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alpine eco-region of the Tibetan Plateau. However, the effectiveness of revegetation and its controlling
factors have rarely been reported. We collected plant growths and species composition from seven field
sites in 2011 and conducted a follow-up random investigation in 2016. The indicators, including richness
and diversity, were used to compare the differences among these sites based on redundancy and cluster
analyses. The results indicated that plant growth has different characteristics in different land types.

. The distribution and growth of Artemisia sphaerocephala, Artemisia younghusbandii and Heteropappus

. gouldii varied with topography, and the crown widths of A. sphaerocephala were 100.6 cm X 87.2cmon

. barchan dune and 26.0 cm X 25.4cm on moving sandy land at valley slopes. These species are likely the
pioneer plants for revegetation on sandy land. It seems that sand-protecting barriers play an important
role in revegetation. The stone and plastic checkerboard barriers increase plant diversity, while straw
barrier promotes the plant growth. These findings provide useful guidance to the ongoing vegetation
recovery on sandy land, an important component of the Project on Construction and Protection of
Ecological Security Barriers on the Tibetan Plateau.

Desertification has become a worldwide concern because of its adverse impacts, such as the destruction of
infrastructure, damage to economic loss, and increase in regional poverty and social instability2. Based on the
Millennium Ecosystem Assessment (MA) in 2000, one quarter of land have been degraded in the world, while
the impacts of socio-economic and policy drivers on land degradation have not been reduced since the United
Nations Convention to Combat Desertification (UNCCD) entered into force’. Many countries have joined the
UNCCD and made positive progress in desertification control®. For example, a series of projects have been
launched against desertification in the Mediterranean countries of Europe®~’. In western Asia, including Iran and
Iraq, extensive efforts also have been directed to combat desertification®'!. However, many projects have not been
effective due to the lack of ecological function perspective, such as improper seeding, unsuitable sand barrier and
unreasonable erosion control'%.

The Tibetan Plateau, referred to as the “Third Pole” of Earth and the “Water Tower of Asia’, is naturally dom-
inated by aeolian processes, particularly wind erosion and dust emissions®!*. The area of sandification, a major
type of desertification, reached 34.04 x 10* km? on the Tibetan Plateau by 2014'. In China, national scale and
billion-dollar projects have been undertaken for desertification control'>'¢. Since 1999, Chinese government has
implemented the “Western Regions Development Strategy” with a high priority to protect ecosystems on the
Tibetan Plateau. A series of ecological protection and restoration projects have been conducted to prevent vege-
tation loss and recover degraded land and its related ecological services!”. This effort includes planting artificial
forest and shrubs over the plateau'®!°. Revegetation on sandy land is a crucial mission for people living in arid,
semi-arid, and dry subhumid areas®. Previous reports show that revegetation includes not only vegetation cover-
age, but also recovery of community structure?"*? and plant diversity?***. The planting of shrubs, trees®®, and graz-
ing exclusion?*? has a positive impact on revegetation. However, few studies have focused on the effectiveness
of recovery techniques? and the relationship between vegetation and topography?*%. It is important to identify

INanjing Forestry University, Nanjing, 210037, China. 2Nanjing Institute of Environmental Sciences, Ministry of
Ecology and Environment, Nanjing, 210042, China. 3Centre of Co-Innovation for Sustainable Forestry in Southern
China, Nanjing Forestry University, Nanjing, 210037, China. “School of Forestry and Environmental Studies, Yale
University, New Haven, CT, 06511, USA. *Department of Geography, University of Tennessee, Knoxville, TN, 37996,
USA. Correspondence and requests for materials should be addressed to Y.X. (email: nfuxyn@126.com) or H.L.
(email: lihd2020@163.com)

SCIENTIFIC REPORTS | (2019) 9:6501 | https://doi.org/10.1038/s41598-019-43034-8 1


https://doi.org/10.1038/s41598-019-43034-8
http://orcid.org/0000-0002-4958-5252
mailto:nfuxyn@126.com
mailto:lihd2020@163.com

www.nature.com/scientificreports/

Annual Annual mean
Study area Climate type rainfall (mm) | temperature (°C) | Surrounding plants
S. moorcroftiana, A. wellbyi, Artemisia
Shannan Wide Valley | Semi-arid 300-450 6.3-8.7 younghusbandii, Oxytropis sericopetala, Orinus

thoroldii, Trikeraia hookeri, Salix xizangensis,
Populus alba var. pyramidalis and Ulmus pumila.

