
REMOTE SENSING (J SUAREZ, SECTION EDITOR)

Current Forestry Reports           (2025) 11:25 
https://doi.org/10.1007/s40725-025-00260-w

Introduction

Forests worldwide are a major carbon sink, storing 1.4 Pg 
of carbon and offsetting 15% of fossil-fuel emissions in 
the 2010 s [1]. A major driver of this sink is the growth of 
trees, which accumulate biomass and sequester carbon in 
their wood structures [2]. Measuring forest growth is thus 
essential to track carbon pools and to understand the global 
carbon cycle, allowing better predictions of the carbon-
climate system [3]. In addition, tree growth measurements 
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Abstract
Purpose of Review  Understanding forest growth and its response to climate variability and disturbance is critical for moni-
toring carbon dynamics and managing forest ecosystems under global change. Tree-ring width (TRW) data from dendro-
chronology and vegetation indices (VIs) derived from remote sensing offer complementary perspectives on forest growth—
one reflecting carbon accumulation in wood, the other photosynthetic activity by foliage and changes in canopy cover. 
Their complementary spatial and temporal scales also enable upscaling measurements through time and space. The review 
synthesizes 78 multidisciplinary studies that integrate these two disciplines to evaluate their combined potential in assessing 
forest growth.
Recent Findings  The review revealed growing interest in combining dendrochronology and remote sensing, with diverse 
applications and methodological approaches, which we have grouped in three dominant areas of research: (1) examining 
relationships between TRW, VIs, and climate; (2) assessing long-term growth and productivity trends; and (3) evaluating 
responses to disturbance and extreme climatic events. We showcase a subset of relevant studies and highlight some key 
results, with many reporting strong interannual TRW-VIs positive relationships during growing season months. Research 
on growth trends shows more mixed outcomes, as the growth recorded by TRW and VIs is often decoupled over longer 
timescales. In disturbance-related studies, TRW generally reflects stronger and more prolonged growth reductions than VIs, 
suggesting it is more sensitive to stress-induced source and sink limitations. Despite methodological advances, challenges 
remain, including scale mismatches between ground and satellite data, limited use of high-resolution imagery, and under-
representation of ecological metadata.
Summary  Integrating dendrochronology and remote sensing enhances the spatial and temporal scope of forest growth moni-
toring. In this review, we summarize interdisciplinary studies, examining their methodological approaches, including sam-
pling strategies, growth proxies, and statistical analyses. We then outline persistent challenges, including spatial biases in 
tree-ring datasets, scale mismatches between ground plots and satellite data, and the physiological distinctions underlying 
foliage activity and radial growth. Ultimately, we identify key opportunities for further development in this interdisciplin-
ary field, such as expanding ecological metadata collection, adopting higher resolution satellite imagery, and improving our 
understanding of the complex physiological processes underlying forest growth.
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are critical for sustainable forest management at national 
and regional levels, providing yield estimates and guiding 
adaptive management strategies [4]. Growth also provides 
insights into forest health and is linked to ecosystem ser-
vices such as water and air purification, climate regulation, 
and protection from natural disturbances [5]. Consequently, 
it is becoming increasingly critical to efficiently and accu-
rately measure tree growth across space and time.

Tree growth is a complex process, beginning with carbon 
uptake by the foliage, and ending with its storage in wood 
structures, involving trade-offs in allocation to the different 
organs and their functions at every step [6, 7]. The foliage 
of trees absorbs atmospheric carbon dioxide and converts it 
into carbohydrates through the process of photosynthesis, 
which is powered by solar energy captured in chlorophyll 
[8]. The assimilated carbon is then partitioned into the tree’s 
biomass, including its trunk, branches, leaves, and roots [9], 
and resource allocation is optimized to maximize competi-
tive fitness, reproduction, defense and growth [10]. Compe-
tition is among the strongest determinants of tree growth, 
while numerous exogenous factors—including climate, 
stand dynamics, and disturbances—also play important 
roles [11]. The interactions between intrinsic and environ-
mental drivers of growth contribute to substantial variability 
in the process, the mechanisms of which remain only par-
tially understood [12].

The measurement of tree growth is a critical topic in ter-
restrial ecology, and represents a central objective in several 
disciplines, notably dendrochronology. Dendrochronol-
ogy is the science which studies annually resolved growth 
increments of woody plants (annual rings), using proxies 
such as tree-ring width (TRW), density, isotopes, and wood 
anatomy [13]. Remote sensing is defined as the use of satel-
lite, aerial, or drone-based sensors to monitor the physical 
characteristics of an area [14]. Within the context of forest 
research, sensors capture spectral information on foliage, 
from which vegetation indices (VIs) are derived [15] that 
represent foliar chemical and pigment constituents such as 
chlorophyll [16]. These spectral indices have been corelated 
to attributes such as phenological timing, foliar stress and 
overall plant health, and can in turn be used to predict tree 
growth [17]. Dendrochronology deals with direct mea-
surements of radial stem growth of individual trees, whilst 
remote sensing deals with estimations of foliage cover and 
photosynthetic activity. Consequently, these proxies corre-
spond to two aspects of carbon exchange: uptake (carbon 
sources) by the foliage (VIs) and use and accumulation (car-
bon sinks) in the woody tissues, mainly in the stem (TRW).

Global change is affecting forests worldwide, with 
increasing growth trends observed in wet boreal and tem-
perate regions, while decreasing trends are observed in 
many moisture-limited forests [18–20]. Extensive research 

is being conducted on the spatial and temporal variability 
of forest productivity globally, using various datasets and 
methods from both remote sensing and dendrochronol-
ogy [21]. Canadian boreal forested ecosystems are a good 
example, where remote sensing studies generally agree on 
the presence of a browning trend, particularly in densely 
forested areas, contrasting with a prominent greening trend 
towards the tundra, although the location and magnitude 
of the observed trends vary [22–25]. These results also 
agree with dendrochronology studies detecting a negative 
response of black spruce (Picea mariana Mill.) to tempera-
ture increases, particularly in the southern part of its range 
[26–28]. And yet, despite the abundant literature generated 
by the dendrochronology and remote sensing fields, the con-
fidence in the observed trends is generally low because the 
different datasets and methods employed all have multiple 
sources of uncertainty [29–31], and results are often con-
trasting. For example, using Canada’s national forest inven-
tory’s tree-ring network, Hember et al. [32] report prevalent 
growth increases between 1901 and 2001. In contrast, using 
satellite data, Goetz et al. [24] found almost no greening in 
the North American boreal forest, and report browning in 
7% of the total area.

