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Investigating the long-term dynamics in the canopy proves to be difficult due

to the short observational records of the normalized difference vegetation index

(NDVI). To explore the linkage between tree growth, NDVI dynamics and large-

scale atmospheric circulation in the Greater Khingan Mountain, Northeast China,

we established a chronology of Larix gmelinii tree ring width at three elevations

(870–920 m, 1,100–1,150 m and 1,270–1,320 m) in the northern foothills of

the mountain range. We then calculated the correlations between the tree

ring chronologies and NDVI and climate factors, and reconstructed the NDVI

time series from June to September 1759–2021 in the region based on the

middle-elevation tree ring chronology. The results identify the positive effect

of temperature (r = 0.56, p < 0.01) and the negative effect of precipitation

(r = −0.44, p < 0.01) in the growing season as the main influencing factors

of NDVI for the study period (1981–2019). The 11-year moving average of the

reconstructed NDVI series reveals two periods of high canopy vigor (1898–

1926 and 2009–2013) and three periods of low canopy vigor (1860–1962,

1882–1888 and 1968–1977) in the last 263 years. These periods correspond

to drought events recorded in the historical literature. Wavelet analysis shows

that the reconstructed sequences exhibited 11–13, 23–25, and 39–42 years

period variations. Integrating this with spatial correlation analysis reveals that tree

growth in the Mangui region was impacted by the combined effect of the North

Pacific Decadal Oscillation and the North Atlantic Multidecadal Oscillation. The

results of this paper provide a reference for the study of vegetation change

patterns in the northern foothills of the Greater Khingan Mountains.
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1 Introduction

The United Nations Intergovernmental Panel on Climate Change (IPCC) Sixth Climate
Assessment Report states that carbon emissions are still on the rise and the global warming
trend continues (Piao and Wang, 2023). As a climate change-sensitive area, China’s climate
warming has led to an increase in the level of climate risk in China, and the increase in
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extreme weather and climate events (National Climate Center of
China Meteorological Administration, 2022) has seriously harmed
the ecosystem. Therefore, in order to mitigate the adverse effects of
climate change, the Chinese government has made a major decision
to strive to achieve “carbon neutrality” by 2060 (Piao et al., 2022).
The carbon sink function in the ecosystem plays an important role
in the realization of carbon neutrality. As the main body of carbon
sequestration in the terrestrial ecosystem, the forest ecosystem plays
a key role in mitigating rising atmospheric CO2 concentrations
and global warming (Pan et al., 2011). Moreover, climate change
has also changed the structure of the forest, and the response of
the forest to the climate is not only affected by internal factors in
the forest (e.g., stand structure and species abundance), but is also
closely related to the external environment (e.g., site characteristics
and soil type) (Seidl et al., 2017). Therefore, the response of forest
ecosystems to climate change is a focal concern for the scientific
community. Remote sensing technology is widely used in forest-
related research. For example, based the on normalized difference
vegetation index (NDVI) and robust satellite techniques (RST),
Filizzola et al. (2022) found that drought events caused by climate
change in the 2000s led to the decline and death of oak forests
in southern Italy. Correa-Díaz et al. (2020) combined tree ring
isotope sequences with remote sensing data to investigate the
spatio-temporal variability in the response of forests to the rise in
CO2. The combination of remote sensing and dendrochronology
connects space and time, which is of great significance for revealing
the changing trend of forest ecosystem productivity on a large
spatio-temporal scale (Correa-Díaz et al., 2020). As one of the most
commonly used indirect measurements of canopy photosynthesis
and remote sensing indicators of forest productivity, NDVI has
been proven to be related to the radial growth of trees. For example,
Vicente-Serrano et al. (2016) determined a positive correlation
between interannual NDVI variability and annual tree growth in
most forests by comparing available tree annual rings with NDVI
at the global scale. Moreover, NDVI can accurately reflect the
growth status and vegetation cover of surface vegetation. Thus,
it is widely used to study the response of vegetation change
to climate and water environments, as well as to monitor the
growth status of plants and to investigate the spatial and temporal
changes of land cover (Sellers et al., 1995; Fang et al., 2004; Mao
et al., 2022; Verhoeven and Dedoussi, 2022; Wei and Wan, 2022).
However, the collection of NDVI observational data began in 1972
to monitoring vegetation systems in the Great Plains (Rouse et al.,
1973). Such a short time period is unable to meet the needs of long-
timescale studies and as a consequence, other proxy data need to
be introduced.

The radial growth process of trees is influenced not only by
their genetic characteristics but also by the growing environment
and climate change (Fritts, 1976). Thus, a large amount of climate
information in historical periods is accurately recorded in the
tree rings. Compared with other natural archives, tree rings
have the advantages of high resolution, accurate dating, wide
distribution, easy access, and sensitivity to environmental changes.
As a consequence, dendrochronology has become an important
approach for the study of paleoclimatic environmental changes
(Wu, 1990). Previous studies have determined a strong correlation
between summer NDVI and tree ring width (Wang et al., 2017;
Zhang T. W. et al., 2018; Qin et al., 2022). Therefore, the annual
tree ring is currently the most common proxy adopted for the

study of long-timescale NDVI trends (Castillo et al., 2015; Thomte
et al., 2022). For example, in a study on Larix chinensis Beissn. in
the Taibai Mountains of the Qinling Mountains, Qin et al. (2022)
determined NDVI in July to have a highly significant positive
correlation with the tree ring width and subsequently reconstructed
the NDVI from this month using a linear model.

