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To reduce the rate of soil erosion and improve the environment, the Chinese government launched the “Grain for
Green” project in 1999, and afforestation with fish-scale pits (FSPs) is one of themainmeasures of this project in
the steppe zone on the Loess Plateau. In this study, tree survival and growth, vegetation recovery and differences
in soil erosion between afforestation with FSP slopes (AFS) and natural restoration slopes (NRS) were analyzed,
and the suitability of afforestation with FSPs in the steppe zone of the Loess hilly–gully region was assessed by
field survey. We found that the average tree survival rate was 37.9% for planted Robinia pseudoacacia and was
58.9% for planted Prunus armeniaca and Prunus davidiana. All three tree species afforested using FSPs exhibited
a “small-aged tree” trend due to the poor growth conditions. The coverage of both the herb and litter on NRS
was an average of 1.5 and 1.7 times higher than that on AFS, respectively. There was no significant difference
with regard to rill erosion between the non-FSP part of the afforestation slopes and NRS. However, the total
amount of rill erosion in the upside and downside FSPs was 2.14 times higher than the amount of sediment
deposited inside FSPs after 8 years. Therefore, we conclude that afforestationwith FSPs is not effective in control-
ling soil erosion and improving vegetation recovery. Large-scale afforestation with FSPs is unsuitable in the
steppe zone on the hilly-gully Loess Plateau.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Soil erosion is one of the most serious environmental problems in
the world, especially in China (Bai et al., 2013; Li et al., 2012, 2013; Liu
et al., 2012; Pimentel and Kounang, 1998). The Loess Plateau of China
has long suffered from considerable soil erosion (Wei et al., 2006;
Zhang et al., 2004). Cultivated slope land, which accounts for up to
70% of the arable land in loess hilly and gully areas (Tang et al., 1998),
is a major factor associated with serious soil and water losses (Shi and
Shao, 2000). To control soil and water losses and improve the environ-
ment in the Loess Plateau, the Chinese Central Government issued the
“Grain for Green” policy in 1999 for the restoration of vegetation in
this area. Croplands (particularly slope lands) have been extensively
shifted to forest lands and grasslands (Jiao et al., 2008; Wang et al.,
2011a). Afforestation, as one of the main measures of the “Grain for
Green” project for the ecological recovery, has been widely implement-
ed in the steppe zone on the Loess Plateau. Indeed, several studies have
of Soil andWater Conservation,
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indicated that afforestation is a potential strategy to help conserve the
soils on degraded land by reducing soil erosion and improving the
natural environment, such as stabilizing steep slopes, building up of
soil organic carbon in the top soil, and allowing for secondary succession
to take place (Roberts et al., 1988; Zhou et al., 2006; Nyamadzawo et al.,
2008). However, the choice of tree species can have a strong impact on
soil and understorey development. The unsuitable tree species might
cause the acidification of soil, and influence the pasture production and
reduce floristic understorey plant diversity and inhibit regeneration of
other species (Raizada and Juyal, 2012; Rigueiro-Rodríguez et al., 2012).
Furthermore, drought is a major constraint worldwide to the production
of common vegetation types, such as forests (Raffaelli, 2004). In particu-
lar, revegetation of arid regions is primarily water-limited (Ginsberg,
2000), and growth reductions caused by drought can significantly affect
afforestation success, particularly if a lack of moisture reduces survival
after planting (Graciano et al., 2005). Soil moisture is generally deficient
in planted forests in the arid and semiarid areas of the Chinese Loess Pla-
teau as a result of the low annual precipitation, overly high planting den-
sity and unsuitable choice of tree species (Wang et al., 2004).
Furthermore, planted trees consume more of the limited available soil
water, leading to soil drying and increased hydrophobicity, which
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reduces rainfall infiltration to recharge underground water reserves and
threatens ecological sustainability (Cao et al., 2007; Cerdà and Doerr,
2007; Sun et al., 2006). Thus, afforestation is also considered as a land
use activity that threatens water resource security (Van and Keenan,
2007).