What is apparent however is that while dendrochronol-
ogy and remote sensing can both provide insights into forest 
growth and productivity, studies often use these approaches 
individually. The need to understand ecosystem responses 
to global change has led to a growing interest in interdis-
ciplinary research [33], with many recent studies pairing 
remote sensing and dendrochronology data and techniques. 
However, various approaches and methods have been used, 
making it difficult to compare and interpret results. Con-
sequently, there is a need to summarize the methodologies 
employed to combine the two disciplines, which follow dif-
ferent principles and assumptions for measuring growth and 
productivity. Although two reviews have already examined 
publications combining dendrochronology and remote sens-
ing, these were not systematic reviews of the literature, and 
their aims were to provide an overview of the relationship 
found between TRW and VIs, with a focus on NDVI recon-
struction [34], and on the vulnerability to drought stress spe-
cifically in the Mediterranean [35].

In this review, we synthesize the multidisciplinary stud-
ies that paired dendrochronology and remote sensing. In 
doing so we highlight their complementarity while also rec-
ognizing the role each discipline can play in monitoring tree 
growth and forest productivity. Our specific objectives are 
to (1) review the principal approaches used in both fields 
with a particular focus on the methods used for linking tree-
ring and remote sensing data, (2) demonstrate current appli-
cations and the potential for combining these disciplines, 
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and (3) identify the limits of existing multidisciplinary stud-
ies and propose opportunities for future research.

Article Selection

We conducted a systematic literature search using Google 
Scholar to identify relevant publications linking remote 
sensing and dendrochronological data. We searched all 
combinations of the keywords “remote sensing”, “satellite 
imagery” or “vegetation index” paired with (AND) “den-
drochronology” or “tree-rings” and filtered to obtain recent 
articles published in the period 2015–2025. The titles and 
abstracts were first manually assessed to filter relevant 
studies. We only included peer-reviewed literature written 
in English and excluded papers dealing exclusively with 
shrubs, retaining 56 publications following this step. Next, 
we added supplementary publications by scanning the refer-
ences section of the previously identified papers for relevant 
articles, enabling us to include earlier studies that were 
missed in the initial search. We obtained 78 interdisciplinary 
papers which were classified by location of study area, year 
of publication (Fig. 1), and various methodological aspects 
(Supplementary Information).

The remainder of this paper will be structured as follows. 
We first describe the key principles in dendrochronology 
and remote sensing supporting their individual use for mea-
suring growth, as well as the main approaches used in both 
disciplines separately. We then build a case for how these 
two disciplines are complementary in various aspects and 
describe how the similarities between their productivity and 
growth proxies allow for their integration. Further, we detail 
the approaches and the methods employed in the reviewed 
publications, particularly regarding objectives, sampling 
schemes, growth proxies, and statistical analyses. Finally, 
we conclude by highlighting critical limits of current studies 
and opportunities for future research.

Dendrochronology

Dendrochronology relies on precise annual measurements 
of radial growth increment of individual trees, which can be 
scaled up to estimate stand or forest biomass increment (e.g 
[36]). It is typically used to study the interannual variability 
of growth in response to climate (climate-growth relation-
ships), as trees subject to similar climate conditions exhibit 
synchronized growth patterns [13]. A fundamental principle 

Fig. 1  Geographical location of studies and the number of published articles per year
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concentration [17]. First, physiological estimations involve 
calculating how much biomass can be produced from light 
absorbed by the foliage [46]. The Normalized Difference 
Vegetation Index (NDVI) is the most widely used sur-
rogate for photosynthetic activity and is derived from red 
and near-infrared reflectance values, exploiting the fact that 
chlorophyll strongly absorbs red light while reflecting near-
infrared radiation [47]. Second, dimension analyses involve 
developing relationships between field measurements of 
tree weight or size and remotely sensed forest attributes, 
which are used subsequently to predict productivity across 
landscapes [48]. Third, foliar concentration estimations of 
growth involve measuring biochemical compounds in leaves 
(e.g. chlorophyll and nitrogen) or measuring the amount of 
foliage (leaf area index; LAI). These foliage traits can then 
be estimated from VIs across broad scales based on statisti-
cal relationships with field data. For a complete description 
of how forest growth and productivity is characterized using 
remote sensing, see Coops [17].

Spatial variations in photosynthetic activity are driven by 
limiting climatic factors: boreal regions are primarily con-
strained by temperature and semi-arid and arid regions by 
precipitation, while temperate zones face a mix of limiting 
factors that change over the growing season [49]. Interan-
nual variations in photosynthetic activity are also driven 
by climate [50, 51]. However, unlike dendrochronology 
research, the climate sensitivity of photosynthetic activity is 
seldom the object of remote sensing research, and growth-
limiting climatic factors are instead presumed based on 
geographical location, which allows for mapping forest pro-
ductivity worldwide [46, 52]. In addition, extensive research 
focuses on canopy activity trends (greening and browning) 
in response to global change (e.g [53])., but it remains a 
challenge to attribute a cause to such trends detected from 
remote sensing as many environmental factors can influence 
greenness, especially when the spatial resolution of imag-
ery is coarse [54]. Another large body of literature focuses 
on disturbance (e.g [55, 56])., although generally centered 
on stand-replacing disturbances because detecting subtle 
canopy changes can be challenging. Nevertheless, recent 
studies have been successful in using moderate resolution 
satellite time series data to detect and characterize non-stand 
replacing disturbances such as insect defoliation (e.g [57]). 
and there is growing interest in drought impacts assessment 
and monitoring [58].

of dendrochronology is that tree growth is driven by the most 
limiting climatic factor, making TRW a good proxy for past 
climate [37]. For example, growth typically responds posi-
tively (negatively) to precipitation in dry (humid) regions, 
while it responds positively (negatively) to temperature in 
cold (warm) regions (but see [158, 159]). However, accord-
ing to the principle of aggregate tree growth, growth is not 
only driven by climate and varies according to tree age-size 
as well as competition and disturbances [13]. In addition, 
there is significant autocorrelation in tree-ring time series 
[40], as a portion of annually sequestered carbon is allo-
cated to non-structural carbohydrate reserves, which can be 
mobilized in subsequent years when photosynthetic activity 
is limited [41]. Growth measurements obtained from den-
drochronology therefore contain a wealth of information 
and can help answer a large array of ecological questions. 
These include not only forest productivity and its relation-
ship with climate, but also the occurrence and impacts of 
disturbances such as fire, insect outbreaks, and drought, as 
well as longer-term processes of forest dynamics, competi-
tion, and ecosystem resilience. For a complete understand-
ing of dendrochronology and dendroecology, see Fritts & 
Swetnam [38].