However, the relationship between tree rings and NDVI is very
different due to the differences in local conditions. For example,
Pompa-García et al. (2022) found that the relationship between
the tree ring chronology of Mexican coniferous species and NDVI
did not vary with altitude, however, differences were observed
for latitudes changing from south to north, and the relationship
gradually weakened toward the north. But Wen et al. (2022) found
that the correlation between the tree ring width of Picea schrenkiana
and NDVI in the Tianshan Mountains decreased with increasing
altitude, with gradually decreasing trend from the west to east in
longitude. Tree age that also affects the relationship between tree
radial growth and canopy conditions. The photosynthetic capacity,
cambium activity and sensitivity to CO2 of young trees are higher
than those of old trees, while the actual vegetation greenness and
NDVI of young trees tend to be higher than the observed values,
and the opposite is true for old forests. This may affect the link
between tree rings and NDVI (Berra et al., 2017; Correa-Díaz et al.,
2019; Mašek et al., 2023).

Related studies in China began relatively late, and are mainly
concentrated in the Tianshan and Qinling areas. Scholars have
determined the vegetation growth dynamics in the study area to be
driven and regulated by large-scale circulation. Wang et al. (2017)
investigated the tree ring width and NDVI of Pinus tabuliformis
in the Huanglong Mountain of the Qinling Mountains and found
that the changes in NDVI from June to July were related to
the sea temperature of the western Pacific and Indian Ocean.
Zhang T. W. et al. (2018) reconstructed the July–October NDVI in
the region using a tree ring chronology of the Alatau Mountains
and determined the NDVI to be influenced by drought events
and large-scale circulation over Eurasia. Large-scale circulation
affects the climate in climate-sensitive areas by redistributing the
energy and matter on the Earth, which subsequently changes the
precipitation and temperature in the area, and ultimately has an
impact on the ecosystem. However, research on the effects of
large-scale circulation on the radial growth of trees and vegetation
coverage in the Greater Khingan Mountains, as well as the changes
in the relationship between tree ring width and NDVI across
different altitudes, is still limited. There is a strong linkage between
climate change, forest cover change and the hydrological processes
in the region (Mao et al., 2021). In particular, hydrological processes
such as precipitation, snow melt, permafrost melt, and run off have
important impacts on forest recovery and ecological security in the
Greater Khingan Mountains. Therefore, it is of great practical value
and scientific significance to investigate the relationship between
the vegetation evolution process and climate change in the region
and to clarify the water vapor transport mechanism in the region
(Duan et al., 2017).

In this paper, we studied the dominant tree species Larix
gmelinii at three elevations in the Mangui region of the Greater
Khingan Mountains. The aims of the paper were to: (1) analysis the
link between larch radial growth and NDVI, as well as the effect of
elevation on the correlation between them; (2) identify the climate
variables [temperature, precipitation, vapor pressure deficit (VPD),
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and drought severity index (scPDSI)] affecting vegetation cover;
and (3) reconstruct NDVI trends in the region during the historical
period based on the larch tree ring width index. This work acts as a
reference to understand the historical trends and patterns of forest
change in the region of the Greater Khingan Mountains. The results
provide a scientific basis for forest management and vegetation
resource restoration.

2 Materials and methods

2.1 Overview of study area

The study area is located in Inner Mongolia at the northwest
slope of the northern foot of the Greater Khingan Mountains
(51◦51′02– 52◦30′52′′N, 121◦05′44′′–122◦47′05′′E). It is a medium-
low mountainous landscape with a gentle slope. The highest
elevation is 1,409 m and the lowest is 509 m. Local government
reported the study area belongs to the cool temperate zone and
has a continental monsoon climate, with low temperatures and
humidity throughout the year, a snow period of up to 160 days,
an average annual temperature of −5.8◦C, an extreme minimum
temperature of −49.6◦C, and annual precipitation of 470–850 mm
that is mainly concentrated in July and August. The total forest area
is approximately 3,903 km2 and the forest coverage rate is 94%.
The dominant tree species in the sample plots is Larix gmelinii,
with other key tree species including Betula platyphylla Suk, Pinus
sylvestris var. mongolica and Picea asperata Mast. The Greater
Khingan Mountains are one of the most sensitive areas in China
in terms of climate vulnerability and climate change response (Zhu
et al., 2021). Their forest ecosystem plays an irreplaceable role in
water conservation, soil conservation and biodiversity protection,
and is considered as “an important ecological barrier in the north
of the motherland” (Guo and Zhang, 2013) (Figure 1).