S. moorcruftiuna, Artemisia xigazeensis, A.
Shigatse Wide Valley | Warm and semi-arid | 290-440 5.0-6.5 wellbyi, O. sericopetala, O. thoroldii, T. hookeri, S.
xizangensis, P. alba var. pyramidalis and U. pumila

Table 1. climate conditions and plant composition of study area.

the key limiting factors, such as sandy land types and sand-protecting barriers, and how these factors affect the
revegetation.

Revegetation on sandy land is limited by surrounding environment®*-*. Habitat factors on sand dune are
easily changed by wind erosion, sand accumulation, and dune encroachment; thus plant distributions are limited
by their positions?’. The micro-topography of sandy land affects the plant distribution, but it can be changed by
protecting barriers. In 2008, we established a set of experimental plots with no irrigation systems to observe plant
species growth, habitat factors, the best seeding period, as well as the pattern and structure of native psammo-
phytes population. However, revegetation patterns on different sandy land types and the influences of topography
are still poorly understood due to the adverse effect of mountainous environment and harsh climate conditions
for field investigation. This paper provides our first investigation on the vegetation coverage, crown width, and
species composition from different sandy land types and protecting barriers. We also analyzed the growth of
plant species and vegetation community on different land types, identified the corresponding dominant species
for each land type, and elucidated the effectiveness of sand-protecting barriers on revegetation. Finally, we sum-
marized and put forward the patterns of revegetation and recommendations for the future development on the
revegetation work of local government and residents. Specifically, the following questions were addressed: (1) is
topography one of the key limiting factors that affect plant growth and distribution on different sandy land types?
and (2) how does revegetation effectiveness change among sand-protecting barriers?

Methods
Study area. The Yarlung Zangbo River in China, stretching across the southern edge of the Tibetan Plateau
from west to east, is approximately 2057 km long with a drainage area of 2.4 x 10° km??*. The middle reaches of the
Yarlung Zangbo River (Shigatse and Shannan wide valleys) are part of the alpine eco-region of the Tibetan Plateau
with extremely fragile environment dominated by wind erosion, debris flow, landslide and soil salinization.
Three field sites were selected in Shannan and Shigatse wide valleys. The climate conditions and plant compo-
sition are shown in Table 1. The soil types are mainly aeolian sandy soil with coarse texture. The capacity of soil
water and nutrients conservation is poor*. Field seeding experiments on sandy land were conducted in 2008 and
2009. The main testing plant species included the northern China’s psammophyte plant, such as Artemisia sphaer-
ocephala, Hedysarum scoparium and Calligonum mongolicum, and the Tibet’s native species, such as Sophora
moorcroftiana and Artemisia wellbyi. The growth of northern China’s psammophyte plants is better than that of
Tibet’s native species®.

Experimental design. We selected four types of sandy land topography to collect plant growth data, includ-
ing Low sand belt (A), Sandy gravel ground (B), Barchan dune (C), and Moving sandy land on valley-slope (D).
The sample selection and layout are shown in Table 2. The sand-protecting barriers are difficult to implement for
high and cold sandy land, especially for the moving sandy land on valley-slope. Therefore, three sand-protecting
barriers were only laid on moving sandy land on the floodplain, which was one of the four types, in 2008. The
three sand-protecting barriers include straw barriers (D1 & D2), plastic and stone checkerboard barriers (D3),
and untreated (Low sand belt, D4) (Table 3). Among them, D1 was near the river and D2 was close to the road
(Fig. 1A). For D3, stone checkerboard barriers were used on downhill and plastic checkerboard barriers were
used on uphill (Fig. 1B,C). Straw barriers were placed on D1 and D2 at intervals of about 1 m. The layer thickness
and height were 10-20 cm and 30-40 cm, respectively (Fig. 1A). Each stone checkerboard barrier was 1m x 1m,
the thickness and height were 10-20 cm and 20-30 cm, respectively (Fig. 1B). Each plastic checkerboard barrier
was 25 cm X 25 cm, the height was 5 cm, and the material was mainly high-density HDPE (Fig. 1C).