In terms of research applications, dendrochronology 
largely focuses on climate-growth relationships, which 
allow reconstructing past climate (e.g [37]). and assessing 
the climate sensitivity of tree growth (e.g [26]). Dendrochro-
nology research also focuses on growth trends in response to 
climate warming (e.g [39]). or CO2 fertilization (e.g [160]). 
Growth trends are defined as long-term or low-frequency 
variations in growth, as opposed to interannual variations 
or high-frequency variations. However, assessing trends 
using tree-ring data is a major challenge, as it is difficult 
to distinguish endogenous (e.g. tree age-size, competition) 
from exogenous influence such as climate warming, both of 
which occur at low frequencies [43]. Also, research focus-
ing on trends is challenging, as tree-ring datasets are often 
inadequate due to their biased spatial coverage and poorly 
replicated population sampling [44]. Other research topics 
include disturbance and extreme climatic events impacts 
(e.g [42, 45]). However, dendrochronology is mainly used 
to study non-stand replacing disturbances, as trees need to 
remain mostly intact (but not necessarily alive) to allow tree 
cores and disks to be collected.

Remote Sensing

Remote sensing relies on frequent (annual or intra-annual) 
measurements of forest biophysical attributes, which can 
in turn be used to estimate forest productivity via three 
approaches: physiology, dimension analysis, or foliar 
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both constrain biomass accumulation differently [59, 60], 
which greatly influences carbon pools calculations [61].

Research Objectives and Main Findings

We began our systematic review by categorizing the 78 
selected publications based on their primary research focus 
and related objectives. We identified three dominant axes 
of research: (1) examining relationships between TRW, VIs 
and climate; (2) assessing long-term growth trends; and (3) 
investigating growth responses to disturbance and extreme 
climatic events (e.g. drought, frost). As multiple objectives 
are formulated and explored in most studies, some publi-
cations are included in more than one of these dominant 
axes of research (Supplementary Information). The follow-
ing subsections summarize the studies conducted in each 
research axis, highlighting their main research objectives 
and some key findings. We also showcase a subset of stud-
ies that demonstrate current applications and the potential 
for combining dendrochronology and remote sensing.

Complementarity of Dendrochronology and 
Remote Sensing Data

Dendrochronology and remote sensing are complementary 
disciplines: while their similar temporal resolution allows 
for direct comparison of measurements at least annually, 
their differing temporal and spatial scales enable upscal-
ing measurements through time and space (Fig. 2). Con-
sistent satellite imagery is available only since the 1970 s, 
and tree-ring time series can span decades to millennia, 
allowing to extend the VI records back in time [34]. While 
dendrochronology provides exceptional information at the 
tree and stand levels, extending these growth estimates 
more broadly across space is problematic because plot 
networks are sparsely distributed over the landscape, as 
sampling is expensive and time consuming. Dendrochro-
nology and remote sensing also offer complementary views 
into tree growth processes: VIs quantify canopy photosyn-
thetic capacity (source activity), while TRW record the car-
bon invested in stem wood (sink activity). The distinction 
between these two physiological processes is critical for 
modelling forest carbon pools, as source and sink activities 

Fig. 2  Complementarity of dendrochronology and remote sensing data
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TRW measurements upscaled with allometric equations has 
yielded promising results in plantations [83], likely because 
volume measurements reflect more accurately crown sizes 
or leaf area, tree vigour, and in turn canopy greenness. Also, 
the regular forest structure and homogeneous composition 
of plantations may reduce noise in the remote sensing data, 
resulting in synchronized crown and volume growth rates.

Growth Trends Assessment

From a forest growth perspective, besides understanding the 
climate sensitivity of growth, it is also important to monitor 
long-term productivity trends and determine whether they 
are modified by global change. The longitudinal nature of 
both data sources enables temporal trends to be assessed. 
This is another approach frequently used in the reviewed 
literature, with 23% of the publications assessing the long-
term evolution of growth. The objectives of these publi-
cations were to determine whether growth is accelerating 
or slowing down, to quantify the magnitude of trends, to 
compare the trends in tree-ring proxies and VIs and, in 
some cases, to map the spatial variability of the identified 
trends. Detrended TRW, basal area increment (BAI) and 
TRW without detrending are used to measure growth trends 
in 50%, 33% and 17% of reviewed publications assessing 
trends, respectively.

There is an overall disagreement between trends in tree-
ring proxies and VIs [62, 81, 84–86], with generally more 
increasing trends found in VIs than in tree-ring proxies (e.g 
[66, 87]). These discrepancies may be explained by vari-
ous physiological or methodological aspects, which will be 
discussed later (see Limits and Opportunities). However, 
consistent decreasing temporal trends in TRW and VIs were 
found for white spruce (Picea glauca Moench) and black 
spruce at the northern limit of their range, in the boreal forest 
of interior Alaska, where tree growth is increasingly limited 
by water availability [88]. In contrast, consistent increas-
ing temporal trends were found for Qinghai spruce (Picea 
crassifolia Kom.) in high elevation stands of the Tibetan 
plateau, where tree growth is mainly limited by minimum 
temperatures, and where both temperatures and precipita-
tion are increasing [89].

Disturbance and Extreme Climatic Events

Results from the literature suggest that TRW and VIs 
growth signals are complementary as they show different 
responses following disturbance events. Accordingly, the 
study of disturbance impacts can benefit from combining 
dendrochronology’s precision with remote sensing’s power-
ful wall-to-wall monitoring capacity, leveraging their com-
plementary spatial scales. Among reviewed publications, 

Relationships Between TRW, VIs and Climate

Annual measurements of TRW and VIs are often well cor-
related as both radial growth and photosynthetic activity are 
sensitive to climate across space and time (e.g [62–64])., 
albeit cambium activity is more sensitive to water limitation 
than photosynthesis [59]. The relationship between TRW 
and VIs is the focus of 21% of the reviewed publications, 
and an additional 47% also assess the relationships between 
one or both proxies and climate variables (climate-growth 
relationships). Generally, the objectives of these publica-
tions were to determine whether TRW and VIs are corre-
lated with each other and with climate and, if so, to identify 
the timing and interval of the strongest correlations. In some 
cases, studies also explore the environmental conditions that 
favour strong relationships. Among the publications study-
ing these relationships, some also have the specific objec-
tive of reconstructing VIs before their period of availability 
from satellite imagery (10% of all publications).

Several studies investigate the timing of the relation-
ships, using fine temporal scale data from satellites with 
frequent returns, with results varying globally, depending 
on species and geographic location [65]. Nonetheless, most 
studies find the strongest correlations during the growing 
season months (e.g [62–64])., sometimes with a lag (e.g [66, 
67])., while in some cases correlations are weak or inexis-
tent (e.g [68]). The correlations between TRW and climate 
are generally stronger than the correlations between VIs and 
climate (e.g [69–72])., but not always [73, 74]. Although the 
relationship between TRW and VIs is mainly explained by 
their climate sensitivity, the timing of strongest correlations 
between TRW and NDVI does not necessarily correspond 
to the timing of the strongest climate-growth relation-
ships [75]. Also, the temporal stability of the relationships 
between TRW and VIs has not yet been assessed but still 
deserves attention [76].

