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Abstract: The normalized difference vegetation index (NDVI) and tree-ring parameters are commonly
used indicators in the research on forest ecology and responses to climate change. This paper compiles
and analyzes the literature on vegetation index research on the basis of tree-ring information in the
past 20 years and provides an overview of the relationship between tree-ring parameters and NDVI,
as well as NDVI reconstruction. The research on the vegetation index based on tree-ring data is
mainly concentrated in the middle and high latitudes, and relatively few studies are concentrated in
the low latitudes. The tree-ring parameters have a strong correlation with the NDVI in the summer.
In terms of tree-ring reconstruction NDVI, Sabina przewalskii is the tree with the longest reconstruction
sequence so far, and the tree-ring width is the main proxy index. In addition, combining tree rings
with the NDVI is useful for assessing forest decline, quantifying the forest response to drought, and
monitoring forest productivity. In the future, it is necessary to consider a variety of environmental
factors to find the optimal model construction parameters and carry out research on the climate
response of forest tree growth and the reconstruction of the historical sequence of the vegetation
index at large spatial scales.

Keywords: tree ring; vegetation index; tree-ring reconstruction; research progress

1. Introduction

Vegetation growth and distribution are closely related to climate change. Revealing
the relationship between vegetation activity and climate change and its response pattern
has become an important part of current global change research, providing a theoretical
basis for coping with climate change and improving the sustainable development ability of
ecosystems. Working Group I of the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC, 2021) reported that the global average atmospheric
temperatures and ocean temperatures are increasing, and this is leading to the widespread
melting of snow and ice and global sea level rise [1]. Climate change is thought to be
a major driver of vegetation growth and forest productivity. Tree-ring parameters and
the normalized difference vegetation index (NDVI) are commonly used indicators in
studies of forest ecology and responses to climate change [2–4]. Tree-ring parameters
integrate abiotic (climatic and site conditions) and biotic (ecophysiological responses)
factors to provide long-term historical information on the physiological processes of tree
growth and responses to environmental changes at an annual time resolution [5–7]. Tree-
ring parameters have been widely used in both small-scale climate response studies and
large-scale reconstruction studies for their various advantages, including their ability to
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yield accurate date information, their high continuity and temporal resolution, their wide
availability, and the ease with which several copies of tree rings can be obtained [8,9]. The
main advantages of NDVI data on the basis of remote sensing satellite data are the ease
with which these data can be acquired, their wide coverage, and their temporal resolution,
which permits vegetation growth to be detected over larger areas [10–12]. However, the
collection of remote sensing vegetation index data has a short history. The longest sequence
of such data is a dataset, which has been provided by AVHRR since 1980. Given that
obtaining a sequence of vegetation phenological parameters over the past hundred years
is not possible [13,14], data that can serve as a proxy for vegetation change are important
for the long-term monitoring of land surface characteristics and studies of climate and
terrestrial ecosystem changes.

The growth process of trees can be divided into the primary growth of germination,
flowering, branch, leaf, and root derivative growth and the secondary growth of the trunk,
branch, and root [15,16]. During the growth process, trees are not only affected by their
own factors, but also by external environmental factors [17,18]. As one of the important
indicators of tree growth, tree-ring parameters such as the width, density, and stable
isotope can continuously record the changes in the external climate and environment in the
secondary growth process of trees and quantitatively display the changes in the climate and
environment [19,20]. The remote sensing vegetation index can quantify the changes in the
leaf area and greenness in the tree canopy. Leaves are the main organs of photosynthesis,
and their growth conditions determine the material mass required for the radial growth of
trees, reflecting the growth of trees from different levels [21]. In the past, scholars mainly
used tree-ring data to reconstruct past climate changes or studied tree ring and vegetation
dynamics separately. In recent years, domestic and foreign scholars have begun to combine
tree-ring data with remote sensing data for research. The results show that when tree
growth and regional vegetation are affected by common external environmental factors,
and not affected by other non-climatic factors, the mathematical relationship between the
tree-ring and NDVI in the same area and time period can be established. This can effectively
deduce the change in the NDVI index in a historical period. With the increasing importance
of tree-ring data in the analysis of long-term vegetation dynamic change, there have been
studies that calculated the correlation between different vegetation index indicators and
the tree-ring index. However, on a global scale, the response of forest growth to NDVI has
a very high spatial and temporal diversity. Therefore, it is necessary to review the existing
literature on tree rings and NDVI to find the relationship between tree-ring parameters
and the vegetation index. Combining tree-ring data with remote sensing data can aid in
our understanding of the factors affecting vegetation change; these data can also facilitate
the identification of climatic events leading to vegetation change and improvements in the
parameters of the global vegetation index reconstruction model. Here, we summarize the
historical and recent vegetation index research on the basis of tree-ring data with a focus
on tree-ring parameters, forest types, remote sensing data at different spatial resolutions,
and future research directions to provide a reference for future research. Figure 1 shows
the spatial distribution of sampling points for vegetation index research on the basis of
tree-ring data.
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Figure 1. Distribution of sampling points of vegetation index studies on the basis of tree-ring data.

