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The Qinghai-Tibetan Plateau (QTP) is one of the most diﬃcult eco-regions for revegetation on degraded
grassland because of its harsh environment. Micro-topography could aﬀect habitat conditions important to
ecological restoration on sandy land; however, the interaction between revegetation and micro-topography has
been rarely reported on sand dunes of the QTP. Here, we quantiﬁed vegetation (including coverage, leaf area
index (LAI), height, and crown diameter) and micro-topographic parameters (including elevation, slope, and
aspect) to assess the eﬀects of topography on revegetation using ﬁeld observation data during 2008–2017 and
terrestrial laser scanning (TLS) in 2017. The results showed that: 1) the tested plant species for revegetation has
changed signiﬁcantly from 2008 to 2017, and the current dominant plant species were mainly introduced from
north China, including Hedysarum scoparium, H. fruticosum, and Artemisia sphaerocephala. 2) The eﬀectiveness of
revegetation has been improved remarkably over the past ten years. The vegetation coverage varies from 68.4%
to 80.5% at four big quadrats of 20 m × 20 m, while the LAI value varies from 2.30 to 3.27, the shrub height
ranges from 1.12 m to 7.57 m, and the crown diameter ranges from 0.24 m to 6.96 m. 3) A total of 153 shrubs
were extracted in these four quadrats using TLS; and 56.9%, 21.6% and 10.5% of them are distributed on the
southeastern, southern, and eastern aspects, respectively. The height and crown diameter of individual shrubs
are signiﬁcantly correlated with the local slope (p < 0.05) of which could aﬀect the distribution of artiﬁcial
seeding. These results suggest that aspect and slope are two key limiting factors for revegetation, and the habitat
conditions on the southeastern and eastern aspects favor revegetation on valley-slope sand dunes. These ﬁndings
provide a useful guidance in developing an integrated ecological restoration plan for sand dunes and selecting
the best practice management of ecosystem services on degraded grassland on the QTP.

1. Introduction
The United Nations Convention to Combat Desertiﬁcation (UNCCD)
deﬁned desertiﬁcation as land degradation in drylands due to climate
variations and/or human activities (UNCCD, 1994). The extreme climatic events in grasslands, such as drought and ﬂooding, in combination with poorly managed land use practices, including livestock
grazing and ﬁre wood collection, have resulted in persistent reduction
in ecosystem services in recent decades (Yao et al., 2011; Piao et al.,
2012; Barral et al., 2015; Li et al., 2016). According to a report on the
impacts of land conversion and management measures, 61.4 million
km2 of land has suﬀered from degradation globally, and 26% is severely

⁎

degraded (Gang et al., 2018).
The Qinghai-Tibetan Plateau (QTP) is the highest plateau in the
world and one of the most ecologically vulnerable regions in terms of
grassland degradation (Qiu, 2014; Liu et al., 2018). The area of sandiﬁcation, one of most important indicators to degraded grassland, has
covered 21.58 × 104 km2 on Tibet by 2014, the third largest area at the
provincial level after Xinjiang and Inner Mongolia in China (State
Forestry Administration, P. R. China, 2015). Although natural factors,
such as arid and windy climate, sparse or dwarf vegetation, and
abundant sand sources, are the major drivers for aeolian processes,
human factors, such as population growth, overgrazing, and unsuitable
reclamation activities, also play important roles on grassland
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Fig. 1. Revegetation on valley-slope sand
dunes near Lhasa Airport, Tibet from 2008 to
2017. (a) and (b) Photos that were taken from
southeast of the experimental plot in July 3rd,
2008 and in July 1st, 2017, respectively. (c)
Sowing seeds into footprints by trampling seeds
on sand dunes by feet following the hillslope
contours. (d) A photo of H. scoparium, which
was taken in July 1st, 2017.