Data collection.  Soil sampling. In 2011, quadrats of 5 x 5m were placed at each site along the sampling line
on each sandy land type. For moving sandy land on valley-slope, the sampling line was laid on the southeast slope
which was leeward slope and good for plant growth. The number of quadrats for each site is shown in Table 3. The
basic situation is shown in Table 3 for sand-protecting barriers. Site variables included GPS locations, dune shape,
dune height, dune density, slope, aspect, and soil particle composition. Dune density was determined by the rate
of deposition of sand from a container with a specified size and number of holes into another box*. Soil particle
composition was determined by the pipette method in a sedimentation cylinder, using sodium hexametaphos-
phate as the dispersing agent. In July 2016, the status of revegetation in these sites was examined using the random
sampling method to compare the effect with that in 2011.

Soil samples (0-40 cm depth) were taken at five points in each quadrat in the four types of sandy land topog-
raphy, and then bulked and well-mixed to make one composite sample (Table 2). After air drying, each composite
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Moving sandy From north

A land on flood | 29°20'N, 90°54'E Low sand belt <1 <50 1-15 to south Very fine sand 2 7
plain
Moving sandy Sandy gravel

B land on flood | 29°20'N, 90°54'E Ve <1 <50 1-8 — Very finesand | 2 8
plain groun
Moving sandy From north

C land onriver | 29°20' N, 89°21'E Barchan dune 2-5 60-70 1-18 th Very fine sand — 6
bank to souf
Moving sandy .

D land on valley- | 29°20'N, 90°53’E MOVlﬁg sa.tlldy lnd | _ >80 1-31 Sutheast Very fine sand 4 7
dlope on valley-slope

Table 2. Field site situation of different sandy land topography.

D1 2 12 12.83+2.67a
D2 2 20 14.394+3.22a
D3 2 16 19.064+2.97 a
D4 2 8 19.641+4.63a

Table 3. Sample data of different sand-protecting barriers in moving sandy land on the floodplain in Shannan
Wide Valley. Vegetation coverage with significant differences are given as mean = SE. Values with the same letter
are not significantly (P >0.05).

C

Figure 1. Sand-protecting barriers in moving sandy land on flood plain in 2009. (A) Straw barriers, (B) stone
checkerboard barriers, (C) plastic checkerboard barriers.

sample was sieved to <2 mm for the analysis of soil particle composition, and to <0.1 mm for the determination
of soil pH, organic matter, total nitrogen (N), available phosphorus (P) and available potassium (K).

The soil pH was determined in 1:2.5 soil-water extracts with a digital pH meter (Cyberscan 2100 model;
Beijing, China). The organic matter was determined using the dichromate oxidation method. Total N was
measured using the Kjeldahl method. Available P was extracted using the double acid method followed by the
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A. sphaerocephala X X X X
H. scoparium X X X X
In-iegcjl)goal:?urzq fruticosum var. « « %
S. moorcroftiana X X X
O. sericopetala X X X X
A. wellbyi X X X X
A. frutescens X

A. younghusbandii X

H. gouldii X
C. arborescens X
A. tsangpoensis X
C. minus X
A. squarrosum X X X
O. thoroldii X X X X

Table 4. Species found in the types studied. A is low sand belt, B is sandy gravel ground, C is barchan dune, D is
moving sandy land on valley-slope. Crosses indicate the presence of this species in the sandy land type.

molybdenum blue method. Available K was extracted with 1.0 M ammonium acetate and determined by flame
photometry (FP640; Shanghai, China).

