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Abstract: In order to investigate the dynamic evolution of the sandy land-lake-vegetation landscape in Songnen Sandy Land (SSL) and
its response to climate change and human activities, the distribution pattern, evolution, and driving mechanisms of the landscape were
analyzed based on Landsat satellite images and meteorological and socio-economic data during 1980—-2020. The results indicate that the
area of sandy land exhibited an upward fluctuation during the last 40 yr, with a net increase of 251.75 km? at an increment rate of
3.80%/10 yr. The lake area also exhibited an upward fluctuation, with a net increase of 1200.95 km? at an increment rate of 20.42%/10 yr.
Vegetation coverage decreased by 2633.30 km®, with areas of low vegetation coverage exhibiting a trend of initial decline and sub-
sequent increase, areas of medium vegetation coverage showed an upward fluctuation, and areas of high vegetation coverage showed a
trend of initial increase and subsequent decrease, with overall changes of —0.67%/yr, 1.12%/yr, and 0.17%/yr, respectively. The relation-
ships between sandy land, lakes, and vegetation coverage were significant, with areas of sandy land and low vegetation coverage show-
ing the strongest correlation. The dynamic evolution of landscape is controlled by regional climatic and socio-economic factors, with so-
cio-economic factors as the first principal component contributing up to 59.64%.
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1 Introduction

Sandy land, lakes, and vegetation are sensitive to cli-
matic fluctuations and human activities, and provide im-
portant information on global climate change and re-
gional responses (Hulme and Kelly, 1993; Al-Masrahy
and Mountney, 2015; Smith et al., 2021). The relation-
ships between sandy lands, lakes, and vegetation in arid
and semi-arid areas have been attracting the attention of
scholars (Ackerly et al., 2015; Dong et al., 2016; An et
al., 2021). To understand the coupling relationship
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between wind-sand activities and vegetation conditions,
three scientific hypotheses have been put forward, based
on which relevant research have been conducted (Abd
El-Wahab et al., 2018). First, in arid and semi-arid sand
areas, vegetation alters and controls near-surface wind-
sand activities by changing wind momentum and wind
speed, as well as partially retaining sand particles in
near-surface airflow. Second, wind-sand flow affects
vegetation colonization through erosion or burial
(Mayaud et al., 2017). Third, lakes in sandy lands con-
trol wind-sand flow and vegetation by maintaining eco-
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logical functions, such as balanced wind-water interac-
tion and soil moisture (Lancaster and Baas, 1998; Ma et
al., 2016). Vegetation coverage can change sand particle
movement, wind erosion speed, and wind speed profile
height (Zhao et al., 2020) to some extent. As vegetation
coverage increases, surface roughness also increases
(Qiu et al., 2015). Different levels of vegetation cover-
age have different effects of blocking winds and chan-
ging the wind speed and flow field (Yang et al., 2017),
which further leads to spatial differences in the sedi-
ment transport rate and erosion accumulation pattern
(Heywood, 1941). In terms of the interaction between
lakes and sandy lands, lakes affect the evolution pro-
cess of sandy land by changing regional hydrological
conditions, biogeochemical processes, plant communit-
ies, and their ecological functions (Hu et al., 2021).
However, thus far, scholars have primarily been paying
attention to interactions between only two of the three
factors, and all three have rarely been analyzed in a uni-
fied manner.

Regarding the driving forces of changes in sandy land-
lake-vegetation landscapes, scholars have focused on
the impact of climate change on regional landscapes
(Boulanger et al., 2017) or the response of regional
landscape changes to climate fluctuations. Additionally,
climate warming and drying processes during the last
30 yr (Bishop-Taylor et al., 2018) have undoubtedly
been affecting the evolution process of landscapes in
semi-arid areas. In the northern China, vegetation in the
farming-pastoral ecotone has undergone drastic changes
in the past decades, and it has been proven to be influ-
enced by both natural and anthropogenic factors (Chen
et al., 2021). Moreover, in rapidly developing China, so-
cio-economic factors and national policies also shape
the evolution of regional landscapes (Amuti and Luo,
2014; Hengeveld et al., 2017). For example, in the
1990s, large-scale lake-building projects caused the
fragmentation of lake landscapes. However, after 2000,
the project of returning farmland to wetlands and con-
necting rivers and lakes changed the pattern and charac-
teristics of wetlands with high intensity in the short
term. At present, it is urgent to carry out quantitative re-
search on the contribution rate of climate factors and so-
cio-economic factors. Accordingly, the relationships
between aeolian sand, lakes, and vegetation, and the nat-
ural geographic units of specific basins are being de-
termined through long-term remote sensing monitoring,

so as to reveal the competition and balance relationship
between aeolian sand, lakes, and vegetation, and further
understand the evolution process of surface landscapes
and their response to climate change.