2.2 Data sources

The mean temperature (T), precipitation (P) and scPDSI were
obtained from the Climate Research Unit (CRU TS 4.04) at the
University of East Anglia. The data are from a month-by-month
grid point dataset with a 0.5◦ × 0.5◦ resolution, provided by the
Royal Netherlands Meteorological Institute. VPD was derived from
ERA-5 reanalysis products (0.25◦ × 0.25◦) using the Equations 1–3.

SVP = 0.6018× exp
(

17.27× Ta
237.3+ Ta

)
(1)

AVP = SVP
hmean

100
(2)

VPD = SVP − AVP (3)

Where SVP is saturated vapors, AVP is actual vapors, Ta is air
temperature, hmean is monthly average relative humidity.

The NDVI was obtained from the 0.5◦ × 0.5◦ NOAA/NCEI
CDR NDVI analysis month-by-month grid point dataset provided
by the National Center for Environmental Information (NCEI)
for regions between 52.00◦–52.50◦N and 121.00◦–121.50◦E during
the years from 1981 to 2020. Table 1 reports the details of the
climate data. The study area clearly exhibits the phenomenon of

simultaneous rain and heat, with wet and cool summers, and
cold and dry winters. In 1981–2020, the average precipitation
from May to September was 388.12 mm, accounting for 86.42%
of the multi-year average annual precipitation. The multi-year
average temperature and precipitation reached a maximum of 17◦C
and 115.98 mm in July, respectively, with a slight decrease in
precipitation and a slight increase in average temperature during
the growing season (June–September).

2.3 Sample collection and determination
of chronology

Following the basic principles of dendrochronology (Stokes and
Smiley, 1996), tree ring samples were collected at three elevations in
July 2022 on the northwest slope of the Greater Khingan Mountains
in the Beian Forest, Mangui Forestry Bureau. We selected trees
with the following criteria: (i) low level of human intervention; (ii)
visually older; and (iii) with good growth conditions for themselves
and the surrounding trees. A total of 23, 24, and 22 trees were
selected at high, medium, and low elevations, respectively. A total
of two core samples (10 mm increment borer diameter) were
sampled at chest height (1.3 m above ground) along parallel and
vertical slopes. To increase the reliability of the sample, a fine
core sample (5.15 mm increment borer diameter) was drilled
in a random direction at the chest height of the tree. Habitat
conditions were recorded for each sampling site, and a total of 191
complete sample cores were retained. Table 2 reports the sampling
point information.

According to the basic procedure of tree annual ring analysis
(Speer, 2010), the cores were air-dried, fixed, and sanded before
being pre-treated. The annual ring width of the sample cores was
measured using a LINTAB 6.0 (Rinntech, Heidelberg, Germany)
annual ring width meter with an accuracy of 0.001 mm. The
measured tree ring width series were cross-dated using PAST5
(Version 1.2, Knibbe, SCIEM) in order to determine whether
the measurement sequence lacks annual rings or includes false
rings. COFECHA (Holmes, 1983) was employed to perform quality
inspection on the dating results, repeat for cross-dating and quality
checks, and eliminate sample sequences with poor correlation
with the main sequence. Each annual series was detrended using
the “ModNegExp” method from the dplR package in R (Bunn,
2010). The detrended series were then synthesized into a standard
chronology of tree ring using a double-weighted average method
(Fritts, 2001).

2.4 Data processing

SPSS 25 (IBM, SPSS Inc) was employed to investigate the
correlation between larch tree ring width, NDVI, and climatic
factors in the Mangui region using the Pearson correlation (Mašek
et al., 2023). The historical changes of NDVI in the region were
reconstructed using a power function regression model, and the
stability and reliability of the reconstructed equations were tested
using the segmental test method (Qin et al., 2022). In order to
investigate how well the reconstructed NDVI for the Mangui region
represents the NDVI variation in a larger area, we employed
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FIGURE 1

Map of the sampling site. lya, high elevation sampling sites. lyb, middle elevation sampling sites. lyc, low elevation sampling sites.

TABLE 1 Sources of the datasets used in this study.

Dataset Production unit Period Sources or citations

Precipitation British Atmospheric Data Centre, RAL, UK. 1901–2020 https://climexp.knmi.nl

Temperature British Atmospheric Data Centre, RAL, UK. 1901–2020 https://climexp.knmi.nl

scPDSI Climatic Research Unit, University of East
Anglia, UK

1901–2020 https://doi.org/10.1002/jgrd.50355 (van der Schrier et al., 2013)

AVHRR NDVI National Centers for Environmental Information 1981–now https://doi.org/10.7289/V5ZG6QH9 (Vermote and Eric; NOAA CDR Program,
2019)

PDO National Centers for Environmental Information 1854–now https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/index/ersst.v5.pdo.dat

AMO Physical Sciences Laboratory 1948–now https://psl.noaa.gov/data/correlation/amon.us.data

SIC National Snow and Ice Data Center 1850–now https://doi.org/10.5067/MPYG15WAA4WX (DiGirolamo et al., 2022)

PDO, Pacific decadal oscillation; AMO, Atlantic multidecadal oscillation; SIC, sea ice concentration.