2. Study of the Relationships between Tree-Ring Parameters and Vegetation Index

An analysis of the relationships between tree-ring parameters and remote sensing
data generally involves using tree-ring data to establish a long time series of vegetation
change. Research employing tree-ring parameters combined with remote sensing data
began in the late 1990s [22]. Tree-ring data have been used to test the reliability of models
for estimating net primary productivity values; researchers initially explored the potential
and limitations of tree-ring parameters in studies of vegetation productivity [23]. Some
studies have detected strong correlations between tree-ring indexes and vegetation indexes
(e.g., NDVI), and long-term sequences of vegetation change have been reconstructed
on the basis of significant correlations [24–27]. Some studies have also shown that tree-
ring parameters are decoupled from NDVI [28,29], and that many factors can affect the
relationship between tree radial growth and the vegetation canopy, including the forest type,
latitude, elevation, topography, and the spatial resolution of remote sensing data [30–38].
Therefore, the factors and processes affecting the relationship between tree-ring parameters
and vegetation indexes are complex. All of the above results indicate that the relationship
between tree-ring parameters and NDVI deserves further research.

2.1. Relationship between Tree-Ring width and Vegetation Index

Approximately 77.4% of NDVI and tree-ring width parameters are synchronized (i.e.,
positively correlated) during the growing season in arid regions of inland Asia. On the
monthly scale, 69.4% of the maximum correlation coefficients between the NDVI and
tree-ring width were concentrated in the period of May–July, especially in June [39]. This
indicates that there is a strong synchronization between NDVI and the tree-ring width
index from May to July [40]. This synchronous pattern has also been observed in many
studies in the Northern Hemisphere. For example, the radial growth of trees in a semi-arid
grassland in North China was found to be positively correlated with NDVI in the grassland
from early May to early July [41]. Tree-ring width chronology was found to be positively
correlated with the growing season NDVI and annual NDVI, and the correlation with the
cumulative NDVI from June to October was the strongest [42]. There was a correlation
between the tree-ring width and early-spring NDVI and late-autumn NDVI in the area
south of 40◦ N. However, in the area north of 40◦ N, there was a correlation between the
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tree-ring width and NDVI in the summer, and the correlation between the tree-ring width
and NDVI varied greatly among the months because of variation in the environmental
conditions [43]. A low correlation was found between the tree-ring width chronology and
NDVI from May to August in the Hejigong Mountain area of Nanzheng County, which
mainly stemmed from differences in vegetation growing seasons caused by latitudinal
differences [44]. The upper limit of the tree-ring width index was positively correlated with
the NDVI in June, but no significant correlation was observed in July and August, when the
vegetation growth was the most vigorous [45,46]. This might stem from the fact that cell
division and expansion in several types of conifers ceased in June; although changes in the
tree radial width were negligible, the vegetation canopy continued to grow, which resulted
in a continuous increase in the regional NDVI value and in a weak correlation between the
tree-ring width and NDVI from July to October. This indicates that accurate information on
the tree radial growth and measurements of vegetation indexes at a high spatial resolution
are necessary for clarifying the relationships between tree-ring parameters and the NDVI.

In areas dominated by snow that rarely melt in winter, snow can reflect large amounts
of visible and red wavelengths and absorb near-infrared waves, which makes the calculated
NDVI negative and reduces the NDVI value in the study area. However, winter precipita-
tion provided sufficient water for tree-ring growth in the following year; consequently, the
tree-ring width was negatively correlated with the NDVI in the non-growing season [47].
The relevant literature indicates that there is a weak or no correlation between the NDVI
and tree-ring width in some areas [48]. For example, a weak correlation between the poplar
tree-ring width and NDVI was found in the Tarim River, Xinjiang [16]. There was no
common relationship found between the radial growth and NDVI of Norwegian spruce
trees [49]. There was no significant correlation between the NDVI and tree-ring width at
four Arctic tree system sites in North America [29]. The variation in the tree-ring width in
Canada was not found to be consistent with the variation in the NDVI, and the reasons
for this result remain unclear. This suggests that tree growth is not always correlated with
the NDVI [50]. In addition, the scarcity of trees in the study area might explain why the
NDVI data reflect both the canopy conditions of trees, as well as the canopy conditions
of understory vegetation, thus leading to an increase in the NDVI and a decrease in the
tree-ring width near the forest line in northern Russia in summer [51].