Songnen Sandy Land (SSL) is located in the central
and western part of the Northeast China Plain. It is a
typical farming-pastoral ecotone and the sandy land
with the largest population density and economic activ-
ity intensity in China. The ecological environment of
this area is fragile, and the evolution of the surface land-
scape evolution is sensitive to global climate change and
regional human activities. Satellite image data of recent
decades show that the sandy land, lakes, and vegetation
cover in this area have significantly changed. Thus, it
serves as an ideal target area for studying the mechan-
ism of sandy lands, lakes, and vegetation. In SSL, the
evolution of sandy land (Yang and Zhang, 2012), the in-
teraction between sandy land and vegetation, and the
landscape evolution of lakes (Du et al., 2018a) have
been discussed, but their interrelationships have not
been explored. The main aim of this study is to elucid-
ate the interaction mechanism of sandy land, lakes and
vegetation. Therefore, this study investigated the char-
acteristics of the sandy land-lake-vegetation landscape
of SSL and its temporal and spatial evolution as well as
its driving mechanisms from 1980 to 2020 based on 3S
technology and mathematical statistical methods. The
findings of this study will provide a scientific basis for
the reconstruction of the ecological environment and re-
gional sustainable development of SSL.

2 Materials and Methods

2.1 Study area

As the boundary of SSL is not consistently defined in
the literature (Du et al., 2018a; Wang and Du, 2018), re-
search initiatives are usually based on the areas defined
by administrative divisions. Consequently, it is difficult
to conduct comparative research and comprehensive
analyses using the same spatial and temporal scales.
From the perspective of natural geography, the develop-
ment of sandy land in this area is controlled by regional
wind and hydrodynamic forces. Hence, it is more sci-
entific to define the boundaries of SSL using the water-
shed segmentation method (Du et al., 2018b). Based on
Landsat 8 Operational Land Imager (OLI) images and
Advanced Spaceborne Thermal Emission and Reflec-
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tion Radiometer Global Digital Elevation Model (AS-
TER GDEM) data and with reference to the third-order
regional boundary of the Songliao River Basin
(Songliao Water Resources Commission of the Min-
istry of Water Resources, http://slwr.gov.cn/), in this
study, the natural geographical unit of SSL was set as
43°00"28"N-50°36'51"N, 119°19'33"E~129°12"24"E, and
its area was determined to be 352 559.12 km? (Fig. 1);
the area of the sandy land was determined to be
1907.54 km”.

SSL is located in the midwest of Songnen Plain. The
area has a semi-arid and semi-humid climate, with an
annual average temperature of 3.3°C and an annual pre-
cipitation of 360—480 mm. Annual precipitation is vari-
able and unevenly distributed throughout the year. The
annual evaporation is 1600-1800 mm. The annual
windy days are 20-36 d, of which spring windy days ac-
count for 60%—-68%. The zonal soil is chernozem, while
the non-zonal soil comprises aeolian sandy soil, mead-
ow soil, marsh soil, and saline-alkaline soil. The zonal
vegetation is Baikal Stipa (Stipa baicalensis) and Ger-
bera (Filifolium sibiricum), non-zonal vegetation is
characterized by eucalyptus grasslands, where the arbor
comprises drought-tolerant Ulmus Campestris (Ulmus
pumila), Pull Down Elm (Ulmus macrocarpa varnata)
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and Yellow Elm (Ulmus macrocarpa) and the shrubs
are mainly Wild Apricot (Armeniaca sibirica), with
Little Yellow Willow (Salix gordejevii) and Leaf Bead
(Securinega suffruticosa) present in some areas. The
sand-covered area is mainly located in the midwest of
the research site. It is distributed on the floodplain, first-
order terrace, and alluvial fan of the Nenjiang River and
its tributaries, the second Songhua River, the Taoer
River, and the Huolin River. The tectonic sedimentary
structure belongs to the Songliao sedimentation. SSL is
dominated by fixed and semi-fixed sand dunes, which
include sand ridges, beam-shaped sand dunes, shrub-
covered sand dunes, and gently flanked sand dunes. It is
roughly divided by the line of Anda-Da’an-Qian’an-
Tongyu, where the sand dune runs NW-SE in the west
and SW-NE in the east. Lakes are widely distributed in
the area. Their development is related to tectonic move-
ment, crustal subsidence, and river course changes. The
administrative districts include partial city (county)
areas of Hulunbeier City, Xing’an League, Qiqgihar City,
Dagqing City, Suihua City, Harbin City, Baicheng City,
Songyuan City, Changchun City, and Jilin City.

