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Abstract: The Arctic, characterised by severe climatic conditions and sparse vegetation, is experi-
encing rapid warming, with temperatures increasing by up to four times the global rate since 1979.
Extensive impacts from these changes have far-reaching consequences for the global climate and
energy balance. Satellite remote sensing is a valuable tool for monitoring Arctic vegetation dynamics,
particularly in regions with limited ground observations. To investigate the ongoing impact of
climate change on Arctic and sub-Arctic vegetation dynamics, a review of 162 studies published
between 2000 and November 2024 was conducted. This review analyses the research objectives,
spatial distribution of study areas, methods, and the temporal and spatial resolution of utilised
satellite data. The key findings reveal circumpolar tendencies, including Arctic greening, lichen
decline, shrub increase, and positive primary productivity trends. These changes impact the carbon
balance in the tundra and affect specialised fauna and local communities. A large majority of studies
conducted their analysis based on multispectral data, primarily using AVHRR, MODIS, and Landsat
sensors. Although the warming of the Arctic is linked to greening trends, increased productivity, and
shrub expansion, the diverse and localised ecological shifts are influenced by a multitude of complex
factors. Furthermore, these changes can be challenging to observe due to difficult cloud cover and
illumination conditions when acquiring optical satellite data. Additionally, the difficulty in validating
these changes is compounded by the scarcity of in situ data. The fusion of satellite data with different
spatial–temporal characteristics and sensor types, combined with methodological advancements,
may help mitigate data gaps. This may be particularly crucial when assessing the Arctic’s potential
role as a future carbon source or sink.
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1. Introduction
1.1. Changes in the Arctic and Sub-Arctic Regions

The impact of global warming is severe in the Arctic regions, with surface temperatures
increasing by at least three times the global rate [1]; newer studies even report an increase of
about four times the global rate since 1979 [2]. The intensified impact of climate change in
the Arctic is referred to as Arctic amplification. While changes in the average photosynthetic
capacity approximated by Vegetation Indices (VIs) have been recognised since the early
1980s [3], the upward trend has become increasingly significant since 2001 [4]. Advances
in available satellite optical data products have led to an increased use of VIs in Arctic
ecological studies, resulting in the “Arctic Greening” concept. It is defined as the change
of multiple ecological conditions in an extreme environment, characterised by sparse
vegetation, a narrow window of vegetation growth during polar summer, and widespread
permafrost. Figure 1 depicts important environmental variables that influence ongoing
changes in Arctic and sub-Arctic vegetation related to Arctic Greening.
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Figure 1. Overview depicting relevant environmental variables influencing the interpretations of
Arctic Greening processes in the Arctic and sub-Arctic regions. Several symbols were adapted
from the Integrated and Application Network, University of Maryland Center for Environmental
Science [5] and University of Berlin [6].

The Arctic comprises the tundra biome, uniquely characterized by several factors,
including different plant functional types that are adapted to an extreme climate consisting
of short growing periods, widespread permafrost soils, and harsh winters. Additionally, sea-
ice extent exerts a strong climatic influence on Arctic coastal regions. The climatic conditions
exhibit a large temperature gradient from north to south during the growing season of
roughly 0–3 °C to 10–12 °C [7]. The southern extent of the Arctic is not uniformly defined.
The boundary between Arctic and sub-Arctic regions varies, with different definitions,
including the Arctic Circle (66°33′44′′N), the treeline, or the 10 °C July isotherm [7]. A
comprehensive overview of various Arctic definitions is provided by the Arctic Council [8].
This review focuses on the Arctic and sub-Arctic regions, following the boundary defined
by the Arctic Conservation of Arctic Flora and Fauna used by several other reviews and
reports [3,7]. In addition, the review includes the Tundra–Taiga Ecotone (TTE). Vegetation
density in the tundra biome varies from almost vegetation-devoid polar deserts, typically in
northern regions, to shrub dominated towards warmer, southern regions. The appearance
of trees marks the transition to sub-Arctic regions, with increasing tree coverage towards
the tundra–taiga ecotone zone. Even though plant species diversity is rather low in the
Arctic, with less than 1% of known vascular plant species worldwide (plants with xylem
tissues to transport water and nutrients), it contains over 2000 species [7]. Other plant
groups common in the Arctic include bryophytes (mosses and liverworts) and algae, as
well as the symbiotic complex of alga and fungi, the lichens. The climatic conditions
constrain the growth of trees in this biome. The northern vegetation zone, following the
definition of Walker et al. [9], is dominated by herbs, followed by the dwarf shrub zone and
the southern subzone covered by evergreen shrubs. Roughly three quarter of the species
belong to the plant functional type forb (herbaceous flowering plant, non grass-like), while
the remaining quarter are grasses and a small percentage of sedges (grass-like flowering
plants) in wetland areas. A comprehensive overview of Arctic plant species is given in [7].

While sparsely populated, the Arctic region functions as a major contributor regulating
the global climate and the energy and carbon balance of the Earth [7,10]. Observing and
quantifying the changes of the Arctic vegetation is therefore not only important to local
stakeholders, as changes in the Arctic region will affect the rest of the world [11].
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1.2. Remote Sensing of Vegetation in the Arctic and Sub-Arctic Region

Traditional ground observations are sparse in the Arctic and typically clustered close
to more densely populated areas. Furthermore, these data lack a temporal component often
driven by logistical constrains related to remote access to research sites. Data regarding
plant parameters like species, biomass, and phenology are either collected by dedicated field
campaigns or by public resources of camera networks like PhenoCam [12], georeferenced
field photos [13], and eddy covariance towers like the FLUXNET system [14].

Satellite remote sensing has the advantage of observing the land surface at differ-
ent temporal and spatial scales, with both long-term continuous as well as specialised
short-term datasets based on different sensor types. Important applications include the
monitoring of the climate change progression by gathering information on essential cli-
mate variables (ECVs). Esau et al. [1] provides a comprehensive overview of ESA Climate
Change Initiative ECVs and complementary products with regards to Arctic amplification,
such as land cover, sea ice extent, snow cover, and soil moisture products. The ECVs are
designed to provide consistent and long-term datasets for various applications.

Several plant properties can be observed by satellite remote sensing. The change of
plant productivity, height, biomass, and cover contribute to the change in VI signal [15–17].
Therefore, VI trends have been utilised as an approximation for Leaf Area Index (LAI) and
Net Primary Productivity (NPP) [18]. The derivation of VI trends typically involves the
application of regression analysis, followed by the utilisation of statistical tests to determine
the trend’s significance. The shift of phenological stages impacts the greening signal [16,19],
as NPP is often calculated as an integrated value for the entire growing season. The start
and end of the growing season (SOS and EOS) are derived by phenometrical algorithms,
whereby the timing of the phenological stage is generally associated with a specific VI
threshold. The phenological development also impacts the food web of the Arctic, with
potential mismatch between available food sources and propagation of consumers like
reindeer, caribou, and smaller prey animals [7]. Finally, a changing species composition on
the ground can also impact the VI signal [17,20,21], as the coverage of photosynthetic active
foliage is highly variable for species common in the Arctic and sub-Arctic regions. The
species composition is typically derived through the application of diverse classification
algorithms to satellite imagery, in conjunction with reference data to train and validate
the algorithms.

While the majority of the Arctic region exhibits either no trend (∼58% of area) or
an increase of VI signal (∼38% of area), some regions indicate a decline in VIs or trend
reversal, which is also known as “Browning” (∼4% ) [16,17,22]. The browning signal can be
attributed to a number of different disturbance events, including wildfire, insect damage,
and changes in soil properties due to thawing permafrost. These can in turn lead to the
formation of retrogressive thaw slumps and erosion [23–25]. Unfavourable changes in the
ecosystem can result in either drought stress [10,26,27] or flooding [27]. Both can lead to a
continuous browning trend.

1.3. Objectives of This Review

The main objective of this review is to present the findings and developments of
satellite remote-sensing applications employed for monitoring vegetation changes in the
Arctic, sub-Arctic, and TTE regions. The review complements and builds upon recent
and long-standing reviews and reports, such as Piao et al. [3], Beamish et al. [10], Myers-
Smith et al. [16], Stow et al. [28], Walker et al. [29], Tommervik et al. [30], Jorgenson and
Grosse [31], Callaghan et al. [32], Foster et al. [33], and Esau et al. [1]. It encompasses
new literature, with a potential new methodological focus based on the rise of Artificial
Intelligence (AI) in the remote-sensing community, and it differs from previous reviews by
focusing specifically on dynamic vegetation change.

We seek to answer the following questions and identify knowledge gaps: 1. How is
Earth observation data utilized to analyse the changes in the Arctic vegetation? 2. Are
there common (circumpolar) trends in the changes of Arctic vegetation and which data
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and methods have been used to derive them? 3. Are there common ecological conditions
connected to circumpolar trends?

2. Review Methodology

The literature review was conducted in the Web of Science database and follows the
PRISMA guidelines [34]. A search string was defined to extract important Science Cita-
tion Index (SCI) papers focusing on dynamic vegetation changes analysed with satellite
remote-sensing data. The central steps of the review and the resulting number of relevant
papers are depicted in Figure 2. The entire search string is listed in Table 1 and defines key-
words regarding vegetation, the Arctic region, satellite platforms, and temporal coverage.
Exclusion criteria based on the article title and keywords were added to filter articles with
a non-vegetation research scope. Finally, the search string includes the publication year,
language, and document type. A summary of the included and excluded publications is
provided in the supplementary material.

Figure 2. Overview of the selection process for important Science Citation Index (SCI) articles in this
review based on the Web of Science (WoS) database. GHG: greenhouse gas.
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Table 1. Search string used in the WoS database.The asterisk sign (*) is used as a wildcard in the
search string.

