallow
vegetation covers were present (Fig. 6). Results reflected tha#MC was—0.483, and this indicated slope aspect can in-
the slope aspect can only affect SMC in shallow layers, butfluence shallow SMC. This was also proved by CCA in
the influence cannot reach the deep soil layers. Specificallyig9- 8a. Negative relationships between SMC and slope gra-
relatively higher SMC was found on shady slopes in aban-dient were found in shallow and deep layers (Table 5).

doned farmland, rather than on sunny slopes. Vegetation type was the dominant environmental variable
correlating with the first CCA axis (Fig. 8b), which indi-

3.3 Spatial variations of SMC in different slope cated that significant difference of SMC appeared in lands

gradients with different vegetation covers, and vegetation type was the

dominant factor influencing SMC. Slope aspect and gradi-
Generally, SMC in gentle slopes was much higher than thaent were also important factors for spatial variation of shal-
in steeper slopes in shallow layers (Table 4), although not allow SMC (Fig. 8a). The experimental sites of eight transects
the differences were significant. For example, no significanton the CCA ordination biplot are not arranged with slope
difference was found between Chinese arborvitae forestlanghositions in Fig. 8b. This indicated slope position was not
in slope gradient of 12and 23; however, Fig. 6d shows the main affecting factor for spatial variation of deep SMC.
that the values on gentle slope were obviously higher tharHowever, experiments sites of group 3 on the CCA ordina-
the steeper slope in most layers. On the contrary, the highegion biplot were changed with slope gradients. These results

Hydrol. Earth Syst. Sci., 16, 31993217 2012 www.hydrol-earth-syst-sci.net/16/3199/2012/
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Table 4. Temporal- and depth-averaged shallow SMC and depth-averaged deep SMC in different slope gradients together with F-test and
t-test.

Vegetation Slope Shallow SMC S.D. Deep SMC S.D.

types gradient) (gg1, N=26) (ggl, N=30)

NG % 0.070& 0.015 0.101a 0.022
13 0.066a 0.010 0.087b 0.013
24°  0.067a 0.011 0.080b 0.009

p-value 0.388 0.000

AL 8° 0.077a 0.010 0.083a 0.015
13  0.057b 0.014 0.082a 0.016
24°  0.060b 0.011 0.074b 0.013

p-value 0.006* 0.060

CP 7 0.071a 0.012 0.068a 0.008
23  0.058b 0.010 0.065a 0.011

p-value 0.048* 0.165

CA 12  0.058a 0.012 0.078a 0.011
23 0.057a 0.011 0.067b 0.007

p-value 0.660 0.000

Note: The shallow SMC was temporal- and depth-averaged from April 2009 to September 2010 during
growing reason, and the number of samples was 26. The deep SMC was depth-averaged during

August 2010, and the number of samples was 30.

*: Means with the same letter in the same column are not significantly different at the 0.05 level (LSD-test).
**: Means significantly different at the 0.05 level (F-test).

were consistent with correlation analysis between SMC andrable 5. Correlation analysis of SMC and topographical factors.
different topographical factors.

shallow deep
SMC SMC

4 Discussion Slope position —0.151 —0.089

. - . (N =24)
4.1 Vert!cal_and temporal variation of SMC in p-value 0481  0.681
semi-arid Loess Plateau

Slope aspect  —0.483 0
Shallow soil moisture was more prone to be affected by veg- (N=12)
etation transpiration and soil evaporation (Meerveld and Mc- p-value 0.112 1
Donnell, 2006; S_eneyiratne et gl., 2010; Wang et_al., 2912). Slope gradient —0.604 —0.481
Furthermore, soil moisture at this depth was often intensively (N =10)
affected by plant root systems (Cong et al., 1990; February p-value 0.065 0.159
and Higgins, 2010). The loess soil has a homogeneous tex- .

e . K Note: correlation analyses between SMC and slope

ture and the soil is full of capillary pores, which has a strong position and slope aspect were using Spearman
capacity for evaporation. As a consequence, a relatively sta- analysis, and correlation analysis between SMC