2.2 Data source
The remote sensing data comprised Landsat Multispec-
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Fig. 1 Landsat OLI (Operational Land Imager) image of Songnen Sandy Land in 2020
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tral Scanner (MSS), Thematic Mapper (TM), and OLI
images for 1980, 1990, 2000, 2010, and 2020. The spa-
tial resolutions of the MSS (1980), TM (1990, 2000, and
2010), and OLI (2020) images were 80 m, 30 m, and 30
m, respectively. All images were clear and acquired
from mid-August to mid-September during the peak
season of vegetation growth (US Geological Data Shar-
ing Platform, http://glovis.usgs.gov/). The ERDAS 2010
software was used for image preprocessing, including
band fusion, geometric fine correction (error control
within one pixel), splicing, and cropping.

Regarding meteorological parameters, the annual av-
erage wind speed, annual precipitation, and annual aver-
age temperature from 17 meteorological stations in the
research area during 1980-2020 were selected. These
parameters have been considered by scholars as the
main factors characterizing climate change (Wang et al.,
2014; Wang et al., 2020). The 17 meteorological sta-
tions are Harbin, Tieli, Qiqihar, Shangzhi, Hailun,
Tailai, Fuyu, Tonghe, and Keshan in Heilongjiang
Province; Changchun, Fuyu, Baicheng, Qianan, Qian
Gorlos, Tongyu, and Changling in Jilin Province; and
Zhalantun in Inner Mongolia. The meteorological data
were obtained from the China Meteorological Data Net-
work (http://data.cma.cn/). The principle of the largest
proportion of the area was adopted because the boundar-
ies of the research site do not correspond fully to the
boundaries of administrative divisions. Therefore, the
socio-economic statistics of counties (cities, flags) with
an area coverage greater than 70% of the total research
site were used to analyze the influencing factors. Specif-
ic data used were local total population, gross domestic
product (GDP), cultivated land area, and per capita GDP
during 1980-2020. Scholars have reported that these in-
dicators can suitably characterize socio-economic situ-
ations (Chen et al., 2020). The socio-economic data
were obtained from the Statistical Yearbook (Statistical
Bureau of Jilin Province, 2021; Statistical Bureau of
Liaoning Province, 2021; Statistics Bureau of Inner
Mongolia Autonomous Region, 2021).

2.3 Methodology

2.3.1 Object-oriented classification

Sandy land and lake information was extracted using the
object-oriented method (Khatancharoen et al., 2021). To
ensure complete utilization of the spectral information,
geometric shape, texture features, and the relationship

with other objects (Gutman and Ignatov, 1998), a scale
of 200 was selected for multi-resolution segmentation of
images at different stages. As most Landsat series im-
ages were mixed pixels, the shape of the area was relat-
ively blurred. Compared with spectral features, shape
features had less influence on image segmentation.
Therefore, the weight parameters of shape heterogen-
eity Agnape and spectral heterogeneity /o, Were set to
0.1 and 0.5, respectively. All bands were included in the
extraction of sand information and given equal import-
ance. Accordingly, the weight value of each band was
set to 1. Based on the preliminary survey and using GPS
for field verification points, eCognition 9.0 software
was used to segment sandy land and lake information;
the overall classification accuracy was 93% and the
Kappa coefficient was 0.98.