Regarding geographic location, relationships between 
TRW, VIs and climate are found in a variety of forest types 
and environmental conditions. Studies have been conducted 
in marginal conditions such as latitudinal tree lines (e.g [77, 
78]). and altitudinal tree lines (e.g [73])., while some are 
located in arid regions (e.g [79, 80])., but also in temper-
ate regions (e.g [81]). We did not notice any relationship 
between locations of the studies and the strength of the 
reported relationships (see [65]).

Furthermore, some studies went beyond traditional 
tree-ring measurements and incorporated tree productivity 
or stand volume to establish links with VIs. For example, 
strong relationships were found when total tree productivity 
(i.e. TRW, tree height, litterfall and seed production) was 
considered, although litterfall was the least correlated with 
NDVI [82]. Additionally, stand volume monitoring based on 
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Forest Decline

Forest decline can be defined as the consequence of particu-
larly severe or sequential disturbance events, and dieback 
from drought in the Mediterranean region is a recurring 
topic studied by four out of six publications [97–100]. Since 
declining stands are characterized by leaf browning, defoli-
ation, and/or mortality, they are generally easily detected by 
remote sensing (e.g [97, 98]). However, some publications 
did not find significant relationships between TRW and VIs 
in declining stands [99, 100], suggesting a decoupling of 
stem and foliage growth. Additionally, the climatic sensi-
tivity of declining stands may differ from that of healthy 
stands, as pointed out by [98] who found that the growth of 
the former was mainly driven by spring moisture availabil-
ity, whereas the growth of healthy stands was more sensitive 
to summer temperatures. Finally, the spatially continuous 
nature of satellite imagery data also allows relating the 
spatial patterns of decline to potential underlying drivers. 
Several publications were interested in topographical and 
ecological variables that increase the probability of decline, 
such as elevation [101, 102], aspect [99, 102], age [99], tree 
diameter, stand density, and basal area [100].

Methods Used for Combining Tree-Ring and 
Remote Sensing Data

The 78 reviewed publications exhibited a wide variety of 
approaches and methods used to collect and process tree-
ring and remote sensing data. This section reviews the sam-
pling strategies, growth proxies, detrending techniques, and 
statistical approaches employed across all studies.

Sampling Strategies

Dendrochronological Sampling

Dendrochronological studies often occur in locations where 
understanding climate-growth relationships and recon-
structing past climate is the principal research objective 
[13], although this is becoming less common [103]. As a 
result, methods were adapted to isolate the climate signal in 
the time series; sites are usually selected in marginal condi-
tions with a specific climatic factor limiting growth, such 
as in ecosystem transition zones (ecotones). Dominant trees 
are also preferably selected to reduce noise attributable to 
stand-level dynamics and competition, and a site chronol-
ogy is calculated by averaging growth of multiple trees to 
reduce noise attributable to tree-level processes [104]. Such 
practices result in key biases within the compiled data [44], 
which must be recognised and understood prior to their 

21% focus on disturbance and extreme climatic events, 
namely forest decline (6 publications), drought (5 publi-
cations), insect outbreaks (4 publications) and late spring 
frost (1 publication). These publications usually focus on 
specific events rather than analysing the whole length of the 
time series. Their objectives are to assess and compare the 
response of VIs and TRW following disturbance events and, 
in some cases, to examine their spatial extent over the land-
scape using remote sensing. A variety of approaches have 
been used in studies of disturbance and extreme climatic 
events, making it difficult to summarize publications. For 
this reason, we highlight here some key examples of meth-
odologies used for each type of event, as well as some key 
findings.

Drought

For publications assessing drought impacts, recurring 
approaches are the calculation of resistance, resilience and 
recovery indices [90, 91], following Lloret et al. [92] or 
the calculation of drought and legacy effects (i.e. growth 
decrease during the drought year relative to previous 
growth, and relative to expected growth following drought) 
[93]. In some studies, radial growth was found to be more 
sensitive to drought than foliage greenness as it displays a 
more pronounced decline [91] and a longer recovery period 
[93, 94]. However, when drought occurs towards the end of 
the growing season, leaf browning can be detected by satel-
lite imagery, while the current year’s growth ring is usually 
not impacted [90], highlighting the importance of consider-
ing drought timing in these analyses [94].

Insect Outbreaks

The detection and assessment of insect outbreaks is the 
subject of only four publications and change detection 
approaches are used in two of them [95, 96]. For example, 
Babst et al. [95] compared Landsat images from autum-
nal moth (Epirrita autumnata) outbreaks with a reference 
image (no outbreak) to identify areas of NDVI change and 
to quantify the severity of defoliation. They used this same 
approach for TRW data, comparing mean series of TRW 
(chronologies) from stands showing growth reductions dur-
ing outbreak years with reference chronologies from species 
or stands unaffected by the moth, allowing them to date past 
outbreaks and to quantify the growth reductions. The direct 
comparison of TRW and NDVI change in years of outbreak 
suggested a non-linear relationship between both proxies, 
with greater reductions in radial growth beyond a certain 
level of defoliation.
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datasets were collected for traditional dendrochronology 
purposes following the biased (albeit justifiably when ini-
tially collected) sampling methods described above, making 
them less suitable for broad spatial scale assessments of for-
est productivity.

For this reason, most reviewed publications cover 
small spatial scales, with 82% of studies conducted at the 
regional scale, while only 10% and 8% were conducted at 
the national and global scales, respectively. Research at the 
global scale [65, 66, 75, 78, 110, 111] makes use of all avail-
able ITRDB data with certain quality criteria. Research at 
the national scale generally uses more fit-for-purpose sam-
pling schemes, with denser plot networks uniformly distrib-
uted or representatively sampled across landscapes (e.g [85, 
112, 113]). In fact, national-scale studies tended to include 
more dendrochronology sample plots than global-scale 
studies, with an average of 428 plots compared with 362 
(Fig. 3a). In contrast, regional-scale studies used tree-ring 
data from an average of 12 plots and were in some cases 
able to upscale the results to large spatial scales (e.g [114])., 

analysis. Due to changing research needs, dendrochronolog-
ical methods are evolving to enable understanding growth 
patterns across various sites and climate conditions [103], 
and dendroecological datasets representative of forest eco-
systems are being assembled (e.g [105, 106]). which in turn 
enable meaningful conclusions to be drawn at large spatial 
scales.

