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Simple Summary: This study reconstructed 193 years of vegetation greenness dynamics in the study
area based on the chronology of the tree rings of Pinus sylvestris var. mongolica Litv. in the western
Greater Khingan Range, and analyzed the vegetation greenness dynamics pattern accordingly. After
the 1950s, it was found that the scale and intensity of extreme changes in the vegetation greenness
dynamics increased significantly, and the frequency of occurrence also increased significantly. The
study also found that climate (precipitation) is the most important factor influencing the change
of vegetation greenness dynamics in the western Greater Khingan Range; the influence of human
activities is also important and rapid, and the degree of influence has gradually increased in recent
years. Finally, the influence of human activities on the vegetation greenness dynamics was ranked in
terms of importance, as follows: livestock > afforestation > population > farmland.

Abstract: Understanding the vegetation greenness dynamics in the forest–steppe transition zone is es-
sential for ecosystem management, and in order to study ecological changes in the region. This study
provides a valuable record of the vegetation greenness dynamics in the western Greater Khingan
Range over the past 193 years (1826–2018) based on tree-ring data represented by the normalized dif-
ference vegetation index (NDVI). The reconstructed vegetation greenness dynamics record contains
a total of 32 years of high vegetation greenness and 37 years of low vegetation greenness, together
occupying 35.8% of the entire reconstructed period (193 years). Climate (precipitation) is the main
influence on the vegetation greenness dynamics at this site, but human activities have also had a
significant impact over the last few decades. The magnitude, frequency, and duration of extreme
changes in vegetation greenness dynamics have increased significantly, with progressively shorter
intervals. Analyses targeting human behavior have shown that the density of livestock, agricultural
land area, and total population have gradually increased, encroaching on forests and grasslands and
reducing the inter-annual variability. After 2002, the government implemented projects to return
farmland to its original ecosystems, and for the implementation of new land management practices
(which are more ecologically related); as such, the vegetation conditions began to improve. These
findings will help us to understand the relationship between climate change and inter- and intra-
annual dynamics in northeastern China, and to better understand the impact of human activities on
vegetation greenness dynamics.

Keywords: dendrochronology; the Greater Khingan Range; vegetation greenness dynamics; climate
change; human activities
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1. Introduction

Changes in precipitation patterns due to global warming have increased the frequency
and intensity of extreme weather events [1]. The prediction of future climate change in the
sixth report of IPCC indicates that the global temperature will rise further and the frequency
of extreme events will also increase [2,3]. The increase of extreme events will cause damage
to vegetation, especially the vegetation in the transition zone between forest and grassland,
affecting vegetation coverage [4–7]. Vegetation is the main constituent element of terrestrial
ecosystems, and it plays an important role in global ecological functions [8]. Therefore,
it is of great significance to study the driving force of the dynamic changes of vegetation
greenness in order to analyze the ecological changes in the context of global warming [9].

Tree rings have the advantages of accurate dating, strong continuity, and sensitivity to
the environment, and have become one of the most important methods to study natural
geographical changes [10,11]. A large number of studies use tree-ring width as a surrogate
to study the dynamics of vegetation greenness, in order to fill the gap of normalized
vegetation index (NDVI) data and obtain the dynamic change law of historical vegetation
greenness [12,13]. The climate and environmental factors in the same area jointly affect
the vegetation [14], such that the change of tree-ring width may have a certain correlation
with the change of vegetation greenness. In the existing studies, few have analyzed the
impact of human factors on the dynamics of vegetation greenness, such that the relationship
between human activities and vegetation is still unclear [15–17]. Therefore, studying the
dynamic characteristics of vegetation greenness in long time series and their relationship
with climate change and human activities will not only help to understand the mechanism
of vegetation greenness change, but also provide reference data for vegetation greenness
models. This will help us to better predict future changes in vegetation greenness and deal
with the impact of future extreme events on the dynamics of vegetation greenness [10,18].

Located in the northeastern region of China, Hulunbuir features a higher latitude and
experiences greater warming than other regions. The warming of the region can exacerbate
ecological and environmental problems in the terrestrial ecosystem of the area [19,20]. The
short history of existing observations of vegetation greenness dynamics in this area limits a
comprehensive understanding of the characteristics and driving forces. Consequently, it is
important to study the relationship between vegetation greenness dynamics and climate
change in this region.

This study is based on the hypothesis that the NDVI (as a proxy of LAI) and tree-ring
width are similarly affected by climatic conditions, and are thus expected to be correlated.
Based on the above background, the following research objectives were derived: (1) to
investigate the correlation between tree-ring width and NDVI, and to reconstruct the past
vegetation greenness dynamics using tree-ring data; (2) to investigate the change pattern
of vegetation greenness dynamics, and the main distribution periods of extreme change
periods; (3) to investigate the influence mechanism of climate and human activities on
vegetation greenness dynamics.

2. Materials and Methods
2.1. Study Region

The study area was located in Hulunbuir City and Arxan City in northeastern In-
ner Mongolia (115◦13′–126◦04′ E, 47◦05′–53◦20′ N; Figure 1), situated in the forest–grass
transition zone. The site is located at the boundary line between the second and the third
orders in China, at the boundary line between semi-humid and semi-arid monsoon and
non-monsoon climates, and at the 400 mm equivalent precipitation line. It is an extremely
important geographical boundary line in China, with a sensitive climate that makes it
suitable for tree-ring analysis.