2.3.2 Calculation of vegetation coverage

Within the scope of the study area, the interpretation
range of sandy land and lake was removed using the
mask method, and vegetation coverage over unclassi-
fied areas was calculated using the mixed pixel decom-
position method; vegetation coverage information was
retrieved from the vegetation index obtained from the
original data after normalization (Carlson and Ripley,
1997):

F = ((NDVI = NDVI1)/(NDVI,eq = NDVIsoip))? M

where, F is the vegetation coverage, NDVI; is the nor-
malized difference vegetation index (NDVI) of bare or
no vegetation coverage area, and NDVI,., is the NDVI
value of the pixel fully covered by vegetation pixel, the
NDVI value of the pure vegetation pixel (Steinberg et
al., 2020).

For most bare fields, the NDVI; value should theor-
etically be close to 0. When the vegetation reaches the
state of full coverage, the NDVI,,
Considering the influence of different natural condi-

value is close to 1.

tions such as time and geography, NDVI is required to
determine the NDVI; and NDVI,, values of different
images. By analyzing the NDVI data of the Landsat
series of images, combined with the actual situation of
SSL and the cumulative probability distribution table of
NDVI values, the confidence level was determined to
calculate vegetation cover at 0.5%. As farmlands are
special vegetation areas, they should be removed during
interpretation.

According to the classification standard of vegetation
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coverage in the existing literature (Zhang and Li, 2018)
and the site conditions of SSL, vegetation coverage in
the study area was divided into three grades: low veget-
ation coverage (F < 30%), medium vegetation coverage
(30% < F < 60%), and high vegetation coverage (£ >
60%).

2.3.3 Grey correlation degree

The grey system theory is used to comprehensively ana-
lyze the impact of climate change and socio-economic
factors (Dong et al., 1996). The formula of the grey cor-
relation degree is as follows:

n

1
r(Xo.X) =~ > ro().xi (k) 2)

k=1

r (o (k)% (K)) =
minmin|xo (k) — x; (k)| + pmaxmax|xo (k) = x; k)|

3)

o (k) = x; (k)| + pmax max |xo (k) — x; (k)|

where r represents the grey correlation degree; X, =
{xo(1), x0(2), .., xo(n)} and X; ={x,(1), x,(2), ..., x{(n)}
are reference sequence (area) and comparison sequence
(meteorological factors, socio-economic factors), re-
spectively; n represents the total number of study peri-
ods; 7 represents the landscape category; & represents the

123°E

time series; p represents the gray resolution coefficient,
p = 0.5. In grey correlation degree analysis, the area of
sandy land, the area of lakes, and the area of vegetation
coverage all include 5 periods of data, and the total
number of samples is 25. The software used in this re-
search is Data Processing System (DPS) (v 9.50).

3 Results

3.1 Spatial pattern and evolution of sandy land-
lake-vegetation landscape

3.1.1 Sandy land landscape

In SSL, sandy land is mainly distributed in the midwest
(Fig. 2). In 1980, the sandy land was small and mainly
distributed in the midwest and northeastern parts. In
1990, the area of the northeastern sandy land sharply de-
creased due to reclamation. Consequently, the center of
sandy land shifted toward the southwest. In 2000, the
sandy land area in the south continued to grow, with a
relatively concentrated distribution. At that time, the
area of sandy land reached its maximum of 2132.05 km?.
In 2010, the area of sandy land in the central part of the
research site decreased. By 2020, the sandy land area in
the south continued to decrease, which caused the cen-
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Fig. 2 Dynamic evolution of sandy land in SSL (Songnen Sandy Land)
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ter of sandy land to migrate northeast. Overall, the
sandy land area fluctuated upward during the last 40 yr.
During 19802020, the area increased from 1655.79 km?
to 1907.54 km?®, accounting for a change of 15.20%.
Sandy land area increased continuously during 1980-
2000, with a net growth of 475.26 km®. During this peri-
od, the desertification phenomenon aggravated. While
in 2000-2020, the sandy land area continued to shrink,
accounting for a change of —5.97%, and the degree of
desertification obviously declined.