Drainage and fertilization are regarded as important measures for
good tree growth on peat lands in Sweden in efforts to provide de-
tention storage, improve the survival of planted trees and control
soil and water losses (Sunström and Hånell, 1999). Indeed, soil prep-
aration is reported to be an important measure for the success of the
natural establishment of trees by improving the soil conditions for
plant growth (Querejeta et al., 2001; Worrell and Hampson, 1997).
In many regions of China, semicircular rainwater retention basins,
also known as “fish-scale pits” (FSPs), which are built on the slopes
in an alternating pattern similar to the arrangement of the scales of
a fish, are used as a transitional measure for afforestation (Fu et al.,
2010; Wang et al., 2011b). It was shown that FSPs in the forest-
steppe and steppe zones of the Loess Plateau can improve the species
diversity of plant communities and such soil environmental parame-
ters as soil organic matter, capillary porosity and nitrogen content,
thereby increasing productivity of the land (Ma et al., 2006). Fu
et al. (2009, 2010) also evaluated the effect of FSPs on reductions in
runoff and sediment yield under simulated rainfall and found that
the average reduction was 18% for runoff and 76% for sediment
with heavy rainstorms in the Beijing area. However, the fish-scale
pits did not effectively resolve the problem because of their small ca-
pacity for runoff and sediment. Most of the fish-scale pits are filled up
by sediment or destroyed by runoff within several years (Wang et al.,
2011b). Furthermore, little is known about the effect of FSPs on soil
erosion and vegetation recovery on the afforestation slopes in the
steppe zone of the Loess Plateau under natural conditions. Therefore,
whether large-scale afforestation with FSPs actually plays a positive
role in the Loess Plateau is an urgent question that needs to be
addressed.

Thus, to assess the efficiency of FSP afforestation in the steppe zone
on the Loess Plateau, we intend to address the following questions:
(1) whether the tree survival and growth with FSP afforestation is
good? (2) Whether the afforestation with FSP slopes (AFS) influence
the surface vegetation and litter compared with the natural restoration
slopes (NRS)? (3) Whether afforestation with FSPs reduces soil erosion
efficiently compared with natural restoration?

2. Materials and methods

2.1. Study site

The study sites are the 10.77 km2 Zhangjiahe watershed (ZW)
(109°11′58″–109°14′39″E, 36°59′33″–37°2′40″N) and the 27.31 km2

Gaojiagou watershed (GW) (108°58′5″–109°2′52″E, 37°12′31″–37°16′
36″N) located in the Yan River Basin of Ansai County, North Shaanxi
Province, China (Fig. 1). The elevation ranges from 1118 to 1 505 m
for ZW and 1245 to 1 463 m for GW. The main soil type is loess soil,
with a small amount of alluvial soil and dark loessial soil. The climate
is characterized by cold dry winters and warm moist summers. The
mean annual precipitation is approximately 500 mm, mostly occurring
in a few heavy storms. The widely distributed and most representative
grass species are Bothriochloa ischaemum, Stipa bungeana, Artemisia
gmelinii, Lespedeza davurica and Artemisia giraldii (Jiao et al., 2008).

The “Grain for Green” project was implemented in Ansai County
from 1999 to 2006. The area of afforestation with FSPs was approxi-
mately 411.02 km2. The selected AFS in ZW in this study were forested
in September–October 2003; the main tree species is Robinia
pseudoacacia. The selected AFS in GW were forested in September–
October 2000 with R. pseudoacacia and reforested in March–April
2005 with Prunus armeniaca and Prunus davidiana because almost all
the R. pseudoacacia individuals had died. All the tree species planted in
the two watersheds were 1-year-old containerized seedlings. These
data were collected from the “Grain for Green” office of Ansai County,
Shaanxi Province (Fig. 2).

2.2. Data collection

The original tree and shrub vegetation in the study area have
been removed long ago through human activities (Jiao et al., 2008,
2012), therefore, the natural restoration slopes were taken as control
to assess the efficiency of FSP afforestation in the present study. Field
data were collected in September 2011. Three north-facing slopes,
three south-facing slopes and three slope crests afforested using
FSPs were selected in each watershed. And nine corresponding
slopes with natural restorationwere also selected in eachwatershed.
Each slope was divided into upper, middle and lower positions, and
10 FSPs were randomly chosen at each slope position and each
slope crest. A total of 420 FSPs were chosen in the two watersheds.
Additionally, 3 plots (2 m × 2 m) were established at each position
to compare the vegetation characteristics and soil erosion between
AFS and NRS. The plots on the afforestation slopes were located adja-
cent to FSPs, and there were no FSPs inside the plots; a total of 243
plots were surveyed.