Field observations have suggested a potential correlation between
micro-topography and revegetation structure on sandy land (Li et al.,
2017; Liao et al., 2019; Bradley et al., 2019). However, ﬁeld-based
monitoring and assessing revegetation eﬀectiveness on sandy land are
diﬃcult due to cost and technical challenges, which is labor- and timeintensive and impractical to perform at ﬁne spatial resolution over large
and remote areas like the QTP. A more recent active remote sensing
technology, light detection and ranging (LiDAR), is increasingly used to
measure shrub and forest structure (Coops et al., 2014). Especially,
LiDAR can provide detailed three-dimensional (3D) information of the
vegetation structure and topography (Greaves et al., 2015; Cao et al.,
2016). Laser scanning systems can be categorized as airborne (ALS) and
terrestrial laser scanning (TLS). While ALS can reach a spatial accuracy
of up to 5–10 cm, TLS accuracy can be managed to within millimeters,
especially beneﬁcial in low-stature ecosystems where a 5-cm error may
represent > 25% of the vegetation height (Zhao et al., 2018). TLS is a
ground-based LiDAR that can characterize 3D variations in shrub
structure and micro-topography, and it has been proven as a powerful
tool for quantifying vegetation structure in various ecosystems, such as
rangelands (Vierling et al., 2012; Eitel et al., 2014; Greaves et al.,
2016). However, few studies have been conducted to quantify the
parameters of revegetation and micro-topography on valley-slope sand
dunes using ﬁeld observation and TLS on the QTP.
In the work reported in this paper, we ﬁrst investigated the changes
in tested plant species and community composition on valley-slope sand
dunes in 2008–2017, and then extracted the vegetation and micro-topographic parameters, including coverage, leaf area index (LAI), height
and crown diameter of individual shrubs, elevation, slope, and aspect,
based on TLS and ﬁeld surveys, and ﬁnally assessed the eﬀects of microtopography on revegetation. This work aims to address two research
questions: 1) how did tested plant species change and 2) what are the

degradation (Li, 2012). Therefore, sandiﬁcation has become one of
critical issues for regional sustainable development and ecological security. For example, frequent dust storms in winter and spring have
caused extensive damage and economic loss in southern QTP, including
airport delays and closures, as well as the burial of the Qinghai-Tibetan
Railway by sand sheets and dunes (Shen et al., 2012).
Since 1999, Chinese government has implemented the “Western
Regions Development Strategy” and set a high priority to restore and
protect grassland ecosystems on the QTP. A series of ecological projects,
such as establishment of a national ecological security shelter zone (Sun
et al., 2012; Yan et al., 2018), and revegetation of artiﬁcial forest and
shrubs (Li et al., 2015; Shao et al., 2016), have been conducted to recover vegetation, prevent biodiversity loss, and increase ecosystem
services on degraded grassland. Over the past decades, the local government has also encouraged residents to restore vegetation on sandy
land, establish shelter forest for farmlands, and build wind breaks
around roads and railways. Although some practical guidance has been
summarized for future revegetation on degraded grassland, few scientiﬁc reports have been published on the interaction between revegetation structure and habitat factors (Li, 2012; Liao et al., 2019). In 2008,
we established a set of experimental plots to observe vegetation
changes on diﬀerent sandy lands, including valley-slope, ﬂoodplain,
and streambank sand dunes. Since then, continuous eﬀorts have been
conducted to promote revegetation eﬀectiveness, test suitable plant
species, and investigate the eﬀects of habitat factors on revegetation.
However, the mechanisms of micro-topography on revegetation are still
unclear due to complex micro-topographic conditions, such as relatively large elevation range, large slope gradient, strong mobility, and
low soil moisture content on valley-slope sand dunes (Li et al., 2013,
2017). In addition, mountain shade may also play an important role on
tested plant species.
14
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To obtain high quality point clouds of the vegetation and micro-topography, we conducted 18 scans from diﬀerent locations. The location of
the scanner for each scan was recorded using a GNSS RTK (Trimble
GNSS RTK 5700) with a based station for real time DGPS (diﬀerential
GPS) processing to achieve an absolute position accuracy of less than
5 cm. The scanned features, such as shrubs, sand dunes, and bedrocks,
and their detailed information, were also recorded in the ﬁeld.