This area has a temperate continental climate. Due to the topography of the Great
Khingan Range and its distance from the sea, humid air masses reach the area infrequently;
as a result, the region is dry, with little rain, while at the same time being hot. Precipitation
in the study area is mainly concentrated in the summer, with a mean annual temperature
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of −0.7 ◦C and a mean annual precipitation of 386.4 mm (Figure 2). The period of the year
with the highest NDVI values is from May to September, and the period with the lowest
vegetation greenness dynamics is concentrated in the winter months. This study took place
in the western Greater Khingan Range, in the transition zone with the Hulunbuir grassland.
In this area there is a large amount of agricultural and construction land (mainly from the
reclamation of forest and grassland); livestock rearing is more primitive, and is carried out
on a large scale.
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2.2. Dataset

(1) The tree-ring chronology

All of the tree cores were collected using Pinus sylvestris var. mongolica Litv. The tree-
ring samples were collected from Haila’er National Forest Park, Honghuaerji Zhangzisong
National Forest Park, and Huihe Forestry (Figure 1, Table 1). The tree cores were drilled
using increment borers according to standard procedures defined by the International
Tree Dendrochronology Database (ITRDB) [21,22]. The tree-ring width was measured
using LINTAB 6 (0.001 mm); COFECHA was cross-checked for dating [23], and then the
site-level chronology was developed using ARSTAN [21,24]. Negative exponential or
linear functions were used to remove the tree growth trends. The statistical features of the
standard chronology (STD) are shown in Table 2.

Table 1. Basic information about the three locations where the tree cores were collected.

Sampling Sites Haila’er Guangtoushan Huihe Forest

Sample code HLE GTS HHF
Elevation (m) a.s.l. 655 770 700

Longitude (E) 119.690238 119.980839 119.663920
Latitude (N) 49.194272 48.242293 48.078830

Sample depth (core/tree) 72/46 33/16 54/30

Table 2. Basic information on the chronology of Pinus sylvestris var. mongolica Litv. tree rings at three locations.

Sampling
Sites

Time Span
(Year)

Mean
Sensitivity

(MS)

Series Inter-
correlation

Expressed
Population

Signal (EPS)

Signal-to-
Noise Ratio

(SNR)

Standard
Deviation

(SD)

EPS > 0.85 in
the First Year
(Number of

Trees)

HLE 1777–2019, 243 0.264 0.437 0.978 44.906 0.280 1817 (6)
GTS 1828–2019, 192 0.178 0.715 0.890 8.065 0.273 1898 (15)
HHF 1822–2019, 198 0.195 0.442 0.957 22.033 0.220 1886 (10)

Notes: Time span (Year) is the starting and ending times of the tree-ring chronology, and the number inside the
brackets is the length of the tree-ring chronology (years). The first year where EPS > 0.85 (number of trees) is the
year in which EPS first started to be greater than 0.85, and the number inside the parentheses is the number of tree
cores with EPS > 0.85 years. HLE, Haila’er; GTS, Guangtoushan; HHF, Huihe Forestry.

A regional chronology (HLBEstd) was created using a total of 159 core samples from
the three sampling locations after excluding shorter or decayed cores (Table 1). The regional
chronology spans the years 1777 to 2019, with a reliable interval of 1826–2019 for EPS > 0.85
(Figure 3).

(2) Climate datasets

Meteorological data for the study area were obtained from the China Meteorological
Data Service Centre (http://data.cma.cn/, accessed on 21 June 2021), and included the
monthly precipitation and monthly mean temperature for the period 1952–2019. Meteo-
rological records from nine weather stations were averaged to reduce small-scale noise
or random components, and to be representative of a wider range of regional climate
conditions; we used the arithmetic mean dataset of the nine meteorological stations for
further analysis.

(3) NDVI datasets

The NDVI is one of the most frequently used vegetation indices, which can reflect
the greenness dynamics, plant phenology and biomass of regional vegetation [25,26]. This
study adopts the global GIMMS NDVI3g v1 dataset (1981–2015) (http://data.tpdc.ac.cn/
en/data, accessed on 21 June 2021). This NDVI dataset has been corrected for calibration,
view geometry, volcanic aerosols, and other effects which are not related to vegetation
changes. The temporal resolution of the product is twice per month, and the spatial

http://data.cma.cn/
http://data.tpdc.ac.cn/en/data
http://data.tpdc.ac.cn/en/data
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resolution is 1/12 of a degree. The temporal cover is from July 1981 to December 2015. The
resulting NDVI was used to represent regional changes in vegetation greenness dynamics.

(4) Socio-economic datasets

The data types were the total livestock, farmland area, population, and planted forest
area. The data were from the Hulunbuir and Arxan City Government Statistical Yearbook. The
selected human activities include the quantity of livestock, area of afforestation, population,
and area of cultivated land. Based on a random forest regression model, the importance
of human activities could be assessed from these activities [27]. After ranking human
activities in order of importance, the top-ranked fraction of human activities was selected,
and these important human activities were some of the factors that were obviously closely
associated with vegetation greenness dynamics. The dataset was collected from CNKI
(https://cnki.net/, accessed on 21 June 2021).
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2.3. Statistical Analysis

(1) Reconstruction and examination of the NDVI

The NDVI of the study area was calculated using the maximum synthesis method [28].
The maximum value synthesis method is widely used in data synthesis because it can
eliminate the effects of residual clouds, atmospheric scattering and the solar altitude an-
gle from the data. The maximum synthesis method is implemented using the equation
b1 × (b1 ge b2) + b2 × (b2 gt b1) with the band operation module of the software ENVI
4.7, where b1 and b2 represent the NDVI data before and after 15 days of each month,
respectively, in order to obtain the monthly NDVI dataset. The relationships between the re-
gional chronology, NDVI, and climate data were analyzed using Pearson correlation. NDVI
reconstructions were performed using multiple linear regression models [29]. Separate
calibration–validation methods were used to verify the stability of the NDVI reconstruction
equation using error-reduction values (RE), effective coefficients (CE), sign tests (ST), and
first-order difference sign tests (ST1) [21].

https://cnki.net/
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(2) Extreme events analysis

In this study, the definition method and analysis method of extreme events in the
field of climate reconstruction were introduced in order to analyze the extreme changes of
vegetation greenness in the study site. The detailed methods are as follows:

High NDVI values = NDVImean + 1 SD (1)

Low NDVI values = NDVImean − 1 SD (2)

(3) Analysis of the influencing factors

Residual analysis methods were used to calculate the effects of climate and human
activities on the vegetation greenness dynamics [30].