AVHRR NDVI 0.1◦ × 0.1◦ data of the same period (1981–2020)
in KNMI Climate Explorer (Trouet and Van Oldenborgh, 2013)
for the spatial correlation analysis of the reconstructed series. In
order to analyze the impact of large-scale atmospheric circulation
on vegetation in the area, spatial correlation analysis between the
reconstructed NDVI sequence and sea surface temperature (SST)
and sea ice cover (SIC) was also performed in KNMI. The periodic
characteristics of the reconstructed NDVI series were analyzed via
wavelet analysis (Qin et al., 2022). An 11-year moving average was
used to present the low-frequency information in the reconstructed
series, and periods with a sliding average higher than the mean
of the reconstructed NDVI series plus one standard deviation
were classified as “extremely high” periods, while those with a
sliding average lower than the mean of the reconstructed NDVI

series minus one standard deviation were classified as “extremely
low” periods.

3 Results

3.1 Larix chronological characteristics

A standard chronology of larch tree ring widths at three
elevations was established, The main characteristic parameters are
shown in Table 3. The standard chronology of tree ring width
is shown in Figure 2. It can be seen from Table 2 that the
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TABLE 2 Specifications of high-, middle- and low-altitude sampling sites.

Chronological
code

lya
High

altitude

lyb
Middle
altitude

lyc
Low

altitude

Latitude 52◦9′36′′ 52◦10′48′′ 52◦9′36′′

Longitude 121◦28′12′′ 121◦28′12′′ 121◦30′00′′

Mean altitude (m a.s.l.) 1,270–1,320 1,100–1,150 870–920

Aspect EN N WS

Slope 30◦ 5◦ 5◦

Canopy cover percentage 0.9 0.8 0.9

Number of trees/sample size 22/62 22/51 22/64

TABLE 3 Chronological characteristics.

Statistical features lya lyb lyc

Mean ring width (unit: mm) 0.939 0.786 1.179

Mean sensitivity 0.326 0.269 0.250

Standard deviation (unit: mm) 0.271 0.279 0.297

First-order serial autocorrelation 0.618 0.772 0.769

Correlation coefficients between trees 0.403 0.377 0.293

Signal-to-noise ratio 33.645 18.881 14.664

Expressed population signal 0.971 0.950 0.936

First year of SSS > 0.85 1,905 1,759 1,903

SSS, sub-sample signal strength (Wigley et al., 1984). lya, lyb, lyc same as in Table 2.

mean sensitivity, correlation coefficients between trees, signal-
to-noise ratio, and expressed population signal of high-elevation
larch are the largest. The first-order serial autocorrelation value
of larch at mid-altitude is the largest, and the years with sub-
sample signal strength > 0.85 are also the longest. The values of
mean ring width and standard deviation of larch at low elevation
are the largest.

3.2 Relationship between radial growth
and NDVI at different elevations

In order to better understand the relationship between larch
radial growth and NDVI, we performed correlation analysis
between NDVI and tree ring width in each month. Moreover,
the single-month NDVI was sequentially combined to analyze the
correlation between the three elevations tree ring width indices
and the NDVI of the combined months. The tree ring width of
larch at the three altitudes was positively correlated with summer
NDVI. The larch tree ring width index at high and low elevations
showed a highly significant positive correlation with NDVI in
August of the current year (p < 0.05). The larch tree ring width
index at mid-elevation exhibited a significant positive correlation
(p < 0.05) with NDVI in May of the current year and a highly
significant positive correlation with the average value of NDVI in
June to September of the current year (p < 0.01), exhibiting the
highest correlation coefficient compared to the other months at
three altitudes (r = 0.664, p < 0.01) (Figure 3).

3.3 Correlation between NDVI and
climate

Based on the above correlation analysis results between tree
rings and NDVI, this article selects the mid-elevation larch
chronology for further analysis. Figure 4 presents the correlation
between the tree ring width and the climate of each month.
The tree ring width was highly significantly positive correlated
with temperature in May, August, and June–September of the
current year (p < 0.01), and significantly positively correlated with
temperature in June of the current year (p < 0.05). It was also
significantly positively correlated with precipitation in November
of the previous year until March of the current year (p < 0.05),
and highly significantly positive correlated with precipitation in
December of the current year (p < 0.01).

Figure 5 presents the correlation between the instrumental
NDVI from June to September and the climate of each month.
The NDVI during this period was highly significantly positive
correlated with temperature in June, August, and June–September
of the current year (p < 0.01). It was also significantly positively
correlated with precipitation in November of the previous year
until March of the current year (p < 0.05), and highly significantly
negatively correlated with precipitation in June–September of the
current year (p < 0.01). A highly significant negatively correlation
(p < 0.01) with the scPDSI in August and September of the
current year. Furthermore there was a highly significantly positive
correlated (p < 0.01) with the VPD in June–September of the
current year.