2.2. Relationship between Tree-Ring Density, Stable Isotope, and Vegetation Index

Because of the rapid development of modern science and technology and the use
of new experimental equipment, the tree-ring width is no longer the only source of data
for vegetation index research. The tree-ring density, tree-ring cell structure, and tree-
ring stable isotopes have also begun to be used in studies of tree rings combined with
remote sensing data. The tree-ring density index reflects the tree cell wall thickness,
cell lumen area, and volume and provides indirect information on the tree hydraulic
characteristics, carbon sequestration, and paleoclimate records [52,53]. Research on the
tree-ring density combined with remote sensing data began in 2000. The chronology of the
tree-ring maximum density was found to be negatively correlated with the NDVI in the
summer and positively correlated with the NDVI in the late spring and early summer [23].
Current studies on the relationship between tree-ring data and the NDVI are mostly limited
to analyses of certain tree-ring parameters. Researchers have analyzed the relationship
between seven tree-ring parameters and NDVI and found that the maximum density of
tree rings was highly correlated with NDVI. A significant variation was observed in the
relationship between tree-ring data and remote sensing data [54]. The relationships of
MODIS NDVI, MODIS EVI, and MODIS LAI with the minimum tree-ring density, average
tree-ring density, and maximum tree-ring density were studied in two regions with similar
climate, soil, and vegetation. The maximum density of tree rings in one region was strongly
positively correlated with NDVI in March; the NDVI was negatively correlated with the
minimum density of tree rings, and this was in contrast to the relationship observed
between the NDVI and the average density of tree rings. This suggests that the tree-ring
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density and remote sensing information should be used to understand forest responses
to climate change [30]. The relationship between the maximum tree-ring density and
NDVI was found to be consistent with the relationship between the tree-ring width index
and NDVI in temperature-restricted study areas [55]. There was a significant positive
correlation between the tree-ring maximum density chronology and NDVI during the
growing season. In the tundra–forest transition zone, the maximum tree-ring density and
tree-ring width index were closely related to the NDVI in the growing season [56].

In terms of tree-ring carbon isotopes, to determine the NDVI and tree-ring parameters
that are most suitable for forest carbon uptake research, the tree-ring width, tree-ring
carbon isotopes, and NDVI were compared with the gross primary productivity (GPP)
estimates using the vorticity covariance method. The tree-ring parameters were significantly
positively correlated (tree-ring width) and negatively correlated (stable carbon isotope
ratio (δ13C)) with the GIMMS NDVI in June and from June to August, and a 1-year lag
effect was observed [57]. There were also strong correlations between the tree-ring width,
tree-ring carbon isotope, and total forest primary productivity [58,59]. The forest carbon
uptake can be more easily studied using tree-ring parameters than using satellite vegetation
indexes [60,61]. In a previous study, the researchers explored the effects of volcanic activity
on tree growth using stable ring isotopes from surviving trees that grew near the pre-
eruption NDVI enhanced area of Mount Etna. The study found that additional soil water
condensed by degassed water vapor promoted photosynthesis, leading to a local increase
in the NDVI on Mount Etna’s flanks prior to the 2002/2003 eruption. Other studies have
shown that stable oxygen isotopes in tree rings can be used as indicators of past volcanic
eruptions [62]. Insects can affect vegetation photosynthesis by depleting leaf epidermal cells
and damaging stomatal regulation. Insect outbreaks were found to have a negative effect
on poplar tree growth [63]. During insect outbreaks, the summer NDVI was positively
correlated with radial growth and negatively correlated with δ13C. Insect dynamics are
important for detecting tree growth at large scales. The ratio of carbon and oxygen isotopes
was found to be mainly related to the NDVI at the beginning of the previous autumn and
winter season and the beginning of the growing season. They also detected a positive
correlation between tree-ring stable isotopes and the summer NDVI [31].