impacts of micro-topographic factors on revegetation eﬀectiveness on
valley-slope sand dunes in southern QTP?
2. Materials and methods
2.1. Study area
This study was conducted on the third ﬂuvial terrace of the Yarlung
Zangbo River in Gongga County, Tibetan Autonomous Region of China
(90.889 °E and 29.337 °N near the Lhasa Airport), with altitudes ranging from 3560 m to 3730 m above sea level. This region belongs to the
semi-arid plateau temperate monsoon climate zone with the annual
precipitation of approximately 300–450 mm and the annual daily mean
temperature between 6.3 and 8.7 ℃. The soil is mainly composited of
sand, small fractions of silt and clay, and low contents of soil organic
matter and total nitrogen (Li, 2012). The pH of the soil is neutral, alkaline, and strong alkaline.
The experimental plots were established in 2008 to test vegetation
recovery on valley-slope sand dunes without any irrigation and sandprotecting barriers (Fig.1). The plot was fenced to prevent cattle and
sheep. The main aspects of the plot are southeast, south, and east. In
2017, revegetation, including shrubs and herbs, generally covered almost 45% of trial base, and the coverage can reach up to 95% in some
sand dunes. Some shrubs have reached 5.3 m in height with a canopy
coverage of 5.8 m × 5.1 m. Species richness increased from 2 to 8 for
vertebrates, including bird nests of Upupa epops on the shrubs and
rabbit (Lepus oiostolus) holes.

2.3. Data processing and analysis
2.3.1. TLS pre-processing
For all 18 scans, we ﬁrst co-registered and merged the two opposing-direction close-range point clouds in RiScan Pro software to
form a single close-range point cloud based on the location and reference targets of each scan (Zhao et al., 2018). We separated ground
and non-ground points by applying the progressive triangulated irregular network (TIN) densiﬁcation (PTD) ﬁlter to each raw TLS point
cloud (Axelsson, 2000; Zhao et al., 2016), using LiDAR360 software.
The digital digital model (DEM) and digital surface model (DSM) were
generated from ground and non-ground points through Kriging interpolation, respectively, with a spatial resolution of 1 m. Then, the canopy height model (CHM) was derived using the following equation:
CHM = DSM – DEM

(1)

After removing the ground points, the resulting point cloud became
disconnected point clusters of non-ground features. These non-ground
features could be categorized as shrubs, grasses, and other ground objects by constraining speciﬁc features of point clusters, including the
height diﬀerence of a point cluster and the projected area of a point
cluster. Furthermore, individual shrubs could be extracted by selecting
point clusters that had speciﬁc features (Zhao et al., 2018). Fig. 3 illustrates the distribution of dominant shrubs based on GF-2 satellite
image in October 2017 (with a spatial resolution of 1 m) and TLS-extracted canopy heights of the shrubs on valley-slope sand dunes.

2.2. Data collection
2.2.1. Field site setup and traditional surveys
We collected artiﬁcial seeding data of tested plant species in 20082010. The main tested plants included the northern China’s psammophyte species and the Tibet’s native species. The germination, emergence, and reproduction of these species were observed and collected
(Shen et al., 2012; Li, 2012).
Shrub is deﬁned as small- to medium-sized woody plant and is
distinguished from trees by its multiple stems and shorter height
(usually < 5 m) (Ministry of Environmental Protection, P. R. China,
2014). The sampled plot size for shrubland is usually from 5 m × 5 m to
20 m × 20 m. We conducted a detailed ﬁeld survey on species composition and revegetation community on four belt transects and 160
quadrats in 2011. The transects were established from the bottom to the
top of the slope with a series of 5 m × 5 m quadrats on both interdune
and windward sides of sand dunes (two for each type). The species,
vegetation coverage, height, crown diameter, ground diameter of the
dominant shrub, elevation and slope were recorded in each quadrat. In
total, we collected 7738 individual growth data and analyzed the
changes in species richness and biodiversity (Li et al., 2017). In 2017, a
random survey of 10 quadrats from the above 160 quadrats was conducted to check species composition and revegetation community.

2.3.2. Revegetation and micro-topography metrics
We ﬁrst sampled four big quadrats (20 m × 20 m) along two types
of belt transect (interdune and windward sides of sand dunes) in 2011
(Fig. 3b and Table 1), and H. scoparium is the dominant species in the
quadrats from # 1 to # 4. Then, we divided each big quadrat into 16
sub-quadrats with the size of 5 m × 5 m, and extracted shrub number,
vegetation coverage, and LAI value from each sub-quadrat. Vegetation
parameters of height, crown diameter, and crown area were derived for
each individual shrub in big quadrats (Fig. 3c), and micro-topographic
parameters, including elevation, slope, and aspect, were measured from
the DTM in four big quadrats by using ArcGIS (version 10.2).
2.3.3. Statistical methods
To compare the growth of extracted shrubs on diﬀerent aspects, we
ﬁrst aggregated the number, height, and crown area in each aspect of
each quadrat and then calculated the sum and proportion of these
parameters in each aspect of the four big quadrats. Pearson’s correlation
analysis was used to calculate the correlation coeﬃcient (r) and p-value
to measure the statistical signiﬁcance of the correlation between vegetation and topographic parameters. The p-values of 0.05 and 0.01
represent the statistical signiﬁcance at the conﬁdence level of 95% and
99% respectively. SPSS 20.0 software was used for statistical analysis.