3.4 Reconstruction and features of NDVI

Based on the correlation between the standardized chronology
of larch and NDVI, the months from June to September with the
highest correlation coefficients were selected. Following this, the
NDVI of June to September was reconstructed for the study region
using the chronology of tree rings in the mid-altitude region. The
reconstruction equation is described as Equation 4:

NDVI6–9 = 0.626× STDlyb
∧0.112 (4)

(R2
= 0.479, p < 0.001),

where STDlyb is the standardized chronology for mid-elevation
regions. The explained variance of the reconstructed equation
was 47.9%, and 46.4% after factoring out degrees of freedom
(F = 33.954). The stability and reliability of the reconstructed
equations were tested using the segmental test method, and
the reconstruction results were examined using 1981–2001 and
2002–2019 as the calibration periods, respectively (Table 4). Both
the reduction of error and coefficient of efficiency exceeded
zero, indicating the reliability and stability of the reconstruction
equations.

The reconstruction results reveal over the past 263 years
reveal a minimum NDVI value in the study area of 0.541 in
1816 and maximum of 0.678 in 2010, with a mean of 0.621
(Figure 6). We then performed a 11-year moving average of
the reconstructed NDVI. The results reveal two extremely high
periods of canopy vigor (1898–1926 and 2009–2013) during the
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FIGURE 2

Standard chronology of larch at different altitudes. (A) High elevation chronology. (B) Middle elevation chronology. (C) Low elevation chronology.
First year of SSS > 0.85.

FIGURE 3

Correlation analysis of annual tree ring width index and NDVI of larch at different elevations. * and ** represent the significance at the 95 and 99%
confidence levels, respectively.
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FIGURE 4

Correlation analysis of tree ring width index and climate factors. *, **, same as in Figure 3. p11-c3, November of the previous year to March of the
current year. c6-c9, June to September of current year.

FIGURE 5

Correlation analysis between June–September NDVI and climate factors. The symbols in the figure are the same as those in Figure 4.
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TABLE 4 Results of the segmentation test for the reconstructed equations.

Period r R2 CE RE RMSE DW

1981–2001 0.527* 0.278 0.216 0.638 0.022 1.412

2002–2019 0.680** 0.462 0.423 0.499 0.022 1.516

1981–2019 0.692** 0.479

r, correlation coefficient; R2 , decisive factor; CE, coefficient of efficiency; RE, reduction of error; RMSE, root mean square error; DW, Durbin–Watson test; * and ** denote significant (p < 0.05)
and extremely significant (p < 0.01) correlations.

FIGURE 6

(A) Comparison of measured and reconstructed NDVI values. (B) NDVI reconstructed series and 11-year moving average. I, NDVI reconstructed
values; II, NDVI observed values; III, NDVI 11-year moving average; IV, NDVI mean; V, NDVI mean ± standard deviation.

263 years and three extremely low periods of canopy vigor
(1860–1862, 1882–1888, and 1968–1977). This paper uses wavelet
analysis to calculate the period of the reconstructed sequence
(Figure 7). We identified 11–13, 23–25, and 39–42 years cycle
variations in the June–September NDVI series reconstructed over
the past 263 years.

3.5 Spatial correlation analysis of
reconstructed NDVI

The results of spatial correlation analysis of the reconstructed
NDVI series reveal that the reconstruction results are highly
correlated with the mountainous areas of the Greater Khingan
Mountains region, the Lesser Khingan Mountains region, and
the Changbai Mountains (Figure 8). This indicates that the
reconstruction results determined in this paper exhibit a high
spatial representativeness of the mountainous areas within
Northeastern China and nearby countries. The spatial correlation
results of the reconstructed NDVI series with sea surface
temperature (Figure 9) and show that the reconstructed sequences
generally exhibited significant negative correlations (p < 0.05) with

the SST in the northern Pacific Ocean, the Atlantic Ocean, and
the sea around China and Antarctica. Spatial correlation analysis
of the reconstructed sequences with the Arctic SIC (Figure 10)
revealed a significant negative correlation (p < 0.05) between the
reconstructed sequences and Arctic SIC.

4 Discussion

4.1 Tree growth

The statistical analysis of the chronological parameters of
larch tree rings at the three elevation (Table 3) reveals the mean
sensitivity of the three chronologies range from 0.250 to 0.263, with
greater values at higher elevation. This indicates that the sensitivity
of larch to climate change information increases with elevation, and
thus the limiting effect of climate factors also increases (Qin et al.,
2022). The standard deviations ranged from 0.271 to 0.297 (mm)
and decreased with the increasing altitude. This reveals that all
three chronologies contained more climate change information and
decreased with increasing elevation (Correa-Díaz et al., 2020). The
first-order autocorrelation coefficients were determined as 0.618,
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FIGURE 7

Reconstructed NDVI wavelet analysis.

0.772, and 0.769 for the three elevations of high, medium and
low, respectively. The largest first-order autocorrelation coefficient
was observed for the middle elevation, indicating that changes
in climatic factors from the previous year and using of stored
carbohydrates had the greatest effect on larch radial growth in the
middle elevation (Zhang X. et al., 2018). The signal-to-noise ratios
of all three elevation chronologies were high, and were enhanced
for elevations between 14.664 and 33.645. This demonstrates that
the availability of climate information contained in the larch tree
ring variation increased with the elevation, as did the quality
(Pompa-García et al., 2022). The overall representativeness of
the three samples from high to low elevation were 0.971, 0.950,
and 0.936, all of which are greater than 0.85. This reveals that
the annual surface quality was maximized at higher elevations
(Jiang et al., 2017).