2.3. Research on the Relationships between Tree-Ring Parameters and Vegetation Indexes at
Different Spatial Resolutions

In areas with complex vegetation types, the NDVI at coarse spatial resolutions tends
to ignore heterogeneity in the vegetation landscape, stand density, and age structure,
which results in a spatial disconnect between the NDVI and dendrochronology data, thus
weakening the relationship between them. The responses of data at a medium spatial
resolution (MODIS, 250 m) and coarse spatial resolution (GIMMS3g NDVI, 8 km) to
tree growth were compared in Siberia using a random forest model. The MODIS NDVI
growth signal in a conifer forest was stronger than that of the GIMMS3g NDVI. Among
all the of the NDVI phenological indexes, the correlation between the summer NDVI and
tree-ring width was the strongest, followed by the summer NDVI and spring NDVI of
the previous year [64]. In contrast to previous studies, the MODIS NDVI (1 km) was
used to predict the spatial distribution of tree-ring width from 2001 to 2017, revealed a
positive correlation between the tree-ring width index and the period from June to August,
and showed that the forest disturbance and restoration process in the study area were
both related to hydrodynamics [65]. In addition, the NDVI values were calculated using
high-resolution 30 m Landsat data to analyze and compare the climate signals of the leaf
biomass and stem biomass under complex terrain. Compared with the NDVI data with
a 250 m spatial resolution, the NDVI data with a 30 m spatial resolution did not enhance
the correlation between the tree-ring width and NDVI, which indicates that the NDVI
data with a 250 m spatial resolution may be sufficient to study the correlation between
the tree-ring parameters and NDVI [66]. In addition to remote sensing observation data,
phenological cameras and drones, as near-surface observation technologies, have also
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become new sources of vegetation data information [67]. Phenologists have found that the
effectiveness of remote sensing to extract vegetation information in mountainous areas is
much lower than that of phenological cameras. The resolution of vegetation information
obtained using a phenological camera is much higher than that of remote sensing data and
is less affected by weather, which can realize the observation of single vegetation, and thus
improve the extraction and verification accuracy of remote sensing phenological data [68].
Its limitation is that phenological cameras need to be installed on specific fixed devices.
The observation range is smaller than that of remote sensing data, and data collection
in the region without signal is costly and susceptible to the influence of the observation
angle [69]. Therefore, the establishment of operational phenological camera observation
standards, and the combination of tree-ring data as well as vegetation data extracted using
a phenological camera will be conducive to the reconstruction of a set of long-term stable
vegetation data series.

2.4. Relationships between the Tree-Ring Parameters and Vegetation Indexes of Different
Forest Types

Vegetation index studies on the basis of tree-ring data have been mostly conducted at
middle and high latitudes, and most studies have been conducted on coniferous forests. In
recent years, there has been increased interest in the study of the tree rings of broad-leaved
trees and shrubs. The tree-ring growth of broad-leaved trees and shrubs in cold regions
has a shorter response time to the cumulative NDVI compared with coniferous forests
in temperate and arid regions. The correlations between tree-ring parameters and the
NDVI of deciduous trees and conifers show virtually no temporal overlap. For deciduous
tree species, the tree-ring parameters are mainly correlated with the NDVI in April, May,
August, and October, whereas for conifers, the tree-ring parameters are mainly correlated
with the NDVI in May, June, and July. This might stem from the different responses of
different tree species to climate change. Pinus sylvestris var. mongolica Litv. was found to be
more strongly correlated with the NDVI than Picea abies. The correlation between the two
was the strongest in the plateau area, followed by the south slope, north slope, and valley.
The tree-ring parameters are more closely related to climate factors than the NDVI. This
might be affected by changes in biomass allocation during drought, the spectral distortion of
remote sensing data, and the effects of different meteorological conditions on the stem and
crown [66]. The relationship between the annual forest growth and NDVI were quantified
in different forest types and regions. It showed that 67% of the global forest NDVI was
significantly positively correlated with tree-ring growth. There were eight main models
between the tree-ring growth and NDVI. The results indicated that the degree of correlation
between the NDVI and tree-ring growth was similar in different forest types, and the spatial
and temporal diversity of the relationship between forest secondary growth and the NDVI
mainly stemmed from differences among tree species and environmental conditions [70].
In addition, high-resolution remote sensing data and the tree-ring parameters of different
forest types were studied in Canada. The results showed that the relationships of the
tree-ring parameters of cypress (Thuja), pine (Pinus), and spruce (Picea asperata Mast.)
with the remote sensing satellite data were closer than the relationships of the tree-ring
parameters of oak (Quercus L.) and poplar (Populus L.) with the remote sensing satellite
data. The correlations between the tree-ring width chronology and satellite data were
particularly weak for maple (Acer palmatum Thunb. in Murray). The negative response
of the deciduous tree-ring width to summer air temperatures and the positive response
of canopy to summer air temperatures might explain the weak correlation between the
two [71]. A VS-oscilloscope model was used to study the relationship between vegetation
canopy and trunk cambium phenology. The results showed that the forest canopy was
significantly correlated with the end of season of the Chinese pine cambium. And the
strength of this correlation was greater than that between grassland and cambium [72]. A
significant positive correlation between the NDVI and shrub growth was found in July [73].
A relationship between the interannual variation in the NDVI with the radial growth
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of shrubs was detected. A significant positive correlation between the radial growth of
shrubs and the summer NDVI were detected in relation to shrub expansion from multiple
perspectives. Shrub expansion may be related to the rate of sustained warming in early
summer and the frequency of extreme winter warming events [74]. In addition, shrub
growth and interannual changes in the NDVI in the Patagonian steppe are regulated
by winter precipitation, and tree radial growth explains 23%–62% of the seasonal NDVI
changes. However, this study did not identify a clear relationship between the tree radial
growth and NDVI in high-altitude mountain areas nor clarify the effect of intensive grazing
on shrub growth [75].