Vegetation sampling. A vegetation survey was conducted at each quadrat in July 2011. The coverage and type
of vegetation were recorded in each quadrat. The percentage of total plant cover was obtained, using the quadrat
estimation methods’. The height of the tallest (longest) stem and crown width along the long and perpendicular
axis were recorded for each plant.

Statistical analysis. The Margalef species richness index (M) is defined as
M = (S — 1)/ InN (1)

where S is the number of species, and N is the total number of plants recorded in each quadrat. The
Shannon-Wiener diversity index (H) was calculated to interpret species-composition change among sandy land
types and sand-protecting barriers. H is defined as

S
H=—S(Pi- InPi
> @

where P; is the relative abundance of species i based on its total number.

A one-way analysis of variance (ANOVA) was used to analyze the difference between mean values, and
Duncan’s multiple range tests were selected to compare the means, calculated at p < 0.05 level. SPSS 20.0 software
was used for these analyses.

Cluster and ordination (redundancy analysis [RDA]) analyses were conducted to analyze the similarities or
differences among the different sandy land types in terms of the composition and abundance of plant species.
M, vegetation coverage, and the average crown width of each species were processed by CANOCO 4.5 using the
environment data (N, P, K ef al.) for RDA with Monte Carlo permutation test.

Results

Vegetation composition and distribution on sandy land types. A total of 14 species were found in
different sandy land types (Table 4). Five of them (A. sphaerocephala, H. scoparium, O. sericopetala, A. wellbyi
and O. thoroldii.) were present in all four land types, but their crown width and number were different. The den-
drogram (Fig. 2) obtained from the cluster analysis shows three major groups (1, 2, and 3). Group 1 primarily
composes of low sand belt and sandy gravel ground where dune height and density are less than 0.1 m and 0.5,
respectively. Group 2 includes all samples from the moving sandy land on the valley-slope and the dune density
is more than 0.8. In group 3, the samples are from the barchan dune with the dune height and density of 2-5m
and 60-70%, respectively.

From RDA, axis 1, 2, 3 and 4 explain 49.1% of the sample variability (axis 1 =24.9%, axis 2 = 19.7%, axis
3=2.7%, axis 4=1.8%). In Fig. 3 where axes 1 and 2 are drawn, three groups mentioned earlier also can be dis-
tinguished according to the different types of sandy land topography. For environmental variables, in group 1,
especially the sandy gravel ground, the pH and organic matter are higher than those in other groups. Group 2 has
the highest content of total N, while the available P and K are the highest in group 3. The vegetation coverage of
group 1 and 3 are higher than that of group 2, while group 3 has the highest species richness. The crown widths of
S. moorcroftiana, A. younghusbandii, H. scoparium and Atraphaxis frutescens have the highest positive correlation
with available K and they grow well in group 3. Similarly, the crown widths of Heteropappus gouldii, Ceratostigma
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Figure 2. Dendrogram showing census grouping based on their species composition, abundance and
vegetation coverage.
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Figure 3. RDA of census based on their Margalef species richness index (M), vegetation coverage and

the average crown width of each species, combining with various environmental factors. The Monte Carlo
Permutation Test (p < 0.05): the species-environment correlation values are 0.96 and 0.94 for Axis 1 and Axis
2, respectively. Black squares are sample (A), black triangles are sample (B), black circles are sample (C), white
circles are sample (D). White triangles are Margalef species richness index (M), vegetation coverage and each
species. Black arrows represent environmental factors.

minus, Calligonum arborescens, A. wellbyi, Aristida tsangpoensis and Agriophyllum squarrosum have the highest
positive correlation with total N and are greater in group 2 than in other groups.

As with the RDA analysis, the Margalef species richness index of the barchan dune is higher than other sand
dune types and the moving sandy land on the valley-slope is the lowest. The Shannon-Wiener diversity index
indicates that diversity is greater in the sandy gravel ground and barchan dune than other types (Fig. 4).

Vegetation composition and distribution related to sand-protecting barriers. The average crown
width in sites with different protecting barriers shows that the plant sizes of A. sphaerocephala and A. wellbyi are
larger than other species (Table 5). A. sphaerocephala in D3 is the smallest, and A. wellbyi is the largest in D4.
Various species have their own growth conditions. However, the Margalef species richness index indicates that
the species richness and the Shannon-Wiener diversity index of D1 and D3 are significantly higher than that of
D2 and D4 (Fig. 5).