Criteria Conditions for Search in the Abstract Section

Vegetation greening OR browning OR vegetation OR plant * OR grass OR forb OR sedge OR lichen OR shrub
OR moss OR liverwort OR bryophytes OR cryptogam OR sphagnum OR mire OR fen OR bog

Study Region

arctic OR tundra OR circum polar OR pan arctic OR “TTE” OR “tundra-taiga ecotone” OR
“taiga-tundra ecotone” OR “North* Canad*” OR Yukon OR Nunavut OR “Northwest Territories”
OR Alberta OR Saskatchewan OR Manitoba OR Ontario OR Quebec OR “Newfoundland and
Labrador” OR Greenland OR “North* Finland” OR Lapland OR Norrboten OR Iceland OR
Austurland OR Westfjords OR Reykjavik OR “North* Norw*” OR Svalbard OR Nordland OR
Troms OR Finnmark OR “North* Russia*” OR Siberia OR Murmansk OR Nenets Autnonoumous
Okrug OR Komi Republic OR Yamalo-Nenets Autonomous Okrug OR Krasnoyarsk Krai OR
Sakha Republic OR Magadan OR Chukotka Autonomous Okrug OR Kamchatka Krai OR
Arkhangelsk OR “North* Swed*” OR Norrboten OR Västerboten OR Lapland OR
Nord-Trondelag OR Alaska

Temporal Coverage time series OR dynamic OR expansion OR extension OR reduction OR decline OR trend OR
((change OR variability OR seasonal *) AND multi temporal)

Sensors and Satellites

“remote sensing” OR “earth observation” OR “EO” OR “satellite” OR “spaceborne” OR
multispectral OR optic* OR radar OR SAR OR Copernicus OR Sentinel-* OR Terra OR Aqua OR
Envisat OR SPOT OR MSI OR ASTER OR Radarsat OR ASAR OR ETM* OR OLI* OR TIRS* OR
MODIS OR MERIS OR OLCI OR AVHRR

Exclusion: Title and Keywords ocean OR marine OR sea OR aquatic OR river OR lake OR ice OR drones OR UAV OR virus OR
bacteria OR “sentinel species” OR “arctic oscillation” OR urban OR solifluction

Article Properties Article OR Review AND LA=(English) AND DOP=(1 January 2000/15 November 2024)

The year 2000 was chosen as the starting point for the analysis due to the availability of
data from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor on board
the Aqua and Terra satellite constellation. This allowed for the inclusion of significant
articles and review papers that have already been recognised by the scientific community,
as well as more recent research results. The focus on English articles may have resulted in a
degree of limitation in the comprehensiveness of the findings. The final search string yielded
692 papers. An additional 26 articles were identified as being of particular significance
based on the review articles and other highly cited articles and were subsequently included
in the selection. Some of the articles were excluded in the search string based on their
keywords, while others did not mention satellite or sensor names in the abstract.

The article selection was further reduced to 162 articles by applying the exclusion
criteria set out in Figure 2. The screening process was conducted by one author (M.W.), and
ambiguous articles were discussed in detail (M.W. and A.D.). The objective of this review
was to examine long-term vegetation developments associated with greening processes
in the Arctic and sub-Arctic regions, employing satellite remote-sensing techniques. The
Tundra–Taiga Ecotone (TTE), also known as the Tundra–Forest Ecotone (TFE), was selected
as the southern boundary for this review. A further 85 studies were excluded on the
grounds that they focused on the boreal regions, while a further 65 studies had study sites
located outside of the Arctic and sub-Arctic regions.

The study areas were classified in descending order of size, from the smallest to the
largest: “local”, “regional”, “national”, “circumpolar”, and “circumpolar including boreal”.
The Bathurst Caribou range in the Northwest Territories of Canada was identified as a sig-
nificant research focus and is thus designated as the reference area for the “regional” study
area category. Study areas smaller than the Bathurst Caribou range area of approximately
390,000 km2 were defied as “local”. This category therefore includes study areas that may
be captured by a single satellite pixel or multiple satellite images. The Alaska and Yukon
region was another research hotspot and was therefore used as the “national” reference,
with an approximated area of 1,770,000 km2. Both reference areas are depicted in Figure 5b.
If the study area encompasses the circumpolar region delineated by the black outline in
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Figure 5b, it is classified as “circumpolar” rather than “national”. This category includes
both the Arctic and sub-Arctic biomes. Studies encompassing the TTE and smaller portions
of the boreal biome are categorised as “circumpolar including boreal”, since some global
studies applied a more general definition of the tundra biome, including latitudes above
45–55° North. In this review, only findings regarding the tundra biome and the TTE zone
were included.

Another important parameter to analyse is the spatio-temporal resolution of the
utilised satellite data. The spatial sensor resolution was divided into six categories, each
defined by an interval that indicates excluded numbers by outward facing square brackets
and included numbers by inward facing square brackets. The categories are: [0, 1[, [1, 10[,
[10, 80], ]80, 500], ]500, 10,500] metre (m) and “other” and were chosen based on the res-
olution of common satellite products. The temporal coverage of the utilised sensor and
satellite data was either considered continuous for periodic time series or discontinuous for
a smaller number of satellite images spanning decades. Short-term studies with less than
5 years of continuous data were excluded as this review is focused on long-term changes of
vegetation parameters. The five-year threshold allows the inclusion of studies using data
from more recent satellite missions like the Sentinel fleet. However, it does not satisfy the
common threshold of 30 years, which is, for example, used as a standard for trend analysis
in climatology [35]. The temporal criteria resulted in the exclusion of 66 articles. A further
67 articles were excluded as they primarily utilised non-satellite Earth observation data,
including airborne platforms such as aircraft and Unmanned Aerial Vehicles (UAVs), as
well as in situ data.

The remaining articles were excluded on the grounds that they focused on non-
vegetation research objectives. All vegetation-related research objectives were categorised
in the context of this review into six overarching categories: “literature review”, “VI trends”,
“plant productivity”, “species composition”, “plant phenology”, and “disturbance”. While
many studies encompass multiple research objectives, one main objective was selected
which matched the research focus the most to evaluate possible shifts in research priorities.
The first category includes all reviews and general reports which cover multiple research
topics regarding Arctic vegetation. The second research objective category includes all
studies which analysed radiometric index trends and the derived data products. Such
products include LAI and FPAR. The “plant productivity” category focuses on articles
which derived the primary productivity of Arctic vegetation or the biomass. The change
of species composition, treeline shifts, and the expansion of shrubs was summarised into
the “species composition” category. Articles focusing on the development of vegetation
and their seasonality were categorised as the “plant phenology” category. Finally, the
“disturbance” category includes articles which focus on disturbance and recovery mechanics
in the Arctic vegetation.

Articles which did not fit the six research objective categories exhibited the following
research foci: greenhouse gases and energy fluxes (67 studies), abiotic disturbance detection,
such as wildfire (52 studies), biotic disturbances, such as grazing (29 studies), soil and
hydrological properties (49 and 38 studies), and animal behaviour (24 studies). Six articles
were not allocated to any category and were therefore summarised as “other”. Articles that
identified abiotic or biotic disturbances as the primary drivers of vegetation development
were retained for further analysis, as their focus was on the impact of these disturbances
on plant growth.

The final 162 papers were analysed based on the following criteria:

• Quantitative analysis of meta data, like number of published articles per year and
first-author affiliations

• Spatial and temporal coverage of studies
• Utilised sensor and satellite data
• Examined research objectives
• Methods
• Important findings and challenges
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3. Results
3.1. Quantitative Analysis of Publication Meta Data

Figure 3 illustrates the number of articles published on a yearly basis, with the colour
of each bar representing the predefined study area category. The number of studies is
increasing with time, from 5 studies in 2000 to 13 studies for the years 2020–2022. The
number of articles in 2024 decreased to nine as only studies up to the 15th of November
were considered. Local studies represent the primary area size of research throughout the
2020–2024 period. The “circumpolar” and “circumpolar including boreal” category have
increased in recent years since 2010. National and regional studies are roughly equally
distributed during the entire time frame. The dip in 2016–2017 is probably related to fewer
publications in 2017 and a large number of excluded articles in 2016.

Figure 3. Number of articles per publication year. The colour scheme depicts the extent of the
study regions.

The origin of the first-author-affiliated research institution is depicted in Figure 4.
The first-author affiliations were predominantly located in the USA (68 articles), Canada
(25 articles), and China (14 articles). A smaller number of publications were sourced
from Russian institutions (nine articles) and Scandinavian countries (Norway with six,
Sweden with two, and Finland with five publications). The remaining affiliations were
predominantly Central European, with the exceptions of Australia, South Korea, and
Iran. The location of affiliated research institutions align with the locations of the study
sites, which are predominantly in North America. Countries with tundra biomes that are
directly affected by Arctic change account for nearly three-quarters of the first-authoring
institutions. The number of Russian contributions may be underestimated, as only English
articles were considered for this review.
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Figure 4. Distribution of first-author affiliation. The colour scheme depicts the number of articles
with the same first-author country.

3.2. Spatial and Temporal Coverage

Figure 5 provides an overview of the study area size and geographical location. Almost
half of all reviewed studies were conducted on a local scale. Cirumpolar studies were
the second-most common, followed by studies including the boreal area (see Figure 5a).
Figure 5b displays the approximated study area extent of all reviewed articles in a polar
projection. The extent was either inferred by considering maps in the article or more
precisely transferred if coordinates were mentioned. The black line depicts the boundary
for the circumpolar Arctic and sub-Arctic regions and is based on the Arctic Conservation
of Arctic Flora and Fauna (CAFF) boundary [36]. The reference areas for “regional” and
“national” area size are depicted in blue colours. Most articles cover a study area within the
sub-Arctic boundary, with a clear focus on the North Slope of Alaska and the Canadian
Arctic regions. Fewer studies cover the Eurasian continent, with two hotspots in the
Scandinavian and Russian Arctic regions. Articles covering the entire study area are often
based on global or northern hemispheric datasets [37–39]. Hotspot study areas are as
follows:

(a) the North Slope of Alaska with 28 dedicated studies [23–25,40–61]
(b) the Bathurst Caribou Range with 7 dedicated studies [19,42,62–66]
(c) the Finnmark region with 7 studies [26,30,67–71]
(d) the Yamal Peninsula region with 6 studies [29,72–77]

The temporal coverage of the reviewed articles is visualised in Figure 6. Four launch
dates of the most common satellites are shown as vertical lines for reference. The green line
depicts the launch of the Landsat constellation in 1972, which includes payloads of several
multispectral and thermal sensors over the years. The red line indicates the launch of the
Advanced Very High Resolution Radiometer (AVHRR) multispectral sensor mounted on
US National Oceanic and Atmospheric Administration (NOAA) satellites in 1978. The
orange line depicts the launch of the “Satellite Pour l’Observation de la Terre” (SPOT)
satellite, with multispectral sensors, and the purple line indicates the launch of the Aqua-
Terra constellation, with multispectral MODIS sensors on board. The distinction between
continuous time-series and discontinuous multi-temporal data was omitted for clarity.