In each FSP, the species, survival, height, diameter at breast
height (DBH) and canopy planar projected diameter of the trees
were recorded. The pit spacing, row spacing, inside diameter and
sediment depth in each FSP were also measured (Fig. 3a). In each
plot, the type, species composition and coverage of the herb commu-
nity and the depth and coverage of litter were investigated; the
coverage of each plot was estimated visually by two observers work-
ing together. The slope aspect of each position was measured using a
global positioning system.

Afforestation with FSPs inevitably changes the micro-topography
due to FSP excavation and divides the original slope into non-FSP and
FSP parts. In addition, the FSP part can produce new soil erosion in
upside and downside FSPs, particularly in the preliminary afforesta-
tion stage. Therefore, to assess the effect of FSPs on soil erosion, we
compared the difference in soil erosion between the non-FSP part
and NRS by a plot survey. The soil erosion in the upside and down-
side FSPs and the sediment deposited inside the FSPs were also
investigated. Rill erosion accounts for more than 70% of the amount
of slope erosion (Renard et al., 1997; Zheng et al., 1989) and is a
convenient and easily visualized measure in field investigations.
Therefore, the number, depth, length and width of rills in the upside
and downside areas of each FSP (Fig. 3b) and in each plot were
measured to estimate soil erosion with AFS and NRS. For this, the
rill in the upside and downside FSPs was the rill that ended at the
upside FSP and originated from the downside FSP, respectively. Sub-
section measurement was adopted to measure the length, width and
depth of each rill due to the irregular rill shape. The length, width
and depth of each subsection were measured firstly, and then were
added the corresponding data of each subsection together to calculate
the amount of rill erosion (Fig. 3c).

2.3. Data analysis

The pit spacing and row spacingwere used as themeasures of affor-
estation density. The tree species, survival rate, tree height, DBH and
planar projected diameter of canopy were used as the indicators to as-
sess the tree survival and growth. The measures of surface vegetation
characteristics included the herb community types, herbal coverage,
litter depth and litter coverage. The inside diameter and the depth of
sediment deposited in each FSP were used as the measures of the
amount of sediment deposited. The number, depth, length and width
of rills in each plot and upside/downside of each FSP were used as the
measures of the amount of rill erosion.



Fig. 1. Location of the Gaojiagou watershed and Zhangjiahe watershed on the Loess Plateau of China.
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The equations used to calculate sediment deposition and rill
erosion are as follows:Amount of sediment deposited inside FSPs
(ASDF, m3 FSP−1):

ASDF ¼
Xn

i¼1

Ddi �
π � Id2i

2
ð1Þ

where Ddi is the deposition depth inside the ith FSP (m), Idi is the in-
side diameter of the ith FSP (m) and n is the number of FSPs.

Amount of rill erosion in upside and downside FSPs (AREF,m3 FSP−1):

AREF ¼
Xn

i¼1

AREUi þ AREDið Þ ð2Þ

AREU AREDð Þ ¼
Xm

j¼1

Xs

k¼1

Rljk � Rwjk � Rdjk
� �

ð3Þ

where n is the number of FSPs in a 2 × 2-m2 area, AREUi is the rill erosion
upside the ith FSP (m3 FSP−1), AREDi is the rill erosion downside the ith
FSP (m3 FSP−1), m is the rill number upside/downside in each FSP, s is
the number of subsection of each rill, and Rljk, Rwjk and Rdjk are the length,
width and depth of the kth subsection of the jth rill (m), respectively.

Amount of rill erosion in plots on NRS/on the non-FSP part of AFS
(AREP, m3 m−2):

AREP ¼

Xn

i¼1

Xm

j¼1

Rlij � Rwij � Rdij
� �

AP
ð4Þ
where n is the rill number in each plot,m is the number of subsection of
each rill, AP is the area of each plot (2 m × 2 m) and Rlij, Rwij andRdij are
the length, width and depth of the jth subsection of the kth rill (m),
respectively.

Multiple-comparison and multi-way analysis of variance (ANOVA)
procedures were used to compare the differences for the tree survival
and growth, surface vegetation characteristics and rill erosion among
the watersheds, slopes, aspects and slope positions. All values were
expressed as the mean ± SD. LSD tests were performed to determine
the significant differences among the sites at P b 0.05.

