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Abstract: The temporal and spatial characteristics of vegetation in the middle reaches of the Yangtze
River (MRYR) were analyzed from 1999 to 2015 by trend analysis, co-integration analysis, partial
correlation analysis, and spatial analysis using MODIS-NDVI time series remote sensing data. The
average NDVI of the MRYR increased from 0.72 to 0.80, and nearly two-thirds of the vegetation
showed a significant trend of improvement. At the inter-annual scale, the relationship between NDVI
and meteorological factors was not significant in most areas. At the inter-monthly scale, NDVI was
almost significantly correlated with precipitation, relative humidity, and sunshine hours, and the
effect of precipitation and sunshine hours on NDVI showed a pronounced lag. When the altitude was
less than 2500 m, NDVI increased with elevation. NDVI increased gradually as the slope increased
and decreased gradually as the slope aspect changed from north to south. NDVI decreased as the
population density and per capita GDP increased and was significantly positively correlated with
afforestation policy. These findings provide new insights into the effects of climate change and
human activities on vegetation growth.

Keywords: middle reaches of the Yangtze River; normalized difference vegetation index; spatiotem-
poral variation; driving factor; correlation analysis

1. Introduction

Natural ecosystems globally have become seriously threatened as climate change
continues to intensify and the human population grows [1]. Vegetation, which generally
refers to all of the plant communities covering the land surface, is one of the most important
components of terrestrial ecosystems, as vegetation connects the atmosphere, soil, hydrol-
ogy, and other ecological elements. The growth of vegetation is affected by both natural
and human factors and is highly sensitive to environmental change [2,3]. Vegetation has
long undergone dynamic changes; it thus plays an important role in the material cycle,
energy flow, and ecosystem stability. Climate change and human activities have substantial
effects on vegetation. Thus, study of the factors affecting changes in vegetation dynamics
has implications for the maintenance of regional ecological balance [4,5]. The normalized
difference vegetation index (NDVI) is an important indicator that reflects the growth status
and dynamic changes in vegetation. It is highly sensitive to dynamic changes in surface
vegetation (including vegetation coverage, biomass, and leaf area index) and has been
widely used in vegetation monitoring; it has thus become a major focus of global change
research [6-8].
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The factors affecting vegetation cover change can be divided into natural factors and
human factors. Previous studies have shown that climate factors may play a leading role
at the regional scale, whereas human factors may play a leading role at the watershed
scale [9]. In the Yangtze River Basin of China, precipitation and temperature are the most
important factors affecting vegetation change [10]. Human activities can affect vegetation
cover by modifying land use and land cover, which often forms a complex coupled human-—
environment system. In some traditional agricultural areas, the effect of human factors on
vegetation cover requires consideration [11,12]. Vegetation cover change in the Yangtze
River Basin is the result of the combined action of climate factors and human factors;
however, human factors appear to be more important, and this is reflected in patterns of
land use, related policies, and economic development [13].

Temporal and spatial patterns of vegetation change have been examined by various
studies including changes in NDVI and the responses of NDVI to various factors [14-16].
For example, Coban determined that population, GDP, and topography have the greatest
effect on vegetation change in the Western Black Sea region [17]. John and Ichii analyzed
the relationship between NDVI and climate variables on a global scale and found that
NDVI was significantly positively correlated with temperature in the middle and high
latitudes of the northern region, but significantly negatively correlated with precipitation
in the northern and southern semi-arid regions [15]. Tong et al. analyzed changes in
vegetation cover from 2001 to 2013 and found that China’s national and local governments
implemented a series of ecological restoration projects to restore vegetation cover [18].
Zheng et al. noted that the ecological environment of the Yangtze River Delta urban
agglomeration has improved over the past 20 years, but there are still significant differences
between regions [19]. Yuan et al. and Tao et al. analyzed vegetation change in the Yangtze
River Basin and found that NDVI may fluctuate in more than half of the study area in
the future; they also found that altitude and annual average temperature were the main
factors affecting changes in NDVI [20,21]. The responses of NDVI to different factors vary
at different regional scales. Although several previous studies have conducted correlation
analyses of vegetation change in the Yangtze River Basin, the changes and responses of
vegetation to different factors in the middle reaches of the Yangtze River (MRYR) have not
been well studied.