2.2.2. TLS survey
We used a RIEGL VZ-400i TLS mounted on a tripod to conduct a
ﬁeld survey of the experimental plot on July 1st, 2017 (Fig. 2a). TLS is
an eﬃcient choice to acquire accurate ﬁeld data and measure parameters of low-stature vegetation, such as coverage, LAI, and tree height
(Coops et al., 2014; Greaves et al., 2015, 2016). The VZ-400i TLS has a
ﬁeld view of 360° horizontal (H) × 100° vertical (V), a laser pulse repetition rate of up to 1.2 MHz, and an accuracy of ± 5 mm at a range up
to 800 m, with a customizable scan spacing. This TLS unit acquires 3D
point cloud at a speed up to 500,000 points per second (http://www.
riegl.com/). Prior to the scan, 4 surveyor's poles were uniformly placed
along contour line of valley slope to help point cloud registration
(Fig. 2b). Multiple scan locations help reduce the occlusion caused by
rugged terrain and improve the density of point clouds (Lu et al., 2017).

3. Results
3.1. Changes in plant species and community composition
A total of 15 plant species, including 9 northern China’s psammophyte species and 6 Tibet’s native species, were tested for revegetation
on valley-slope sand dunes since 2008 (Table 2). In 2011, 14 species
15
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Fig. 2. Photos of the ﬁeld survey of the experimental plot. (a) scan target of planted shrub vegetation on the valley-slope sand dunes; (b) one of surveyor's poles.

#1 > #3 > #2 > #4. The largest crown diameter of individual shrubs
is 6.96 m from Quadrat #1. The maximum crown diameter of individual shrubs followed the order of Quadrat #1 > #3 (6.90 m) > #4
(6.64 m) > #2 (5.10 m), while the minimum crown diameter keeps the
order of Quadrat #1 > #3 > #2 > #4, ranging from 0.24 m to 1.40 m.

were found in 160 quadrats, belonging to 9 families and 12 genera.
However, only six of them were from the artiﬁcial seeding. The mean
heights of these tested plant species followed the order of Artemisia
sphaerocephala (0.46 m) > Hedysarum scoparium (0.38 m) > Calligonum
mongolicum (0.30 m) > A. wellbyi (0.26 m) > H. fruticosum var. mongolicum (0.18 m) > Sophora moorcroftiana (0.04 m). Among them, H.
scoparium had the largest number and maximum height of 1030 and
3.10 m, respectively. For natural succession, 8 native psammophyte
species occurred in the recovered community, likely beneﬁting from the
fencing protection. Some native species, such as Orinus thoroldii and
Agriophyllum squarrosum, had the largest numbers and could be used as
pioneer plants to protect the seedling emergence in the early stage of
revegetation.
In 2017, only 5 revegetation species were found in randomly sampled 10 quadrats. The tested plant species has grown rapidly during
2008–2017, and the most suitable species are mainly introduced from
north China, such as H. scoparium, H. fruticosum, and A. sphaerocephala.
H. scoparium has become one of dominant species, forming huge shrubs
on valley slope. The mean and maximum height of H. scoparium reached
5.32 m and 6.75 m, respectively (Fig. 4).