The length of the utilised satellite data increased in general in more recent publications.
Few studies employed de-classified reconnaissance satellite data from the 1960s, and they
were published between 2006 and 2014 [78–81]. The impact of the AVHRR and MODIS
datasets is quite visible. While AVHRR sensors were launched in 1978, popular AVHRR-
based products include data starting from 1981/82 onwards, like the Global Agricultural
Monitoring System (GIMMS) Normalised Difference Vegetation Index (NDVI) or the NOAA
Climate Data Record Leaf Area Index (LAI) dataset [82,83]. Continuous AVHRR data
starting from 1981/82 were used in 41 articles. Another five studies summarised results

Figure 4. Distribution of first-author affiliation. The colour scheme depicts the number of articles
with the same first-author country.

3.2. Spatial and Temporal Coverage

Figure 5 provides an overview of the study area size and geographical location. Almost
half of all reviewed studies were conducted on a local scale. Cirumpolar studies were
the second-most common, followed by studies including the boreal area (see Figure 5a).
Figure 5b displays the approximated study area extent of all reviewed articles in a polar
projection. The extent was either inferred by considering maps in the article or more
precisely transferred if coordinates were mentioned. The black line depicts the boundary
for the circumpolar Arctic and sub-Arctic regions and is based on the Arctic Conservation
of Arctic Flora and Fauna (CAFF) boundary [36]. The reference areas for “regional” and
“national” area size are depicted in blue colours. Most articles cover a study area within the
sub-Arctic boundary, with a clear focus on the North Slope of Alaska and the Canadian
Arctic regions. Fewer studies cover the Eurasian continent, with two hotspots in the
Scandinavian and Russian Arctic regions. Articles covering the entire study area are
often based on global or northern hemispheric datasets [37–39]. Hotspot study areas are
as follows:

(a) the North Slope of Alaska with 28 dedicated studies [23–25,40–61]
(b) the Bathurst Caribou Range with 7 dedicated studies [19,42,62–66]
(c) the Finnmark region with 7 studies [26,30,67–71]
(d) the Yamal Peninsula region with 6 studies [29,72–77]

The temporal coverage of the reviewed articles is visualised in Figure 6. Four launch
dates of the most common satellites are shown as vertical lines for reference. The green line
depicts the launch of the Landsat constellation in 1972, which includes payloads of several
multispectral and thermal sensors over the years. The red line indicates the launch of the
Advanced Very High Resolution Radiometer (AVHRR) multispectral sensor mounted on
US National Oceanic and Atmospheric Administration (NOAA) satellites in 1978. The
orange line depicts the launch of the “Satellite Pour l’Observation de la Terre” (SPOT)
satellite, with multispectral sensors, and the purple line indicates the launch of the Aqua-
Terra constellation, with multispectral MODIS sensors on board. The distinction between
continuous time-series and discontinuous multi-temporal data was omitted for clarity.

The length of the utilised satellite data increased in general in more recent publications.
Few studies employed de-classified reconnaissance satellite data from the 1960s, and they
were published between 2006 and 2014 [78–81]. The impact of the AVHRR and MODIS
datasets is quite visible. While AVHRR sensors were launched in 1978, popular AVHRR-
based products include data starting from 1981/82 onwards, like the Global Agricultural
Monitoring System (GIMMS) Normalised Difference Vegetation Index (NDVI) or the NOAA
Climate Data Record Leaf Area Index (LAI) dataset [82,83]. Continuous AVHRR data
starting from 1981/82 were used in 41 articles. Another five studies summarised results
based on AVHRR data in review papers and reports. In total, roughly three-quarters of the
studies used continuous time-series data.
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(a)

(b)

Figure 5. Overview of study area size and location. (a) Number of articles categorised by area size
as follows: local < 390,000 km2, regional: 390,000 km2–1,770,000 km2, national: >1,770,000 km2,
circumpolar: >1,770,000 km2 distributed around the pole, circumpolar areas including boreal, and
circumpolar studies extending southward of the Arctic Conservation of Arctic Flora and Fauna
(CAFF) boundary. (b) Circumpolar distribution of study regions with four frequent study locations
labelled alphabetically. The black line depicts the boundary for the circumpolar Arctic and sub-Arctic
regions and is based on the CAFF boundary [36], the dotted bright and dark blue lines show the
reference areas for the “regional” and “national” study area size. The colour depicts the number
of studies covering the study area. The letters a–d refer to the hotspot study areas described in
Section 3.2.

Figure 6. Overview of the temporal coverage of studies, colour coded by publication year. The
vertical lines indicate the launch dates of important satellite constellations. The pie chart displays the
distribution of continuous data, which refers to periodic time-series data.
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3.3. Examined Research Objectives

Figure 7 shows the overall distribution of research objectives; the colour represents
the corresponding main objective category. The category “VI trends” (n = 77) accounts for
48% of all research objectives (n = 162), with NDVI trends derived in 66 articles alone. An
overview of all utilised radiometric indices and derived vegetation parameters is shown in
Table 2. The “species composition” category is represented by 35 articles (22%), followed
by “plant phenology” with 17 articles (10%). The category “plant productivity” was focus
in 17 articles, followed by “disturbance” with a total of 8 articles. The same number of
articles were categorised as “literature reviews”. The temporal distribution of the main
research objectives is displayed in Figure 8. Most research objective categories are roughly
equally distributed during the study period, with the exception of “plant phenology” and
“disturbance”. Both categories are not present before 2009 and are more common since
2018. Figure 9 shows the number of study areas which found significant changes in the
research objectives of “VI trends”, “species composition”, and “plant phenology”. The first
category is divided into positive VI trends, indicating vegetation greening, and negative
trends, indicating vegetation browning.

Figure 7. Distribution of main research objectives. The colour represents the general objective category.

Table 2. Overview of radiometric indices and related VI-based vegetation parameters in order from
most to least common.

Abbreviation Radiometric Index Spectral Range

NDVI Normalised Difference
Vegetation Index

Combination of red and near-infrared bands to create an index between [−1;1]
indication water for negative values, barren soils for values around 0 and
vegetation for values above 0.2 [84].

EVI Enhanced Vegetation
Index

Combination of red, near-infrared and blue bands with adjustment factors for
canopy background and aerosols to create an index between [−1;1] indicating
vegetation vigour for values above 0.2 [84].

LAI Leaf Area Index
Dimensionless index for the one-sided green leaf area over a unit of land [84]
based on non-linear relationships between VIs and LAI, generally derived by
regional correlation study.

TCT
Tasseled Cap
Transformation brightness,
greenness, and wetness

Combination of blue (earlier products), green, red, near-infrared, thermal (recent
products), and shortwave infrared bands to derive features [85].
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Table 2. Cont.

Abbreviation Radiometric Index Spectral Range

SIF Solar Induced Chlorophyll
Fluorescence

2-peak spectrum around 650–850 nm spectral range as indicator for photosynthetic
activity [86].

NDWI Normalized Difference
Water Index

Combination of green and near-infrared bands to create an index between [−1;1]
indicating water occurrence with values around 0.5, vegetation with smaller
values, and built-up areas corresponding to values between zero and 0.2. NDWI
and NDMI are often used synonymously [84].

NDMI Normalized Difference
Moisture Index

Combination of near-infrared and shortwave infrared bands to create an index
between [−1;1] indicating vegetation water content. NDWI and NDMI are often
used synonymously. [84].

FPAR/FAPAR
Fraction of Absorbed
Photosynthetically Active
Radiation

Fraction of incoming solar radiation that is absorbed by live vegetation [84].

NDII Normalized difference
819/1600

Combination of wavelengths 819 nm and 1600 nm (e.g., bands B08, B11 in
Sentinel-2) to create an index between [−1;1] indicating reflectance, depending on
water content in plant canopies. Healthy vegetation generally ranges from 0.2 to
0.6 [84].

SAVI Soil Adjusted Vegetation
Index

Combination of red, near-infrared bands and soil adjustment factor, with values
depending on soil colour, soil moisture, and vegetation density [84].

SR/RVI Simple Ratio/Ratio
Vegetation Index

Combination of red and near-infrared bands to indicate vegetation for high values
by reducing topography and atmospheric effects [87].

NDII7/NBR
Normalized Difference
Infrared Index band
7/Normalized Burn Ratio

Combination of near-infrared and shortwave infrared bands to create an index
between [−1;1] detecting burned areas [84].

albedo albedo
Fraction of reflected irradiance computed for the visible, near-infrared, and entire
spectrum by integrating the Bidirectional Reflectance Distribution Function
(BRDF) over the viewing hemisphere [88].

Figure 8. Main research objectives per publication year. The colour represents the general objec-
tive category.
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Figure 9. Study location where significant changes were found for the research objectives “species
composition” and “plant phenology” and the positive VI trends (greening) and negative VI
trends (browning). The black line denotes the CAFF boundary, which includes the Arctic and
sub-Arctic regions.

3.3.1. VI Trends

This section summarises the findings of 77 articles that focus on radiometric trends
and presents key insights.

A majority of 28 studies (36.4%) that set out to derive VI trends found greening trends
in at least some parts of their study area [18,48,50,56,58,61,64,72,89–108] or mixed trends
with predominately greening in another 26 studies (33.8%) [1,3,22–25,55,59,60,65,109–124].
Only four studies (∼5%) found predominantly browning trends in the tundra [27,125–127],
while several other studies found partial browning trends. The drivers for browning in
the tundra were found to be related to hydrology, both by flooding events and summer
droughts [27,127], or snow melt leading to strong absorption in the near-infrared and
shortwave infrared bands [126]. Biotic disturbances like increasing built-up and abiotic
disturbances like volcanic ash were also connected to browning trends [125]. The absence
of VI trends does not imply ecological stability, as ∼12% of radiometric vegetation index
studies found changes in the Arctic vegetation without significant VI trends [17,29,128–134].