2. Study Area

The middle reaches of the Yangtze River (MRYR) include Hubei Province, Hunan
Province, and Jiangxi Province (24°25’ N-33°16' N, 108°24’ E-118°23' E), with a total area
of 564,600 km? (Figure 1). This region features a subtropical monsoon climate, with annual
precipitation of 1000-1600 mm-a~! and annual average temperature of 16-18 °C [22]. The
terrain of the MRYR mainly consists of mountainous hills and plains. The highest altitude
is located in the mountainous area of Western Hubei, and the lowest is located in the central
plain area. The mountainous hills account for more than 50% of the area, and the average
altitude is 1497 m [23]. In 2018, the total population of the region was 174.38 million,
accounting for 12.7% of the total population of the country; furthermore, the GDP was
9.8 trillion CNY (Chinese yuan), the urbanization level reached more than 50%, human
economic activities were common, and regional disturbance was large [24]. The MRYR
is rich in forest resources. In 2015, the forest coverage rates of Hubei Province, Hunan
Province, and Jiangxi Province were 38.40%, 47.77%, and 60.01%, respectively [25-27].
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Figure 1. Locations of the middle reaches of the Yangtze River (MRYR).

3. Materials and Methods
3.1. Data Sources and Preprocessing

MODIS NDVI data from 1999 to 2015 derived from NASA’s EOS/MODIS vege-
tation index product data MOD13A2 (https://wist.echo.nasa.gov/ap, accessed on 17
April 2021) were used in this study. The spatial resolution of the data was 1 km x 1 km,
and the temporal resolution was 16 d. ENVI5.3 was used to preprocess the original
data, and the maximum NDVI of each year was obtained by the synthesis method.
The meteorological data were derived from the National Meteorological Data Center
(http:/ /www.cma.gov.cn/2011gxfw /2011qsjgx/, accessed on 25 July 2021). Monthly data
(monthly average temperature, monthly precipitation, and monthly radiation) of 57 bench-
mark meteorological stations near the study area were from 1999 to 2015. In order to
study the relationship between NDVI and terrain and socioeconomic factors, GDP and
population, which are commonly used to represent socioeconomic factors as well as factors
such as altitude, slope, and aspect used to represent terrain, were selected to analyze the
relationship between NDVI and driving factors [28-30]. Terrain data (DEM data) and social
data (population and GDP in 2015) were derived from the Resources and Environment
Science and Data Center (http://www.resdc.cn, accessed on 25 July 2021), which had a
spatial resolution of 1 km x 1 km. Data for the artificial afforestation area were from the
China Forestry Statistical Yearbook [31].

3.2. Research Methods
3.2.1. Theil-Sen Median Trend Analysis and Mann—Kendall Test

Theil-Sen median trend analysis was used to calculate the median slope between all
n X (n — 1)/2 paired combinations of the time series data. The formula is as follows [32,33]:

NDVI; — NDVI
j—i

In Equation (1), B is the trend in vegetation change; NDVI; is the NDVI of the
jth year; and NDVI; is the NDVI of the ith year. If § > 0, NDVI is increasing, indicat-
ing vegetation improvement or recovery. If B < 0, the NDVI is decreasing, indicating
vegetation degradation.

The Mann—-Kendall test can be used to assess the significance of the trend; this test
has no specific requirements regarding the distribution of the samples, and the results are
more accurate and not affected by outliers [34]. The formula is as follows:

Set NDVI;, where i = 1999, 2000, ... , 2015. The Z statistic can be defined as:

Cp = Median( ) 1999 < i < j <2015 )


https://wist.echo.nasa.gov/ap
http://www.cma.gov.cn/2011qxfw/2011qsjgx/
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In Equations (1)—(5), NDV]; and NDVI; represent the NDVI of pixel i and j years,
respectively; n is the length of the time series; and sgn is a sign function. The value of
the Z statistic is in the range of (—co, +c0). When |Z| is greater than Z;_, ; at a given
significance level a, there is a significant change in the time series at the « level. In this
study, « = 0.05 was used to assess the significance of the pattern in regional NDVI change
from 1999 to 2015 when | Z| > 1.96 at the confidence level of 0.05.

3.2.2. Stationarity Analysis and Co-Integration Analysis

If the time series factor does not pass the stationarity analysis and co-integration
analysis, the situation of false regression might occur [35]. Therefore, we conducted a
stationarity analysis for annual and monthly NDVI, temperature, precipitation, relative
humidity, and sunshine hours, respectively. If the data were non-stationarity and each
sequence was a single integral of the same order, the data would be analyzed for co-
integration.

Stationarity Analysis

To analysis whether the time series being analyzed is stationarity, that is, to analysis
whether there is a unit root, the commonly used method is ADF (Augmented Dickey-Fuller)
analysis [35]. For the time series X = {x;}, the analysis equation is:

m
Ax; =+ Bt +6x;+ ) Bidxi_1 + & (6)
i=1

where t is the time variable; « is the constant term; Bt and ; are the trend items; ¢; is the
residual term; i is the lag order; and m is the maximum lag order. Assume that the null
hypothesis Hy: 6 = 0, and the alternative hypothesis Hi: 6 # 0. The analysis was divided
into three steps. In the first step, the analysis was carried out according to Equation (6).
The second step was to delete the trend item for analysis. The third step was to delete the
constant term and trend term for analysis. If Hy is rejected in any step of the analysis, it
means that there is no unit root in the time series X, that is, X is a stationarity time series,
and the analysis can be stopped. Otherwise, the analysis should be continued until the end
of the third step.