3.3. Micro-topographic parameters
Table 5 shows the elevation and slope extracted around individual
shrubs in the four big quadrats and their descriptive statistics in each
quadrat. The elevation spans from 3590.9 m to 3631.7 m, with the
smallest and largest values in Quadrats #4 and #1, respectively. The
order of mean elevation is Quadrat #1 (3625.4 m) > #3
(3613.2 m) > #2 (3607.7 m) > #4 (3590.9 m). The slope of individual
shrubs spans from 1.7° to 75.4°, and the mean value in each quadrat
varies from 28.8° to 34°. The order of mean slope keeps the same with
that of mean elevation. The order of the maximum slope is Quadrat #3
(75.4°) > #4 (72.1°) > #2 (70.9°) > #1 (67.2°). In general, the height
and crown diameter of individual shrubs are positively related to elevation from 3590 m to 3635 m (r = 0.074 and 0.290, respectively,
Fig. 5). However, only the correlation between height and slope
reached the 99% conﬁdence level (p < 0.01). The height and crown
diameter both exhibit signiﬁcant correlations with slope from 0° to 80°
(r = 0.160 and 0.177, respectively; p < 0.05). In four big quadrats,
the total number of extracted shrubs are 153, and 56.9%, 21.6% and
10.5% of them are distributed on the southeastern, southern, and
eastern aspects, respectively (Fig. 6 and Table 4). The numbers of extracted shrub are all < 6 on other aspects: Northeast (6) > Southwest
(4) = West (4) > Northwest (2) > North (1). The summed height in
diﬀerent aspects follows the order of Southeastern (218 m) > Southern
(100 m) > Eastern
(44.8 m) > Northeast
(15.9 m) > Southwest
(15.6 m) > West (11 m) > Northwest (5 m) > North (2.3 m), while the
largest accounts for 52.7%. The summed crown area ranges from 3.1 m2
to 522 m2 following the same order of the height. These results indicate
that micro-topography plays an important role on the distribution of
artiﬁcial seeding and the growth of dominant shrubs.

3.2. Extracted vegetation parameters
Table 3 shows the vegetation coverage and LAI values extracted
from four big quadrats and their descriptive statistics of 16 sub-quadrats in each big quadrat. The vegetation coverage of each quadrat
ranges from 68.4% to 80.5%, and the LAI value varies from 2.30 to
3.27. Vegetation coverage and LAI value of big quadrats follow the
order of Quadrat #4 > #3 > #2 > #1. The mean vegetation coverage
and LAI value for the sub-quadrats are similar to the big quadrats with
the values of 58%–69% and 1.80–2.53, respectively. The largest coverage and LAI value of sub-quadrats both occur in Quadrat #4, with the
maximum values of 90% and 4.59, respectively. The smallest coverage
and LAI values of sub-quadrats present at Quadrat #1, with the
minimum values of 44% and 1.16, respectively.
Quadrat #4 has the largest number of individual shrubs (62), followed by Quadrat #2 (38), #3 (36), and #1 (17) (Table 4). The height
of individual shrubs in diﬀerent quadrats ranges from 1.12 m to 7.57 m,
and the mean height in each quadrat follows the order of Quadrat
#3 > #1 > #2 > #4. The largest height of individual shrubs is 7.57 m
from Quadrat #3. The maximum height of individual shrubs followed
the order of Quadrat #3 > #2 (5.88 m) > #4 (5.39 m) > #1 (4.71 m),
while the minimum height keeps the order of Quadrat
#1 > #3 > #4 > #2, ranging from 1.12 m to 1.58 m.
The crown diameter ranges from 0.24 m to 6.96 m, and the mean
value in each quadrat follows the order of Quadrat

4. Discussion
4.1. Impacts of micro-topographic factors on revegetation eﬀectiveness
In this study, we investigated the changes in tested plant species,
topographic parameters, and revegetation structure using TLS and ﬁeld
observation data. We found that the tested plant species for revegetation has decreased greatly from 15 to 5, and the largest vegetation
coverage, LAI value, and shrub height have reached 90%, 4.59, and
16
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Fig. 3. Map of shrub distribution and height of recovered vegetation on valley-slope sand dunes. a) GF-2 satellite image, b) height of recovered vegetation and
distribution of four big quadrats, c) stereogram of four big quadrats and shrub height.

vegetation coverage and density directly (Li et al., 2013). Variations in
soil moisture are not only aﬀected by precipitation and water table, but
also inﬂuenced by landform and solar radiation (Famiglietti et al.,
1998; Li et al., 2013). The recovered shrubs are mainly distributed on
the southeastern and eastern aspects, accounting for 56.9% and 10.5%
of the total number in four big quadrats, respectively. In general, the
sprout and seedling on sand dunes were sensitive from sunburn,
whereas the southeastern and eastern aspects receive less solar radiation and evaporation in the afternoon due to the mountain shade. In
addition, few studies have investigated the correlation between revegetation and micro-topographic parameters of sand dunes (AlvarezRogel et al., 2007; Li et al., 2013), due to the lack of long-term observation and technical challenges, such as extraction of vegetation
vertical structure for shrubs. Our results show no signiﬁcant correlation
between plant growth (height and crown diameter of individual shrubs)
and elevation (Fig. 5). However, the correlations between the height