4.2 NDVI reconstruction and historical
events

In the process of conducting regression analysis, we compared
the reconstruction results of different regression models and
observed that the power function regression model yielded superior
results compared to the linear regression model. This finding leads
us to believe that the correlation between tree ring width and NDVI
may exhibit nonlinear variations. The radial growth of trees can
be influenced by the local environment, resulting in a bimodal or
unimodal xylogenesis pattern (Vicente-Serrano et al., 2016; Mašek
et al., 2024). Additionally, the temperature required for xylem
formation is higher than that needed for photosynthesis. These
factors may contribute to nonlinear changes in the relationship
between tree rings and NDVI (Rossi et al., 2011).

This study focused on reconstructing the NDVI from June to
September in the Mangui area spanning from 1759 to 2021. To the
best of our knowledge, this represents the longest reconstructed
NDVI sequence in the region. However, it is important to
acknowledge the limitations of the current research. The data
resolution for both climate and NDVI is relatively coarse, making

it difficult to discern differences across the three elevations. The
highest correlation with NDVI was observed at mid-elevation,
possibly due to the forest populations at this elevation serving
as a more representative sample of the average NDVI within
the grid. Additionally, the verification period was limited to only
18 years due to the availability of NDVI data. This constraint
may have implications for the calibration and validation analyses.
Nevertheless, we firmly believe that this study holds potential
implications for understanding changes in the forest canopy
within the region.

Previous studies have shown that climate change not only
alters the dormancy period of trees, but also affects the end-of-
growth period, and together with altitude, latitude, and vegetation
type, it induces changes in the greenness of tree canopies (Ge
et al., 2016; Cai et al., 2021). However, Guo and Zhang (2013)
pointed out that the autumn phenology of coniferous forests in
the northern Greater Khingan Mountains is mainly inhibited by
autumn precipitation and promoted by temperature in the same
period. This is similar to the NDVI results in the growing season
presented in this paper. As an indicator of vegetation growth, NDVI
is closely related to the photosynthesis and energy absorption of the
canopy. The NDVI measured during the growth season is helpful
to understand the development status of vegetation, the change
of vitality and the predictions of productivity. For example, Phan
et al. (2021) predicted tea leaf yield using the NDVI measured
during the growing season. Based on our results, the tree ring width
chronology at middle altitudes can represent the NDVI changes
of larch during the growing season in Mangui to a certain extent.
The reconstruction results help to determine the impact of climate
change on forest dynamics in the study area.

Since the 1960s, extreme weather events have been a frequent
occurrence in eastern Inner Mongolia. Studies in this region have
shown that extreme precipitation events are significantly associated
with changes in large-scale circulation patterns. Moreover, extreme
precipitation is prone to catastrophic weather (e.g., high winds and
low temperatures), leading to the freezing of trees, crops, and other
vegetation (Zhang B. et al., 2018). The Chinese Meteorological
Disasters Encyclopedia (Inner Mongolia Volume) (Shen, 2008)
reports the disaster events caused by meteorological factors that
have caused a great impact on Inner Mongolia from ancient
times to the present. Years such as 1960–1963, 1970–1975, 1980–
1982, and 1986–1989 all correspond to the low periods of the
reconstructed NDVI (less than the 1759–2021 mean). Moreover,
the reconstructed data reveals 14 extremely low periods (1956,
1965, 1968–1973, 1976, 1980–1981, and 1996–1998) between 1949
and 2000. These extremely low value years were clearly recorded in
the Chinese Meteorological Disasters Encyclopedia. A comparison
of the extreme years with the historical disaster events reveals that
there were 13 years in which both drought and flood occurred. The
only exception is 1976, where no floods occurred in the study area,
but cold damage were recorded during the growing season (May–
September), with mean temperatures 1–2◦C lower than average
in previous years. This may have caused the extremely low NDVI
of that year, which is consistent with the findings of Zhang X.
et al. (2018) NDVI within Northeast China is mainly controlled by
temperature and precipitation. The accuracy of the reconstructed
series is further verified by comparing hazard events and revealing
the ability of the reconstructed series to respond to extreme climate
events over long time scales.
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FIGURE 8

Spatial correlation analysis between reconstructed and surrounding NDVI.

FIGURE 9

Spatial correlation analysis between reconstrued NDVI series and SST during the same period.

4.3 Radial growth of larch in relation to
NDVI and climate factors

The tree ring widths at all three elevations exhibited a
significant positive correlation with NDVI in August of the current
year, indicating that NDVI can well reflect the growth status of
plants in the region (Jie et al., 2019). In particular, the response
of the standardized chronology of larch to NDVI was stronger in
the middle elevations than in the high and low elevation areas.