Co-Integration Analysis

The co-integration relation refers to the stationarity of the linear combination of two
non-stationarity time series, so the co-integration analysis can be used to distinguish true
regression from false regression [36]. The commonly used co-integration analysis method
between two sequences is the E-G (Engle Granger) two-step method [37]. For the same
order integral sequence X = {x;} and Y = {y;}, the analysis steps are as follows: The first
step is to establish two regression equations of time series X and Y, and obtain the residual
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sequence {¢;} of the regression equation; and in step 2, the ADF analysis is performed on
the residual sequence {¢;}. Assuming that the null hypothesis Hy: 6 = 0 and the alternative
hypothesis Hy: 6 # 0, if the result rejects Hy, it means that there is no unit root in the
residual sequence {¢; }, that is, {¢; } is a stationarity time series, then the sequence X = {x;}
and Y = {y;} can be considered to have a co-integration relationship.

3.2.3. Correlation Analysis

Correlation analysis and partial correlation analysis were used to analyze the rela-
tionship between NDVI and meteorological factors. The earth system is a complex system
composed of multiple elements. Change in any element in the system can cause changes in
other elements. Partial correlation analysis can effectively solve the above problems. When
the correlation between two elements is studied separately, the effect of other elements is
regarded as a constant by partial correlation [38]. The calculation formula is as follows:

oyl D)
W 2 2
VI (6 =3 S (v~ 9)
In Equation (6), ryy is the correlation coefficient between variables x and y; i is the

number of samples; and ¥ and ¥ are the multi-year mean value of NDVI and the mean
value of meteorological factors, respectively.

@)

Txy — Txzlyz
Fryz =
)

In Equation (7), ryy, rxz, and ry; are the correlation coefficients between elements x
and y, x and z, and y and z, respectively. 7y, .. is the partial correlation coefficient of factor
X and y after factor Z is fixed. The t-test was used to test the significance of the partial
correlation coefficients.

®)

3.2.4. Relationship between NDVI and Driving Factors

The altitude gradient was divided into seven grades: <200 m, 200-500 m, 500-1000 m,
1000-1500 m, 1500-2000 m, 2000-2500 m, and >2500 m. The slope aspect was divided
into eight grades: north (337.5-22.5°), northeast (22.5-67.5°), east (67.5-112.5°), southeast
(112.5-157.5°), south (157.5-202.5°), southwest (202.5-247.5°), west (247.5-292.5°), and
northwest (292.5-337.5°). The slope was divided into five grades: flat slope (<5°), gentle
slope (5-15°), slope (15-25°), steep slope (25-35°), and dangerous slope (>35°).

4. Results
4.1. Temporal and Spatial Variation in NDVI
4.1.1. Temporal Variation in NDVI

In the time series of NDVI and meteorological factors, the first-order difference oper-
ator passed the stationarity analysis. There was a significant co-integration relationship
between each variable and the change of time series. (Table A1, Table 1, Figures Al and 2a).
The annual average value of NDVI increased from 1999 to 2015. The lowest value (0.72) was
observed in 2001 and the highest (0.80) in 2015; the average across the entire study period
was 0.76. The development of vegetation cover in the study area can be roughly divided
into three stages: the first stage was a slow period of decline (1999-2001); the second stage
was a period of fluctuating increases (2002-2011); and the third stage was a period of steady
increase (2011-2015). The growth rates of regional NDVI in 2000-2005, 2006-2010, and
2011-2015 were 4.86%, 2.23%, and 4.81%, respectively. In 2000-2005 and 2011-2015, the
vegetation in the study area was significantly improved. The monthly average NDVI curve
of the study area revealed that annual changes in vegetation were pronounced (Figure 2b).
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Figure 2. Annual and monthly variation in NDVI in the middle reaches of the Yangtze River (MRYR). (a) interannual
variation of NDVI; (b) monthly variation of NDVI.

Table 1. Co-integration analysis of the annual mean of variables from 1999 to 2015.