The formulae are as follows:

NDVItotal = a × Pre + b × Tem + c (3)

NDVIhuman = NDVItotal − NDVIclimate (4)

Here, NDVIclimate refers to the NDVI under the influence of climate obtained from the
regression equation reconstructed based on climate records (temperature and precipitation),
and NDVItotal refers to the regional total NDVI reconstructed using the tree-ring width; a, b,
and c are model parameters; and Tem (◦C) and Pre (mm) refer to the average temperature
and accumulated precipitation in the growing season, respectively.

The NDVIhuman is obtained by Formulae (3) and (4), and the contribution rate of
human activities is the ratio of the NDVI affected by human activities to the total NDVI.
The formula is as follows:

Contributionhuman(%) =
NDVIhuman
NDVItotal

× 100% (5)

The importance ranking of the effects of human activities on the vegetation greenness
dynamics change was calculated using random forests [27].

3. Results and Discussion
3.1. Reconstruction and Examination of the NDVI

Because trees and vegetation in the same area are influenced by factors such as the
common climate, changes in the NDVI are correlated with the radial growth of trees.
Meanwhile, NDVI can affect the net primary productivity of the forest, and thus the radial
growth of trees. As such, tree-ring width is used as an indicator to study changes in NDVI.
The correlation results based on tree rings and NDVI5–9 indicated that tree rings could
represent the vegetation greenness dynamics of the growing season in the western Greater
Khingan Range, with correlations as high as 0.47 (Figure 4, p < 0.01) and 0.34 (Figure 4,
p < 0.05) between the tree-ring index and NDVI in the current year and the following year.
High NDVI values are closely related to the radial growth of tree rings in the current year
and the following year. The tree growth and vegetation greenness dynamics were consistent,
suggesting that both were controlled by common climatic factors. In this case, the link
is indicative of a relationship between two separate physiological processes occurring
within the tree; first, the photosynthetic activity, indirectly measured by the greenness in
the canopy (NDVI), and second the carbon allocation (tree-ring width). Furthermore, this
implies that there is a common limiting factor, and also that there is a time lag between the
processes [31].
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Figure 4. Correlation between the tree-ring index and NDVI. TWt refers to the tree-ring width index
of the current year, TWt−1 refers to the tree-ring width index of the previous year, TWt+1 refers to the
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“***”refers to p < 0.001.

The NDVI can affect the next year’s growth of trees. The NDVI in the current year
can affect the photosynthesis of trees, which in turn affects the accumulation of organic
matter [32], resulting in significant changes in the radial growth of trees. At the beginning
of the growing season, the non-structural carbohydrate (NSC) content of coarse tree roots
decreased, and the root NSC was provided for tree growth and development. At the end
of the growing season, the coarse tree root NSC content increases and NSC is transported
to the roots to be stored for the next year’s growth. The coarse roots are the main storage
site for non-structural carbohydrates in trees, and are the main source of energy for plant
survival in winter and growth in early spring. The NSC accumulated in the roots plays
an important role in carbon allocation for tree growth, and to some extent constrains the
growth metabolism of above-ground organs [33].

In order to demonstrate that tree rings could represent the changing vegetation green-
ness dynamics in the study area, we further analyzed their control by common climatic
factors (Figure 5a,b). The results showed that both tree rings and the NDVI presented
positive correlations with precipitation during the previous and current growing seasons.
This suggests that they were controlled by a common climatic factor (precipitation). The
relationship between the temperature and NDVI showed a positive correlation, but it was
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not significant. Because the study area belongs to a temperate continental climate zone,
the temperature has a stronger limiting effect on vegetation compared to moisture. At the
same time, the study area has a higher latitude and lower average annual temperature; too
low a temperature will limit the growth of plants, such that the increase of temperature can
promote the growth of plants to some extent.
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Figure 5. Correlation analysis between the Ring Width Index (RWI), NDVI, and precipitation.
Correlation between the RWI and precipitation (a); correlation between the NDVI and precipitation
(b). The horizontal dashed line is the 95% confidence line; Previous year refers to the correlation of
precipitation in the previous year, and the month is represented by P; Current years is the correlation of
the precipitation in the current year, and the month is represented by C; the alphanumeric combination
in the month combination letter represents the year, and the number represents the month.

The width of the tree-ring represents the growth of the trees, and their growth rate is
determined by the net photosynthetic rate. When unfavorable meteorological factors and
others such as age, climate, and stand competition, etc., act on vegetation, this will inhibit
photosynthesis in plant leaves and slow the radial growth of plants, thereby controlling the
tree-ring width and NDVI [34]. Additionally, trees are an important vegetation expression,
and their growth state represents vegetation greenness dynamics. Consequently, tree-
ring chronology can reflect the dynamics of vegetation greenness during the growing
season. Thus, tree-ring width has been used as an indicator to study changes in vegetation
greenness. Because the NDVI basically reaches its maximum during the growing season
(May–September), we established a transfer function for NDVI from May to September,
as follows:

NDVI5−9 = 0.041× TWt + 0.026× TWt+1 + 0.668,(
n = 34, r = 0.55, R2 = 0.31, R2

adj = 0.26, p < 0.01
)

, (6)

where TWt is the tree-ring index for a given year, and TWt+1 is the tree-ring index for
the previous year. The model explained 31% of the variance in the NDVI data (26% after
adjustment for the loss of degrees of freedom) for the period from 1985 to 2015. R2

adj refers
to the amount of variance explained after adjusting for degrees of freedom. This removes
the effect of the number of independent variables on R2, such that the magnitude of R2

only responds to the goodness of fit of the regression equation. The F value, r, ST, and ST1
were all statistically significant, and RE and CE were both positive (Table 3), indicating that
the regression model has been statistically validated [21,22].
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Table 3. Statistics of the calibration and verification tests of the NDVItotal reconstruction.

Calibration Verification

Period r R2 F Period RE CE ST ST1
1982–1998 0.51 0.26 4.55 1999–2015 0.35 0.35 12+/5− 12+/4−
1999–2015 0.62 0.39 6.94 1982–1999 0.04 0.03 13+/4− * 11+/5−
1982–2015 0.55 0.31 6.81

Note: “*” refers to α < 0.05.