Table 3 offers an overview of selected studies that have identified primarily greening
trends. It demonstrates the diverse methods of trend tests and significance levels that are
frequently applied. The depicted study area is inferred from maps and location description
of the referenced articles. Not all of the 77 studies presented the VI trends in terms of
change per year, and a significant portion did not specify the trend test or the significance
level, making cross-comparison of the different trends challenging. This is not only due
to the different spatial and temporal satellite resolutions but also because of the varied
statistical methods applied.
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Table 3. Overview of VI trends, trend tests, and significance parameters for a selection of studies that
found (predominantly) greening trends.

Study Location Greening Trend
[1/yr]

Browning Trend
[1/yr] Greening [%] Browning [%]

Trend Test and
Significance

Level
Article

0.00173
[1982–1999

AVHRR-NDVI]

p = 0.05;
Kruskal–Wallis

test; Levene’s test
[96]

0.002 [1982–1991
AVHRR-NDVI]

p = 0.02;
two-tailed t-test; [120]

0.003 [2000–2020
Landsat-NDVI]

−0.002
[2000–2015

AVHRR-NDVI]

p = 0.05; test not
specified; 19% of pixels 1% of pixels [107]

0.14 [2000–2017
MODIS-NDVI]

p = 0.001;
two-tailed t-test; [104]

0.01 [1982–2008
AVHRR-

maxNDVI]

p = 0.05;
two-tailed t-test; [105]

0.003 [1984–2012
Landsat-NDVI]

−0.004
[1984–2012

Landsat-NDVI]

p = 0.01;
Student’s t-test; 30% of pixels 3% of pixels [55]

0.0025
[1984–2012

Landsat-NDVI]

−0.02 [1984–2012
Landsat-NDVI]

p = 0.05; test not
specified. 20–50% of pixels 5–15% of pixels [109]

0.002 [1984–2018
Landsat-NDVI]

p = 0.05;
Theil–Sen slope;
Student’s t-test;

30% of pixels [118]

0.002 [1984–2015
Landsat-NDVI]

−0.001/yr
[1984–2015

Landsat-NDVI];

p = 0.0001;
Student’s t-tests. [24]

0.003 [1982–2003
AVHRR-NDVI]

−0.003
[1982–2003

AVHRR-NDVI]

p = 0.01; test not
specified; [59]

0.0034 [1981–2011
AVHRR-NDVI]

−0.0047
[1981–2011

AVHRR-NDVI]

p = 0.05;
Mann–Kendall

test.
[94]

0.0016
[1984–2016

Landsat-EVI]

p = 0.05;
Mann–Kendall
test; Theil–Sen

slope;

68% of pixels [101]
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Greening trends were often derived in the North Slope of Alaska and in the Bathurst
region (see Figure 9), similar to the overall study location distribution (see Figure 5b). It
is important to note that comparing trends can be challenging, not only due to variations
in spectral data and the length of time series but also because different trend tests and
significance thresholds are frequently applied. The magnitude of the greening trend
in Alaska, for example, ranges from an increase in NDVI by 0.003 based on 1982–2003
AVHRR-NDVI data [59] and 1984–2012 Landsat-NDVI [55] to 0.03 based on 2000–2015
MODIS-NDVI data [56]. Forkel et al. [94] recommends, based on testing different trend
detection methods for the Alaska region, creating a multi-method ensemble NDVI trend.
Browning trends were also more common in Alaska (see Figure 9), but few articles found
predominantly browning trends.

The analysis of VI trends and their possible drivers was generally conducted by taking
several environmental parameters into account. The influence of land cover on VI trends
was the focus of eight studies. Wang and Friedl [109] found that almost half of the areas
showing land-cover change also exhibit significant NDVI trends. While shrub loss resulted
in both browning and greening trends, shrub and herbaceous cover increase was only
associated with greening trends. Other studies have identified a more pronounced greening
signal in areas covered by shrubs, but no evidence was found to suggest an increase in
shrub coverage [64]. However, a general positive relationship between (increased) shrub
cover and greening trends was found in several studies (e.g., [20,24,72,101]).

Temperature, in combination with land cover, was also commonly used as an envi-
ronmental parameter. Olthof and Latifovic [128] compared VI trends with temperature
anomalies for dry and humid regions in Canada. The NDVI trend did not change in
dry regions with increasing temperatures. However, a significant increase in NDVI was
detected for shrubs and trees and negative trends for lichen and moss. In contrast, a study
in Siberia by Dutrieux et al. [121] found that species common in the bioclimatic subzone A
(barren, moss, and lichen coverage) showed the largest increase in NDVI. Heterogeneous
trends were also found by Berner et al. [110], showing a strong increase in average tundra
greenness based on maximum NDVI and summer air temperature for the last three decades
in the Arctic region. Several other studies support the positive correlation between summer
NDVI trends and increasing surface temperature [18,24,111]. The impact of temperature
was found to be stronger in colder, shrub-dominated regions, whereas soil moisture avail-
ability was also relevant in warmer regions in the tundra–taiga ecotone zone [112]. The
influence of soil parameters on VI trends was investigated by some studies [25,92]. The
findings indicate a positive relationship between smaller grain sizes (derived from field
samples and geological maps) and greening rates.

Surface water and soil moisture were key factors examined in VI trend studies. Li et al. [22]
investigated the relationship between VI trends and surface water based on the Global
Surface Water Dataset for different spatial scales ranging from 30 m up to 4 km satellite
data. While the reduction of surface water was correlated with greening trends, browning
trends were correlated with increased surface water, possibly due to water logging and
permafrost thawing. Bieniek et al. [60] found declining NDVI trends in the early growing
season in Alaska which coincided with higher snow depth, but there was overall greening
for the entire growing season. Another study derived the influence of water availability on
the VI signal during different phenological stages. Increased vegetation growth in spring
was related to decreased soil moisture and greenness in summer for the tundra [135]. In
general, soil moisture was found to be a driving force for local differences in plant size
and coverage [93,100,124], especially in the drier parts of the tundra [124]. The influence
of permafrost thaw on LAI and NDVI was the subject of a study by Chen and Jeong [136].
Negative correlations for VI trends and permafrost thaw were found during the early to mid
growing season (and positive temperature–VI trend correlation) and positive relationships
for the late growing season (and positive soil moisture–VI trend correlation).

The comparison of VI trends during different phenological stages was another common
research approach. Greening trends derived over the entire growing season were the subject
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of several studies (e.g., [89,90]), with generally stronger trends for the lower Arctic. The
strongest difference between tundra vegetation types (moist acidic, moist non-acidic, shrub,
sandy, and wet tundra) were found in the early growing season [49], while both vegetation
type and soil substrate were shown to strongly impact seasonal NDVI, regardless of
climate data.

Several studies focused on comparing different VI trend products [37,61,96,99,107,115,
117,118,122,137,138], highlighting discrepancies between, e.g., AVHRR-NDVI and MODIS-
NDVI, especially for the higher latitudes [37,122]. Beck et al. [96] compared four different
AVHRR-based NDVI products with Landsat-NDVI and MODIS-NDVI. MODIS-NDVI
showed the best agreement with Landsat-NDVI in comparison to all four AVHRR-based
products. The AVHRR-based LTDR V3 product had lower atmospheric errors compared
to the other products and followed the absolute values of Landsat-NDVI best; however,
GIMMS-NDVI was better suited for change detection in the 1981–1999 time period.

3.3.2. Species Composition

The research objective category “species composition” includes articles that investi-
gated the general changes of Arctic vegetation composition. The sub-categories “treeline
change” and “shrub expansion” summarise the findings for these plant types specifically.
The spatial distribution of study areas where species composition changes were noted is
depicted in Figure 9. Alaska, Western Canada, and a small part of Scandinavia were slightly
overrepresented.

The change of the boreal treeline was investigated in nine studies (e.g., [54,62,63,
68,70,81,139–141]). Several articles found no evidence of treeline advancements, e.g., in
Canadian study regions based on the analysis of Landsat data from 1974 to 2000 [62]
or in the Finnish Lapland region [70]. In contrast, Macander et al. [43] found evidence
for birch and pine advancement into the tundra region of Finnmark. Furthermore, an
increase in the extent of the treeline was derived in the Canadian region of Labrador [140]
and in the Vorkuta region [141]. The circumpolar study of the tundra–taiga ecotone by
Guo and Rees [139] analysed the state of fragmentation and latitudinal trends. Northward
trends were found for eastern Canada, Scandinavia, and Eurasia between 100 and140°E
and opposing southward trends for Hudson Bay, parts of Siberia, and Eastern Europe.
Southward trends were connected to paludification (conversion of forests to peatland),
while northward trends were connected to a higher fragmentation of vegetation. Contrary
to the previous study, forests in Siberia were found to move northwards [39]. Larch stands
were found to advance into the tundra ecosystem with a rate of 3–10 m per year based on a
comparison of declassified reconnaissance satellite data by the CORONA programme from
the 1960s and Landsat data in the forests of the Russian Taymyr Peninsula [81].

Fifteen studies focused on mapping the changes of several plant types [15,21,42,43,67,71,
79,142–147]. While six authors found declining lichen cover, e.g., in the Scandinavian [67,69]
or North American TTE [43], Caribou ranges in Alaska and Canada [42], Greenland [147], or
the Siberian lowland [21], the drivers and benefiting land-cover classes differ. The studies by
Johansen and Karlsen [69], Kennedy et al. [42], and Tommervik et al. [67] identified Reindeer
or Caribou grazing as a driver for declining lichen cover and increasing shrub cover in
the latter studies. Similar tendencies of decreasing lichen cover coinciding with increasing
shrub cover were found in parts of the North American TTE by Macander et al. [43]
and in the Mackenzie Delta region by Nill et al. [15] by applying supervised machine-
learning algorithms.

The term “shrubification” denotes the increase and spread of shrub vegetation into
the higher tundra regions. Eleven studies focused solely on the expansion of shrubs into
the lichen-dominated tundra [44,45,47,51,57,76,78,148–151].