Variable Test Type (C, T, K) DW ADF 1% Critical Value 5% Critical Value Residual State
NDVI (0,0,1) / —4.518 —2.728 —1.966 stationarity
T 0,0,1) / —6.401 —2.728 —1.966 stationarity
P (C,T1 2 —6.89 —4.668 —3.733 stationarity
H (0,0,1) / —-3.917 —2.728 —1.966 stationarity
S 0,0,1) / —5.262 —2.728 —1.964 stationarity

Note: T is temperature; P is precipitation; H is relative humidity; S is sunshine hours; (C, T, K) means that the analysis model contains
intercept term, trend term, and lag order; Stationarity indicates that the variable passes the ADF stationarity analysis at a significance level
of 5%.
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4.1.2. Spatial Variation in NDVI

The spatial distribution of NDVI was based on the annual average NDVI data from
1999 to 2015 (Figure 3). The western region is a mountainous area high in altitude. Natural
forests, shrubs, and grasslands are widespread. Vegetation grew well, and NDVI was high.
The northern region mainly consists of plains, as this is an important commodity grain
production region in China, and NDVI was also high. Areas with low NDVI were mainly
distributed in the capital cities of the three provinces (Changsha, Hunan Province; Wuhan,
Hubei Province; and Nanchang, Jiangxi Province) and their adjacent urban areas. Most
of these areas have experienced rapid economic development and substantial artificial
disturbance. In 17 years, NDVI from 0.1-0.5 accounted for 1.40% of the area; NDVI from
0.5-0.7 accounted for 11.45%; NDVI from 0.7-0.8 accounted for 55.06%; and NDVI greater
than 0.8 accounted for 32.09%.

4.1.3. Patterns of NDVI Change from 1999 to 2015

Several landscape patterns of NDVI in the MRYR from 1999 to 2015 were noted. Areas
with pronounced vegetation improvement accounted for the largest proportion (67.39%)
of the total area and were mainly distributed in the western and southeastern regions of
the study area. Areas with slight improvement accounted for one-quarter (25.79%) of the
total area and were mainly distributed in Jianghan Plain, Dongting Lake Plain, and Poyang
Lake Plain. Areas with degradation accounted for 6.82% of the area. Areas with no change
were denoted by stars and were scattered in the central area of major cities and outwards
in the central area; the severely degraded locations were located in Wuhan, Changsha, and
Nanchang, the capitals of the three provinces, and radiated outward, indicating that the
expansion of urbanization had a significant impact on NDVI (Table 2 and Figure 4).
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Figure 3. Spatial distribution of average NDVI and pixel distribution in the middle reaches of the
Yangtze River (MRYR).

Table 2. Trends of vegetation NDVI in the middle reaches of the Yangtze River (MRYR).

NDVI Trend Change B Value Z Value Area Percentage %
Significant improvement >0.0005 <1.96 67.39
Slight improvement >0.0005 —1.96-1.96 22.59
No change —0.0005-0.0005 —1.96-1.96 3.20
Slight degradation <—0.0005 —-1.96-1.96 527
Serious degradation <—0.0005 <—1.96 1.55
Legend
N [ Serious degradation
A [ Slight degradation
[ ] Unchanged
Slight improvement
B Significant improvement
Z
=Z
Sto 150 300
& ———— Km
110°0'0"E 115°00"E

Figure 4. Trends of vegetation NDVI in the middle reaches of the Yangtze River (MRYR) from 1999

to 2015.
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4.2. Relationship between NDVI and Climate Change

In order to study the dynamic relationship between NDVI and meteorological factors,
we needed to analyze the stationarity of NDVI, temperature, precipitation, relative humid-
ity, and sunshine hours. All factors were stationarity after the first-order difference, so the
cointegration could be measured (Table Al). Through the spatial analysis, there was a co
integration relationship between the factors in some regions (Table 3). The rejection ratio in
stationarity analysis at the inter-monthly scale was 33.06%, 36.33%, 44.89%, and 45.60%
higher than that at the inter-annual scale, respectively, indicating that there were more
pixels at stationarity based on NDVI and meteorological factors at the inter-monthly scale
(Table 2). The rejection ratio of NDVI and temperature, NDVI and precipitation, NDVI
and relative humidity, and NDVI and sunshine hours were higher than the acceptance
ratio at the inter-monthly scale. The results indicated that there was a certain relationship
between the NDVI and climate factors based on the vast majority of pixels in the MRYR at
inter-monthly, and the correlation analysis could be conducted.

Table 3. Counts of co-integration analysis (%).

H Inter-Monthly Scale Inter-Annual Scale
0

NDVI-T NDVI-P NDVI-H NDVI-S NDVI-T NDVI-P NDVI-H NDVI-S
Reject 89.02 88.78 85.12 89.12 55.96 52.45 40.23 53.52
Accept 10.98 10.22 14.88 10.88 44.04 47.55 59.77 46.48

Note: T is temperature; P is precipitation; H is relative humidity; S is sunshine hours.

Interannual variation in the correlation and partial correlations between NDVI and
meteorological factors in the MRYR from 1999 to 2015 was analyzed (Table 4, Figure A1).
NDVI was positively correlated with temperature and precipitation, with partial correlation
coefficients of 0.488 and 0.277, respectively, and negatively correlated with relative humidity
and sunshine hours, with partial correlation coefficients of —0.646 and —0.532, respectively.
The correlation between NDVI and temperature was greater than that between NDVI and
precipitation. The correlation coefficient and partial correlation coefficient between NDVI
and climate factors were not significant (p > 0.05). The response of NDVI to climate change
in the MRYR was not particularly strong.