Since remote sensing data is available globally, the spa-
tial extent of publications depends primarily on the tree-
ring datasets used. As the collection and processing of tree 
cores is costly and time consuming, the sampling schemes 
of the reviewed publications often rely on previously avail-
able tree-ring data, which limits the questions that can be 
addressed and the conclusions that can be drawn from the 
data. Numerous tree-ring datasets are publicly available 
through the International Tree-Ring Data Bank (ITRDB; 
[107, 108]), although they are spatially biased towards 
forests in climatically marginal sites, and many of them 
overlap only briefly with the period during which satel-
lite imagery is available [109]. In addition, most of these 

Fig. 3  Number of sampling sites for each spatial scale of study (a) and species group (b) used in the reviewed publications
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This may partly be attributed to the length and availability 
of the imagery archive, with Landsat data being collected 
since 1972 (although only available free and open since 
2008), AVHRR since 1978, MODIS since 2000, Sentinel-1 
since 2014, and Sentinel-2 since 2015.

Besides spatial resolution and archive length, the revisit 
frequency of the satellites is also important, as annual or 
intra-annual observations are needed to allow direct com-
parison with dendrochronological records. The AVHRR, 
MODIS and Sentinel sensors offer products of high tem-
poral resolution (i.e. at least biweekly, depending on data 
quality) which enables a detailed assessment of the climate 
influence on photosynthetic activity, as climate data is often 
also available at this resolution. However, even if 74% of 
publications use AVHRR or MODIS data with an initially 
biweekly temporal resolution, many of them aggregate the 
values by calculating their average or sum, or by using the 
maximum value. As a result, the temporal resolution of the 
spectral imagery used in the reviewed publications is either 
biweekly (13% of publications), monthly (36% of publica-
tions), seasonal (29% of publications) or annual (22% of 
publications).

Growth Proxies

Tree-Ring Proxies

Ring width indices (RWI), which represent detrended TRW, 
is the most frequently used tree-ring proxy, with 70% of 
publications reviewed (Fig. 4a). Other proxies include 
basal area increment (BAI; 16% of publications), TRW 

most often in grasslands [71, 79, 80, 115, 116]. In addition, 
considerable tree-ring research has focused on conifer spe-
cies at high-latitude and high-altitude sites, which is also 
reflected in the publications selected for this review as 65% 
of studies dealt exclusively with conifers, while only 14% 
dealt exclusively with broadleaves, and 21% mixed (Fig. 
3b). The number of trees cored per plot varied between 4 
and 131, with a median of 16 and an average of 24 trees. 
The sampled trees were generally dominant in the canopy, 
which is justified by the fact that sensors mainly capture the 
foliage of dominant trees, and that they account for most of 
the biomass in a stand [117].

Remote Sensing Derived Sampling

While satellites offer a global perspective, they have dif-
ferent sensors, revisit intervals, archive lengths and spa-
tial resolutions, providing data whose suitability may vary 
depending on specific research objectives. Most reviewed 
studies utilised coarse and moderate spatial resolution data, 
principally the Advanced Very High Resolution Radiometer 
(AVHRR; 45% of publications), the Moderate-Resolution 
Imaging Spectroradiometer (MODIS; 29% of publications), 
and Landsat (26% of publications). The AVHRR sensor has 
a spatial resolution of 1 km and of 8 km (Global Area Cov-
erage) for older data [118], the MODIS sensor has spatial 
resolutions of 250 m, 500 m, or 1 km depending on spectral 
bands, while Landsat has a 30 m spatial resolution. Satel-
lites such as Sentinel-1 (1% of publications) and Sentinel-2 
(4% of publications) with finer spatial resolution of down to 
5 m and 10 m respectively, were less commonly employed. 

Fig. 4  Tree-ring proxies (a) and Vegetation indices (b) used in the reviewed publications
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benefits of EVI while remaining compatible with sensors 
lacking a blue band [123].

In addition to these widely used indices, several other 
VIs provide complementary information on forest structure 
and function. The Leaf Area Index (LAI) quantifies can-
opy density by estimating the amount of leaf surface area 
per unit ground area, a key determinant of light intercep-
tion and photosynthetic capacity, evapotranspiration, and 
net primary production [124]. The Normalized Difference 
Moisture Index (NDMI) uses shortwave infrared and near 
infrared reflectance to track moisture content in vegetation, 
while the Normalized Difference Red Edge Index (NDRE) 
uses red-edge bands to capture subtle variations in chlo-
rophyll content [125, 126]. Additionally, the Tasseled Cap 
transformation generates composite indices (brightness, 
greenness, and wetness) from weighted linear combina-
tions of spectral bands. The Tasseled Cap greenness (TCG) 
index is conceptually similar to NDVI and is often used for 
the same purposes [127]. For a complete description of key 
vegetation indices, see Xue & Su [128].

Detrending of Proxies

A common practice in dendrochronology is to detrend time 
series with mathematical functions [129], with the goal of 
isolating the signal of interest from the time series by remov-
ing what is considered noise [43]. This practice is highly 
subjective, as the selected method influences the informa-
tion preserved in the time series [43]. Because of this, there 
is no consensus on the most appropriate standardization 
method, which always depends on the specific research 
objective and on the growth patterns observed in the time 
series. The most popular detrending methods applied to 
TRW data in the reviewed publications is smoothing splines 
(31% of publications) and negative exponential curves (30% 
of publications). Some studies also opted to omit detrending 
(17% of publications) as time series were often short rela-
tive to tree age, thus minimizing the age-size trend, which is 
why the use of raw TRW or BAI is considered adequate (e.g 
[22]). In 9% of cases, authors did not specify their detrend-
ing method, and the other detrending methods were all used 
in less than 5% of publications. Publications assessing cli-
mate-growth relationships mostly used smoothing splines 
because they are more flexible and efficient in removing the 
low and medium frequencies from the signal, thus highlight-
ing the climate signal, which is mostly expressed at high 
frequencies, i.e. 1–10 years [37]. The publications assessing 
growth trends mostly used negative exponential functions, 
no detrending, or the regional curve standardization method 
(RCS; [130]). These conservative forms of detrending are 
generally preferred when the objective is to assess trends 
because they specifically target the removal of the age-size 