Evidence of increasing shrub cover was found in the alpine tundra region of Canada
and Alaska [44,148], and in the North Slope of Alaska [44]. Shrub expansion mainly occurred
adjacent to existing shrubs, especially along drainage slopes and valley bottoms [44,148]
or within flood plains [44], while shallow permafrost along coastal areas limited shrub



Remote Sens. 2024, 16, 4509 16 of 38

growth [44]. In addition, Schore et al. [57] found that decreasing near-surface permafrost
probability was positively correlated with both willow and alder shrub abundance at the
Seward Peninsula of Alaska. The authors concluded that alder shrubs, with their nitrogen
fixating abilities, could mitigate poor soil conditions and facilitate shrub expansion. Similar
environmental parameters influenced the shrub growth in Siberia, where active disturbance
regimes like flood planes and thawed permafrost soils showed both the strongest decline
and increase of shrub cover [78]. Positive correlations between shrub growth and pre-
growing season temperatures were found in the Alaskan Arctic [150]. Temperature was
also a limiting factor for shrub growth in Greenland [149]. In contrast, a study in North
America by Liu et al. [47] found that seed dispersal and fire were the main controls on
shrub expansion opposed to environmental suitability.

Three studies found no significant changes in circumpolar Arctic vegetation cover types.
A multi-satellite data classification of forest, shrub, and herbaceous cover types using a
random forest machine-learning approach in the North American tundra–taiga ecotone
revealed tendencies of increased shrub and herbaceous classes but no significant trends [142].
Shrub cover on the Kola peninsula was also found to remain stable by Kravtsova and
Loshkareva [143], and the Beringian Arctic region showed no consistent trends or overall
changes [79].

3.3.3. Plant Phenology

Figure 9 shows that changes in the vegetation phenology were more common within
the Arctic tundra region. Fewer studies found significant changes in the transition zone
between the sub-Arctic and TTE.

Circumpolar studies were conducted by seven authors [152–158]. Madani et al. [152]
derived trends of growing season length for the circumpolar Arctic using a 2000–2020 MODIS
SIF time series. They found that ecoregions were the most important parameter to explain
phenological trends, with increased photosynthetic activity in the early growing season
and declining growth towards the end. NDVI trends were similar to SIF trends. The
lowest green-up velocities were found for lichen, mosses, and sparse vegetation, which
also showed a slight negative trend [153]. Velocity was positively correlated with temper-
ature and negatively with precipitation [153]. Other studies showed variability in SOS
and End-of-Season (EOS) timing based on extraction methods and the vegetation index
dataset [154], with discrepancies between different phenological metrics for the North
American tundra [155]. Zeng et al. [156] found discrepancies between MODIS and AVHRR
for phenological timings, with AVHRR indicating delayed EOS, while MODIS exhibited
strong significant SOS advancement in North America. Contrary to these findings, Gon-
samo et al. [157] derived decreasing growing season length for the Arctic regions, while
both sub-Arctic and boreal regions showed an increasing growing season length. SOS was
detected earlier in Eurasia, while EOS was derived earlier in most polar regions.

Several studies derived an SOS trend in the coastal regions and the northeastern part
of Brooks Range in Alaska [46], in northern Alaska [159], parts of the Siberian TTE [160],
and in one coastal study site in Greenland [161]. The average vegetation growth onset in
Svalbard was shown to advance based on both MODIS and Sentinel-2 data [162]; however,
the study by Karlsen et al. [163] showed no significant phenology trends for SOS for
Svalbard based on a 2000–2013 MODIS time series.

The growing season length in multiple national parks in Canada was found to increase
as the end of the growing season was delayed for many tundra vegetation classes, especially
for mountainous regions [19]. The authors concluded that the higher spring temperature
increase in the mountains is likely the primary explanation for the topography dependency
in phenological changes, rather than attributing the changes to the reduced snow cover
due to fewer woody vegetation types.

The Yamal Peninsula region showed heterogeneous phenological timings, with strong
latitudinal relationships for SOS, EOS, and last day of snow cover [73]. Snow cover was
identified as a key driver for EOS timing for all land-cover classes; however, the SOS timing
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responded differently to snow cover depending on the land-cover classes. Another study
in the same region revealed no significant phenology trends based on either MODIS or
SPOT data, while AVHRR-based trends showed delayed EOS [74].

3.3.4. Plant Productivity

The “plant productivity” category includes 16 articles focusing on the estimation of
primary productivity and one article deriving the plant biomass as the main objective.

Vegetation Gross Primary Productivity (GPP) is a measurement of the total amount
of fixed CO2 in an ecosystem through plant photosynthesis, while Net Primary Pro-
ductivity (NPP) is the remainder of GPP after plant respiration. Both values are of-
ten derived by combining remote-sensing-based LAI products with a Production Effi-
ciency Model (e.g., [40,41,164–166]). Positive trends for both GPP and NPP were found
by Kimball et al. [40] for the 1982–2000 period in the Western Arctic Linkage Experiment
in Alaska and northwest Canada, and both measurements were positively correlated with
summer temperature. Early thawing of permafrost in spring was found to be correlated
with greater LAI and annual productivity in the same study region and time frame [41].
The authors concluded that the primary constraint of canopy photosynthesis and NPP was
low temperature and not soil moisture. Contrary evidence was found a few years later by
Zhang et al. [164] for the circumpolar Arctic tundra. The tundra region exhibited a positive
mean annual NPP trend despite droughts during that time period. A small positive produc-
tivity trend for the tundra biome with 123 ± 75 gC

m2yr was also found by Zhang et al. [166],
based on the reanalysis of meteorology data in combination with AVHRR-based LAI and
FPAR products. The main driver linked to the increased productivity were the changes in
vegetation cover rather than meteorological changes.

Photosynthesis and respiration model results based on remotely sensed FPAR and
climatic variables showed increased growing season length and photosynthetic uptake in
the tundra vegetation. Higher latitudes were found to be a carbon source since 2011 due to
changing environmental conditions negatively impacting boreal forests, despite increased
carbon uptake in the tundra [167]. A similar approach was used in the study by Tagesson
et al. [168]. The authors found increasing GPP uptake in Zackenberg for the time frame
1992–2008; however, the model uncertainty was considerable.

Marsh and Zhang [169] compared three GPP products based on remotely sensed Solar-
Induced Chlorophyll Fluorescence (SIF) data (GOSIF-GPP), Near-Infrared Reflectance AVHRR
data (NIRv-GPP), and in situ eddy flux measurements fused with satellite data (FluxSat-GPP)
for the northern hemisphere. The authors found that spring temperature increase is correlated
with an increase in productivity in the Arctic ecosystem for all products.

Another common indirect measure of vegetation productivity is the time-integrated
VI (e.g., [66,170,171]). While some articles applying this research focus might fall under
the “VI trends” category, the categorisation was made based on the research intent and
the terminology chosen by the authors. The increase of time-integrated VI coincided
with increased growing season length [66], increased plant biomass [170], and increased
temperature [52]. The GPP estimate based on a 1982–2014 time-integrated NDVI time
series showed a continuous net increase for the tundra vegetation, while growing season
metrics exhibited heterogeneous trends [165]. Beck and Goetz [171] found that productivity
increased for several plant functional types in the circumpolar tundra, with the exception
of the Siberian tundra, where no trend was found. Tundra productivity in Eurasia was
related to sea ice in late spring and large-scale weather patterns, while the correlation
between temperature and NDVI was the strongest [77]. A study by Tommervik et al. [30]
investigated biomass change for mountain birch forests and mountain heath in northern
Norway based on aerial, remote-sensing data and in situ biomass data. While tree biomass,
shrubs, and vascular plants in general increased in biomass, lichen biomass significantly
decreased from 1957 to 2000, with a small recovery from 2000 to 2006, connected to reduced
reindeer grazing.
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3.3.5. Disturbance

The “disturbance” category encompasses studies focusing on attributing potential
causes of disturbance as well as vegetation recovery after known cases of disturbance.

Slightly more articles focused on finding potential drivers and causes for disturbance
events, e.g., [33,172–174]. Negative MODIS-NDVI trends in parts of Alaska were associated
with early spring permafrost thaw, indicating elevated surface moisture, especially in
low-elevation drainage systems [172]. Early spring snow melt was found to be related
to the area burned by wildfire in northern Alaska, while large wildfires coincided with
negative NDVI breakpoints [173]. A general overview of disturbance types and interactions
by Foster et al. [33] for the boreal and tundra region of North America revealed that high-
intensity events are less common than low-severity disturbance events. Drought and
wildfire disturbance events are often linked, with evidence of positive links of wildfire and
increased deciduous shrub growth in the tundra. In addition, abrupt trend changes before
and after a break point are often distinctly opposite, e.g., gradual browning trends followed
after abrupt greening ,and vice versa [174].

Studies focusing on vegetation recovery found both quick recovery after winter warming
events within 2 years [26] and slow recovery after a tundra fire ∼25 years later [75]. NDVI
and SAVI were best suited to monitor recently established vegetation for up to 6 years in a
study region in Alberta, avoiding the saturation effects of high LAI vegetation (>3 m2

m2
) [175].

The authors found that, while NDVI and SAVI exhibited better relationships with in situ
LAI, SR was a better indicator for stem density.

3.4. Sensors and Satellites

This section describes the characteristics of the sensors mounted on various satellite
platforms and the environmental parameters applied in the analysis.

Sensor data types were classified into the following categories: (1) Multispectral data,
which typically ranges from the visible spectrum (380–700 nm) to near-infrared around
1.5 µm; (2) Thermal data, with spectral wavelengths ranging from 3 to 10 µm; (3) Hy-
perspectral data, with a similar spectrum to multispectral sensors but in much narrower
spectral bands covering only 5–10 µm; (4) Historical reconnaissance satellites carrying black
and white (B/W) cameras; (5) Light Detection and Ranging (LIDAR) instruments, which
use lasers to derive the distance between the satellite and the Earth’s surface.