3.2. Extreme Events of Vegetation Greenness Dynamics

The vegetation greenness dynamics series illustrates strong decadal-scale changes
reflecting a continuous alternation of high and low values. As a result, we used a 20-year
low-pass filter to highlight changes over decades. Based on the transfer function and the
tree-ring length, we reconstructed the NDVI changes from 1826 to 2018 (Figure 6a). Over
the past 193 years, the NDVI ranged from 0.679 to 0.686, with a median of 0.683; the mean
was 0.683, and the standard deviation (SD) was 0.002.
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Figure 6. (a) NDVI5–9 curve after 20 years of low-pass filtering (thick line). The thin line represents
the reconstructed NDVI5–9, and the horizontal line indicates the mean and mean ± one standard
deviation. (b) Time interval between the occurrence of extreme events such as low and high cover
during the reconstruction interval. The thick lines represent 20 years of low flux data. The red shaded
areas represent low cover intervals, and green shaded areas represent high cover intervals.
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There were 32 years with high vegetation greenness accounting for 16.6% of the whole
series, while 37 years had low values, accounting for 19.2%. In order to demonstrate
the NDVI variation at low frequencies, we performed 20-year low-pass filtering. At low
frequencies, the NDVI changes were relatively stable. The vegetation greenness dynamics
were relatively higher in the 1870s, 1930s, 1950s, and 1980s–1990s, while cover was lower
in the 1850s–1860s, 1920s, 1960s–1970s, and 2000s–2010s (Table 4, Figure 6b).

Table 4. Reconstruction of low vegetation greenness and high vegetation greenness periods, and
their scale and intensity in the western Greater Khingan Range.

Extreme
Events Period Duration Magnitude Intensity Extreme

Events Period Duration Magnitude Intensity

Low
NDVI
values

1855–1864 10 −0.033 −0.003
High
NDVI
values

1872–1874 3 0.006 0.002
1919–1928 10 −0.034 −0.003 1935–1939 5 0.012 0.002
1966–1971 6 −0.016 −0.003 1952–1959 8 0.022 0.003
2002–2012 11 −0.039 −0.004 1980–1995 16 0.048 0.003

The mean NDVI reconstruction was evaluated for both high and low vegetation
greenness characteristics using the magnitude (the sum of deviations from the long-term
median) and intensity (the sum of deviations from the median divided by the duration)
of each event (three years or longer) over time [35]. Table 4 illustrates the magnitude
and intensity of extreme vegetation greenness dynamics. In the NDVI reconstruction,
the longest duration of high vegetation greenness occurred in 1980–1995 for a duration
of 16 years; the longest duration of low vegetation greenness occurred in 2002–2012 for
a duration of 11 years. In terms of the intensity of extreme events, the intensity of the
nine events over 200 years did not vary significantly. Precipitation plays an extremely
important role in the vegetation growth in the study area, and it can be seen in Figure 8
that the moisture in the study area continuously increases after 1980, which is undoubtedly
extremely beneficial for vegetation growth. Similarly, after the 21st century, the PDSI values
in the study area continued to decline, and the lack of available water for the plants caused
a decrease in the NDVI values. In this regard, human activities also have an important
influence, which is discussed in detail in Section 3.4.

The sixth report of the IPCC states that the pattern of climate change since the mid-20th
century may be caused by human activities, with adverse effects on vegetation greenness
dynamics and agricultural production [1]. In response to this view, we analyzed the
extreme changes in vegetation greenness dynamics around the 1950s, and found that the
percentage of extreme events (number of extreme events/number of corresponding years)
increased by 84.4%; the percentage of the duration of extreme events (the duration of
extreme events/number of corresponding years) increased by 166.0%; the average size
of extreme events increased by 68.9%; the average intensity increased by 6.2%, and the
average extreme interval decreased by 57.2% (Figure 7). This indicates that after the 1950s,
extreme changes in vegetation greenness dynamics have increased significantly in both
magnitude and intensity, and this pattern is occurring more frequently.

Human-induced climate change has affected many weather extremes and climates
in every region of the globe. Since the IPCC Sixth Assessment Report, the evidence for
observed extreme weather changes such as heat waves, heavy precipitation, droughts, and
tropical cyclones attributed to human activities has strengthened [1]. Evidence suggests
that human activity has been a major driver of the frequency of extreme events since the
1950s [36]. Table 4 illustrates the magnitude and intensity of extreme vegetation greenness
dynamics; this series of results may indicate that the intensity of extreme changes in
vegetation greenness dynamics will increase if regional temperatures continue to rise.
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3.3. The Impact of Climate Change on Vegetation Greenness Dynamics

The rise in vegetation greenness is influenced by regional temperature variation and
hydrological conditions, and the NDVI in this study area was significantly correlated with
precipitation (r = 0.45, p < 0.01) and not particularly strongly correlated with temperature
(r = 0.16, p > 0.05) during 1952–2019 (Figure 8a,b). This result suggested that precipita-
tion is the main factor limiting the change in vegetation greenness dynamics during the
growing season.
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Figure 8. Relationship between the summer NDVI and precipitation, temperature, and the Palmer
Drought Severity Index (PDSI). The NDVI and observed precipitation (a) and temperature (b) in
the growing season; the NDVI and PDSI in Hulunbuir (c). (c) shows the correlation analysis for the
common time period only, due to the different time lengths: 1826–2012.
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Further study found that the summer NDVI in the Hulunbuir area was significantly
correlated with the PDSI reconstruction [37] (r = 0.24, p < 0.05, Figure 8c). The PDSI can
reflect both temperature and precipitation variability characteristics. The significant rela-
tionship between the two indicates that climate change is an important factor influencing
the changes of summer vegetation greenness dynamics. Precipitation can affect the water
content of the soil, which in turn affects the radial growth of trees [38]. Drought has a
significant impact on the physiological activities of trees, directly affecting photosynthesis
and indirectly affecting respiration and transpiration, causing plants to lack sufficient water,
leading to partial dieback and reduced vegetation greenness [39,40].