3. Results

3.1. Tree survival and growth characteristics

Table 1 shows the tree density and survival rates for the different
slope aspects and positions on AFS in ZW and GW. The density
ranged from 3712 to 4193 individuals ha−1, with an average of 3869
individuals ha−1 in ZW, and ranged from 2383 to 3331 individuals
ha−1, with an average of 2821 individuals ha−1 in GW. The density
of all the slope aspects and positions in ZW was higher than that in
GW. However, the average survival rate of planted R. pseudoacacia
in ZW was 37.9%, lower than that of planted P. armeniaca and
P. davidiana in GW, at 58.9% (P = 0.012). The tree survival rate of
the two watersheds was higher on the north-facing slopes than the
south-facing slopes and was lowest on the slope crests, though this
was not significant (P N 0.05).

The tree height of R. pseudoacacia in ZW ranged from 156.73
to 260.68 cm, with an average of 201.68 cm; the tree height of



Fig. 2. The slopes of the afforestation slope with FSPs and the natural restoration slope.
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P. armeniaca and P. davidiana in GW ranged from 84.32 to 158.04 cm,
with an average of 106.75 cm. The average canopy diameter was
99.90 and 77.26 cm in ZW and GW, respectively. The average DBH
values on north-facing slopes, south-facing slopes and slope crests in
GW were 1.55, 1.45 and 1.15 cm, respectively; the average DBH values
on south-facing and north-facing slopes of ZW were 2.54 cm and
1.90 cm, respectively (Table 2).

3.2. Surface vegetation features

3.2.1. Herb layer
According to the field survey, there was no difference between the

grass types on AFS and NRS. The main common dominant species on
north-facing slopes included A. gmelinii, S. bungeana, L. davurica,
Heteropappus altaicus, A. giraldii and Leymus secalinus. Poa sphondylodes
and Phragmites communiswere found on the north-facing slopes of GW.
The main common dominant species on the south-facing slopes were
Thymus mongolicus, Artemisia frigida, S. bungeana, P. communis, Stipa
grandis, P. sphondylodes, B. ischaemum, L. secalinus and L. davurica. The
main common dominant species on the slope crests were B. ischaemum,
Fig. 3. The sketch map of FSPs and
S. bungeana, L. secalinus, L. davurica, A. gmelinii, P. communis, Artemisia
scoparia and A. frigida.

Fig. 4 shows the herbal coverage at the different slope aspects and
positions of the two watersheds. Although not significant, the herbal
coverage on the south-facing AFS of ZW was slightly higher than that
on the south-facing NRS of ZW, with an average of 19.5% and 18.0%,
respectively (P = 0.531). The herbal coverage at all the other slope
aspects and positions in the two watersheds was significantly higher
for NRS than AFS, with the following averages: 21.3% on the north-
facing AFS of GW and 36.4% on the north-facing NRS of GW
(P = 0.000); 19.1% on the south-facing AFS of GW and 42.2% on the
south-facing NRS of GW (P = 0.000); 23.4% on the north-facing AFS
of ZW and 33.7% on the north-facing NRS of ZW (P = 0.000) and
17.8% on the crest AFS of ZW and 19.0% on the crest NRS of ZW
(P = 0.073).

3.2.2. Litter layer
On average, the litter depth of the north-facing AFS in ZW was

slightly higher than that of the north-facing NRS in ZW (P = 0.119).
However, the litter depth at the other slopes and positions in both
rill upside/downside of FSP.

image of Fig.�3
image of Fig.�2


Table 2
The growth characteristics of afforestation trees in ZW and GW (mean ± SD).

Slope aspect Position Gaojiagou watershed Zhangjiahe watershed

Tree height
(cm)

DBH
(cm)

Canopy diameter
(cm)

Tree height
(cm)

DBH
(cm)

Canopy diameter
(cm)

North-facing slope Upper 95.00 ± 6.49 1.15 ± 0.13 66.25 ± 4.53 260.68 ± 19.75 2.06 ± 0.19 108.18 ± 7.92
Middle 158.04 ± 16.49 2.14 ± 0.21 101.46 ± 8.01 209.20 ± 20.80 1.92 ± 0.25 101.2 ± 10.63
Below 108.70 ± 7.02 1.36 ± 0.13 64.50 ± 4.82 187.27 ± 14.44 1.73 ± 0.14 101.82 ± 6.79