Figure 10 displays the distribution of used satellite constellations and their sensor
types. The pie chart in Figure 10a shows that 56.2% of the studies analysed data from
a single satellite platform, with a large majority focusing solely on multispectral sensor
data (∼93% of single platform studies). Multispectral in combination with thermal data
accounted for 2.5% and the remainder were thermal data. The most common satellite
platform used was NOAA, with the majority of studies solely using optical AVHRR data
(see Figure 10b, n = 32). The Aqua-Terra constellation was used in 26 articles, followed by
Landsat in 21 articles. Less common were the SPOT, IKONOS,and Sentinel-2 satellites with,
in total, only six articles.

The most common sensor type of multi-platform studies was “multispectral”, with
∼89% (63 studies in total). The satellite combinations are shown in Figure 10c. Most
combinations include Aqua-Terra, NOAA, and Landsat satellites. Four studies combined
data with high resolution IKONOS or QUICKBIRD data of up to 10 m spatial resolution.
All other unique satellite combinations were grouped into “other combinations”. This
group includes all sensors types; however, only eight articles used sensor data besides
multispectral data.

The total number of all satellite platforms from mono- and multi-platform studies is
displayed in Figure 11 in a logarithmic scale. Figure 11a (left) depicts the sensor type, and
the right Figure 11b illustrates the spatial resolution of the sensors. While the sensor type is
predominately multispectral, the sensor resolution is considerably more heterogeneous.
The majority of satellite data exhibits a spatial resolution of 10 to 80 m, largely due to the
prevalence of Landsat, SPOT, and Sentinel-2 data. The low spatial resolution of 500 to
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10,500 m is also very common due to the NOAA-AVHRR satellite constellation 1100 m
spatial resolution, similar to the low to medium resolution of the Aqua-Terra constellation,
with 80 to 500 m. Very high to high spatial resolution ranging from 0 to 10 m is used in forty
articles. However, the overall prevalence is much smaller compared to the most common
categories of 10–80 m, 80–500 m, and 500–10,500 m. Uncommon satellite platforms include
ICESat-2 (LIDAR system used to study ice sheets, glaciers, and sea level rise), hyperspectral
satellites PRISMA and EnMAP, Orbview-2 (multispectral sensor to derive optical properties
of oceans), Envisat (multispectral sensor to derive optical properties of oceans, amongst
other sensors), PlanetScope (multispectral sensor in higher spatial resolution), and the sole
use of the Terra platform.

(a)

(b) (c)

Figure 10. Overview of platforms, classified by mono- or mulit-platform use. The colour indicates the
sensor type. (a) Distribution of single and multi-platform studies. The colour depicts the sensor type
or sensor type combinations for multi-platform studies. (b)Distribution of mono-satellite platforms.
(c) Distribution of mulit-satellite platforms.

The connection between the spatial resolution of sensor data and study area extent is
illustrated in Figure 12. Figure 12b shows the distribution of the sensor spatial resolution
categories for each study area category, while the left Figure 12a displays the distribution of
study area size. Local studies exhibit the largest share of very-high-resolution satellite data,
spanning from 0 to 10 m relative to all other study area categories. Still, the majority of local
studies use medium- to low-resolution data. The proportion of higher spatial resolution
data tends to decrease as the study area increases, while circumpolar studies that include
the boreal region exhibit a similar share compared to regional studies. Low-resolution
data are equally prevalent across all categories, including “regional”, “circumpolar”, and
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“circumpolar including boreal”. Medium-resolution data are most commonly used in local
and national studies. Data categorized as “other” is most common in circumpolar studies.

(a) (b)

Figure 11. Number of satellite platform counts in logarithmic scale. The total number of sensors
exceeds the number of articles as all satellite platforms are included in this graph. The spatial
resolution categories are defined in accordance with mathematical intervals, with the inclusion of
endpoints indicated by the use of closed parentheses and their exclusion indicated by the use of open
outward parentheses. (a) Sensor type of satellite platforms. (b) Sensor resolution of satellite platforms.

(a) (b)

Figure 12. Overview of spatial relations between study area and utilised sensor resolution. (a) Distri-
bution of study area size. (b) Distribution of sensor resolution based on study area size.

The distribution of sensor characteristics and environmental parameters for the main
research objectives is presented in Figure 13. The analysis of plant phenology was based
exclusively on continuous time series, whereas articles focusing on disturbance events and
the composition of different plant species were derived from equally multi-temporal and
continuous data. The majority of studies examining vegetation index trends and plant pro-
ductivity applied continuous satellite data in their research. Other review articles, grouped
into “literature review”, are based on non-continuous satellite data (see Figure 13a).
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(a) (b)

(c) (d)

(e) (f)

Figure 13. Distribution of sensor parameters, final temporal, and spatial resolution after data
processing and environmental parameters shown for the main research objective categories. The
categories follow the definitions given in Sections 2 and 3.4. (a) Application of continuous time
series data. (b) Distribution of sensor types. (c) Final temporal resolution of satellite data. (d) Spatial
resolution of satellite data. (e) Study area size. (f) Utilised environmental parameters.
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As already stated, multispectral data is the dominating sensor type, which is true for
all main research objective categories (see Figure 13b). Thermal data is used to analyse
research objectives belonging to the “disturbance” (e.g., Kornienko [75]) and “VI trends”
categories (e.g., Nill et al. [98]). In addition to multispectral data, black and white Camera
film was generally used to derive shrub cover and treeline changes, both of which are
part of the “species composition” research objective category. Finally, the literature review
category includes all types of sensor data.

The final temporal resolution of the satellite data after pre-processing steps like smooth-
ing or interpolation is shown in Figure 13c. Studies which did not report the temporal
resolution are indicated by the grey colour. The high proportion of annual data analysed
in research objectives “disturbance” and “species composition” matches the time scales
associated with underlying biological processes. These include plant succession and the
establishment of shrubs and trees, which occur over a span of years or decades. The
“disturbance” category is predominately analysed with 16-daily resolution data. This is
the temporal resolution of the global 250 m spatial resolution NDVI product based on
the MODIS sensors on the Aqua and Terra satellites. The analysis of research objectives
pertaining to the categories of “plant phenology”, “plant productivity”, and “VI trends”
was conducted using satellite data from a diverse range of time resolutions. A relatively
small share of higher-temporal-resolution data is used in phenology studies (mainly based
on 7-daily MODIS products), which is surprising given the swift ecological timings in
the Arctic and sub-Arctic. The large share of coarser temporal resolution data can be
attributed to phenological metrics integrated over the entire growing season, where the
pre-processing was conducted on higher-temporal-resolution data. The “plant productivity”
data are mainly derived with monthly AVHRR products.

The subsequent characteristic considered in this analysis is the spatial sensor resolution
displayed in Figure 13d. The spatial resolution of 10 to 80 m is the most prevalent across all
research objective categories, with the exception of phenology, where it is the second most
common resolution. The utilisation of very fine-resolution satellite data is predominantly
confined to the research objective categories of “species composition” and “VI trends”,
where the distinction between plant species benefits from the higher spatial resolution data.
Low-resolution satellite data based on NOAA-AHVRR is common for studies focusing on
phenology, productivity, and vegetation index trends.

Figure 13e displays the distribution of study area size. A substantial number of studies
focusing on disturbance events and plant species composition have identified changes at
the local level. An in-depth understanding of local environmental conditions is frequently
necessary for the examination of both research objective categories for interpretation and
validation. The literature reviews encompassed both the circumpolar and boreal regions,
which is a logical approach given that findings supported by a range of studies from all
Arctic and sub-Arctic regions have a greater impact on the identification of general trends.
Articles focusing on plant phenology, productivity, and trends cover the entire range from
local studies to circumpolar areas including the boreal ecoregions.

Finally, the distribution of environmental parameters per main research objective
category is displayed in Figure 13d. The most crucial parameter for all research objectives
is information regarding the land cover, which encompasses general data about ecoregions
and comprehensive land-cover maps. The analysis of temperature is also of great impor-
tance for understanding plant phenology and productivity. Moreover, it is the second most
prevalent parameter in articles focusing on the species composition and vegetation index
trends. Precipitation is also frequently employed in the analysis and represents the third
most common environmental parameter across four categories (plant phenology, species
composition, plant productivity, VI trends). Information about the terrain is frequently
employed, particularly in analyses pertaining to disturbance, species composition, and VI
trends. The large proportion of biotic and abiotic factors within the “disturbance” category
is expected, as this information helps identify potential causal factors and links between the
observed changes in satellite data and underlying environmental processes. Hydrological
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properties are of lesser importance, yet are frequently employed, with the exception of the
“plant phenology” research objective. The snow pack parameter is of greater significance
within this research objective category, clearly demonstrating the connection between phe-
nological timings and snow melt. Geological parameters are infrequently utilised, with
the highest occurrence in the “disturbance” category, probably linked to investigations
concerning permafrost thaw.

3.5. Methods

This section summarises the applied methods, which have been grouped into the
following overarching categories: regression, statistical association, classification, phe-
nometrics, and change detection. The regression category includes all studies that used
regression analysis to derive trends of radiometric indices and infer causative relationships
between indices and other plant or environmental variables. The subcategories are divided
into the supervised machine-learning (ML) regression approach (e.g., Nill et al. [15], Chen
et al. [101]) and all other types of regression (e.g., Forkel et al. [94], Berner et al. [110]).

Studies that used some form of analysis to describe the degree of statistical association
between VI trends and other plant or environmental variables are included in the category
“statistical association”. This includes the conventional measurement of linear relationships
in the form of correlations, analysis of variance, which determines the difference of the
mean of several parameters (e.g., Forkel et al. [94], Khormizi et al. [133]), and Principle
Component Analysis (PCA) (e.g., Lin et al. [79], Campbell et al. [124]). One study applied
the causal method of structural equation modeling [161].

Articles which differentiated land-cover classes based on satellite and/or auxiliary data
were grouped into the “classification” category. The four subcategories include the supervised
machine-learning approach (e.g., Macander et al. [43], Liu et al. [47]), unsupervised and super-
vised classification (Bonney et al. [65], Guo and Rees [139], Frost et al. [72], Beck et al. [144]), and
manual classification (e.g., Frost and Epstein [78], Kravtsova and Loshkareva [143]). The
distinction between supervised and unsupervised classification is mainly that supervised
classification relies on labelled training data, whereas unsupervised classification requires
labelling the clustered data afterwards.