Table 1
Number of plant individuals in each survey belts of revegetation on valley-slope
sand dune.
Belt transects

Types

Quadrats

Total area (m2)

Plant individuals

1
2
3
4

Interdune
Interdune
Windward
Windward

56
30
30
44

1400
750
750
1100

2507
2120
1251
1500

7.57, respectively, in 2017. Compared with related reports on revegetation on sandy land in the middle reaches of Yarlung Zangbo River
basin in 1996 and 2012, the eﬀectiveness of revegetation was signiﬁcantly improved on our experimental plot in 2008–2017 (Liu, 1996;
Shen et al., 2012). Soil moisture content was the key habitat factor that
restricted the seed germination and seedling growth, and aﬀected
17
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Table 2
The surviving situation and height statistics of tested plant species during 2008–2017
Plant species

Hedysarum scoparium
Artemisia sphaerocephala
Hedysarum fruticosum var. mongolicum
Calligonum mongolicum
Caragana intermedia
C. korshinskii
Hippophae rhamnoides subsp. Sinensis
Apocynum venetum
Haloxylon ammodendron
Sophora moorcroftiana
Artemisia wellbyi
C. versicolor
C. spinifera
Hippophae thibetana
Hippophae rhamnoides subsp. gyantsensis
Oxytropis sericopetala
Agriophyllum squarrosum
Heteropappus gouldii
Ceratostigma ulicinum
Orinus thoroldii
Aristida tsangpoensis
Sabina pingii
Buddleja hastata

2008

20092010

+
+
+
+
+
+
+
+
+
+
+
+
+
+
+

Height in 2011 (m)

Height in 2017 (m)

No.

Min.

Max.

Mean

No.

Min.

Max.

Mean

1030
22
145
19
–
–
–
–
–
22
75
–
–
–
–
291
2167
163
10
3424
7
2
1

0.02
0.05
0.03
0.12
–
–
–
–
–
0.01
0.02
–
–
–
–
0.02
0.00
0.01
0.03
0.03
0.21
0.56
0.21

3.10
0.80
0.81
0.81
–
–
–
–
–
0.42
0.65
–
–
–
–
0.50
0.07
0.17
0.34
0.96
0.76
0.68
0.21

0.38
0.46
0.18
0.30
–
–
–
–
–
0.04
0.26
–
–
–
–
0.19
0.03
0.04
0.11
0.43
0.42
0.62
0.21

32
3
4
–
–
–
–
–
–
4
3
–
–
–
–

1.60
0.55
0.65
–
–
–
–
–
–
0.32
0.16
–
–
–
–

6.75
1.30
2.20
–
–
–
–
–
–
1.35
0.70
–
–
–
–

5.32
0.89
1.10
–
–
–
–
–
–
0.86
0.36
–
–
–
–

Growth Form

Native or not

Shrub
Undershrub
Undershrub
Shrub
Shrub
Shrub
Shrub or tree
Undershrub
Shrub
Undershrub
Shrub-shaped herb
Shrub
Shrub
Shrub
Tree
Perennial herb
Annual herb
Annual herb
Undershrub
Perennial herb
Perennial herb
Shrub
Shrub

×
×
×
×
×
×
×
×
×
√
√
√
√
√
√
√
√
√
√
√
√
√
√

The symbol “+” refers to tested plant species in 2008 or 2009–2010; The symbol “-” refers to no tested plant species found in 2011 and 2017; The symbol “×” refers
to tested plant species introduced from northern China; The symbol “√ “refers to native species of Tibet.