3.1.2 Lake landscape

Lakes in SSL are mainly distributed in the Songyuan
City and Dagqing City (Fig. 2). During 1980-2020, the
lake area fluctuated upward, with an overall change of
437.09 km? and an annual average increase of 0.80%.
According to the characteristics of lake evolution, it can
be divided into two periods with 2000 as the point of di-
vision. Lake evolution exhibited a trend of increase and
decrease before and after 2000, respectively. The specif-
ic evolution process is as follows. During 1980—-1990,
the lake area increased from 1470.22 km? to 3493.64 km?,
an increase by 2023.42 km®, which was mainly manifes-
ted by the increase of the water surface of large lakes
such as Chagan Lake, Longhupao Lake and Aobaopao
Lake. During 1990-2000, the lake area increased by
470.02 km?, accounting for an increment of 13.44%,
and reached the maximum of 3963.17 km? in 2000; after
2000, the lake area began to decrease, and shrank to
2671.17 km?” in 2010, with an annual change of —3.3%.
During 2010-2020, the lake area continued to decrease
with an average annual change of —4.07%, which was
mainly manifested by the sharp decrease in the water
surface of lake wetlands in Daqing and Qiqihar, with
typical areas such as Xihulupao Lake and Tiaohongpao
Lake.

3.1.3 Vegetation landscape

Vegetation is mainly distributed in the west and east of
the study area (Fig. 2). During the last 40 yr, the area of
vegetation coverage showed a decreasing trend, with a
net decrease of 2633.30 km®. Areas with low and high
vegetation cover decreased, while those with medium
vegetation cover increased (Fig. 3). The area of low ve-
getation cover experienced a rapid decrease and then a
slight increase. In general, the area of low vegetation
cover decreased from 57 550.78 km® in 1980 to
42 053.95 km® in 2020, accounting for a change of
—26.93%. The area of medium vegetation coverage dis-
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Fig. 3 Vegetation cover area change in SSL (Songnen Sandy
Land)

played a pattern of increase-decrease-increase, and the
area increased by 44.74% during last 40 yr. However,
the area of high vegetation cover increased then sub-
sequently decreased, and reached the maximum value of
112 317.64 km* in 2000, accounting for an overall
change of 6.89%.

3.1.4 Relationship between sandy lands, lakes, and
vegetation

The sandy land area and areas of high, medium, and low
vegetation coverage had a high degree of correlation at
above 0.70 (Fig. 4). Moreover, it had a significant posit-
ive correlation with the area of medium vegetation cov-
erage and a significant negative correlation with the area
of low vegetation coverage( Fig. 4b ). This is consistent
with the findings of Dong et al. (1996). The degree of
vegetation coverage determines the intensity of wind
erosion. The rate of wind erosion in sandy land in-
creases with decreasing vegetation coverage, which fur-
ther decreases vegetation coverage and surface rough-
ness. At a certain height above the sand surface, annual
average wind speed gradually increases. As sand
particles become less likely to get deposited, the wind
erosion effect becomes more intense (Hesp and Smyth,
2017). Nevertheless, it is noteworthy that the coverage
of natural and stable vegetation in sandy lands is gener-
ally less than 30%, and annual precipitation can infilt-
rate the deep soil or recharge groundwater, which is the
basic eco-hydrological principle of the theory of sand
control with low coverage (Yang et al., 2021).

The lake area was positively correlated with areas of
high and medium vegetation coverage, but it had a sig-
nificant negative correlation with the area of low veget-
ation coverage( Fig. 4c ). There was a positive correla-
tion between the sandy land and lake area. In the SSL,
lakes are mainly distributed in sandy land, showing the
characteristics of mosaic distribution and a dynamic
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equilibrium relationship with trade-offs and interchanges.