2.5. Relationships between Tree-Ring Parameters and Vegetation Indexes at Different Altitudes

Altitude affects the relationships between the tree-ring parameters and NDVI mainly
through temperature and precipitation. The tree-ring data were combined with remote
sensing data to quantify the response of tree growth to climate change at different eleva-
tions in Cyprus. This showed that there was no common climate driver between tree-ring
chronology and the NDVI in high-altitude forest areas. In the low-altitude arid areas
dominated by grassland and shrubland, there was a close relationship between the stan-
dardized tree-ring chronology and NDVI, which indicates that trees are not representative
of the primary productivity of grassland and shrubland [31,76]. In addition, the tree cores
of Picea schrenkiana at three altitudes in four areas were collected on the north slope of
Tianshan Mountain in China from the west to east, and forest NDVI values were extracted
in each study area. The relationship between the tree-ring width index and NDVI were
found to be gradually weakened from the west to east, and the positive correlation between
them was found to be gradually decreased with altitude. Drought stress may be the main
factor affecting the positive correlation between the tree-ring width and NDVI in arid
mountainous evergreen coniferous forests [4]. The correlation between the canopy and
trunk was found to be gradually decreased with altitude. The correlation coefficient was
0.371 in the alpine region, 0.413 in the valley region, and 0.583 in the desert region [77].

3. Other Research
3.1. Forest Decline

Forest decline has received much research attention, and is characterized by the loss
of leaf biomass, the dieback of branches, and even tree death. These changes alter the
structure, composition, and function of forests, as well as their response to climate change.
Assessing the risk of forest decline is becoming increasingly important for sustainable
forestry management as environmental change intensifies. However, given the complexity
of the interactions between multiple processes, quantifying the various factors that affect
forest decline remains a major challenge. Topographic patterns of the forest growth decline
of Pinus densiflora in the Mengshan region of eastern China were studied and analyzed, and
forest degradation events were identified from 2009 to 2014 using the NDVI and tree-ring
width data. A decision tree model was established, and the topographic pattern of forest
degradation was characterized. Serious forest degradation was found in this region in
2012, and the altitude factor indirectly determined the vulnerability of forest decline in
the study area, indicating that it could be used to predict the risk of spatial decline [32].
Forest decline mainly occurs in five topographic backgrounds: upper slopes and high
ridges at low altitudes, U-shaped valleys and upper slopes at high altitudes, and north
and northwest directions at high altitudes [78–81]. In addition, repeated dieback and forest
decline occurred in southwestern Hungary, and the summer water supply was the main
factor limiting black pine growth [82–84]. During three consecutive droughts over the past
few decades (1992–1993, 2000–2003, and 2011–2012), black pine was found to be a major
contributor to growth. Black pine (Pinus nigra Arn.) is becoming less resilient, and the
possibility that it might be a future alternative tree species in the Alps and Mediterranean
should be reconsidered, given that other species that are better adapted to drought may
exist [85].
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3.2. Extreme Climate Events

Drought and climate warming will place increasing pressure on forests, and severe
water scarcity will reduce the photosynthesis and growth rate of trees, thus harming the
function of trees, limiting their radial growth, and leading to the formation of narrow
or false rings. Linking historical drought to the tree-ring width can help to quantify the
response of a forest to drought and predict its vulnerability to future extreme climate
events [86]. The canopy height was used to characterize forest drought resistance, and
forests with a medium canopy height (ca. 18 m) were found to have the strongest resis-
tance to severe drought. Trunk growth and leaf growth were positively correlated with
the canopy coverage of smaller trees (<18 m) and negatively correlated with the canopy
coverage of taller trees (>18 m). Tree mortality was negatively correlated with the canopy
coverage of smaller trees (<18 m) [87]. An analysis using the NDVI, cumulative NDVI,
dendrochronology, water consumption, ecological flow regime, and groundwater depth
data was conducted in the middle reaches of the Tarim River. There was a significant
correlation between the tree-ring chronology and cumulative NDVI, and strategies for
achieving potentially sustainable groundwater depths (−2.3 to −3.7 m) and discharge
volumes (3.53 to 5.90 × 108 m3) that could further promote vegetation growth were pro-
posed [88].

In temperate forests, a late spring frost is a sudden and severe drop in temperature
during mild weather, which can negatively affect tree productivity and growth. Large-scale
remote sensing data were combined with tree-ring data to detect the magnitude of late
spring frost and evaluate the recovery time. The EVI was found to be ta more sensitive
indicator than he NDVI [89]. The NDVI was used to determine the locations of undamaged,
weakly damaged, and severely damaged areas in the study area. Reliability tests were
conducted on the tree damage classification using tree-ring data. The NDVI data could
be used to remotely monitor the degree of damage to trees caused by insects in cedar
forests [90]. In addition, the tree cytology, quantitative wood anatomy, tree-ring width,
and remote sensing data were used to conduct the first large-scale reconstruction of the
spatio-temporal dynamics of past insect outbreaks [91].