structure, topography, and ground treatment of sand dunes in 2011.
This investigation required four people spending two weeks to ﬁnish
the ﬁeld work and obtain detailed measurements, such as vegetation
coverage, height, crown diameter, elevation, and slope; however, the
data accuracy of vegetation and micro-topography structure could not
reach millimeters (Li et al., 2017; Liao et al., 2019). This study also
developed a set of indicators to assess the revegetation eﬀectiveness of
low-stature structures that can be used in other regions. Note that the
methods to derive vegetation structure of shrubs using LiDAR data are
diﬀerent from the methods established in forest systems due to the
severely abbreviated height range of shrub vegetation (Estornell et al.,
2011; Olsoy et al., 2014; Lin et al., 2019). We found that using TLS to
quantify vegetation metrics in low-stature ecosystems remains challenging, just like Alexander et al. (2018) found that the error of the
estimated height with a conical crown was inﬂuenced by the angle of
the crown. ALS and TLS can be applied to diﬀerent situations because of
their own features (Greaves et al., 2015; Bhardwaj et al., 2016);
therefore, to better promote the use of LiDAR technique to assess revegetation eﬀectiveness, a further study plan should be developed to
use ALS to extend scanning spatial range and diminish the errors of data
processing.

and crown diameter of individual shrubs and slope reached the 95%
conﬁdence level (p < 0.05), as the slope could aﬀect the distribution
of artiﬁcial seeding. Therefore, we concluded that the aspect and slope
are two key limiting factors to recover plants by artiﬁcial seeding, and
the habitat conditions on the southeastern and eastern aspects favor to
revegetation on valley-slope sand dunes.

4.2. Extraction of revegetation and micro-topography structure using TLS
LiDAR could provide detailed 3D measures of vegetation structure,
and using TLS could not only extract horizontal parameters (such as
coverage of quadrat, crown diameter and crown area of individual
shrubs), but also obtain vertical parameters (such as LAI and height of
individual shrubs), of which are main indicators to assess revegetation
eﬀectiveness on degraded grassland (Dubayah and Drake, 2000; Cao
et al., 2016). Traditionally, the vertical parameters of revegetation are
not easily extracted with a spatial accuracy within millimeters, especially on a large scale on the QTP. Here, TLS was conducted to extract
horizontal and vertical parameters of revegetation and micro-topography on valley-slope sand dunes. Both parameters have been easily
acquired through LiDAR 3D point cloud data. Therefore, TLS could be
used as an important tool to assess revegetation pattern on the remote
areas like the QTP and allow detecting changes in parameters of vegetation and topography on degraded grassland.
Compared with the traditional methods suggested in Speciﬁcation
of Biodiversity Monitoring and Evaluation for Forest Ecosystem (LY/
T2241-2014) (State Forestry Administration, P. R. China, 2014) and
Technical Guidelines for Biodiversity Monitoring-Terrestrial Vascular
Plants (HJ 710.1-2014), TLS has some obvious advantages in investigating revegetation eﬀectiveness under alpine cold, hypoxia, and
strong radiation circumstances in the QTP, including saving labor and
ﬁnancial resources (Li, 2012; Li et al., 2017), acquiring high resolution
and detailed 3D information of revegetation metrics, and systematically
evaluating the relationship between revegetation and micro-topography. For example, we conducted a detailed ﬁeld survey on valleyslope and ﬂoodplain sand dunes using traditional methods to investigate the distribution and growth of tested plant species, vegetation

4.3. Countermeasures of ecological restoration on degraded grassland
Understanding micro-topographic factors that control the position
and growth of artiﬁcial seeding is important for ecological restoration
on valley-slope sand dunes, as well as for eﬀectively revegetation and
sustainably managing degraded grassland on the QTP. To promote future revegetation, we intend to develop an integrated approach to improve ecosystem services on sandy lands using the successfully tested
plant species, classifying aspect of valley slope, choosing suitable
ground treatment of sand dunes to alter slope gradient, and utilizing
positive eﬀects of warming climate (Li et al., 2016; Zhang and
Huisingh, 2018). This approach includes the assessment of revegetation
potential under diﬀerent micro-topographic and climate conditions,
applicable targets of ecological restoration, and systematic management of revegetation eﬀectiveness. The ﬁnal goal is to integrate
18
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Fig. 4. Height, coverage and LAI value of four big quadrats of revegetation on valley-slope sand dunes.
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Table 3
Vegetation coverage and LAI values of four big quadrats and descriptive statistics of vegetation parameters of 16 sub-quadrats in each quadrat.
Quadrat

#1
#2
#3
#4

Coverage /%

68.4
74.4
79.6
80.5

LAI value

2.30
2.73
3.18
3.27

Numbers of sub-quadrat

16
16
16
16

Coverage of sub-quadrats (%)

LAI value of sub-quadrats

Min.

Max.

Mean

Std. Deviation

Min.

Max.