3.4. The Impact of Human Activities on Vegetation Greenness Dynamics

Multiple regression residual analysis was used to study the effects of climate change
and human activities on changes in the NDVI [41,42]. The formula is as follows:

NDVIclimate = 0.485136 + 0.001405 × PP8C7 + 0.006804 × TC7 + 0.000229 × PP6 (7)

where PP8C7 is the average precipitation from August of the previous year to July of the
current year; TC7 is the average temperature in July of the current year, and PP6 refers to
the precipitation in June of the previous year. The statistical parameters characterizing the
NDVIclimate reconstruction equation are shown in Table 5.

Table 5. NDVIclimate reconstruction equation characteristic statistical parameters.

r R2 R2
adj p-Value

0.68 0.47 0.42 <0.01

Notes: R2
adj refers to the amount of variance explained after adjusting for degrees of freedom. It removes the effect

of the number of independent variables on R2, such that the magnitude of R2 only responds to the goodness of fit
of the regression equation.

The study of the NDVI share influenced by human activities revealed that the positive
human impact on vegetation gradually diminished after the founding of the People’s
Republic of China (Figure 9a). After entering the 21st century, a fundamental reversal
occurred, shifting from a positive to a negative impact. The contribution rate increased from
0.53% before 1949 to 0.80% (Figure 9a), and the impact of human activities increased year
by year. For human activities, we screened some of the factors and conducted importance
ranking analysis, and found that for vegetation greenness dynamics, the order was as
follows: total livestock > afforestation area > population > farmland (Figure 9b).

The human-influenced vegetation greenness dynamics showed a sharp decline in 1987
and 1998, and only gradually recovered in later years. We learned by checking the data for
fires from the Inner Mongolia Fire Brigade (https://www.119.gov.cn/xinwen/gddt/nmxf,
accessed on 1 October 2021) that two huge forest fires, occurring in 1987 and 1998 in the
Greater Khingan Range, led to the burning of large areas of forest, drastic damage to the
local ecological environment, and a dramatic decrease in forest cover. After 2002, the
impact of human activities on the vegetation greenness dynamics turned positive and the
forest cover steadily increased, mainly due to the national policy of returning farmland
to forest and grassland implemented in 2002, which gradually restored plots reclaimed
as farmland or other use to forest and grassland, resulting in an increase in vegetation
greenness after entering the 21st century [43]. Nevertheless, continued population growth
and industrial development have, in turn, negatively impacted both forest and grassland
vegetation habitats to varying degrees, encroaching on forest and grassland on a large
scale, leading to a decline in vegetation greenness dynamics and leaving the entire region
in a state of long-term fluctuation [44,45]. Notably, after 2012 the vegetation greenness
dynamics displayed a strong upward trend that we attribute to the Chinese government’s
insistence on prioritizing conservation (Figures 6 and 9a), adhering to the basic state policy

https://www.119.gov.cn/xinwen/gddt/nmxf
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of conserving resources, protecting the environment, and promoting the concept of green
development and lifestyle in the course of environmental protection.
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Figure 9. Contribution of human activities to dynamic changes in vegetation greenness dynamics
(a). Ranking of the importance of factors influencing changes in vegetation greenness dynamics (b).
The X-axis of Figure 9a is time, and the Y-axis is the contribution of human activities to the NDVI in
the study area; the X-axis of Figure 9b is “%IncMSE”, which means the increase in the mean squared
error, and the Y-axis is the importance of various types of human activities.

The analysis of the importance of the influencing factors indicated that the total live-
stock and arable land area were the two most important human influences on vegetation
greenness dynamics in the study area [46,47]. The implementation of the “grass–livestock
dual contract” system in the Hulunbuir grassland pastoral area has led to the rapid devel-
opment of the Hulunbuir agriculture and livestock industry, squeezing the area of forests
and grasslands and causing ecological damage [48,49].

The influence of climatic and anthropogenic factors on the evolution of vegetation
in the study area is bidirectional. Over the last two centuries, the contribution of the
climate to the rise of the NDVI in the study area has shown a weak decreasing trend, while
anthropogenic factors have shown a weak increasing trend, indicating that the influence
of natural factors on the vegetation ecology of the study area is gradually decreasing but
still dominant. The change of the vegetation greenness in the study area is the result of the
combined effect of climate change and human activities. Vegetation greenness dynamics
are dominated by climate change, and the decrease of the soil moisture in the study area
caused by climate warming is the decisive factor.

4. Conclusions

Based on the chronology of Pinus sylvestris var. mongolica Litv. tree-ring widths,
the NDVI of vegetation greenness dynamics was reconstructed for the growing season
(May–September) in the western forest–grass transition zone area of the Greater Khingan
Range in northeast China from 1826 to 2018, and the reconstructed equations passed
stability and reliability tests. Among the past 193 years, year 32 showed higher vegetation
greenness and year 37 showed lower vegetation greenness. Under low-pass filtering, the
cover was relatively high in the 1870s, 1930s, 1950s, and 1980s–1990s, and low in the
1850s–1860s, 1920s, 1960s–1970s and 2000s–2010s. Climatic factors, especially precipitation,
are the main factors influencing the changes in the vegetation greenness dynamics in
summer. Climatic influences on vegetation greenness dynamics have occurred not only in
recent decades but also in past centuries. The degree of influence of human activities on
vegetation greenness dynamics has gradually increased since the 1950s, with the number
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of grazing livestock playing an important role in the changes in vegetation greenness
dynamics, followed by the area of cultivated land, the total population, and the area of
afforestation. Among the impacts of human activities, the order of importance was as
follows: livestock > afforestation > population > farmland. Due to the influx of population
after the founding of the People’s Republic of China, the grazing density and reclaimed
area increased, destroying a large amount of vegetation and leading to a decrease in the
NDVI values. Since the government-implemented project of returning farmland to forest
and grass, the vegetation greenness dynamics in the study area have improved. These
findings help us to understand the relationship between climate change and vegetation
greenness dynamics in northeastern China, as well as the impact of human activities on
vegetation greenness dynamics.