South-facing slope Upper 97.86 ± 9.75 1.44 ± 0.17 66.84 ± 5.29 184.81 ± 12.53 2.24 ± 0.17 97.31 ± 6.31
Middle 112.12 ± 0.27 1.58 ± 0.17 76.25 ± 7.96 246.39 ± 23.99 2.88 ± 0.24 115.61 ± 10.9
Below 84.32 ± 9.77 1.32 ± 0.13 59.47 ± 5.21 156.73 ± 20.82 2.49 ± 0.34 91.95 ± 8.20

Slope crest 91.19 ± 5.43 1.15 ± 0.09 64.05 ± 3.99 166.67 ± 16.34 1.49 ± 0.14 83.25 ± 6.10

Table 1
The density and survival rate of afforestation trees in GW and ZW (mean ± SD).

Slope aspect Position Zhangjiahe watershed Gaojiagou watershed

Tree density
(individuals ha−1)

Survival rate
(%)

Tree density
(individuals ha−1)

Survival rate
(%)

North-facing slope Upper 3712 ± 584 60.0 ± 3.7 2910 ± 211 60.0 ± 9.1
Middle 4077 ± 383 50.0 ± 4.8 2383 ± 423 76.7 ± 7.9
Below 4193 ± 1048 36.7 ± 6.4 3331 ± 335 46.7 ± 9.3

South-facing slope Upper 3776 ± 130 33.3 ± 1.1 2745 ± 484 50.0 ± 9.3
Middle 3733 ± 217 46.7 ± 3.8 2771 ± 347 66.7 ± 8.8
Below 3776 ± 130 43.3 ± 3.8 2495 ± 408 50.0 ± 9.3

Slope crest 3816 ± 265 16.7 ± 2.2 3113 ± 380 62.1 ± 9.0
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GW and ZWwas significantly higher in NRS than in AFS (P b 0.05). The
litter coverage was slightly higher on the south-facing AFS of ZW than
the south-facing NRS of ZW, with averages of 10.9% and 10.8%, respec-
tively (P = 0.973). The litter coverage at the other aspects and posi-
tions in the two watersheds was significantly higher on NRS than AFS,
with the following averages: 22.1% on the north-facing NRS of GW
and 12.4% on the north-facing AFS of GW (P = 0.018); 26.8% on the
south-facing NRS of GW and 10.3% on the south-facing AFS of GW
(P = 0.000); 23.1% on the north-facing NRS of ZW and 11.8% on the
north-facing AFS of ZW (P = 0.047) and 17.3% on the crest NRS of
ZWand 16.7% on the crest AFS of ZW (P = 0.871). On average, the litter
coverage on NRS of the two watersheds was 1.7 times higher than that
on AFS (Table 3).

3.3. Soil erosion and sediment deposition

3.3.1. Soil erosion
The results (Fig. 5) for AREF were 0.10 m3 FSP−1 in GW, with an

average of 0.05 m3 FSP−1 for AREU and 0.05 m3 FSP−1 for ARED, and
Fig. 4. Herbal coverage of AFS and NRS in GW and ZW. Notes: UNFS, upper position of north-fa
facing slopes; USFS, upper position of south-facing slopes;MSFS, themiddle position of south-fa
in the same column indicate no significant differences between the sites, and different letters i
were 0.09 m3 FSP−1 in ZW, with an average of 0.05 m3 FSP−1 for
AREU and 0.05 m3 FSP−1 for ARED. AREF was slightly higher on the
north-facing slopes than the south-facing slopes in both GW and ZW,
with averages of 0.11 and 0.10 m3 FSP−1 in GW and 0.11 and
0.09 m3 FSP−1 in ZW, though the values were not significant (P N 0.05).
However, the AREF values on the slope crests, with averages of
0.06 m3 FSP−1 in GW and 0.03 m3 FSP−1 in ZW, were significantly
lower than on the north-facing and south-facing slopes (P b 0.05).

The AREP values of the non-FSP part of the afforestation slopes in the
twowatershedswere 15.4 and 17.6% higher than in theNRS, though the
valueswere not significant (P = 0.459 and 0.948). On average, AREP on
the north-facing slopeswas significantly larger than at the other aspects
(P b 0.05) (Fig. 6).