The resilience of forests to drought may vary among biomes. For example, biomes
were selected from Mediterranean, temperate, and continental regions and on the basis
of previously collected tree-ring and remote sensing data during and after four major
droughts (1986, 1994–1995, 1999, and 2005). It was noted that the tree-ring parameters
were positively correlated with the NDVI. The tree-ring width index is more sensitive to
forest drought resistance than the NDVI data. Semi-arid Mediterranean forests dominated
by evergreen gymnosperms had the lowest drought resistance, but a higher recovery rate
than humid temperate forests dominated by deciduous angiosperms [92]. Deciduous
trees are more susceptible to drought over short (1–3 months) and medium timescales
than most evergreen conifers. In addition, to explore the sensitivity of Central Europe’s
major deciduous tree species, beech (Fagus sylvatica) and oak (Quercus robur), a principal
component gradient analysis, the tree-ring parameters, and remote sensing data were used
to quantify the drought sensitivity of tree growth. The results showed that there was a
positive correlation between the NDVI and tree-ring width in the spring. Beech is more
sensitive to drought events than oak [93].

3.3. Research on Forest Productivity on the Basis of Tree-Ring Data

A time series of field-measured tree rings along with remote sensing data can be used
to generate a database for assessing spatial and temporal variability in forest productivity.
Previous studies have demonstrated the utility of satellite remote sensing data and tree-ring
series for monitoring tree productivity [23,42]. The NPP of trees increased significantly
with tree age [94]. Tree radial growth, NDVI, and gross forest primary productivity under
different environmental conditions in Spain were analyzed, which revealed a positive
correlation between the annual NDVI and tree radial growth. The tree radial growth
was most strongly correlated with the cumulative NDVI from June to October. And the



Forests 2023, 14, 2016 9 of 17

tree radial growth and gross forest primary productivity were correlated. This study was
the first attempt in Spain to study forest productivity on the basis of tree-ring data in
various forest types under different environmental conditions [36]. To explore whether
tree-ring stable isotopes can be used as alternatives to NPP, stable isotope ages at four sites
were compared in three different hydroclimatic environments in the eastern United States
with NPP products at three different temporal and spatial resolutions. Tree-ring stable
isotopes can be useful for reconstructing NPP at large scales and over long periods [95].
The correlation between tree-ring stable isotopes and GPP was found to be stronger than
that between the tree-ring width and GPP [96]. In addition, tree-ring data have been used
to calibrate NPP values on the basis of model estimates. Previous studies have found that
the tree-ring width can be used to calibrate models, and dominant tree species and old trees
in the study area should be selected when using tree-ring data for model testing [97]. These
results suggest that combining canopy and trunk growth studies is necessary for assessing
forest productivity.

To sum up, studies on the vegetation index based on tree-ring data are mainly con-
centrated in the middle and high latitudes, and relatively few studies are conducted in
the low latitudes. Tree-ring parameters have a strong correlation with the NDVI in the
summer. The results showed that the NDVI of the previous year correlated better with
the tree-ring parameters than the current year in forests in eastern North America and
Tasmania, whereas this finding suggests that the accumulation of the NDVI from previous
year to September in the current year showed a stronger predictive capacity of tree growth.
This pattern was mainly found in the forests of Central and South Asia, southern Canada,
the Northern USA and Siberia. The poor correlation between tree-ring parameters and the
NDVI is mainly concentrated in cold biomes. Specifically, this pattern corresponded to
the forests from cold biomes, such as those located in the Alps mountains or in the boreal
forests in northern Canada and Scandinavia [70].

4. Research on the Reconstruction of Vegetation Change in the Historical Period on the
Basis of Tree-Ring Data
4.1. Vegetation Index Reconstruction of Tree-Ring Data from Single Sample Sites

NDVI reconstruction on the basis of tree-ring data is achieved by leveraging the high
temporal resolution of tree-ring data, establishing regression models according to tree
physiological mechanisms, and conducting correlation analyses. These approaches permit
the reconstruction of the NDVI over long periods and provide more complete datasets
for future studies [25,98]. Most NDVI studies on the basis of tree-ring data have focused
on the relationship between the tree-ring width and NDVI. However, few studies have
examined NDVI reconstruction using tree-ring data [28,70]. Domestic research on NDVI
reconstruction on the basis of tree-ring data began in 2005 [55]. In light of the increasing
importance of tree-ring data in the analyses of long-term changes in vegetation, increasing
numbers of researchers have used different tree species in different regions to conduct
NDVI reconstruction research [36,99].