Mean

Std. Deviation

44
46
53
50

79
82
82
90

58
65
67
69

0.11
0.11
0.08
0.12

1.16
1.23
1.52
1.39

3.16
3.43
3.40
4.59

1.80
2.18
2.28
2.53

0.63
0.64
0.49
0.94

Table 4
Descriptive statistics for height and crown diameter of individual shrubs in four big quadrats.
Quadrat

#1
#2
#3
#4

Number of shrubs

17
38
36
62

Height of individuals (m)

Crown diameter of individuals (m)

Min.

Max.

Mean

Std. Deviation

Min.

Max.

Mean

Std. Deviation

1.58
1.12
1.38
1.13

4.71
5.88
7.57
5.39

2.66
2.57
3.14
2.54

1.07
1.28
1.57
1.02

1.40
0.49
0.79
0.24

6.96
5.10
6.90
6.64

3.25
2.16
2.57
2.00

1.35
0.94
1.30
1.22

Table 5
Descriptive statistics for elevation and slope of individual shrubs in four big quadrats.
Quadrat

#1
#2
#3
#4

Number of shrubs

17
38
36
62

Elevation of individuals (m)

Slope of individuals (°)

Min.

Max.

Mean

Std. Deviation

Min.

Max.

Mean

Std. Deviation

3619.5
3601.9
3606.1
3590.9

3631.7
3613.0
3619.9
3602.9

3625.4
3607.7
3613.2
3596.6

3.31
2.58
3.30
3.14

16.3
15.4
7.4
1.7

67.2
70.9
75.4
72.1

34.0
32.3
32.5
28.8

10.03
8.56
14.45
15.22

and crown diameter of individual shrubs exhibit signiﬁcant correlations
with slope (r = 0.160 and 0.177, respectively; p < 0.05). The total
number of extracted shrubs are 153, and 56.9%, 21.6% and 10.5% of
them distribute on the southeastern, southern and eastern aspects. The
largest proportion of the accumulative height and crown area occurred
on the southeastern aspect, following by the southern and eastern aspects. Understanding the mechanisms of micro-topographic factors
played on revegetation is important for eﬀectively restoring and sustainably managing degraded grassland on the QTP. Our results indicate
that the aspect and slope play an important role on the species distribution and the growth of dominant shrubs. These ﬁndings could
provide a useful guidance in developing an integrated ecological restoration plan for valley-slope sand dunes and selecting the best practice management of ecosystem services on degraded grassland in the
QTP.

improvement of ecosystem services and revegetation on degraded
grassland to protect the livelihood of local residents in the QTP, to
safeguard the operation of airports, railways/roads, and also to beneﬁt
the people’s living environment around the QTP.

5. Conclusions
We evaluated the changes in plant species, vegetation structure, and
micro-topographic parameters on an extremely degraded grassland in
the middle reaches of Yarlung Zangbo River in 2008–2017, based on
ﬁeld investigation and TLS scans. From 2008 to 2017, the eﬀectiveness
of revegetation on the degraded land in the QTP had signiﬁcantly improved: the largest vegetation coverage, LAI value, and shrub height
has reached 90%, 4.59, and 7.57, respectively, while in 2008 these
indicators are almost 0. The tested plant species for revegetation has
decreased greatly from 15 to 5, and the most suitable species were
mainly introduced from north China in 2017, including H. scoparium, H.
fruticosum, and A. sphaerocephala.
TLS is a powerful tool to accurately measure parameters of revegetation and micro-topography on degraded grassland and could be
used to assess revegetation pattern and identify the key limiting factors
of micro-topography on the remote areas in the QTP. The vegetation
coverage of four big quadrats ranges from 68.4% to 80.5%, while the
LAI value varies from 2.30 to 3.27 in 2017. The mean vegetation coverage and LAI values from the sub-quadrats keep the same order as the
big quadrats, ranging 58%–69% and 1.80–2.53, respectively. The
heights of individual shrubs range from 1.12 m to 7.57 m in diﬀerent
quadrats, and the crown diameters range from 0.24 m to 6.96 m.
The extracted elevation spans from 3590.9 m to 3631.7 m, and the
slope of individual shrubs spans from 1.7° to 75.4°. The height and
crown diameter of individual shrubs are generally positively correlated
to elevation (r = 0.074 and 0.290), and the correlation between height
and slope reached the 99% conﬁdence level (p < 0.01). The height
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