3.3.2. Sediment deposition
The average depth of sediment deposition ranged from 4.3 to 6.7 cm

in ZW and 5.3 to 6.3 cm in GW. The ASDF values in both GW and ZW
were higher on the north-facing slopes (0.05 and 0.05 m3 FSP−1, re-
spectively) than the south-facing slopes (0.04 and 0.04 m3 FSP−1,
cing slopes; MNFS, middle position of north-facing slopes; LNFS, lower position of north-
cing slopes; LSFS, lower position of south-facing slopes; SC, the slope crest. The same letters
ndicate significant differences between the sites based on the LSD test (P b 0.05).

image of Fig.�4


Table 3
Litter cover and depth of AFS andNRS inGWand ZW(mean ± SD). The same letters in the same column indicate no significant differences between the sites, and different letters indicate
significant differences between the sites based on the LSD test (P b 0.05).

Watershed Slope aspect Position Afforestation slope Natural restoration slope

Litter coverage (%) Litter depth (cm) Litter coverage (%) Litter depth (cm)

Gaojiagou North-facing slope Upper 10.33 ± 0.96a 1.1 ± 0.2 14.33 ± 2.85c 2.0 ± 0.8
Middle 13.67 ± 1.14a 1.0 ± 0.1 18.00 ± 1.15c 1.2 ± 0.2
Below 13.22 ± 0.81a 1.6 ± 0.2 34.00 ± 3.79b 2.5 ± 0.3

South-facing slope Upper 9.22 ± 1.00a 1.0 ± 0.1 24.67 ± 2.91b 5.3 ± 1.2
Middle 10.22 ± 1.14a 1.0 ± 0.1 25.67 ± 0.33b 6.7 ± 0.9
Below 11.56 ± 1.56a 1.4 ± 0.2 30.00 ± 3.06b 6.0 ± 0.6

Zhangjiahe North-facing slope Upper 10.11 ± 1.69a 2.6 ± 0.6 22.00 ± 1.86b 3.0 ± 1.0
Middle 13.11 ± 1.50a 3.4 ± 1.1 17.00 ± 1.15 ac 2.5 ± 1.3
Below 12.22 ± 2.49a 3.6 ± 0.8 30.33 ± 2.40b 2.5 ± 0.5

South-facing slope Upper 8.44 ± 0.75a 1.5 ± 0.3 12.67 ± 1.53bc 8.3 ± 0.3
Middle 7.67 ± 0.82a 3.3 ± 0.7 5.00 ± 0.58c 5.8 ± 0.2
Below 16.67 ± 2.51b 3.3 ± 0.6 14.67 ± 2.60b 7.3 ± 0.3

Slope crest 16.07 ± 2.04ab 4.8 ± 0.9 17.33 ± 2.32b 6.7 ± 1.0
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respectively), though not significantly (P N 0.05). The values were also
lower on the slope crests (0.02 and 0.04 m3 FSP−1) than on the
north-facing and south-facing slopes (P b 0.05 in ZW and P N 0.05 in
GW) (Fig. 9). AREF averaged 54.6% in GW and 52.8% in ZW, higher
than ASDF.