Author Contributions: J.D., P.Z., H.W. and R.W. proposed the study and designed the experiments;
J.D. and T.Y. performed the field sampling and laboratory measurements; J.D. analyzed the exper-
imental data and wrote the article; H.W., P.F., P.Z. and R.W. provided funding; Y.Z., L.S., S.Q. and
X.L. assisted with the field sampling, laboratory experiments, and data analysis; L.S., S.Q. and X.L.
helped with the laboratory experiments. H.L. is in charge of laboratory processing of samples and
measurements. All of the authors contributed suggestions and revised the article. All authors have
read and agreed to the published version of the manuscript.

Funding: This study was supported by the National Science and Technology Basic Resources Survey
Special Fund of China (2019FY202300), the Qingdao Forest Ecosystem Research Fund, and the
Fundamental Research Fund of Shandong University.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The meteorological data can be downloaded at http://data.cma.cn/,
accessed on 21 June 2021; NDVI data at http://data.tpdc.ac.cn/en/data/, accessed on 21 June 2021;
and the fire data can be downloaded at https://www.119.gov.cn/xinwen/gddt/nmxf, accessed on 1
October 2021.

Acknowledgments: We would like to thank Xiangxiang Li and Shuxia Sun from Shandong University,
Zhuangpeng Zheng, Ping Chen, Xiaojin Bing, Xinguang Cao, and Zhipeng Dong from Fujian Normal
University for their great help during the field work.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. IPCC. Climate Change 2021: The Physical Science Basis; Cambridge University Press: Cambridge, UK, 2021.
2. Arnell, N.W.; Lowe, J.A.; Challinor, A.J.; Osborn, T.J. Global and regional impacts of climate change at different levels of global

temperature increase. J. Clim. Change 2019, 155, 377–391. [CrossRef]
3. Diedhiou, A.; Bichet, A.; Wartenburger, R.; Wartenburger, R.; Seneviratne, S.I.; Rowell, D.P.; Sylla, M.B.; Diallo, I.; Todzo, S.;

Touré, N.D.E.; et al. Changes in climate extremes over West and Central Africa at 1.5 ◦C and 2 ◦C global warming. J. Environ. Res.
Lett. 2018, 13, 65020. [CrossRef]

4. Caddy-Retalic, S.; Wardle, G.M.; Leitch, E.J.; McInerney, F.A.; Lowe, A.J. Vegetation change along a Mediterranean to arid zone
bioclimatic gradient reveals scale-dependent ecotone patterning. J. Aust. J. Bot. 2020, 68, 574. [CrossRef]

5. Ukkola, A.M.; De Kauwe, M.G.; Roderick, M.L.; Burrell, A.; Lehmann, P.; Pitman, A.J. Annual precipitation explains variability in
dryland vegetation greenness globally but not locally. J. Glob. Change Biol. 2021, 27, 4367–4380. [CrossRef]

6. Xu, C.; McDowell, N.G.; Fisher, R.A.; Wei, L.; Sevanto, S.; Christoffersen, B.O.; Weng, E.; Middleton, R.S. Increasing impacts of
extreme droughts on vegetation productivity under climate change. J. Nat. Clim. Change 2019, 9, 948–953. [CrossRef]

7. Reichstein, M.; Bahn, M.; Ciais, P.; Frank, D.; Mahecha, M.D.; Seneviratne, S.I.; Zscheischler, J.; Beer, C.; Buchmann, N.; Frank,
D.C.; et al. Climate extremes and the carbon cycle. J. Nat. 2013, 500, 287–295. [CrossRef]

8. Bonan, G.B. Forests and Climate Change: Forcings, Feedbacks, and the Climate Benefits of Forests. J. Sci. 2008, 320, 1444–1449.
[CrossRef]

9. Leão, T.C.C.; Reinhardt, J.R.; Nic Lughadha, E.; Reich, P.B. Projected impacts of climate and land use changes on the habitat of
Atlantic Forest plants in Brazil. J. Glob. Ecol. Biogeogr. 2021, 30, 2016–2028. [CrossRef]

10. Sun, B.; Liu, Y.; Lei, Y. Growing season relative humidity variations and possible impacts on Hulunbuir grassland. J. Sci. Bull.
2016, 61, 728–736. [CrossRef]

11. Zhang, Z. Tree-rings, a key ecological indicator of environment and climate change. J. Ecol. Indic. 2015, 51, 107–116. [CrossRef]

http://data.cma.cn/
http://data.tpdc.ac.cn/en/data/
https://www.119.gov.cn/xinwen/gddt/nmxf
http://doi.org/10.1007/s10584-019-02464-z
http://doi.org/10.1088/1748-9326/aac3e5
http://doi.org/10.1071/BT20036
http://doi.org/10.1111/gcb.15729
http://doi.org/10.1038/s41558-019-0630-6
http://doi.org/10.1038/nature12350
http://doi.org/10.1126/science.1155121
http://doi.org/10.1111/geb.13365
http://doi.org/10.1007/s11434-016-1042-x
http://doi.org/10.1016/j.ecolind.2014.07.042


Biology 2022, 11, 679 15 of 16

12. Liang, E.; Eckstein, D.; Liu, H. Assessing the recent grassland greening trend in a long-term context based on tree-ring analysis: A
case study in North China. J. Ecol. Indic. 2009, 9, 1280–1283. [CrossRef]

13. Srur, A.M.; Villalba, R.; Baldi, G. Variations in Anarthrophyllum rigidum radial growth, NDVI and ecosystem productivity in the
Patagonian shrubby steppes. J. Plant Ecol. 2011, 212, 1841–1854. [CrossRef]

14. Vicente-Serrano, S.M.; Camarero, J.J.; Olano, J.M.; Martín-Hernández, N.; Peña-Gallardo, M.; Tomás-Burguera, M.; Gazol, A.;
Azorin-Molina, C.; Bhuyan, U.; El Kenawy, A. Diverse relationships between forest growth and the Normalized Difference
Vegetation Index at a global scale. J. Remote Sens. Environ. 2016, 187, 14–29. [CrossRef]