Studies which derived the phenological progression of plant growth, like SOS,
EOS, growing season length, or peak growing season vegetation activity, were grouped
into the “phenometrics” category. Four different subcategories were identified: simple
threshold (e.g., Chen et al. [19], Luus and Lin [167]), fitting models (e.g., Gonsamo
et al. [135,157]), smoothing functions (e.g., Madani et al. [152], Swanson [159]), and
derivatives (Wu et al. [158], Swanson [159]).

The “change detection” category includes methods to derive changes of vegetation
vigour without classifying the land-cover type and is therefore a distinct method category
and not part of the classification methods. The two subcategories are image post classifica-
tion (e.g., Lin et al. [79], Kravtsova and Loshkareva [143]) and change detection algorithms
(Wang et al. [142], Potter and Alexander [173]).

Figure 14 displays the distribution of the different method subcategories per publi-
cation year. Most articles based their analysis on some form of regression, with a total
of 110 occurrences depicted in green. A much smaller subset of articles used a machine-
learning (ML) approach for their regression analysis (n = 11). “Statistical association”
shown in orange colours includes all studies that found statistical relationships between VI
trends and vegetation or environmental parameters using correlations (n = 78), analysis
of variance (n = 14), or principal component analysis (PCA) in eight articles. One article
in 2024 applied a causal method. The most frequent approach to derive phenometrics,
displayed in purple shades, was a simple threshold applied to a vegetation index (n = 22).
Application of models that fit the vegetation index curve over the growing season period
were less common, with seven counts, while smoothing functions were applied four times.
The least common approach was based on calculating derivatives of VI curves to estimate
phenological timings. Supervised machine learning (n = 25, pink colours) was the most
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common classification algorithm, followed by unsupervised and supervised classification,
with 14 and 10 occurrences, respectively. Manual classification was the least common, with
only four occurrences. The last category includes “change detection” methods, depicted
in golden colours. The most common type, using change detection algorithms, was used
nine times. Image post-classification algorithms that infer changes between satellite images
were counted twice.

Figure 14. Methods identified in the literature review grouped by publication year, with multiple
counts per article. Machine-learning approaches are abbreviated as “ML”.

The methods belonging to the overarching categories “regression”, “statistical asso-
ciation”, and “phenometrics” are roughly equally distributed over time, with two peaks
around 2011–2015 and 2018–2023, following the amount of reviewed articles displayed
in Figure 14. The methods used to classify plant species and methods belonging to the
“change detection” category, displayed in pink and golden shades, are more common
since 2018. The two subcategories summarising machine-learning approaches, namely
the supervised ML regression and the supervised ML classification, are more frequent
since 2019. The earliest ML technique, support vector regression, was already applied
in 2001 in a study by Tucker et al. [120]. More recent studies often apply a variation of
random forest regression or RF classification, and only three studies applied deep neural
networks (Kennedy et al. [42], Liu et al. [47], Zhu et al. [138]).

Figure 15 shows the methods used for each main research objective. In general,
most methods were used for each main objective. Classification methods were more
frequently applied to analyse “species composition” objectives. In addition, a large share
of “phenometrics” methods was used to derive “plant phenology” objectives. The research
objective category “VI trend” was mainly assessed by using regression and correlation
methods. Classification methods also make up quite a large share, as many articles compare
plant type specific VI developments (e.g., [65,72,92]). Research focusing on disturbance
events and plant productivity exhibit a roughly equal share of the different methods,
underlying the complexity of those research foci. The “literature review” category is
an outlier, since most reviews focus on the central findings and might highlight newer
developments like artificial-intelligence algorithms without discussing established methods
in depth.
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Figure 15. Flowchart visualising the utilised methods for different main research objectives (center).
The combinations of main research objectives and secondary objectives (right) are shown as well.

3.6. Circumpolar Trends and Their Drivers

Despite the lack of consistent circumpolar trends in the reviewed literature, the subse-
quent section provides an overview of general tendencies and common drivers for Arctic
vegetation changes. The remark by Taylor et al. [4], addressing the changes of Focal Ecosys-
tem Components (FECs) in the terrestrial Arctic, outlines a productive approach addressing
circumpolar trends: “Rather than searching unsuccessfully for circumpolar trends, we
should, perhaps, instead ask how, where, and why there is variation in the response of
Arctic FECs to environmental changes”.

In general, greening trends are more common than browning trends. The location, vegeta-
tion type, and magnitude of greening trends vary greatly. Greening trends were found for shrub-
land [23,109], herbaceous [109], lichen [20], spare vegetation [109], and even barren land-cover
types [109]. However, browning trends were also derived in sparse vegetation [109]. Both high
Arctic [18,89,104,110,121] and low Arctic [89,101,104,110], as well as Oro Arctic [110] were found
to be greening, especially in North America in general [96,106,110,113,137], particular in
Alaska [3,25,37,56,59,94,100,117] and Canada [3,37,55,65,91,105,122]. Fewer accounts were
found for Eurasia, with greening in northern Siberia [3,37,72,90,103,112,117,118,122,123]
and Scandinavia [3,96,105,106,137]. Common environmental parameters linked to greening
were the increase in temperature [18,24,111] and changes of vegetation type, in partic-
ular the increase of shrub cover [20,24,72,101,109]. These trends, however, are not uni-
form, as browning trends were also found in (central) Siberia [37,117,122,123,137], western
Russia [126], and the Bering Straits [105], as well as coastal northern Canada [37,117],
southwestern Canada [37,137], Alaska [117,122], and parts of northern Eurasia [126].

Studies focusing on the changes of species composition generally indicate a
widespread decline in lichen coverage [15,21,42,43,63,67,69,147] and an increase of
shrubby plants [15,43,44,47,57,78,146,148–150]. However, some studies found declining
shrub cover [21] and no significant changes in species composition [142]. Studies fo-
cusing on the advancement of the boreal treeline into the tundra showed either no con-
sistent general trend [62,70] or evidence for advancing [81,139–141] but also retracting
treelines [139,140]. Common drivers linked to lichen decline are increasing herbivore
pressure from caribou and reindeer, coinciding with an increase in shrubs [42,67,69]. En-
vironmental parameters driving shrub expansion are less uniform. While some studies
found correlations between increased temperature and shrub cover [45,149,150], others
did not support this connection [44,78]. Shallow permafrost was found to hinder shrub
expansion [51,57].
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The plant productivity trends show a more consistent behaviour, with increasing
productivity found in the entire circumpolar tundra [164–167,169,171], and specifically in
Eurasia [77], Greenland [168], and Alaska and Canada [40,52,66]. Decreasing plant produc-
tivity was the exception, e.g., lichen biomass in Scandinavia [30]. A positive relationship
between temperature and productivity increase was found by several studies [40,52,77,169],
but also changes of vegetation cover [166], permafrost [41], and growing season length
were found to be potential drivers [66,167].

The phenology of Arctic and sub-Arctic vegetation shows tendencies for an increase in
vegetation growth [152] in the early growing season and an increased growing season length
for some regions of the Arctic tundra [155–157] and sub-Arctic region [157]. Regional stud-
ies reveal diverse trends, with evidence for an earlier growing season start [46,159,160,162],
a delayed end of season [19], or heterogeneous results [73,74].

Disturbance: the disturbance and recovery mechanisms in the tundra region are
diverse, and the findings did not support a uniform disturbance cause or driver for the
circumpolar tundra. Instead, permafrost thaw [172], wildfire [75,173], and winter warming
events [26] often lead to small-scale disturbances, which will probably be more frequent
with ongoing climate change.

4. Discussion
4.1. Limitations of the Review Design

The review design was largely constrained by a focus on English literature and the ex-
clusion of short-term studies. Consequently, case studies that employed novel methodolog-
ical approaches may have been excluded. In addition, studies conducted in the Eurasian
region and published in the native language could not be included. The requirement of
five years of satellite data did lead to the exclusion of short-term studies using Synthetic
Aperture Radar (SAR) data, which contributes to the dominance of optical data. Long-term
SAR studies might be conducted using data from Sentinel-1 (launched in April 2014), En-
visat (operational from 2002 to 2012), or the Canadian RADARSAT Constellation Mission
(launched in 2019).

Although the search string incorporates a range of keywords related to plant ecology,
geographical regions, and satellite data, some articles were not identified. This was either
because there was no mention of satellite data in the title or abstract, or because they did not
pass the exclusion criteria. In order to ensure a comprehensive coverage of the processes
linked to a changing Arctic, we included 16 relevant studies that were not selected by the
research string.

The subjective definitions of the research objectives, method, and data categories
might introduce some ambiguity; however, this generalization approach was deemed an
adequate trade-off between retaining details and identifying overall connections.

4.2. Challenges of Monitoring Arctic and Sub-Arctic Vegetation

The reviews by Beamish et al. [10], Stow et al. [28], and Nelson et al. [176] already
provide an excellent overview of fundamental challenges regarding optical remote sensing
in the Arctic and sub-Arctic regions. The following summary highlights ongoing challenges
and novel methodologies to address these challenges, as identified by the systematic review,
along with previously acknowledged approaches.

4.2.1. Availability of Environmental Parameters and In Situ Data

The tundra ecosystem is composed of heterogeneous and discontinuous vegetation
cover, with fine-scale variations of soil structure and moisture, as described in Section 1.1.
Environmental parameters are necessary to understand the potential drivers of observed
trend changes (e.g., warming as a driver for greening and shrub expansion [24,69]), identify
causal links between disturbance events and shifts in the ecosystems (e.g., permafrost
thaw resulting in thaw slumps connected to browning or abiotic drivers [24,172]), and
validate classification results [90], as well as identify phenological stages [38]. However,
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the environmental parameters are often interpolated from a limited number of unevenly
distributed measurement stations (e.g., phenological data based on the Fluxnet and Pheno-
Cam networks [38,39]), based on coarse resolution satellite data (e.g., snow cover [90,158]),
or collected in (small scale) field campaigns [43,44,91,98,101,129,143,144,149,150].