without detrending (17% of publications), maximum late-
wood density (6% of publications), carbon or oxygen iso-
topes (6% of publications), and earlywood and latewood 
measurements (5% of publications) –note that some pub-
lications use more than one proxy. These different proxies 
capture various components of radial growth, with each 
being potentially linked to different climate factors at vary-
ing temporal scales [119]. BAI measures the ring surface 
area, as calculated with a simple geometrical equation, and 
reflects total tree growth (i.e. biomass increment) much bet-
ter than TRW [120]. Maximum latewood density represents 
the wood density of the latewood cells, which have thick 
cell walls and small lumens and are formed at the end of 
the growing season. It usually carries a strong common 
signal among trees and sites related to summer maximum 
temperatures, and it is less influenced by previous season 
climate than TRW. Isotope proxies represent the relative 
abundances of different stable isotopes found in each annual 
growth ring. Common measurements include the ratio of 
13C to 12C (δ13C) and of 18O to 16O (δ18O). Because stable 
isotope ratios are determined by physiological processes in 
trees such as photosynthetic assimilation rates and stomatal 
conductance, they can be used as indicators of tree intrinsic 
water-use efficiency, stomatal conductance rates, and water 
stress [121]. Earlywood and latewood width measurements 
capture growth at a finer time scale than TRW, as they are 
produced at the beginning and end of the growing season, 
respectively. However, earlywood width is not exclusively 
linked to the climatic conditions of the current growing sea-
son because its formation largely depends on the remobili-
zation of stored carbon [122].

Vegetation Indices

Among vegetation indices, NDVI is the most used by far, 
accounting for 91% of publications (Fig. 4b). The Enhanced 
Vegetation Indices (EVI and EVI2) are used in 14% of 
publications, while all other VIs appear in less than 5% of 
publications–note that some publications use more than one 
VI. The NDVI and EVI both measure vegetation greenness 
using red and near-infrared bands, as the absorption of red 
light and the reflection of near-infrared radiation are leaf 
traits associated with abundant chlorophyll and efficient 
light absorption for photosynthesis [47]. The NDVI’s wide-
spread use is partly explained by its compatibility with early 
sensors such as the AVHRR, which only provides red and 
NIR bands. However, NDVI tends to saturate in areas with 
high biomass, limiting its sensitivity in dense vegetation. 
To address this, EVI was developed for the MODIS sen-
sor, incorporating a blue band and correction coefficients to 
account for atmospheric and background noise [15]. EVI2, 
a two-band version, was later introduced to preserve the 
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any area of interest. To ensure the spatial representativeness 
of tree-ring datasets used in conjunction with remote sens-
ing data, ground plots should be established to fit the extent 
of the study area, especially when the study aims at gen-
erating spatially continuous predictions of forest growth. 
Plots should be located a priori and tailored to the specific 
research question, the heterogeneity of the landscape and the 
spatial scale of interest, as is the norm in the field of ecology 
[136]. To match the broad spatial scale of remote sensing 
data and allow generation of spatially explicit predictions 
of growth over landscapes, tree cores should be collected 
from numerous and diverse sites as opposed to a few sites 
with high sample replication [137]. A global effort toward 
systematic sampling is needed to enable a more comprehen-
sive study of tree-rings and remote sensing. A good example 
are national forest inventory programs, which are based on 
either systematic or stratified randomized sampling designs 
and in some cases include tree core sampling, thus resulting 
in extensive tree-ring networks (e.g [105, 106]). These data-
sets must include precise geographic coordinates, which are 
essential for combining national forest inventory cores with 
remote sensing data.

In cases where tree cores are sampled specifically for 
interdisciplinary studies combining dendrochronology and 
remote sensing, we suggest stratifying the study area into 
forest types, targeting stands larger than a single pixel, set-
ting a minimum distance from roads or water, and collecting 
a precise GPS point at plot center. Tree selection criteria 
should be determined based on stand structure and compo-
sition. In even-aged stands, targeting dominant trees with 
large crowns may increase the TRW-VI correlations, but 
also overestimates stand-level growth measurements [44], 
so these should be considered specifically as estimates of 
dominant layer growth. In irregular stands, coring trees 
of all age classes is crucial, as the establishment of young 
cohorts may have an impact on canopy greenness. In mixed 
forests, all species should be sampled, and the number of 
samples should be representative of their proportion in the 
stand.

Innovations in Satellite Sensors and Remote 
Sensing Products

So far, most research combining remote sensing and den-
drochronology has used sensors providing data at a coarse 
spatial resolution such as the AVHRR and MODIS. These 
coarse resolution products often feature mixed pixels, with 
multiple land cover types occurring in different propor-
tions, hampering the ability to monitor forest growth in 
fragmented landscapes [138]. Also, when the objective is 
to upscale forest productivity at the landscape level, coarse 
resolution products are known to consistently over-estimate 

trend from the time series and retain more of low frequency 
signal [131].

Some publications also calculate residuals or anomalies 
of VIs by detrending (e.g [72, 111, 113, 132–134]). or stan-
dardizing (e.g [73, 110, 116, 135]). time series measure-
ment. However, studies often provide little methodological 
detail and use inconsistent terminology, making it difficult 
to understand the precise calculations that are involved. 
Detrending is mainly done by fitting linear functions and 
subtracting or dividing each data point from the value pre-
dicted by the functions. Standardization (or z-score nor-
malization) is done by calculating the deviation of each 
datapoint from the average (difference from mean divided 
by standard deviation), which rescales data to a mean of 0 
and a standard deviation of 1. The calculation of residuals or 
anomalies enhances the interannual variations in VIs, which 
might strengthen TRW-VI correlations.

Statistical Analyses

The statistical analyses carried out in the studies depend 
on the specific objectives of the publications (relationship 
between growth proxies and their link to climate, growth 
trends assessment, disturbance and extreme climatic 
events). The interannual relationships between VIs, TRW 
and climate are calculated with Pearson correlations (80% 
of publications), linear (mixed) models (12% of publica-
tions), or Spearman and Kendall rank correlations (8% of 
publications). The magnitude and signs of growth trends are 
determined by fitting linear (mixed) models (66% of pub-
lications) segmented linear models (17% of publications) 
and by using the Mann-Kendall test (17% of publications). 
General additive mixed models [85] and Spearman correla-
tions were also used [64], each in one publication. In 17% of 
cases, different statistical models were used for each proxy, 
and some studies assessed trends only in VIs (33% of publi-
cations) or in TRW (11% of publications). The publications 
assessing disturbance and extreme climatic events (21% 
of publications) employ a diverse array of methodological 
approaches and statistical analyses, so we can’t comprehen-
sively summarize them, see Disturbance and Extreme Cli-
matic Events for key examples.