3.2 Climate change and social and economic devel-
opment

3.2.1 Climate change characteristics

During the study period covering past 40 yr, the annual
average wind speed and annual precipitation showed
downward fluctuations, while the annual average tem-
perature showed an upward fluctuation. During 1980—
1990, the annual average wind speed fluctuated minim-
ally, and the annual average wind speed decreased at a
rate of 0.20 (m-s)/10 yr (Fig. 5a). The annual precipita-
tion as well as the annual average temperature fluctu-
ated and increased. During this period, the lake water
volume increased, resulting in the increase of the lake
area. During 1990-2000, climate change was character-
ized by a continuous decrease in annual average wind
speed, increase in annual precipitation( Fig. 5b ), and
upward fluctuation of annual average temperature( Fig.
5¢). During this period, the volume of lake water con-
tinued to increase, and annual average temperature both
increased, reducing the rate of increase in lake area. Dur-
ing 2000-2010, the annual average wind speed and an-
nual precipitation both fluctuated downward, while the
annual average temperature increased by 0.20°C/10 yr.
The maximum annual precipitation was685.50 mm in
1998. From the perspective of a five-year moving aver-
age, the year of 2000 was the turning point of annual
precipitation. Since then, the warming and drying trend
of SSL has been obvious, resulting in the decrease of the
volume of lake water and the shrinkage of lake area.
During 2010-2020, the annual average wind speed and
annual precipitation continued to decline, and the lake
area continued to decrease.

3.2.2 Social and economic development

The total population, GDP, and cultivated land area in-
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Fig. 5 Annual average meteorological data during 1980-2020

creased, except for the large number of livestock at the
end of the year (Fig. 6). The total population increased
from 1980 to 2020, with a growth rate of 39.53%
(Fig. 6a). With the rapid development of the regional
economy, the GDP of SSL has increased exponentially
(Fig. 6a), and the trend of change can be fitted by the
exponential regression equation y = 7E — 114e*"**
(R* = 0.9936). During the study period, the cultivated
land area also showed an upward trend (Fig. 6b). It in-
creased slowly during 1980-1999 and then increased
sharply until 2000, after which it slowed down. The
total cultivated land area increased by 12.48 x 10* km?
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Fig. 6 Yearly change in social and economic data of the study
area (a. population and GDP; b. area of cultivated land and total
number of large livestock)

during past 40 yr. However, the number of large live-
stock at the end of the year showed a downward trend,
from 6.36 million heads in 1980 to 5.21 million heads in
2020, accounting for a change of —18.08% (Fig. 6b).
3.2.3 Quantitative analysis of meteorological and so-
cio-economic factors

To further clarify the influencing factors of dynamic
changes in various types of landscapes and analyze the
role and effectiveness of meteorological and socio-eco-
nomic factors in the change process, the factors were
quantitatively analyzed using principal components ana-
lysis (PCA). In the process of PCA, all kinds of para-
meters are annual data from 1980 to 2020, that is, the
total number of each parameter is 40. The results show
that the first principal component with a contribution
rate of 59.64% was strongly correlated with the cultiv-
ated land area, GDP and total population, all of which
had contribution rates of more than 90.00%. The second
principal component with a contribution rate of 26.84%
was strongly correlated to annual precipitation and an-
nual average temperature, and was negatively correl-
ated with the annual average temperature (Table 1).
From a statistical point of view, the contribution rate of
the first principal component is much higher than that of
the second principal component, and socio-economic
factors strongly affect dynamic changes in the lake land-
scape of SSL. Regional landscape evolution is a com-
plex process of interaction between meteorological and
socio-economic factors. Therefore, the next step will be

Table 1 PCA (Principal Components Analysis) loading matrix
of Songnen Sandy Land

Factors PC1 PC2
Annual average wind speed —0.945 0.076
Annual precipitation 0.037 0.807
Annual average temperature 0.158 -0.818
Total population 0911 -0.217
GDP 0.921 0.192
Arable land area 0.949 —0.066
Number of large livestock at the end of the year —0.630 0.104
Feature value 3.936 1.885
Contribution rate 59.636 26.838
Cumulative contribution rate 59.636 86.474

to carry out the quantitative separation of meteorologic-
al and socio-economic factors in order to better determ-
ine the contribution rate of each factor.