Table 4. Correlation coefficient between NDVI and climatic factors in the middle reaches of the Yangtze River (MRYR) from

1999 to 2015.
NDVI-T NDVI-P NDVI-H NDVI-S
RNDvI-T RNDVI-T/PHS RNpvI-P RNDVI-P/THS RNDVI-H RNDVI-H/TPS RNpvi-s Rnpvi-s/TPH
0.286 0.488 0.070 0.277 —0.348 —0.646 —0.060 —0.532

Note: T is temperature; P is precipitation; H is relative humidity; S is sunshine hours; Rnpyi—Tt and Rnpyi—T,/pHs represents the correlation
coefficient and partial correlation coefficient of NDVI and temperature, respectively, and so on.

Analysis between NDVI and climate across each of the 12 months from 1999 to 2015
(Table 5 and Figure A2) indicated that the growth of NDVI from January to April was
significantly affected by precipitation and sunshine hours, and an obvious lag was noted
in the effects of these variables. There was a significant correlation between NDVI in
June and relative humidity in June. NDVI in July was affected by precipitation in May.
There was a significant correlation between NDVI in August with temperature, relative
humidity, and sunshine hours in August, and NDVI was most affected by climate factors.
September was affected by the precipitation and relative humidity in September. There
was no significant correlation between NDVI in November and various meteorological
factors. NDVI in December was affected by the relative humidity and sunshine hours in
December. Precipitation, relative humidity, and sunshine hours were the main climatic
factors affecting seasonal variation in NDVI in the MRYR.
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Table 5. Pearson correlation coefficients between NDVI in each month and climatic factors in the current and previous one, two, and three months.
Coefficient of Correlation with NDVI
Climate Factors

Jan. Feb. Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Now. Dec.
T0 0.437 0.127 0.385 0.327 0.056 0.335 —0.060 0.561 * —0.093 —0.062 —0.099 0.003
PO —0.730 ** —0.111 0.391 —0.265 0.221 —0.375 0.140 —0.294 0.587 * 0.025 0.144 —0.140
HO —0.447 0.212 —0.033 —0.344 0.023 —0.533* 0.006 —0.757 ** 0.653 ** —0.251 —0.032 —0.517 *
S0 0.717 ** —0.009 0.125 0.086 —0.286 0.406 —0.061 0.748 ** —0.474 0.451 —0.134 0.588 *
T1 0.254 0.419 —0.064 —0.226 —0.218 0.263 —0.494 —0.142 0.115 0.003 0.465 0.345
P1 —0.048 —0.638 ** —0.037 0.288 —0.045 0.181 0.483 0.182 0.114 0.567 * —0.129 0.417
Hi1 —0.219 —0.438 0.306 0.312 —0.202 0.064 0.055 —0.130 —0.210 0.536 * —0.268 0.396
S1 0.096 0.624 ** —0.133 —0.695 ** —0.142 0.004 —0.141 —0.035 0.143 —0.535* 0.297 —0.387
T2 0.060 0.175 0.299 0.188 —0.039 0.255 0.103 —0.091 —-0.217 0.080 —0.063 0.103
P2 0.182 0.357 —0.621 * 0.334 0.343 0.025 0.534 * 0.334 0.244 0.000 0.240 —0.100
H2 0.090 0.000 —0.431 —0.301 —0.041 —0.259 0.329 —0.074 0.079 —0.289 0.225 —0.200
52 —0.234 0.055 0.548 * 0.085 —0.045 0.238 —0.335 —0.025 —0.060 0.355 —0.387 0.338
T3 0.397 —0.100 0.091 —0.003 0.184 0.048 0.178 0.034 —0.051 —0.341 0.310 0.070
P3 —0.360 —0.090 0.180 —0.532 * 0.001 —0.038 —0.036 0.327 —0.054 0.196 —0.101 0.378
H3 —0.519* —0.059 —0.285 —0.376 0.043 —0.063 0.046 —0.011 0.119 0.169 —0.331 0.344
S3 0.419 0.139 0.238 0.122 —0.137 —0.002 —0.040 —0.095 —0.220 0.106 0.375 —0.365

Note: In the column of climate factors, T, P, H, and S are temperature, precipitation, relative humidity, and sunshine hours respectively. Jan., Feb., Mar., Apr., May., Jun., Jul., Aug., Sep., Oct., Nov. and Dec. are
January, February, March, April, May, June, July, August, September, October, November, December. 0, 1, 2, and 3 denote the current month, the first month, the first two months, and the first three months, *
denotes p < 0.05 and ** denotes p < 0.01.
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4.3. Relationship between NDVI and Topographic Factors