4. Discussion

4.1. The survival and growth of trees afforested using FSPs

In this study, the average tree survival rate was 37.9% for planted
R. pseudoacacia in ZW after 8 years and was 58.9% for planted
P. armeniaca and P. davidiana in GW after 6 years. The survival rate on
the north-facing slopes was higher than on the south-facing slopes in
the two watersheds (Table 1). However, in a control field experiment in
the forest zone of the Loess Plateau near Yan'an City, Cao et al. (2008)
planted trees with a new planting technique in which a 60 × 60 ×
60-cm3 hole was created in the spring and lined with plastic film along
the bottom and sides. The authors found that the 10-year survival rates
of R. pseudoacacia, P. armeniaca and P. davidiana were 84.4%, 56.1% and
64.6%, respectively. Our results indicated that R. pseudoacacia afforested
with FSPs had a low survival rate, whereas P. armeniaca and P. davidiana
afforested with FSPs in the steppe zone had a similar survival rate as
that in the forest zone. Regardless, the growth of all three tree species
Fig. 5. Rill erosion on the upside and downside areas of FSPs in GWand ZW. Notes: UNFS, upper
position of north-facing slopes; USFS, upper position of south-facing slopes; MSFS, the middle
crest. The same letters in the same column indicate no significant differences between the site
test (P b 0.05).
was weak compared to the results of Cao et al. (2007). For example,
R. pseudoacacia with the conventional planting in Cao's study after 9-
years it was planted was an average of 60.0% taller than that with the
FSP planting in the present study after 8-years it was planted. Additional-
ly, all the trees were less than 4 m tall and less than 10 cm at DBH in our
study; the trees also exhibited a “small-aged tree” trend in the afforesta-
tionwith FSPs (Han andHou, 1996; Yu and Chen, 1996). Themain reason
for this result might be limited water availability. Indeed, several studies
have indicated thatwater limitation is themajor constraint to the survival
and growth of afforestation trees in arid regions (Graciano et al., 2005;
Ginsberg, 2000; Raffaelli, 2004). In addition, a higher tree survival rate
might result in higher soil water consumption, causing relatively more
soil water deficit. Moreover, the aspect was the main factor affecting
soilmoisture. The soilmoisture of the R. pseudoacacia forestwas generally
higher on the north-facing slopes than south-facing slopes, thus the
R. pseudoacacia forest survival rates on the north-facing slopes were
higher than on the south-facing slopes (Ma et al., 2010; Zhang and
Wang, 2002). Growth (such as tree height, canopy diameter and DBH)
is generally higher on north-facing slopes with higher soil water storage
than south-facing slopes with lower soil water storage (Wang et al.,
2011a), in accordance with our study results. Furthermore, the tree
density might be another possible reason for the difference in the tree
survival rate and growth. Shibata (2006) found that a thin density is an
effectivemethod for producingmultiple layeredwoodlands or improving
position of north-facing slopes; MNFS,middle position of north-facing slopes; LNFS, lower
position of south-facing slopes; LSFS, lower position of south-facing slopes; SC, the slope
s, and different letters indicate significant differences between the sites based on the LSD
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Fig. 6. Rill erosion of the non-FSP part of afforestation slopes andNRS inGWand ZW. Notes: AREPA, rill erosion amount of the non-FSP part on afforestation slopes; UNFS, upper position of
north-facing slopes; MNFS, middle position of north-facing slopes; LNFS, lower position of north-facing slopes; USFS, upper position of south-facing slopes; MSFS, the middle position of
south-facing slopes; LSFS, lower position of south-facing slopes; SC, the slope crest. The same letters in the same column indicate no significant differences between the sites, and different
letters indicate significant differences between the sites based on the LSD test (P b 0.05).

Fig. 7. Amount of sediment deposited inside FSPs in GW and ZW. Notes: UNFS, upper
position of north-facing slopes; MNFS, middle position of north-facing slopes; LNFS,
lower position of north-facing slopes; USFS, upper position of south-facing slopes; MSFS,
the middle position of south-facing slopes; LSFS, lower position of south-facing slopes;
SC, the slope crest. The same letters in the same column indicate no significant differences
between the sites, and different letters indicate significant differences between the sites
based on the LSD test (P b 0.05).
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the diversity ofwoodland structure, and the tree survival rate presented
a negative correlation with the tree density in the present study
(R = −0.65, P = 0.021) (Table 1).

4.2. Surface vegetation characteristics on afforestation slopes with FSPs

Vegetation is an important factor in controlling soil erosion and im-
proving the natural environment: it can reduce the impact energy of
precipitation, increase soil infiltration and reduce runoff and sediment
(Zhou et al., 2006). It has been proven that the high vegetation coverage
is helpful to reduce soil erosion (Zhao et al., 2013). Miao et al. (2012)
found that the vegetation cover in the Yellow river Basin of China,
especially in the water erosion region including the Loess Plateau area,
increased sharply since 2000 due to the implementing of “Grain for
Green” project. However, drought is a major constraint worldwide to
the establishment of vegetation (Schume et al., 2004), and the Loess
Plateau region poses a particular challenge for vegetation restoration
because of the aridity and the extent of desertification (Cao et al.,
2008). The study in Guyuan County of the Loess Plateau indicated that
long-term failures of afforestationmight occur as a result ofwater stress
and theuse ofwater demanding tree species (König et al., 2012). Several
studies have shown that tree growth may have resulted in unsustain-
able withdrawal of moisture from the soil (Cao et al., 2007). It has
been reported that the average soil water content in the 0–500-cm
layer of natural herb sites or grassland was significantly more than
that of afforested sites (Jiao et al., 2012; Zhao et al., 2013). Furthermore,
soil desiccation is often exacerbated by forest or non-native species,
which can remove large amounts of water from both the shallow soil
layer and the deep soil layer (N200 cm) where moisture is less likely
to be replenished by rainfall (Wang et al., 2008). Therefore, a poor
afforestation survival rate might lead to reductions in the soil water
consumed by tree species and a weak influence of the growth of the
herb layer. The results of our study also showed that the herbal coverage
in NRS was an average of 1.5 times higher than that in AFS (Fig. 4).
Furthermore, the slope aspect is one of the main topographic factors
that control the distribution and patterns of vegetation in mountain
areas (Titshall et al., 2000) because of the decreased evapotranspiration
and higher soil water content on north-facing slopes than on south-
facing slopes (Jin et al., 2008; Wang et al., 2008). In agreement, the
herb coverage on the north-facing slopes was generally higher than
on the south-facing slopes on both AFS and NRS in the two watersheds
in the present study.