. . . and slope gradient was using Pearson analysis.
ble, low and shallow SMC was always found in this region

(Yang and Tian, 2004). For these reasons, SMC in this area

was always low in shallow layers. In this study, mean SMC in

shallow layers was obviously lower than that in deep layers

(Tables 2—4). For the soil evaporation effect on soil moisturesignificant differences in shallow SMC were difficult to be
to be lessened with the increase in soil depth and the decreageund between different environmental variables. However,
of plant root networks, the SMC increased with soil depth in a significant difference appeared in deep layers due to the
deeper layers. Previous studies have found that low spatiahcreasing SMC.

and temporal variations usually appeared in lower SMC, and In the semi-arid Loess Plateau, SMC varies inter-annually
increased when SMC became higher (Ibrahim and Hugginsat the depth of 0Om-2m, depending on annual precipitation.
2011; Western and Bkchl, 1999). This phenomenon can ex- However, due to the thickness of loess covering the Loess
plain why the differences of shallow SMC were lower than Plateau, vertical distribution and temporal variations of SMC
deep SMC. Because SMC in shallow layers was always loware different from other semi-arid areas. Wang et al. (2009)

www.hydrol-earth-syst-sci.net/16/3199/2012/ Hydrol. Earth Syst. Sci., 16, 31247, 2012
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found no significant inter-annual changes in the depth below However, the spatial variations of deep SMC in introduced
2m based on six years of observations in the loess hilly revegetation were different than those in native plants. In this
gion. Chen et al. (2008b) also found that the depth of soilstudy, measured data and statistical analysis provided evi-
affected by the rainfall was only 0—2 m in the drought yearsdence that topographic factors such as slope aspects can only
by natural and simulated rainfall experiments. In fact, annualaffect shallow soil layers to a certain extent (Table 5, Fig. 4),
rainfall infiltration depth can hardly reach 1 m soil layer in but they cannot reach deep soil layers (Fig. 5). In CCA or-
the study area, according to field soil moisture observationglination biplot, experimental sites in sunny and shady slopes
(Yang et al., 2011). In this area, the S.D. of SMC on each ex-are separated clearly in Fig. 8a. Furthermore, experimental
perimental site was relatively high at 0—1 m, but the valuesites of eight transects are also arranged along with the di-
became lower at a depth of 1 m during observations fromrection of slope position in CCA ordination biplot. In com-
2009 to 2010 (Figs. 2, 4 and 6). This result indicated thatparison with shallow SMC, slope position and aspect can-
SMC only varied with rainfall in shallow soil layers, but re- not be identified as an influencing factor on deep SMC by
mained stable in deep layers for several years. In these casesprrelation analysis and CCA (Table 5, Fig. 8b). The results
therefore, we used the temporal-averaged shallow soil moisreflect that the dynamics of deep SMC were different with
ture content data obtained from April to October to provide shallow SMC under the influence of slope position and as-
accurate characterizations of temporal changes in SMC angect. Comparison of SMC in gentle and steep slopes and cor-
to represent SMC conditions in shallow layers. Because theelation analysis between slope gradient and SMC indicated
deep SMC was relatively stable during these years, the onethat a lower gradient was related to a higher SMC (Table 5,
year of deep SMC data obtained in August is sufficient toFigs. 6—7). Slope gradient was also indicated as one of main
reflect the stable soil moisture conditions in the deep profilesenvironmental variables correlating with the first CCA axis.
Experimental sites are clearly arranged along with the direc-
4.2 Different dynamic rules between deep and shallow  tjon of slope gradient in Fig. 8b. This result was consistent
SMC with previous findings that slope gradient and SMC had a
o negative relationship in the semi-arid regions (@angt al.,
Topography factors, such as upslope contributing areasynns; Gmez-Plaza et al., 2001; Qiu et al., 2001). It thus can
aspects, and gradients, are commonly considered imporsyyiain why deep SMC on upper positions of native grass-
tant factors for the spatiotemporal soil moisture variations|;nds transect was higher than on other positions. The slope
(Venkatefsh etal., 2011; Western et al., 1999, 200_4)._The gerg:adient on upper position was,%nd slope gradients on
eral spatial pa_ttern of SMC on \_Nate_rshed-scale is increasethe middle and downhill positions were3and 32, respec-
value along vynh surface flow direction from the top to the tively. Thus, the lower the slope gradient on upper position,
bottom of a hill slope. The sunny slope usually gets more soy,¢ higher the SMC will be. Slope gradient as an important