NDVI increased from 0.7274 to 0.8512 (by 12%) at elevations less than 2500 m. At
elevations greater than 2500 m, NDVI slightly decreased by 1.20% (Figure 5 and Table 6).
The proportion of areas with a slope less than 5° in the study area was the highest (43.68%).
The annual NDVI increased as each grade increased, but the rate of increase decreased as
the grade increased, indicating that NDVI exhibited more pronounced changes at smaller
slopes and that NDVI fluctuations were smaller at larger slopes. The study area was located
in the Northern Hemisphere, and the north slope features both positive and negative
slopes; NDVI was low (0.7437). The change in NDVI between other slope directions was
not pronounced and remained at 0.76.
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Figure 5. Elevation map of the middle reaches of the Yangtze River (MRYR).

Table 6. Annual average NDVI changes at different altitudes in the middle reaches of the Yangtze

River (MRYR).
Contents Classification Area (km?) Proportion (%) NDVI
—142-200 264,591 47.51% 0.7274
200-500 156,457 28.09% 0.7757
500-1000 96,182 17.27% 0.8062
Altitude 1000-1500 30,906 5.55% 0.8218
1500-2000 7644 1.37% 0.8375
2000-2500 973 0.17% 0.8615
2500-3090 137 0.02% 0.8512
0°-5° 243,230 43.68% 0.7236
5°-15° 163,047 29.28% 0.7776
Slope 15°-25° 99,538 17.87% 0.8012
25°-35° 39,670 7.12% 0.8122
35°-77.42° 11,405 2.05% 0.8196
337.5°-22.5° 78,016 14.01% 0.7437
22.5°-67.5° 62,929 11.30% 0.7641
67.5°-112.5° 67,439 12.11% 0.7646
Aspect 112.5°-157.5° 74,568 13.39% 0.7670
157.5°-202.5° 74,679 13.41% 0.7669
202.5°-247.5° 65,100 11.69% 0.7635
247.5°-292.5° 65,156 11.70% 0.7627
292.5°-337.5° 68,999 12.39% 0.7644

4.4. Relationship between NDVI and the Socio-Economy
4.4.1. Relationship of NDVI with Population and Economic Factors

NDVI decreased as the population density increased. When the population den-
sity increased from less than 500 persons/km? to more than 5000 people/km?, NDVI
decreased from 0.8115 to 0.4071, a decrease of 49.83%. As the population density increased,
the decrease in NDVI also increased gradually. When the population density reached
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5000 persons/ km?, the decline in NDVI was 39.24%. The overall results indicated that the
population density had a significant negative effect on the vegetation cover in the study
area, and this effect strengthened as the population density increased (Figure 6).

NDVI of the study area decreased as per capita GDP increased. When the per capita
GDP increased from less than 500 CNY to more than 5000 CNY, NDVI decreased from
0.8422 to 0.6281, a decrease of 25.42%. NDVI decreased the most when the per capita GDP
increased to more than 5000 CNY, indicating that economic development of the city center
had a strong negative effect on vegetation. Per capita GDP also has an inhibitory effect on
vegetation cover in the study area (Figure 6 and Table 7).
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Figure 6. Population density and per capita GDP distribution in the middle reaches of the Yangtze River (MRYR).

Table 7. Vegetation NDVI and population density distribution grades in the middle reaches of the Yangtze River (MRYR).

Contents Classification Area (km?) Proportion (%) NDVI Decreaze Rangeoof NDVI
verage (%)
<500 505,409 90.26% 0.8115 —
Population density level 500-1000 43,377 7.75% 0.7449 8.21%
(persons/km2) 1000-2000 4708 0.84% 0.6399 14.10%
2000-5000 5206 0.93% 0.5399 15.62%
>5000 1256 0.22% 0.4071 39.24%
<500 231,593 41.36% 0.8422 —
500-1000 145,014 25.90% 0.7946 5.65%
GDP (CNY) 1000-2000 112,975 20.18% 0.7782 2.06%
2000-5000 56,544 10.10% 0.7531 3.23%
>5000 13,830 2.47% 0.6281 16.60%

4.4.2. Relationship between NDVI and Policy Factors

During the study period, NDVI gradually increased as the artificial afforestation
area increased, and there was a significant correlation between the two (r = 0.6828, n = 17,
p <0.001). In 2002 and 2003, the afforestation area was increased, and the growth rate
of NDVI was high. Between 2004 and 2006, the afforestation area in the study area
declined due to policy-oriented factors, but in general, afforestation policy has improved
the coverage rate of forestland and increased the coverage area of forestland. During this
period, some early afforestation was not appropriate, and the low efficiency plantations
formed also appeared to have the degradation and death phenomenon [39,40]. Therefore,
NDVI presented a relatively stable state with little change. The decrease in NDVI in
2011 stemmed from the effect of drought in that year. Overall, ecological projects such as
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returning farmland to forest have facilitated gradual increases in NDVI in the MRYR, and
the condition of the vegetation has greatly improved (Figure 7).