The accumulation anddecomposition of the litter layer providemass
organic matter and nutrients, increase soil porosity, improve soil struc-
ture and promote plant root growth (Koukoura et al., 2003; Liu et al.,
2010) and can also intercept rainfall, reduce rainfall erosivity, slow
surface runoff and reduce soil erosion (Bochet et al., 1998; Fakhimi
et al., 2011; Molinar et al., 2001; Ross et al., 1990). Our study showed
that the average litter depth and litter coverage of NRSwere significant-
ly higher than AFS in the two watersheds (P b 0.05). The amount of
litter on north-facing slopes is higher than that on the south-facing
slopes, with the crest being the lowest on the same slope gradient (Liu
et al., 2010), in accordance with our study (Table 3).

4.3. The effect of FSPs on soil erosion

According to our study results, there was no significant difference in
rill erosion between the non-FSP parts of AFS andNRS (Fig. 6); however,
the total rill erosion on the upside and downside FSPs per ha was 2.14
times the average sediment deposition (Fig. 5, Fig. 7). In contrast, Fu
et al. (2009, 2010) showed that FSPs played an important role in reduc-
ing sediment under simulated heavy rainstorm conditions in runoff
plots (10 m long × 5 m wide), with an average reduction in runoff
and sediment above 60% and 90%, respectively. In fact, excavated
FSPs with larger-density plantings could inevitably alter the micro-
topography, thereby destroying the original slope structure and
restraining the diversity of the vegetation structure and, thus, making
a great contribution to soil degradation and soil erosion (Cerdà et al.,
2009; Shibata, 2006). Moreover, while FSPs are filled with sediment or

image of Fig.�6
image of Fig.�7


166 Z.-J. Wang et al. / Catena 115 (2014) 159–167
destroyed by runoff, the benefit of reduced sediment will rapidly
decrease (Shi, 1996). Thus, we conclude that FSPs cannot effectively in-
tercept sediment because of their small storage capacity. The difference
in rill erosion between AFS and NRS was derived from the rill erosion in
the upside and downside areas of FSPs.Moreover, natural succession re-
quires a long time to establish a stable vegetation cover (Römermann
et al., 2005) andmay be unacceptably long in regionswhere soil erosion
is a severe problem (Zhao et al., 2005). Planting trees was conducive to
soil erosion control (Zhou et al., 2006), yet planted trees could cause a
drying of the soil layer in the long term (Shangguan, 2007; Yang and
Tian, 2004). Thus, the unsuitable afforestationmeasuresmay not ensure
the success of afforestation and control soil erosion, such as the affores-
tation with FSPs in this study. Therefore, the efficiency of large-scale af-
forestation with FSPs might remain open to debate in such regions.

5. Conclusion

In conclusion, our study demonstrated that the survival rate of
R. pseudoacacia reforested with FSPs was low (or even no survival),
whereas the survival rates of P. armeniaca and P. davidiana were rela-
tively higher. However, the growth of all three tree species was poor,
showing the “small-aged tree” trend. The coverage of herb and litter
was lower in AFS than NRS, and the results were significant (P b 0.05).
The rill erosion caused by FSPs was much higher than the sediment
deposition inside the pits, with no effective control of soil erosion.
Therefore, we consider that large-scale afforestationwith FSPs is unsuit-
able in the steppe zone on the hilly-gully Loess Plateau.
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