In most studies of NDVI reconstruction, the tree-ring width data of several sample
points are used. The most well-researched areas include the Tianshan Mountains, Qilian
Mountains, Helan Mountains, Qinghai–Tibet Plateau, Changbai Mountains, Xingan Moun-
tains, and Qinling Mountains [100]. The results showed that the tree-ring width can reflect
the change in the NDVI in the growing season in middle and high latitudes. For example,
tree rings were used to reconstruct the NDVI (245 years) from May to July, the NDVI
(206 years) from June to September, and the NDVI (163 years) from June to August in the
southern mountains of the Badain Jaran Desert [101], Hasi Mountain [102], and Xinglong
Mountain [103]. Both the tree-ring width and NDVI had a significant positive correlation
with precipitation in the periods of July–August and May–June of last year, and a significant
negative correlation with the temperature in the period of May–June of the same year. Due
to the common climate influence, the tree-ring width had the strongest correlation with the
period of July-August. Based on this relationship, the NDVI (442 years) from July to August
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was reconstructed in central Tibet using the standardized tree-ring chronology. The results
show that in the past 20 years, with the increase in the NDVI index and the improvement
in vegetation conditions, its coefficient of variation increased, and the frequency of extreme
events increased, resulting in the increased risk of animal husbandry development in this
region [104]. The NDVI (172 years and 162 years) in July was reconstructed in the Taibai
Mountain Nature Reserve using the standardized tree-ring chronology of the northern and
southern slopes, respectively [105]. The NDVI of the past 339 years was reconstructed by
using the tree-ring width chronography of Spruce in Snow Ridge, and the single-particle
Lagrange comprehensive track model mixed with the backward track model and wind
field analysis showed that the NDVI anomaly was affected by precipitation brought on by
westerly winds [106]. The reconstruction of the NDVI on the basis of tree-ring data is not
only affected by tree-ring indexes but also by the latitude, altitude, and vegetation type. For
example, the NDVI was considered to contain all vegetation information in a region, and
the physiological processes of different vegetation types vary. Therefore, an analysis of the
land cover type was conducted, and correlations of the forest NDVI and grassland NDVI
with the tree-ring width index were determined. The correlation between the forest NDVI
and tree-ring width was stronger than that between the grassland NDVI and tree-ring
width, and the summer forest NDVI was reconstructed from 1920 to 2018 [107].

4.2. Vegetation Index Reconstruction on the Basis of Tree-Ring Data

In recent years, large-scale NDVI reconstructions on the basis of tree-ring data have
been carried out. For example, the change trend of the NDVI in 193 years was reconstructed
according to the tree-ring chronology of Pinus sylvestris. The variation in the NDVI in the
western Greater Khingan Mountains was analyzed. After the 1950s, the scale and intensity
of extreme changes in the NDVI increased significantly, and the effects of human activities
on the NDVI were ranked in the order of importance as follows: livestock > afforestation >
population > farmland [108]. It is found that there is a significant relationship between the
winter and spring NDVI (December to March) and tree-ring index. Based on this significant
relationship, the NDVI index of the past 151 years was reconstructed via linear regression.
The results showed that the NDVI was lower than average during the 1869–1874, 1886–1889,
1956–1962, and 1975–1980 periods, and recently, the 2000–2004 period, which may be
related to low growth and photosynthetic activity [76]. A total of 176 Picea schrenkiana
were used to establish a regional tree-ring width chronology, and NDVI values over
167 years were reconstructed. And the reconstructed results were compared with historical
disaster records and multiple regional climate reconstructions. The NDVI was found
to be locally representative as well as reflect the large-scale circulation in Eurasia [26].
In addition, the vegetation changes over the past 377 years were reconstructed using a
regression model. It was found that land reclamation policies and farmland conversion
projects in historical periods affected the vegetation coverage by affecting the areas of forest
land and farmland [98]. To explore whether climate change caused vegetation growth in
Western Mongolia, the NDVI and the Siberian larch tree cycle chronology were modeled
by using linear regression; meanwhile, the NDVI from 1940 to 2010 was reconstructed.
The reconstructed NDVI index did not show a long-term growth trend, which rejects the
hypothesis that climate change induced vegetation growth in Western Mongolia [109]. The
relationship between the regional NDVI and climate variables and the NDVI and tree-
ring width during the growing season (May–October) in the Hulunbuir Grassland were
analyzed. The NDVI during the growing seasons in the past 116 years was reconstructed.
The results show that the total number of sparse and dense NDVI anomalies in the past
116 years is 22 years. This may be related to Arctic and Pacific climate activity [99].