15. Huang, K.; Zhang, Y.; Zhu, J.; Liu, Y.; Zu, J.; Zhang, J. The influences of climate change and human activities on vegetation
dynamics in the Qinghai-Tibet Plateau. J. Remote Sens. 2016, 8, 876. [CrossRef]

16. Jiang, L.; Bao, A.; Guo, H.; Ndayisaba, F. Vegetation dynamics and responses to climate change and human activities in Central
Asia. J. Sci. Total Environ. 2017, 599, 967–980. [CrossRef]

17. Zheng, K.; Wei, J.; Pei, J.; Cheng, H.; Zhang, X.; Huang, F.; Li, F.; Ye, J. Impacts of climate change and human activities on grassland
vegetation variation in the Chinese Loess Plateau. J. Sci. Total Environ. 2019, 660, 236–244. [CrossRef]

18. Islam AR, M.T.; Islam HM, T.; Shahid, S.; Khatun, M.K.; Ali, M.M.; Rahman, M.S.; Ibrahim, S.M.; Almoajel, A.M. Spatiotemporal
nexus between vegetation change and extreme climatic indices and their possible causes of change. J. Environ. Manag. 2021,
289, 112505. [CrossRef]

19. Park, H.; Jeong, S.; Peñuelas, J. Accelerated rate of vegetation green-up related to warming at northern high latitudes. J. Glob.
Change Biol. 2020, 26, 6190–6202. [CrossRef]

20. King, A.D.; Lane, T.P.; Henley, B.J.; Brown, J.R. Global and regional impacts differ between transient and equilibrium warmer
worlds. J. Nat. Clim. Change 2020, 10, 42–47. [CrossRef]

21. Cook, E.; Kairiukstis, L. Methods of Dendrochronology: Applications in the Environmental Sciences; Springer: Berlin/Heidelberg,
Germany, 1990.

22. Fritts, H. Tree Rings and Climate; Elsevier: Amsterdam, The Netherlands, 2012.
23. Holmes, R.L. Computer-assisted quality control in tree-ring dating and measurement. J. Tree-Ring Bull. 1983, 43, 51–67.
24. Cook, E.R. A Time Series Analysis Approach to Tree Ring Standardization (Dendrochronology, Forestry, Dendroclimatology,

Autoregressive Process). Ph.D. Thesis, The University of Arizona, Tucson, AZ, USA, 1985.
25. Hossain, M.L.; Li, J. NDVI-based vegetation dynamics and its resistance and resilience to different intensities of climatic events. J.

Glob. Ecol. Conserv. 2021, 30, e1768. [CrossRef]
26. Lumbierres, M.; Méndez, P.; Bustamante, J.; Soriguer, R.; Santamaría, L. Modeling Biomass Production in Seasonal Wetlands

Using MODIS NDVI Land Surface Phenology. J. Remote Sens. 2017, 9, 392. [CrossRef]
27. Zaimes, G.N.; Gounaridis, D.; Symenonakis, E. Assessing the impact of dams on riparian and deltaic vegetation using remotely-

sensed vegetation indices and Random Forests modelling. J. Ecol. Indic. 2019, 103, 630–641. [CrossRef]
28. Sun, C.; Liu, Y.; Song, H.; Li, Q.; Cai, Q.; Wang, L.; Fang, C.; Liu, R. Tree-ring evidence of the impacts of climate change and

agricultural cultivation on vegetation coverage in the upper reaches of the Weihe River, northwest China. J. Sci. Total Environ.
2020, 707, 136160. [CrossRef]

29. Bao, G.; Liu, Y.; Liu, N.; Linderholm, H.W. Drought variability in eastern Mongolian Plateau and its linkages to the large-scale
climate forcing. J. Clim. Dyn. 2015, 44, 717–733. [CrossRef]

30. Shi, S.; Yu, J.; Wang, F.; Wang, P.; Zhang, Y.; Jin, K. Quantitative contributions of climate change and human activities to vegetation
changes over multiple time scales on the Loess Plateau. J. Sci. Total Environ. 2021, 755, 142419. [CrossRef]

31. Correa-Díaz, A.; Silva LC, R.; Horwath, W.R.; Gómez-Guerrero, A.; Vargas-Hernández, J.; Villanueva-Díaz, J.; Velázquez-
Martínez, A.; Suárez-Espinoza, J. Linking Remote Sensing and Dendrochronology to Quantify Climate-Induced Shifts in High-
Elevation Forests Over Space and Time. J. Geophys. Res. Biogeosci. 2019, 124, 166–183. [CrossRef]

32. Wang, Y.; Shen, X.; Jiang, M.; Tong, S.; Lu, S. Spatiotemporal change of aboveground biomass and its response to climate change
in marshes of the Tibetan Plateau. J. Int. J. Appl. Earth Obs. Geoinf. 2021, 102, 102385. [CrossRef]

33. Zhang, Y.; Shi, Z.; Zhu, L.; Wang, C.; Wu, J.; Xu, J. Seasonal variations of non-structural carbohydrate contents in coarse roots of
Quercus variabilis Blume at different altitudes in the eastern Qinling Mountain. J. Ecol. 2021, 40, 712–720.

34. Wang, W.; Liu, X.; Chen, T. Reconstruction of regional NDVI using tree-ring width chronologies in the Qilian Mountains,
northwestern China. Chin. J. Plant Ecol. 2010, 34, 1033–1044.

35. Franco, B.; Tomasz, J.K.; Anna, K.P. Stochastic modeling of regime shifts. J. Clim. Res. 2002, 23, 23–30.
36. Hegerl, G.C.; Brönnimann, S.; Schurer, A.; Cowan, T. The early 20th century warming: Anomalies, causes, and consequences. J.