This may be because human activity is more prominent in areas
with lower altitudes. Note that the impact of human activity on
vegetation is two-fold. On the one hand, the implementation
of environmental management projects improves the ecological
environment and increases the vegetation cover and vegetation
productivity in forests, which induces an increasing NDVI trend.
On the other hand, the greater number of forest fires and artificial
surfaces have an inhibiting effect on the growth of vegetation,
consequently reducing NDVI (Mao et al., 2021). Moreover,
environmental conditions such as soil and climate will also change
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FIGURE 10

Spatial correlation analysis between reconstrued NDVI series and
Arctic SIC. (A) Jan–Mar SIC. (B) May–Sept SIC.

with the altitude. These changes affect the nutrient content and
physiological activities of plants, making green forests at different
altitudes show distinct greening and browning patterns (Correa-
Díaz et al., 2019). In high-altitude areas, both the vegetation
and forest community types change. For example, birch gradually
decreases and subsequently disappear, while Pinus massoniana
gradually increases. The vegetation coverage density also exhibits
a gradually decreasing trend, which may partially explain the
lower correlation between tree rings and NDVI at high elevations
(Estrella et al., 2021).

Correlation analysis between NDVI observations and climate
for the period of June–September revealed (Figure 5) that the NDVI
in the fast-growing season was promoted by precipitation in the
winter and spring of the previous year. This may be because the
study area is located in a high-latitude alpine region with cold and
long winters. The main form of winter precipitation is snowfall,
which stores water in the form of snow. When the temperature
rises in spring, the snow melts into soil water, providing sufficient
water for the early growing season (Wang et al., 2017). The thicker
snow layer is conducive to soil insulation, alleviates the damage
caused by low temperature to trees and enhances the activity of soil
microorganisms, thereby improving soil nutrients and promoting
the activity of plant canopy and cambium (Gao et al., 2022).
This study found that NDVI in the growing season (from June
to September) is significantly correlated with VPD in the same
period. Studies have confirmed that changing VPD and soil drying
are one of the main reasons in affecting vegetation dynamics
(Wen et al., 2023). Plants regulate photosynthesis by controlling
stomatal activity and xylem conductance to cope with excessive
water shortage caused by excessive VPD (Yuan et al., 2019). And
in some arid regions, vegetation is more sensitive to VPD than
precipitation. However, in the Mangui region where the regional
climate is relatively humid and soil water contents is high, the
higher VPD will adjust soil water by affecting soil evaporation so
as to change the soil water conditions in this region and make larch
in a suitable growing environment (Wen et al., 2023).

Drought and precipitation in the growing season both inhibited
canopy vigor in the same period. However, we found that drought
had less impact on the radial growth of larch in the region,

while precipitation will promote the radial growth of larch. The
growth of larch requires high water conditions, and drought or
high humidity environments will lead to poor growth (Chinese
Academy of Sciences Editorial Board of The Flora of China, 1978).
This is consistent with previous research results on larch in the
nearby area unanimous (e.g., eastern Siberia) (Tei et al., 2019).
Furthermore, the growth of plant leaves is mainly controlled by
water, and mild water stress will cause trees to adjust physiological
activities (e.g., stomatal conductance and transpiration rate) to
improve the photosynthetic capacity of mature leaves. When the
drought degree exceeds a certain threshold, plants will reduce the
leaf area growth and change the carbon allocation pattern in order
to reduce transpiration and water loss (Khan et al., 2022). However,
extreme precipitation in summer may cause damage to forests in
middle and high altitudes, resulting in leaf frostbite and inhibiting
tree growth. This reduces canopy activity and causes needle leaf
browning (Tei et al., 2019). Moreover, the soil water content is
inversely proportional to the soil air. When the soil humidity is
high, the soil air will inevitably decrease, which will affect the
photosynthesis, growth and development of plants (Liu et al., 2015).
Studies have shown that summer precipitation can impact the
growth of trees by affecting the number and size of tracheid cells,
and the leaf vein density of some species decreases with the increase
of precipitation, thus limiting the production capacity of leaves
(McKown and Dengler, 2010; Liu et al., 2015; Wang et al., 2021).

The impact of temperature on canopy vigor in this area is
generally opposite to that of precipitation, particularly in the
growing season, with a highly significant positive correlation
between NDVI and precipitation in the same period. The larch
tree ring width index exhibited a significant positive correlation
with temperature, and the correlation was greater in winter
than in summer. The impact of temperature on plant growth
is complex. For example, it not only affects plant respiration,
photosynthesis and other metabolic processes, but also the
absorption, transportation and synthesis of organic matter of
nutrients (Khan et al., 2022). However, the effect of temperature on
trees is not linear. As the temperature rises within a certain range,
the maximum photosynthetic rate and optimum photosynthetic
temperature of trees will also rise. This enhances the growth of
plant organs and xylem, thereby promoting the growth of the tree
canopy and radial direction (Jiang et al., 2017; Peng et al., 2021).
Temperatures exceeding this range will easily lead to forest decline
or even death.