lar radiation than the shady slope, and this can lead to MOrypographic factor in the loess hilly region can affect SMC
soil moisture transpiration. Thus, SMC in upper soil layers . only in shallow layers but also in deep layers.
on a sunny slope is usually lower than that on a shady slope

(Galicia et al., 1999). Furthermore, a steep slope usually ha§_3 Relations between plant growth and deep SMC

a lower SMC than a gentle slope. Spatial distributions of variation under introduced vegetation covers

SMC in these patterns have been proven by many previous

studies (Francis et al., 1986; Legates et al., 2011; Westel{yggetation can have significant influence on SMC (Peel,
and Bbschl, 1999) and models (Camt et al., 2004; West- 5009: Schymanski et al., 2009: Wang et al., 2012). In this
ern et al., 1999). In loess hilly region, spatial variations of g4y experimental sites in same vegetation were clearly sep-
SMC in 0~0.7m affected by the topographic factors also 44teq from others along with the direction of vegetation type
correspond to this spatial pattern (Qiu et al., 2001, 2010)j, ccA of shallow SMC. It indicated that vegetation type
Similar patterns were captured in deep SMC. For examplejs 5 sjgnificant influencing factor on shallow SMC. In the
He et al. (2003) held the view that slope gradient, aspect) ye55 plateau, dense vegetation plantation with high pro-
and position could affect deep SMC. Wang et al. (2008) andyyctivity consumes too much water stored in deep layers.
Zhao et al. (2007) found that SMC in a shady slope was( a5 the major possible reason for the severe soil mois-
higher than that in a sunny slope in forestlands and grassg,re deficit in deep layers. For example, using the WinEPIC
lands. In this study, the deep SMC on the middle positionyodel. Li et al. (2008) simulated the changes in SMC and
was Iowe_r than that on the downhill position in native 9rass- productivity of black locustRobinia pseudoacacjdorest-
lands (Fig. 3a), SMC on gentle slopes lower than that onjgnqs and found that the higher the planting density, the faster
steep slopes (Fig. 7a), and SMC on shady slopes higher thafe jecrease of deep SMC. In the semi-arid loess hilly re-

that on sunny slopes (Fig. 5a). The result reflected that th%ions, introduced vegetation with high planting density not

spatial pattern of deep SMC with local native vegetation wasy |y grastically decreased deep SMC, but also changed the
corresponding to the spatial distribution patterns. dynamic rules of SMC in shallow and deep layers. In this

study, taking Siberian apricot transect as an example, deep
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Fig. 3. Comparison of deep soil moisture content (SMC) on different slope positions. Note: NG represents native grassland; PO represents
farmland planted with potato; AF represents abandoned farmland; AL represents alfalfa; KP represents korshinsk peashrub; CP represent
Chinese red pine; CA represents Chinese arborvitae; SA represents Siberian apricot. The last letter U refers to upper position, M to middle
position and D to downhill position. For example, NG-U, NG-M and NG-D refer to upper position of natural grassland, middle position of
natural grassland and downhill position of natural grassland, respectively.
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Fig. 4. Comparison of temporal-averaged shallow soil moisture content (SMC) on different slope aspects. Note: NG represents native grass-
land; PO represents farmland planted with potato; AF represents abandoned farmland; AL represents alfalfa; KP represents korshinsk
peashrub. The number of samples of shallow soil moisture content was 26. Sunny refers to sunny slope and shady refers to shady slope
For example, NG-Shady refers to native grassland on shady slope, and NG-Sunny refers to native grassland on sunny slope.