To improve the reconstruction accuracy, some researchers reconstructed the NDVI
using the first principal component of the tree-ring width chronology, tree-ring width
chronology of plots, or multiple tree-ring width indexes from tree-ring data. For example,
the Ulan difference chronology and Tianjun autoregressive chronology were used to es-
tablish a binary regression equation with the grassland NDVI in August, and millennial



Forests 2023, 14, 2016 11 of 17

changes in the grassland NDVI was reconstructed in the Buha River Basin [110]. It was
found that the tree-ring width indexes and NDVI in the Delingha area were greatly affected
by the precipitation in June. The tree-ring width indexes’ chronology was significantly
correlated with the grassland from June to September, and the correlation with NDV in
August was the strongest. So, the first principal component of five tree-ring width index
sequences was used to reconstruct millennial changes in the grassland NDVI in August
in the Delingha area, which greatly enriches the tree-ring width and vegetation index
databases [111]. Through a Pearson correlation analysis, it was found that the NDVI
changes in the Qilian Mountains are highly correlated with the first principal component
of the five width timelines. The NDVI from June to August over the past 160 years was
reconstructed by using the first principal component of the tree-ring difference chronology
of five sampling points [112]. The tree-ring width sequences of three sampling points in the
study area were combined to establish a regional chronology. And both the NDVI changes
in July and the NDVI changes in the grassland from May to July were reconstructed [113].
In addition, the tree-ring chronology and vegetation index data were smoothed to reduce
the errors in the tree-ring data and remote sensing observations and increase the accuracy
of the reconstructed cumulative NDVI values. It was found that the correlation between
the tree-ring width chronology and the NDVI cumulative values of the growing season
was significantly enhanced after the tree-ring width chronology and vegetation index data
were smoothed [114].

By comparing the above research results, the NDVI reconstruction results were shown
to be superior when the first principal component of two timelines was used compared with
when the timelines of Pinus tabuliformis were used. Comprehensive timelines are superior
to the timelines of single sampling sites for reconstructing the NDVI. In addition, when
Picea schrenkiana was used for NDVI reconstruction, the reconstructed NDVI values were
obtained over a longer period and the variance explained was greater when a combination
of three sampling points was used compared with when a single sampling point was used.
The robustness of the NDVI reconstruction results was higher in high-altitude areas than in
low-altitude areas [106,113].

In sum, most studies of NDVI reconstruction have used tree-ring width index data;
most studies have also considered multiple factors and used different types of proxy data
for comparative verification (historical disaster records, atmospheric circulation, large-scale
climate events, temperature reconstruction, precipitation reconstruction, volcanic eruption,
and super storms). This approach verifies the reliability of NDVI reconstruction. An
analysis of the reconstruction results of different tree species has revealed that most studies
were conducted in areas with coniferous forests, and the robustness of the reconstruction
results is relatively high. Few studies have reconstructed NDVI values on the basis of
the tree-ring width data of broad-leaved forest and shrubs, and cedar is the tree species
with the longest reconstructed NDVI time series. Within a certain range, the robustness
of the reconstructed NDVI time series increases with the number of sampling points and
sample size. However, the results of vegetation index reconstruction vary among regions
when different tree species and tree-ring indexes are used. In the future, longer tree-ring
chronologies and higher-resolution tree-ring networks should be used to reconstruct several
types of vegetation indexes over longer periods and larger areas; this work will provide
insights into the processes underlying vegetation changes over long historical periods.

5. Conclusions

An analysis of tree-ring parameters, such as the tree-ring width, density, cell, and
stable isotopes of different tree species in different habitats, and the data mining of tree-ring
samples are needed to enhance our understanding of the relationship between tree-ring
data and remote sensing data [115]. The heterogeneity in the vegetation landscape pattern,
stand density, age structure, and variation in growth rhythms among different vegetation
types can be overlooked when monitoring changes in vegetation via remote sensing, thus
weakening the relationship between the tree-ring parameters and vegetation index data.
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There is thus a need to consider the spatial matching between remote sensing data and
tree-ring data in future research. Fine and accurate UAV technology could be combined
with tree-ring data in future research to address this problem. In addition, more than
40 types of vegetation indexes have been defined to date. Vegetation indexes and remote
sensing products other than NDVI could be combined with tree-ring data to increase the
diversity of reconstruction indexes used. The relationship between tree ring and vegetation
index data is affected by tree species, the spatial resolution of remote sensing data, terrain
(altitude and slope direction), and other factors [68]. Therefore, multiple environmental
factors should be considered to identify the optimal model construction parameters, and
multiple sampling points and large sample sizes are ideal. Research on the responses
of forest tree growth to climate change and the reconstruction of historical changes in
vegetation indexes at large spatial scales will be a major focus of tree ring and vegetation
index research in the future.
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