Limits and Opportunities

Spatial Representativeness of Tree-Ring Data

As tree-ring datasets are not necessarily sampled with 
requirements of spatial representativeness, they are often 
spatially biased [44]. In contrast, satellite-based remote 
sensing typically provides wall-to-wall data coverage of 
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Ecological Factors Influencing TRW-VI Relationships 
and Growth Responses to Climate

The variable—and in some cases inexistent—nature of the 
relationships between TRW and VIs may be explained by 
ecological drivers not yet considered in the reviewed analy-
ses. Although it is widely recognized that growth patterns 
are influenced by a variety of ecological factors [11], tree-
ring data are rarely supplemented with ecological tree- or 
plot-level metadata. The correlation between VIs and TRW 
appears to be strongly (yet, non-exclusively) determined by 
their climatic dependencies in specific periods of the year 
[75]. While considerable effort has gone into identifying the 
timing and duration of the strongest correlations between 
VIs, TRW and climate, fewer publications have investigated 
the role of environmental factors that can impact the TRW-
VI relationships, as well as their response to climate. The 
covariates that have been included in such research efforts 
so far are aspect and elevation (e.g [149])., soil moisture 
(e.g [132])., species composition (e.g [112])., forest cover 
(e.g [84])., stand age (e.g [73]). and stand density (e.g [99]).

To better understand the dynamics between VIs, TRW 
and climate, and to identify the circumstances under which 
the correlations are strongest, we suggest that future studies 
collect additional ecological data in ground plots and from 
individual trees or using complementary sources of data 
(e.g. topographic wetness, LiDAR structural metrics, soil 
maps, etc.). Combining these ecological variables with VI 
and TRW data in multivariate or mixed modeling frame-
works would enable the identification of factors influencing 
the link between growth proxies, as well as their climate 
sensitivity. Such variables may also explain spatial patterns 
in the strength of TRW-VI relationships, allowing the map-
ping of areas where integrated monitoring is effective, and 
supporting the development of more accurate models of for-
est growth and climate response.

NDVI Reconstructions

NDVI reconstructions cannot always be reliably expanded 
spatially, particularly in heterogenous landscapes subject to 
disturbance. Indeed, the assumption that tree growth in a 
few undisturbed sites can predict NDVI over large forested 
areas (e.g [150]). is debatable given the complexity of for-
est structures and dynamics. As a result, one limitation of 
NDVI reconstructions is that they should only be applicable 
to homogenous and undisturbed landscapes, which are rare 
cases in nature. Also, it is essential to validate the tempo-
ral stability of TRW-VI relationships, which might change 
over time, just as the sensitivity of tree growth to climate is 
temporally variable [76]. Despite such limitations, recon-
structing VI records using TRW data remains a valuable 

net primary productivity in fragmented landscapes [139]. 
We suggest that more studies make use of moderate spa-
tial resolution sensors such as Landsat and Sentinel-2. 
Also, the combination of Landsat and Sentinel-2 imagery, 
known as Harmonized Landsat Sentinel (HLS; [140]), pro-
vides moderate spatial resolution data at a higher tempo-
ral resolution than individual sensors can supply, enabling 
sub-annual change detection and monitoring (e.g [141]). 
Yet, high temporal resolution data is often unnecessary, as 
seasonally averaged climate variables are good predictors of 
wood and foliage dynamics. The best available pixel (BAP) 
approach can be used to minimize the phenological varia-
tion of spectral indices within the growing season ([142]). 
There is also an opportunity for supplementing data collec-
tion with even finer spatial scale data, including airborne 
laser scanning, digital aerial photogrammetry, and commer-
cial satellites such as the PlanetScope constellation. Such 
fine spatial resolution data can enable the understanding of 
growth processes at the tree level, rather than at the pixel 
level. For example, georeferencing the sample trees allows 
the assessment of their local environment within the stand 
and its impact on their growth [143]. In addition, measur-
ing spectral indices with radiometers mounted directly on 
the sample trees allows for daily monitoring of reflectance, 
enabling the assessment of phenology’s impact on photo-
synthetic activity and radial growth [144]. Despite the great 
potential of these technologies to address questions at both 
the stand and tree scales, our review of the literature indi-
cates that these techniques are, for now, very rarely used in 
conjunction with dendrochronology.

Beyond spatial resolution, advances in satellite technol-
ogy offer new opportunities to better capture forest growth 
processes. One promising development is the growing 
use of Synthetic Aperture Radar (SAR), an active form of 
remote sensing which emits microwave signals and is thus 
unaffected by cloud cover and can operate day and night, 
unlike optical sensors [145]. SAR from Sentinel-1 has been 
widely adopted due to its global coverage, frequent revisit 
time, high spatial resolution (5–20 m) and free availabil-
ity. SAR is sensitive to surface roughness, LAI, and forest 
structure attributes, and its complementarity with optical 
data suggests potential for integration with tree-ring data 
[112]. Another opportunity emerges from global LiDAR 
data aquired by spaceborne platforms including the Global 
Ecosystem Dynamics Investigation (GEDI; [146]) and the 
Advanced Topographic Laser Altimeter System (ATLAS) 
onboard the Ice, Cloud, and land Elevation Satellite 2 (ICE-
Sat-2; [147]). The increasing availability of bi- and multi-
temporal LiDAR datasets enables measuring height growth 
increment, which presents a marked opportunity to improve 
forest growth analysis [148].
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Third, the storage of non-structural carbon following its 
uptake by the foliage may result in radial growth not being 
representative of the current season’s photosynthetic activ-
ity. This is the main reason for the often observed one-year 
lag in the response of radial growth to climate [40], but non-
structural carbon reserves can even be accessed multiple 
years after their storage and are used when resources are 
limited, for example following stress events [41].

Fourth, the processes of photosynthesis and stem growth 
are not necessarily synchronized, although non-structural 
carbon travels from foliage to stem typically in a few days 
[6]. This asynchrony between foliage and radial growth 
peaks can be explained by phenology mismatches [93, 97]. 
However, it should not significantly impact the interannual 
relationships between VIs and TRW (see [144]) because 
TRW represents total growth over the growing season, 
regardless of the time it took for the carbon to effectively be 
used for growth. Thus, the maximum value of VIs—or any 
aggregate value representative of the growing season condi-
tions—should be able to capture this signal. Lags of a few 
months or more between carbon uptake and accumulation 
(e.g [67]). are due to non-structural carbon storage, not to 
the duration of carbon transport [122].

The limited understanding of resource allocation, storage 
of non-structural carbon, and timing of growth processes 
provides several research opportunities in the field of tree 
physiology [10], which are beyond the scope of this review. 
Regarding the integration of dendrochronology and remote 
sensing, a research opportunity lies in integrating pheno-
logical and radial growth data at the finest possible tempo-
ral and spatial scale (i.e. daily measurements of individual 
trees) using radiometers and point dendrometers mounted 
on individual trees [144]. This integration would provide a 
better understanding of how short-term environmental fluc-
tuations influence tree growth, providing an essential link 
between small-scale physiological processes and larger-
scale remote sensing observations.