Wiley Interdiscip. Rev. Clim. Change 2018, 9, e522. [CrossRef]
37. Liu, Y.; Zhang, X.; Song, H.; Cai, Q.; Li, Q.; Zhao, B.; Liu, H.; Mei, R. Tree-ring-width-based PDSI reconstruction for central Inner

Mongolia, China over the past 333 years. J. Clim. Dyn. 2017, 48, 867–879. [CrossRef]
38. Liu, H.; Park Williams, A.; Allen, C.D.; Guo, D.; Wu, X.; Anenkhonov, O.A.; Liang, E.; Sandanov, D.V.; Yin, Y.; Qi, Z. Rapid

warming accelerates tree growth decline in semi-arid forests of Inner Asia. J. Glob. Change Biol. 2013, 19, 2500–2510. [CrossRef]
39. Han, J.; Chen, J.; Shi, W.; Song, J.; Hui, D.; Ru, J.; Wan, S. Asymmetric responses of resource use efficiency to previous-year

precipitation in a semi-arid grassland. J. Funct. Ecol. 2021, 35, 807–814. [CrossRef]
40. Lin, H.; Chen, Y.; Zhang, H.; Fu, P.; Fan, Z. Stronger cooling effects of transpiration and leaf physical traits of plants from a hot

dry habitat than from a hot wet habitat. J. Funct. Ecol. 2017, 31, 2202–2211. [CrossRef]

http://doi.org/10.1016/j.ecolind.2009.02.007
http://doi.org/10.1007/s11258-011-9955-6
http://doi.org/10.1016/j.rse.2016.10.001
http://doi.org/10.3390/rs8100876
http://doi.org/10.1016/j.scitotenv.2017.05.012
http://doi.org/10.1016/j.scitotenv.2019.01.022
http://doi.org/10.1016/j.jenvman.2021.112505
http://doi.org/10.1111/gcb.15322
http://doi.org/10.1038/s41558-019-0658-7
http://doi.org/10.1016/j.gecco.2021.e01768
http://doi.org/10.3390/rs9040392
http://doi.org/10.1016/j.ecolind.2019.04.047
http://doi.org/10.1016/j.scitotenv.2019.136160
http://doi.org/10.1007/s00382-014-2273-7
http://doi.org/10.1016/j.scitotenv.2020.142419
http://doi.org/10.1029/2018JG004687
http://doi.org/10.1016/j.jag.2021.102385
http://doi.org/10.1002/wcc.522
http://doi.org/10.1007/s00382-016-3115-6
http://doi.org/10.1111/gcb.12217
http://doi.org/10.1111/1365-2435.13750
http://doi.org/10.1111/1365-2435.12923


Biology 2022, 11, 679 16 of 16

41. Wessels, K.J.; Prince, S.D.; Malherbe, J.; Small, J.; Frost, P.E.; VanZyl, D. Can human-induced land degradation be distinguished
from the effects of rainfall variability? A case study in South Africa. J. Arid Environ. 2007, 68, 271–297. [CrossRef]

42. Evans, J.; Geerken, R. Discrimination between climate and human-induced dryland degradation. J. Arid Environ. 2004, 57,
535–554. [CrossRef]

43. Wang, B.; Xu, G.; Li, P.; Li, Z.; Zhang, Y.; Cheng, Y.; Jia, L.; Zhang, J. Vegetation dynamics and their relationships with climatic
factors in the Qinling Mountains of China. J. Ecol. Indic. 2020, 108, 105719. [CrossRef]

44. Tullo, E.; Finzi, A.; Guarino, M. Review: Environmental impact of livestock farming and Precision Livestock Farming as a
mitigation strategy. J. Sci. Total Environ. 2019, 650, 2751–2760. [CrossRef]

45. Zhang, Q.; Buyantuev, A.; Fang, X.; Han, P.; Li, A.; Li, F.; Liang, C.; Liu, Q.; Ma, Q.; Niu, J.; et al. Ecology and sustainability of the
Inner Mongolian Grassland: Looking back and moving forward. J. Landsc. Ecol. 2020, 35, 2413–2432. [CrossRef]

46. Fan, F.; Liang, C.; Tang, Y.; Harker-Schuch, I.; Porter, R.J. Effects and relationships of grazing intensity on multiple ecosystem
services in the Inner Mongolian steppe. J. Sci. Total Environ. 2019, 675, 642–650. [CrossRef]

47. Li, M.; Li, X.; Liu, S.; Li, X.; Lyu, X.; Dang, D.; Dou, H. Ecosystem services under different grazing intensities in typical grasslands
in Inner Mongolia and their relationships. J. Glob. Ecol. Conserv. 2021, 26, e1526. [CrossRef]

48. Li, A.; Wu, J.; Zhang, X.; Xue, J.; Liu, Z.; Han, X.; Huang, J. China’s new rural “separating three property rights” land reform
results in grassland degradation: Evidence from Inner Mongolia. J. Land Use Policy 2018, 71, 170–182. [CrossRef]

49. Schönbach, P.; Wan, H.; Gierus, M.; Bai, Y.; Müller, K.; Lin, L.; Susenbeth, A.; Taube, F. Grassland responses to grazing: Effects of
grazing intensity and management system in an Inner Mongolian steppe ecosystem. J. Plant Soil 2011, 340, 103–115. [CrossRef]

http://doi.org/10.1016/j.jaridenv.2006.05.015
http://doi.org/10.1016/S0140-1963(03)00121-6
http://doi.org/10.1016/j.ecolind.2019.105719
http://doi.org/10.1016/j.scitotenv.2018.10.018
http://doi.org/10.1007/s10980-020-01083-9
http://doi.org/10.1016/j.scitotenv.2019.04.279
http://doi.org/10.1016/j.gecco.2021.e01526
http://doi.org/10.1016/j.landusepol.2017.11.052
http://doi.org/10.1007/s11104-010-0366-6

	Introduction 
	Materials and Methods 
	Study Region 
	Dataset 
	Statistical Analysis 

	Results and Discussion 
	Reconstruction and Examination of the NDVI 
	Extreme Events of Vegetation Greenness Dynamics 
	The Impact of Climate Change on Vegetation Greenness Dynamics 
	The Impact of Human Activities on Vegetation Greenness Dynamics 

	Conclusions 
	References