Discussion

Impact of sandy land topography on revegetation. Environmental conditions vary with elevation,
which might influence phenotypic plasticity and selection pressures, leading to local adaptation®*%. This study
shows that the sandy land types have important impacts on vegetation recovery (Fig. 2). Three types can be iden-
tified based on the cluster and the redundancy analyses (Fig. 3). The growth of species was different on various
sandy land topography. In this study, A. sphaerocephala in the low sand belt and sandy gravel ground, A. youn-
ghusbandii in the barchan dune, and H. gouldii in the moving sandy land on the valley-slope have the positive
response to the topography. These species could be considered as the pioneer plants for revegetation on these
sandy land types, respectively.
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Figure 4. Margalef species richness index and Shannon-Wiener diversity index in different sand dune
topographies. Vertical T bars indicate standard error. For the same index, the same lower-case letter shows that
there is no significant difference among different sand dune topography.

m Margalef species richness index

= Shannon-Wiener diversity index
a

12
a
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0.2

D1 D2 D3 D4

Figure 5. Margalef species richness index and Shannon-Wiener diversity index in different sand-protecting
barriers. Vertical T bars indicate standard error. For the same index, the same lower-case letter shows that there
is no significant difference among different sand-protecting barriers.

A. sphaerocephala 67.3 x60.7 52.8 x44.3 17.0x 13.9 71.8 X 60.6
H. scoparium 18.8 x 15.5 15.5%x9.0 159 x12.1 32.3x23.7
H. mongolicum 15.0 X 12.5 — 16.1x13.7 22.0 X 14.0
S. moorcroftiana 8.3x5.6 66.7 X 60.3 23.0x21.3 6.4x4.6
O. sericopetala 17.4x 16.1 31.0x24.3 17.4x13.4 2.0x2.0
A. wellbyi 47.6 x 38.7 68.3 X 63.2 69.1 x 58.3 97.4x70.8
A. squarrosum 39x%x3.5 3.5x3.1 22x1.6 23x1.5
O. thoroldii 13.5x11.0 7.7x6.7 10.0 x 7.7 8.5x5.5

Table 5. Average crown width of each species in different sand-protecting barriers. D1 is sand-protecting
barrier of straw which is near the river, D2 is sand-protecting barrier of straw which is close to the road, D3 is
plastic and stone checkerboard barriers, D4 is blank control.

Topography is a primary driver of natural vegetation cover within agricultural mosaics in Turkey?®. In addi-
tion to species growth, the differences in vegetation coverage might also be associated with topographical differ-
ences. We found that vegetation coverage increased due to the existence of a large number of plants, although the
crown width was the smallest in the low sand belt and sandy gravel ground. However, it is worth exploring the
phenomenon why vegetation crown height is higher, but the total percent vegetation is lower and whether the
micro-topography of the slope leads to vegetation coverage decreasing in the moving sandy land on valley-slope.
In addition, although the low sand belt and sandy gravel ground are the same type based on elevation, they have
different Shannon-Wiener diversity index values. The difference in Shannon-Wiener index value could be caused
by the gravel present on the sandy gravel ground, which has a similar impact of the stone checkerboard barriers.
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Figure 6. Status of revegetation in the middle reaches of Yarlung Zangbo River Basin in July 2016. (A-D) are
the sand barrier of straw by local residents and government; (E-H) are the grass checkerboard barriers by local
residents and government; I is populus and u. pumila plantation planted by local forestry bureau.