Most importantly, there is an opportunity to improve for-
est productivity assessments by integrating the complemen-
tary growth processes (i.e. carbon uptake and accumulation) 
that remote sensing and dendrochronology provide: VIs 
measure canopy photosynthetic (source) activity and TRW 
measure meristematic (sink) activity. Recent physiological 
studies reveal that annual biomass accumulation is often 
more limited by sink activity than by source activity [59, 
155]. Yet most large-scale forest productivity assessments 
remain built around source-driven models, which can lead 
to significant overestimation of growth (e.g [61]). Pairing 
co-located sink and source observations is thus an oppor-
tunity for refining models and accurately measuring forest 
growth and productivity.

opportunity to explore long-term vegetation dynamics, 
enabling retrospective analysis of greening and browning 
trends in response to historical climatic and anthropogenic 
influences [34].

Physiological Factors Influencing TRW-VI 
Relationships

One key limitation of combining dendrochronology and 
remote sensing data is that they measure the growth and 
condition of two different tree organs (i.e. stem and foli-
age), which are regulated by physiological processes subject 
to environmental influence. Therefore, decoupling between 
TRW and VIs may result from (1) the trade-offs involved 
in resource allocation to foliage and stem, (2) the differ-
ent growth curves for stem and crown resulting from the 
geometry of trees, (3) the capacity of trees to store carbon as 
reserves to use in subsequent years when needed, or (4) the 
asynchrony of phenology and carbon uptake in the foliage 
and wood formation in the stem.

First, there are trade-offs in allocation to primary (height) 
and secondary (radial) growth. Trees subjected to strong 
competition within a stand (often in early developmental 
stages) maximize their competitive fitness by prioritiz-
ing light foraging, resulting in increased height and crown 
growth [151], and in turn enhanced greenness. Because 
such allocation priority occurs at the expense of other sinks 
and notably the stem’s secondary growth, this may result 
in the decoupling of VIs and TRW. Additionally, stress 
events limit carbon inputs, also resulting in the prioritiza-
tion of foliage restoration, which is essential to maintain 
metabolism [152]. In fact, the overall low variability in pho-
tosynthetic activity and greenness may be explained by the 
conservative nature of carbon allocation to foliage, which 
tends to remain stable even under varying resource avail-
ability, whereas stem growth is a good indicator of total tree 
carbon balance as it is sensitive to changes in resources and 
environment [153].

Second, the various possible measurements of tree 
organs (i.e. diameter, height, basal area, crown area, stem 
volume) have different dimensional measures (i.e. length; 
1-dimensional, area; 2-dimensional, and volume; 3-dimen-
sional) and thus increase at different rates (i.e. linearly, qua-
dratically and cubically), following allometric equations. 
Consequently, stem and crown growth don’t follow the 
same curves, and crown growth culminates later than stem 
diameter growth [154]. This likely results in photosynthetic 
capacity continuing to increase well after the peak in TRW, 
which might explain the frequently observed decoupling 
of TRW and VIs trends. However, stem volume increases 
continuously with crown area [154], suggesting that total 
biomass production may be better related to VIs than TRW.

1 3

Page 13 of 20     25 



Current Forestry Reports           (2025) 11:25 

change. By integrating these two disciplines, the precision 
and accuracy of forest productivity measurements can be 
improved by leveraging the duality of growth processes 
represented by VIs (carbon uptake through photosynthesis) 
and TRW (carbon accumulation in stem wood). Addition-
ally, their complementary spatial scales allow for upscaling 
precise measurements across landscapes, and their retro-
spective nature offers vast research potential. Despite these 
opportunities, substantial challenges remain; biases in data 
acquisition, the lack of ecological metadata, and the poor 
understanding of the physiological mechanisms involved in 
modulating VIs and TRW relationships. Future work should 
address these issues in order to produce reliable forest pro-
ductivity assessments. Ultimately, coupling dendrochro-
nology and remote sensing holds significant promise for 
advancing our understanding of forest growth under global 
change. As forests face increasing pressures from climate 
variability and intensifying disturbance regimes, this inter-
disciplinary approach will be key to building a more com-
prehensive forest growth monitoring framework.

Key References
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This study develops random forest models for pre-
dicting growth with climate variables, VIs and topo-
graphic data. The species-specific models can ex-
plain up to 52% of model variance. This highlights 
the potential of integrated data sources for mapping 
annual tree growth.

	● Gazol A, Camarero JJ, Vicente-Serrano SM, et al. Forest 
resilience to drought varies across biomes. Glob Chang 

Research on Disturbance and Extreme Climatic 
Events

Linking TRW and VI time series can be challenging in dis-
turbed landscapes. Firstly, subtle impacts on foliage can 
prevent detection of these events [57]. Secondly, post-dis-
turbance radial growth and spectral trajectories are highly 
variable, as TRW and VIs often show different patterns 
following disturbance events. While this can be seen as an 
issue, it provides a valuable opportunity to better understand 
the relationships between carbon uptake and accumula-
tion, and the underlying resource allocation mechanisms in 
the context of disturbance. The complementary TRW and 
VI time series each capture distinct environmental signals 
and are subject to different sources of biases. For example, 
tree-ring data may overestimate forest productivity losses 
from drought, as cores are often preferentially sampled in 
marginal site conditions where trees are more vulnerable to 
climatic stress [156]. In contrast, forest productivity mod-
els based on spectral indices may underestimate drought 
impacts because their inputs for moisture availability are 
limited to vapor-pressure deficit from climate rasters and do 
not take soil moisture into account [157]. Such complemen-
tarity could be leveraged to refine forest productivity mod-
els by integrating both data sources, thereby reducing the 
bias associated with disturbance impacts on growth.

In addition, the lack of studies focusing on disturbance is 
a notable problem, as this topic is important in each disci-
pline separately, but accounts for only a small proportion of 
the interdisciplinary publications reviewed, highlighting a 
gap in the literature. There is a need for more interdisciplin-
ary studies combining the wall-to-wall monitoring capac-
ity of remote sensing with the precision and sensitivity of 
tree-rings in the context of forest disturbance. VIs and tree-
ring time series can both be used retroactively to study past 
events, opening a wealth of research potential. This retro-
spective nature of the data is an opportunity to increase our 
understanding of the complex ecological processes underly-
ing disturbance and extreme climatic events, and to identify 
early diagnostic spectral patterns characteristic of vulner-
able stands. This would enable the vulnerability of forest 
stands to be predicted over the landscape using spatially 
explicit spectral and ecological data (e.g [101])., which is 
crucial as the frequency and severity of disturbance and cli-
matic events is increasing with global change.

Conclusion

In this review, we demonstrated that dendrochronology and 
remote sensing offer distinct yet complementary perspec-
tives on forest growth and its response to environmental 
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