20 0.82
mmm A fforestation area  esse=NDVI
08

0.78

072

Afforestation area (100 km?)

0.7

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2000 2010 2011 2012 2013 2014 2015
Year

Figure 7. Afforestation area and NDVI trends over the years in the middle reaches of the Yangtze
River (MRYR) from 1999 to 2015.

5. Discussion
5.1. Variation in NDVI and Its Relationship with Climatic Factors

From 1999 to 2015, NDVI in the MRYR increased, which was consistent with the results
of previous research in Hubei Province [41,42], Hunan Province [43], Jiangxi Province [44],
and the Yangtze River Basin [20]. Average annual NDVI of the Yangtze River Delta, Pearl
River Delta, and other coastal urban agglomerations were mostly between 0.3 and 0.5.
Compared with these regions, the average NDVI in the MRYR (0.76) is relatively high
(Figures 2 and 3). Approximately 67.39% of the regions showed a significant improvement
in NDVI, and these regions were mainly distributed in non-urban areas. Stable and
slightly improved areas accounted for one-quarter of the regional area (25.79%) and were
mainly distributed in Jianghan Plain, Dongting Lake Plain, and Poyang Lake Plain. As
these three plains are the main centers of commodity grain production in China (Table 1),
the slight changes in NDVI observed are consistent with the slight changes observed in
crops [45-47]. Degraded areas accounted for 6.82% of the total area, and Wuhan, Changsha,
and Nanchang made up most of the degraded area; this indicates that the expansion of
urbanization has a significant effect on vegetation coverage.

There was almost no significant relationship between NDVI and climate factors
(Tables 3 and 4). On the monthly and annual scale, there was a 2-3-month lag in the
effect of precipitation on vegetation growth, a 2-month lag for sunshine hours, and a
3-month lag for relative humidity, which indicates that the change in NDVTI is also affected
by soil water and nutrient availability (Tables 3 and 5). This is consistent with the results
of global, regional, and other multi-scale studies; the effect of vegetation cover on climate
change also shows a lag [36].

5.2. Relationship between Dynamic Change in NDVI and Terrain Factors

When the elevation was less than 2500 m, NDVI increased with elevation, but when
the elevation was more than 2500 m, NDVI decreased (Table 6). The explanation for
this pattern is the greater intensity of human activities at low elevation. As the elevation
increases, the effect of human activities on vegetation weakens, and NDVI increases [48-50].
As the elevational gradient increases, the rate of NDVI growth decreases, which may stem
from changes in natural environmental factors such as temperature, precipitation, and
light [51-53]. Higher elevation corresponds to lower soil temperature, higher humidity,
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and greater vulnerability to leaching, which leads to soil acidification and inhibits the
growth of vegetation [54]. As the terrain slope increased, the NDVI of different slope
grades gradually increased. This result is consistent with Lu showing that NDVI increases
as the slope increases in the Yangtze River Basin [55]. As the slope grade increased, the
average annual NDVI of vegetation increased gradually, but the rate of increase reduced at
higher slope grades, which indicated that the change in NDVI was more obvious when the
slope was small and that the fluctuation in NDVI was smaller when the slope was large.
NDVI was higher on sunny slopes than on shaded slopes.

5.3. Relationship between Dynamic Change in NDVI and Socio-Economic Factors

Dynamic changes in vegetation in the MRYR are not only affected by natural factors
such as climate and topography, but also by human activities [56,57]. This region is
the cradle of human civilization, as it consists of rivers and lakes and a fertile alluvial
plain, making it a center of human agricultural production and social life [58]. During
the study period, NDVI significantly decreased as the population density and per capita
GDP increased, and changes in NDVI with population density were more pronounced.
When the population density increased from less than 500 people/km? to more than
5000 people/km?, NDVI decreased by 39.24%, and when the per capita GDP increased
from less than 500 CNY to more than 5000 CNY, NDVI decreased by 16.60% (Table 7).
With the rapid growth of the population and GDP, many people from rural and suburban
regions have moved to cities. To accommodate a larger population, cities have further
expanded and occupied several high-quality land types such as cultivated land, forest land,
and unused land, which leads to a gradual reduction in regional vegetation coverage and
has a substantial effect on the ecological environment. This is consistent with the results of
other studies [59-61].