Revegetation effectiveness of different sand-protecting barriers. Earlier studies have examined
whether recovery methods improve vegetation for a certain period®’. However, the rate and intensity of change
from a degraded to a more desirable community are different for different species. We found that the growth of
dominant species, such as A. Sphaerocephala and A. wellbyi, decreased, while the non-dominant species increased
slightly at the experimental plot compared with the untreated (D4). As Dietrich et al. suggested, recovery meas-
ures themselves can mask recovery effects and disturb the ecosystem*-*!. The Shannon-Wiener diversity index is
one of the indicators representing the degree of recovery of degraded lands*?. In this study, this index value at the
experimental plot is remarkably higher than the untreated plot, as found in other similar studies, except for the
plot of straw barriers (D2) that has a similar index value to the control plot. Both D1 and D2 employed the straw
barrier, but D1 was near the river and D2 was close to the road. Thus, the difference between D1 and D2 may be
caused by human activities close to the road.

Long-term planning and monitoring activities are essential for evaluating the effectiveness of revegetation
methods®. In this study, an investigation was conducted to understand the condition of revegetation of Yarlung
Zangbo River Basin in Tibet in July 2016 (Fig. 6). We also conducted random sampling to determine the state
of revegetation in some of the experimental areas over time (Fig. 7). There is still a large part of the desertifica-
tion land which is difficult to restore, especially the steep moving sandy land on the valley-slope. In the process
of revegetation, local residents and government have made great effort. The sand-protecting barriers including
grass checkerboard barriers and sand barriers of straw were laid to fix sand and protect plants. We also find that
the region of grass pane achieved initial success (Fig. 6E-H), but the sand barrier of straw failed (Fig. 6A-D).
The width and thickness of the straw paving might be a cause of failure. In addition, the planting of trees pro-
motes revegetation faster than livestock exclusion and planting shrubs?!. The local forestry bureau has established
Populus alba var. pyramidalis and u. pumila plantations alongside our experimental area in moving sandy land on
the flood plain of Shannan Wide Valley and achieved great results, although the extent of the plantations is small
(Fig. 6I). We could also try to cultivate a non-native forest in above experimental area in a later study. Finally, we
got scientific measures to optimize manpower and resources by comparing the recovery effect of local residents
and government with the recovery effect of this research. (Fig. 7).

Deficiencies and suggestions for future revegetation. While this study has high potential, more
effort is needed to investigate the full extent of possible recovery results. Moreover, the harsh environment on
the Tibetan Plateau make it challenging for field work. The terrestrial LiDAR (light detection and ranging)
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Figure 7. Vegetation growth on moving sandy land on the flood plain in Shannan Wide Valley from 2008 to
2016. The upper right corner is the year of photo.

technology should be considered to monitor this continuously changing system. Through the investigation of
different types of sandy land topography on revegetation, and the impact of sand-protecting barriers in moving
sandy land on floodplain, we identified the effective method of revegetation on moving sandy land on river bank
and valley-slope. We believe that our results would provide basic and critical information for the research of sus-
tainable and dynamic revegetation in the alpine ecoregion. In the initial revegetation period, describing species
composition and morphological differences will provide a foundation for how time dynamics and climate change
might affect vegetation recovery. Combined with other studies, such as Li et al.** and Zhang et al.*° suggesting that
supplemental seeding would expedite recovery, this study provides a reference for the study of revegetation in the
whole Yarlung Zangbo River basin and even all of Tibet.

Conclusions

In this paper, we analyzed the differences in revegetation on four sandy land types that can be divided into three
topographic types. A total of 14 species were tested in all these types and a significant difference was observed
among the growths of species in each type. Specifically, A. sphaerocephala grew the best on the low sand belt and
sandy gravel ground dune types, A. younghusbandii favors the barchan dune, and H. gouldii grew the best on the
moving sandy land on the valley-slope. These species could be considered as the pioneer plants for revegetation
on these land types.

The effectiveness of revegetation is different among different sand-protecting barriers of the moving
sandy land on floodplain. The growth of dominant species, such as A. Sphaerocephala, decreased, while the
non-dominant species increased slightly after building sand-protecting barriers in the early stage of recovery.
Sand-protecting barriers played important roles on revegetation. The stone checkerboard barriers improve plant
diversity, while the straw barrier is more beneficial to the growth of individual species. This study provides an
ecological foundation and suggestions for implementing and developing suitable revegetation strategies on sandy
land on the Tibetan Plateau.

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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