3.24
changes of sandy land-lake-vegetation landscape

The area of sandy land was positively correlated with
the total population, area of cultivated land, and GDP,
and negatively correlated with the annual average wind

Relationship between driving factors and

speed and the total number of large livestock at the end
of the year (Table 2). The lake area was positively cor-
related with the annual average temperature and total
population, and slightly negatively correlated with the
annual average wind speed and annual precipitation.
The areas of vegetation cover were positively correl-
ated with the total number of large livestock, annual av-
erage wind speed, and annual precipitation at the end of
the year, and negatively correlated with cultivated land
area, GDP, and total population. This shows that
changes in the sandy land-lake-vegetation landscape in
SSL are closely related to climate change and human
activities. Fluctuations in the annual precipitation de-
creased and that in the average annual average temperat-
ure increased. Overall, the trend of climate warming and
drying is evident. This is consistent with the results of
climate change research in Northeast China, such as
those reported by He et al. (2013) and Sun et al. (2005).
The increase in annual average temperature, slight de-
crease in annual precipitation can lead to the expansion
of the sandy land area. In addition, the total population
has increased from 1990, the demand for food has been
increasing, and the cultivated area has also been con-
tinuously expanded. Various studies such as Guo et al.
(2007) have also reported that population pressure is ex-
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Table 2 Correlation analysis between sandy land area, vegetation area, lake area and climate factors and human factors

Annual average

Annual average

Number of large livestock

Landscape type  Annual precipitation temperature wind speed Total population ~ Arable land area at the end of the year GDP
Sandy land -0.41 0.39 —0.86 0.94 0.83 —0.86 0.61
Lake -0.23 0.77 -0.42 0.56 0.34 0.38 0.04
Vegetation 0.55 0.39 0.86 ~0.85 -0.96" 0.94" -0.88"

Notes: * stands for significance < 0.05, ** stands for significance < 0.01

tremely high, and the excessive reclamation of land af-
fects the development rate of area expansion in sandy
lands.

4 Discussion

4.1 Mutual feedback relationship

The evolution of sandy land and changes in vegetation
coverage are important surface processes in semi-arid
areas (Zhang et al., 2011), and there are certain competi-
tion and dynamic equilibrium between sandstorm activ-
ities and vegetation cover (Li et al., 2009; El-Sheikh et
al., 2010). The areas of vegetation cover in SSL during
past 40 yr fluctuated and decreased, whereas the area of
sandy land fluctuated and increased, which is consistent
with the results of Wang et al. (2011). Studies on sand
dunes and vegetation in the Kubuqi Desert and other
areas have shown that vegetation affects the sand trans-
portation capacity and transport direction of sediments
by controlling the intensity and direction of near-sur-
face airflow, which in turn affects the characteristics of
erosion patterns and ultimately changes the spatial posi-
tion and shape of dunes. When vegetation cover de-
creases, sand transportation and sand surface wind
speed increase gradually. As a result, surface erosion is
aggravated, and the rate of wind-sand activities is en-
hanced (Alamusa et al., 2017). Wind tunnel experi-
ments also show that vegetation coverage can affect the
grain size, structure, and wind erosion of near-surface
wind-sand flow (Li et al., 2007). On the one hand, plant
roots have a certain consolidation effect on the sand sur-
face by retaining intercepted sand particles and promot-
ing the growth and development of plants in sand dunes,
and controlling the shape and development of sand
dunes. On the other hand, wind-sand flow also changes
the spatial distribution and community succession of
dune vegetation through wind erosion or accumulation
(Telfer et al., 2017). Lakes in sandy lands are an import-
ant part of the desert ecosystem and play an important

role in maintaining ecological stability. Water is the first
leading factor restricting the growth and survival of
plants. Water has an important impact on the structure
of the regional sand and air flow field and the transport
of sand, thus determining the evolution process of the
sandy land landscape in a certain buffer zone around the
lake group (Dong et al., 2016). The competition and bal-
ance between oasisization and desertification reflected
by changes in vegetation cover depends on the distribu-
tion of water resources and the coordination of the eco-
logical environment, which affects the recharge of
desert groundwater. Thus, the maintenance of the fra-
gile wetland ecology in sandy lands depends on lakes
(Du et al., 2018b).