4.4 Reconstructing the relationship
between NDVI and large-scale regional
climate environments

Figure 6B depicts an obvious fluctuation change in the
reconstructed sequence. In order to explore the specific change
characteristics of this fluctuation, we employ wavelet analysis to
calculate the period of the reconstructed sequence. In particular,
the 11–13 cycle may be related to the sunspot activity cycle
(MacDonald and Case, 2005). Solar radiation variations directly
affect plant growth (Kasatkina et al., 2019; Šimůnek et al., 2021),
have a moderating effect on sea and land temperature fluctuations,
and can indirectly influence wind anomalies and precipitation.
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According to Hao et al. (2021) the Mangui area is rich in solar
resources and the annual radiation declined significantly between
1977 and 1989. This is consistent with the low-value period
observed for the reconstructed NDVI series in this paper. The 23–
25 chronostratigraphic cycle may be associated with the Pacific
decadal oscillation (PDO) (Han et al., 2017). The reconstructed
sequence exhibited a significant positive correlation with the
PDO index of the current year (r = 0.228, p < 0.05). Zhang
et al. (2020) reported that the effect of PDO on tree growth is
not directly related to NDVI, but some underlying mechanism
links the two. For example, variations in precipitation due to
evapotranspiration anomalies in the North Pacific caused by
PDO may have an influence on the changes in NDVI across
the study area (Yang et al., 2021). The 39–42 cycle is present
throughout the reconstructed sequence and exhibits a 30–60 year
cycle variation during 1845–1935, which may be associated with the
North Atlantic multidecadal oscillation (AMO). The reconstructed
sequence exhibited a significant positive correlation with the AMO
index of the current year (r = 0.394, p < 0.01). AMO and PDO
act together to influence the hydrothermal conditions in the study
area. Zhu et al. (2021) identified the large-scale circulation caused
by AMO an important driver of drought in the Greater Khingan
Mountains. Wang et al. (2011) found that the AMO positive phase
leads to weaker winter winds and stronger summer winds in
East Asia, resulting in winters that are warmer and wetter than
average and a longer growing season in Northeast China. To verify
the above conclusions, the reconstructed sequences were spatially
correlated with the global sea surface temperature (SST) (Figure 9).
It can be seen from Figure 9 that the reconstructed NDVI sequence
shows a significant negative correlation with the SST of multiple
sea areas. The temperature in the study area is simultaneously
influenced by a combination of sea surface temperatures from
several sea areas, and the dominant sea areas vary with the growth
stages. This further reveals the simultaneous influence of the solar
cycle activity, PDO, and AMO on NDVI cycle variations in the
Greater Khingan Mountains region. Other large-scale circulations
may also have an impact, however, further studies are required to
clarify this.

The water cycle in the middle and high latitudes is influenced
by both the SST and Arctic sea ice (Sun et al., 2020). The impact
of the sea ice signal on the yearly climate can be long-term. The
Indian Ocean SST anomaly and the Arctic sea ice concentration
(SIC) anomaly in the first four months of the year act synergistically
to induce the emergence of cold eddies in Northeast China. This
results in extreme weather, such cold damage and precipitation
anomalies (Lin et al., 2023). It can be seen from Figure 10
that both winter and summer Arctic SIC has an impact on tree
growth in the study area. This may be attributed to the great
changes in atmospheric circulation caused by the melting Arctic
sea ice, the enhancement of the Siberian high pressure system, and
the response of the Okhotsk offshore air cyclone. These factors
affect surface temperature in mid-latitudes during autumn and
winter, leading to the weakening of latitudinal westerly winds. This
consequently increases the frequency and magnitude of extremely
low temperatures and snowstorm events in the north of China, as
well as the precipitation in mid-latitudes due to the melting of sea
ice in summer (Blackport et al., 2019; Chripko et al., 2021).

5 Conclusion

In this paper, we analyzed the correlation between the tree
ring width and NDVI of larch at three elevations. We found that
the link between the tree ring width of Larix gmelinii at middle
altitudes and the NDVI sequence (r = 0.664, p < 0.01) in the
growing season was stronger than that at high and low altitudes.
Based on this, a regression model was established to reconstruct
the canopy vigor changes at the northern foot of the Greater
Khingan Mountains from June to September 1759–2021. Canopy
vigor changes in the study area has two extremely high value
periods (1898–1926 and 2009–2013) and three extremely low value
periods (1860–1962, 1882–1888, and 1968–1977). The vegetation
dynamics in the growing season (Jun to Sept) are closely related to
the hydrothermal conditions in the same period, and are affected
by precipitation throughout the year. The impact of temperature
on the forest during the growing season is observed to be stronger
than that of precipitation.

The reconstructed NDVI sequence has 11–13 year, 23–25 year
and 39–42 year cycle changes. These cycles indicate the presence
of a teleconnection between forest dynamics in this region and
large-scale climate circulation (such as the sunspot cycle, PDO and
AMO). NDVI is related to the Arctic SIC. By analyzing the impact
of climate on NDVI, we found that both drought and precipitation
were negatively correlated with NDVI, which may be caused by
species habits, nonlinear changes of tree growth in response to
climate, and the interaction of multiple climatic factors. Therefore,
further research is needed to improve our understanding of the
links between tree radial growth, NDVI, and climate change. This
experiment still has some limitations. The three sampling sites are
close to each other, and the coarser resolution of AVHRR NDVI
cannot distinguish differences in altitude. The next step will be to
extract higher-precision NDVI for follow-up work.
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