SMC on upper positions was higher than that on middle and In semi-arid regions, more soil moisture evaporation usu-
downhill positions, and plant density may be the main rea-ally appears on upper positions as they suffer more so-
son. Siberian apricot density was 900 plant/ha on upper posikar radiation and wind that affect plant growth. According
tions. Although the same planting density of Siberian apri-to local field investigations, the mean height of korshinsk
cot appeared on middle and downhill positions, korshinskpeashrub plants on the upper position was 1.02m, but the
peashrub with a planting density of 1670 plant/ha was alsanean heights on the middle and downhill positions were
planted with Siberian apricot on these two positions. There-1.28 m and 1.23 m, respectively. Owing to the developed root
fore, the total density of introduced vegetation on middle andsystem, poor growth of korshinsk peashrub on upper position
downhill positions was much higher than that on upper po-will lead to less soil moisture consumption, especially for
sition. Thus, high planting density led to lower deep SMC deep SMC. This could explain why deep SMC on upper po-
on these positions (Figs. 2h and 3h). In the Chinese arborvisition was significantly higher than other positions (Table 2,
tae transect, planting density on the upper and downhill po+ig. 2e). In Chinese red pine transect, the mean height of pine
sitions was the same (2600 plant/ha), while the mean heightrees in the downhill position was 4.90 m and mean DBH
of Chinese arborvitae on the upper and downhill positionswas 8.1 cm. In contrast, mean heights of pine trees in up-
was 4.18 m and 3.65 m, respectively. The Chinese arborvitaper and middle positions were 4.55m and 4.48 m, and mean
plants on the middle position had been cut in 1998, and nowDBH was 7.4cm and 6.9 cm, respectively. Better growing
the planting density is 1300 plant/ha, and their mean heightonditions of pine trees on a downhill position were asso-
was 3.38 m. The lower planting density on the middle posi-ciated with a lower deep SMC. Alfalfa was also found to
tion led to higher deep SMC (Fig. 39). have deep root systems, which could drastically consume
deep soil moisture (Wang et al., 2010b). In this study, the
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Fig. 5. Comparison of deep soil moisture content (SMC) on different slope aspects. Note: NG represents native grassland; PO represents
farmland planted with potato; AF represents abandoned farmland; AL represents alfalfa; KP represents korshinsk peashrub. Sunny and shad
refer to sunny slope and shady slope, respectively. For example, NG-Shady refers to native grassland on shady slope, and NG-Sunny refer
to native grassland on sunny slope.

fresh weights of alfalfa on the upper and downhill positions In fact, the plant growing conditions can be considered the
of alfalfa transect were 246.3 gthand 248.1 gm?, respec-  main factor affecting the spatial variations of deep SMC. In
tively. In contrast, the fresh weight of alfalfa on the middle practice, vegetation restoration with alien species in the semi-
position reached 314.0gm. This high biomass of alfalfa arid environments should be strongly based on soil moisture
makes the SMC on the middle position lower than that onconditions. On the other hand, soil moisture data observed
other positions. in shallow layers are insufficient in evaluating soil moisture
Based on this discussion, introduced vegetation types wereonditions for the purpose of vegetation restoration in the
noted that can alter the contributions of topography to thesemi-arid areas. More attention, however, should be paid to
specific soil moisture dynamics. Otherwise, the effects of in-available soil water sources in deep layers. Since the dynamic
troduced vegetation on the dynamics of soil moisture wererole of topographic factors on soil moisture has been changed
not only limited to shallow soil layers, but also to deep layers. by introduced vegetation, and targeting for a big success of
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Fig. 7. Comparison of deep soil moisture content (SMC) in different slope gradients. Note: NG represents native grassland; AL represents
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shallow layers. The growing conditions of planted vegeta-
tion have a negative relationship with deep SMC, which is
considered as the main factor for spatial variations of deep
SMC. In practice, therefore, vegetation restoration in semi-
arid environments should be strongly based on soil moisture
conditions. Moreover, in order to ensure the success of eco-
construction projects, the detailed locations and densities of
plants on a watershed-scale should be taken into considera-
tion seriously.
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