To cope with global climate change and problems associated with the ecological
environment, a series of ecological construction projects have been implemented at the
national level over the past 30 years such as the natural forest resources protection project,
conversion of farmland to forest project, national desertification control, protection forest
construction project in the middle and upper reaches of the Yangtze River, and nature
reserve construction [62-65]. The MRYR plays an important ecological role, as it is China’s
economic center and main grain production area [66,67]. At the regional and national levels,
there is much focus on regional vegetation construction, and several ecological projects
and national ecological policies have been implemented. These projects have played a
major role in regional vegetation restoration. As the artificial afforestation area increased,
NDVI gradually increased, and there was a significant correlation between NDVI and
artificial afforestation area (r = 0.6828, n = 17, p < 0.001) (Figure 7). In 2002 and 2003, the
afforestation area and the growth rate of NDVI were high. The construction of urban
buildings, roads, and other structures that accompany economic development inevitably
damages vegetation. However, this development is also accompanied by efforts to beautify
the environment, as reflected by afforested areas, the conversion of farmland to forests, and
the construction of green space, parks, and ecological vegetation in the city. Both of these
reflect the effect of human activities on vegetation cover in the study area, and dynamic
changes in vegetation are becoming increasingly affected by human production and life.

6. Conclusions

NDVTI increased from 1999 to 2015, and nearly two-thirds of the vegetation showed a
significant trend of improvement in the MRYR over this period. At the inter-annual scale,
the relationship between NDVI and meteorological factors was not significant in most areas.
At the inter-monthly scale, precipitation, relative humidity, and sunshine hours were the
main factors affecting changes in NDVI, and the effect of precipitation and sunshine hours
on NDVI showed a pronounced lag. NDVI increased with elevation when the altitude was
less than 2500 m and decreased when the altitude was greater than 2500 m. As the slope
increased, NDVI gradually increased. NDVI gradually decreased when the slope aspect
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changed from south to north. Per capita GDP and population density had a significant
negative effect on NDVI. There was a significant correlation between ecological projects
(afforestation area) and NDVI. The ecological afforestation project implemented by the
state improved the regional vegetation. The dynamic changes in NDVI in the study area
are thus jointly affected by climate change and human impacts.
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Figure A1. Trends in temperature changes in the middle reaches of the Yangtze River from 1999 to

2015.

Year

199920002001 2002 2003 2004 200520062007 2008 20092010201120122013 2014 2015
Year



Water 2021, 13, 2036 150f18

A30 250
E
g 2
< B g 200
= E
g g
5 g 150
E s z
) E 0
5 10 E
Z s g 50
g =
=

[ ]

1 2 3 4 5 6 7 8 & 1w 1u 12 1 2 3 4 35 6 8 9 10 1 12
Month Month
79
= 200

= =
g™ Z 180
g7 ERT

7% £ 140
= E
R 5 120
£ gﬂ’m
£ g ®
E z 0
z 7 g %0

7

7 »

70 0

Tt 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 u 1
Meonth Month

Figure A2. Monthly average temperature changes in the middle reaches of the Yangtze River from
1999 to 2015.

Table A1l. Stationarity analysis of the annual mean of variables from 1999 to 2015.

. 1% Critical 5% Critical Weather

Variable Test Type (C, T, K) DW ADF Value Value Stationarity
NDVI (C,T,1) 1.796 —2.361 —4.668 —3.733 No
ANDVI (C,T1 2.107 —4.174 —4.728 —3.760 Yes
T (CT1 1.951 —-3.571 —4.668 —3.733 No
AT (C,T,1) 2.284 —5.992 —4.728 —3.760 Yes
Interannual P 0,0,1) 2.000 —6.89 —4.668 —-3.733 No
scale AP (CT1 2.552 —4.035 —4.886 —3.829 Yes
H (C,T1) 2.006 —1.748 —4.668 —3.733 No
AH (C,T1 2.286 —6.178 —4.728 —3.760 Yes
S 0,0,1) 1.833 —3.953 —4.728 —3.760 No
AS (C,T1 2.299 —5.326 —4.800 —3.791 Yes
NDVI C,T1 1.723 —2.289 —4.632 —3.715 No
ANDVI (C,T1 2.255 —4.195 —4.689 —3.725 Yes
T (C,T,1 1.985 —3.584 —4.625 —3.726 No
AT (C,T1 2.154 —5.851 —4.712 —3.795 Yes
Intermonth P 0,0,1) 2.121 —5.963 —4.635 —3.785 No
scale AP (C,T1 2.622 —4.251 —4.721 —3.802 Yes
H (C,T1) 1.981 —1.685 —4.735 —3.703 No
AH (C,T1 2.125 —5.962 —4.741 —3.753 Yes
S 0,0,1) 1.781 —3.652 —4.712 —3.758 No
AS (C,T1) 2.354 —4.855 —4.785 —3.788 Yes

Note: T is temperature; P is precipitation; H is relative humidity; S is sunshine hours; A represents the first difference of the variables; (C, T,
K) means that the analysis model contains intercept term, trend term, and lag order; Stationarity indicates that the variable passes the ADF
stationarity analysis at a significance level of 5%.
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