4.2 Driving mechanism

SSL exhibited a clear trend of warm drying during past
40 yr. Over time, temperature increased, precipitation
decreased, and potential evaporation increased. On the
decadal scale, the lake area of SSL showed an upward
fluctuation, which was significantly correlated with met-
eorological factors, such as annual average temperature,
annual precipitation, and annual average wind speed.
Changes in the landscape patterns of sandy lands and
lakes are also the regional response of SSL to climate
change (Jepsen et al., 2013). This has been confirmed
by Schultz and Halpert (1995) through their research on
the relationship between the global vegetation index and
precipitation and temperature changes. Tucker et al.
(1991) found that the expansion and shrinkage of the
marginal vegetation in the Sahara Desert had a high de-
gree of consistency with the variability of rainfall, ac-
companied by the expansion and contraction of sand
dunes.

On an interannual scale, short-term high-intensity hu-
man activities can accelerate or delay the evolution of
sand and lake landscapes. Davies et al. (2006) analyzed
the relationship between human resources indicators,
comprising GDP, population density, urban and rural



DU Huishi et al. Sandy Land-lake-vegetation Landscape of Songnen Sandy Land of China: Pattern, Process and... 589

land usage, and NDVI from a global perspective. Their
findings revealed the role and contribution of human
activities in global ecological environment change. Gui
et al. (2010) further pointed out that lake changes in the
Songnen Plain in Northeast China are jointly affected by
human activities and climate change, and large-scale cli-
mate change and human activities have exacerbated the
trend of lake change. In SSL with the growth of popula-
tion from 1980, the demand for food has increased, res-
ulting in the expansion of sandy land and the sharp de-
cline of lake area in the 1990s. After the 2000s, China
promulgated and implemented the policy of conversion
of farmland to wetland. In particular, the implementa-
tion of the river and lake system connection project in
2011, as well as policies to expand lake humidification,
conversion of farmland to wetland, ecological wetland
protection, etc., have effectively slowed down the re-
duction of lake area. Existing research on the driving
forces of sandy land extension mainly considers natural
factors as well as human factors, such as population and
economic factors. However, the influence of institution-
al factors remains poorly understood, leading to insuffi-
cient explanations of the causes and formation mechan-
ism of desertification. Institutional factors include own-
ership issues, conventional policies, and policy failure.
Their effect on desertification is an important topic in
the study of the genetic mechanisms of desertification.
The next step is to analyze the mechanism of institution-
al factors and express them quantitatively.

5 Conclusions

The sandy land-lake-vegetation landscape of SSL exhib-
its dynamic evolutionary characteristics. The overall
growth rate of the area of sandy land in SSL during past
40 yr was 0.38%/yr. In particular, between 2000 and
2020, the area of sandy land showed a continuous de-
cline. The overall area of lakes also increased by
29.73%, after which it expanded and then shrunk. The
area of lakes increased by 0.80%/yr during 1980-2000,
but it decreased at a rate of 3.30%/yr during 2000-2020.
Overall, vegetation cover showed a decreasing trend,
with high vegetation cover and low vegetation cover
changing at rates of 0.17%/yr and —0.67%/yr, respect-
ively, and the area of medium vegetation cover in-
creased at 1.12%/yr. The sandy land, lakes, and vegeta-
tion in SSL showed significant interactions between

them, with the areas of sandy land and vegetation cover,
especially low vegetation cover, showing strong correla-
tions.

The dynamic variations of the sandy land-lake-veget-
ation landscape in SSL are sensitive to climate change
and human activities. During the last 40 yr, annual pre-
cipitation exhibited a downward fluctuation, annual av-
erage temperature exhibited an upward fluctuation and
the trend of climate warming and drying was distinct.
Consequently, the area of potential sandy land in-
creased to a certain extent. In addition, the increase in
regional total population increased the demand for food.
With activities such as land reclamation around lakes
and expansion of cultivated land, short-term high-in-
tensity human activities can accelerate or delay the evol-
ution rate of sandy land, lakes, and vegetation surface
landscapes.

In order to prevent the reduction of wetlands and co-
ordinate the relationship between human activities and
the natural environment in SSL, it is urgent to protect
and rationally use lake water resources, and coordinate
the relationship between industrial production, agricul-
tural irrigation and lake water resources. Moreover, re-
gional desertification control projects and river and lake
connection projects, and effective inter-provincial water
resources management measures are required to achieve
regional sustainable development.
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