As highlighted by Beamish et al. [10], the increasing availability of digital photography
data calls for the creation of a unified access point to facilitate collaborative efforts in data
collection and sharing. It is anticipated that the advancement of Unmanned Aerial Vehicle
(UAV) technology will result in an increase in the number of ground reference datasets.
Nevertheless, the reviewed articles demonstrate a greater prevalence of airborne reference
datasets. Initiatives to collect and combine various in situ datasets, e.g., by Zhu et al. [177]
for the Alaskan tundra region, greatly aid research activities. Another example of an
international initiative is the NASA Arctic-Boreal Vulnerability Experiment (ABoVE), which
has the objective to mitigate the lack of in situ reference data for Alaska and western Canada.
This is achieved by linking field data gathered since 2015 at various spatial scales with both
airborne and satellite products [178].

4.2.2. Acquisition of Optical Data

The collection of optical imagery in the Arctic region is inherently challenging, primar-
ily due to the regions’ short growing season, the prevalence of low-level clouds, and the
low sun angle increasing the signal attenuation in the atmosphere [54,55,74,133,136]. All
factors contribute to increased uncertainty in the measurement of radiative surface fluxes.

Dedicated correction algorithms for, e.g., haze [42] or simply aggregating multiple
satellite images into an integrated vegetation index measurement [170] mitigate the data
sparsity. Although there seems to be a broad consensus that the most effective method for
addressing optical data sparsity is to merge multiple datasets and combine different sensor
types [10,176], only a limited number of the reviewed articles attempted this approach
(e.g., [142,148,168]). Notably absent from this review are studies utilising SAR data. This
may be explained, at least in part, by the exclusion of studies focusing on short-term
observations during the literature selection process. It is notable that some short-term
studies are only employing SAR data, e.g., Duguay et al. [179] investigated the potential
of multi-polarized SAR data to study shrub growth, while A’Campo et al. [180] derived
Kennaugh elements from SAR data in order to classify tundra vegetation on the Beaufort
Coast. While the availability of open-source satellite data, both optical and non-optical, is
generally expanding with the archives hosted by Google Earth Engine and the increasing
capabilities of the ESA Copernicus services based on the Sentinel fleet, the potential of
combining different sensor types has not been fully utilised.

4.2.3. Poor Comparability of Vegetation Index Trends

The factors influencing the vegetation index include the different spectral bandwidths
and different geometric and radiometric calibrations, in addition to sensor drift and varying
spatial and temporal resolutions [74]. These effects were known to lead to unreliable
AVHRR trends, particular due to the difficult sensor inter-calibration [96].

Trends are also influenced by the time-series length, in addition to the applied trend
and significance tests [16], of which there were 27 different tests identified during this
review, with the level of significance varying from p = 0.001 to p = 0.1. Table 3 of-
fers insights into the differences between various greening trends. The combination of
these factors leads to discrepancies between commonly used remote-sensing products,
e.g., inconsistent greening and browning trends between Landsat-NDVI, AVHRR-NDVI,
MOIDS-NDVI, and SPOT-NDVI [96,110,137] or inconsistent phenological metrics based on
AVHRR, MODIS, and SPOT data, as described in Zeng et al. [74].

The use of a common terminology and standards regarding a minimum time-series
length and significance thresholds would probably mitigate some of the inconsistencies,
e.g., by adapting the clear terminology used in the study by Myers-Smith et al. [16], which
also provides a comprehensive overview over factors influencing vegetation index trends.
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4.3. Dominance of NDVI

The vast majority of all studies conducted a trend analysis based on NDVI data
(n = 66). The NDVI prevalence is probably due to the continuation of AVHRR data analysis
as the base line, which also results in the use of NDVI for other sensor data to facilitate
inter-comparison studies. However, NDVI might not be the best suited vegetation index
for the tundra ecosystem. Dearborn and Danby [66], Seider et al. [92] argue that adapting
the EVI has the advantages of reducing the influence of bare soil and stronger sensitivity to
phenological changes. In addition, the saturation of NDVI above a leaf biomass exceeding
50 g

m2 leads to a non-linear relationship [19,169] and may be particularly influenced by
changes in surface water and soil moisture in the NIR band [124]. In conclusion, research
objectives besides the comparison of NDVI trends might benefit from using a different
vegetation index.

4.4. Geographical Hotspots and Data Availability

Most studies were conducted on a local scale with clear agglomeration in the North
Slope of Alaska and the Bathurst Caribou range in Canada. The combination of established
local and national research institutes—published in English—and a variety of ecological
changes in the high Arctic and the TTE results in continuous research activity in these
hotspot areas. This is also reflected in the quantity of in situ data (e.g., the field survey
database for the Alaskan tundra by Zhu et al. [177]). Research objectives which require a
high degree of ecological information, like the “disturbance” and “species composition”
categories, are mostly conducted on a local scale, further underlying the need for more
accessible data about environmental parameters. Circumpolar studies both with and
without the boreal area are very common, with 53 studies in total, and often rely on coarse
resolution data, mainly AVHRR data. Many studies took advantage of the long continuous
data length of this sensor constellation, often using the analysis-ready datasets starting
from 1981/2. Some local studies in Russia expanded the temporal coverage even further
by comparing de-classified reconnaissance satellite with modern satellite data. Generally,
the temporal and spatial coverage of the Arctic region is impressive, especially when
focusing on coarse-scale AVHRR data (n = 54 articles). However, medium-resolution
satellite data like Landsat (n = 27) or MODIS (n = 33) are also commonly used across
all regional scales. It is anticipated that the use of high- to medium-resolution data will
increase with the continuation of ESA’s Sentinel programme, while very-high-resolution
data are often limited in spatial scale (e.g., EnMAP) or not free of charge.

The widespread greening trends observed in Arctic vegetation can also be identified in
other cold regions. For instance, the cryptogam vegetation of western Antarctica is undergo-
ing a greening process, as mosses expand laterally. However, these trends are not uniform
across Antarctica, with moss vitality observed to be decreasing in eastern Antarctica and
sub-Antarctic islands [181]. The abundance and productivity of mountainous plant species
have been observed to exhibit both increases and declines. The retreat of glaciers and a
reduction in snow cover can result in an increase in plant abundance and productivity. This
phenomenon has been observed in a number of mountain ranges, including the European
Alps and Bhutan. In contrast, drought-stricken mountainous regions have been observed to
exhibit a reduction in vegetation abundance and productivity. This is thought to be linked
to alterations in snow cover and the timing of its melt, which in turn affects the availability
of water for alpine-restricted species [182].

4.5. Methodological Development

The methodological development of the reviewed articles revealed a small increase of
machine-learning research objectives over the years since 2019, whereas only three publica-
tions applied some form of deep-learning method, e.g., neural networks, for classification.
The most common methods remain some form of classic regression and correlation analysis.
While the latter is often used to identify possible drivers for changes in the Arctic vegetation,
only one study was designed to derive causal relationships between vegetation changes
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and environmental parameters. In order to gain a deeper understanding of the impact of
environmental factors on vegetation changes, causal discovery methods, such as Granger
Causality [183] or structural equation modelling [161], can be leveraged to enhance the
statistical analysis and identify the underlying drivers of change.

4.6. Outlook

Subsequent studies focused on observing ecological changes linked to Arctic greening
could benefit from methodological advancements, such as improved data fusion algorithms.
Merging optical satellite data to achieve a better temporal and spatial resolution would
benefit all examined research objectives. The fusion of SAR and optical data (e.g., by
merging the Sentinel-1 and Sentinel-2 data) might be beneficial for research objectives
which do not require a continuous time series, like “plant productivity”, “disturbance”, and
“species composition”. The application of machine-learning methods, and deep-learning
methods in particular, is expected to increase in the future as more (open-source) models
become available. Both “species composition” and “disturbance” research objectives will
benefit from this development. Furthermore, the application of causal discovery methods
could provide further insight into drivers for ecological changes.

The collection of high-quality in situ data should keep pace with advancements in
satellite remote-sensing methodology. Currently, high-quality in situ data are limited to a
few datasets and stations, which hinders the validation of remote-sensing products and
also the application of artificial-intelligence algorithms due to the lack of comprehensive
training datasets. Additionally, environmental parameters measured in field campaigns
offer valuable insights into the potential drivers and causes of ecological change in the
tundra region.

Several studies focus on the impact of changes in the Arctic region and their im-
plications for the global climate, with a particular emphasis on the interaction between
vegetation, snow cover, and permafrost. These elements are central to determining whether
or not the Arctic will serve as a future carbon source or sink [44]. Increased shrub cover,
accompanied by a thicker active layer, may influence the ecosystem to release excessive car-
bon [44]. However, the increased GHG emissions might be offset by the enhanced primary
productivity of the tundra [51]. Increased shrub and tree cover reduces the albedo, thereby
amplifying permafrost thaw and the subsequent release of greenhouse gases [7,122]. As
the Arctic continues to change, studying the combinations of these processes will become
increasingly important.

5. Conclusions

This review analysed the changes in Arctic and sub-Arctic vegetation based on
162 studies. The analysis focused on identifying the research objectives, the spatial distri-
bution of the study areas, the spatio-temporal resolution of the employed satellites, and
the applied methods. In the following, the main findings are summarised to address the
research questions posed in Section 1.3:

• Spatial and temporal coverage: Most studies were conducted at a local scale (78),
while 37 studies encompassed the circumpolar area, including the boreal zone. The
majority of articles cover a study area within the sub-Arctic boundary, particularly
the North Slope of Alaska and the Canadian Arctic regions. Fewer studies cover the
Eurasian continent, with two hotspots in the Scandinavian and Russian Arctic regions.
Notably, 75% of the studies used continuous time-series data, primarily from AVHRR
(1981/82 onwards) and MODIS (2000 onwards).

• Sensors and satellites: A little over half of all studies were based on data from a single
satellite, with multispectral sensor types dominating (∼93%). The most commonly
utilised sensors are the AVHRR (NOAA, Aqua-Terra (MODIS) and Landsat satellites.
Other sensor types were limited to specific research applications, e.g., using Camera
footage from declassified reconnaissance satellites to derive changes of the treeline and
shrub cover or thermal and hyperspectral data for vegetation classification. Notably
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absent are studies utilising Synthetic Aperture Radar (SAR) data. In general, the
share of higher-resolution data declines with increasing study area size. All research
objective categories, with the exception of phenology studie, are predominately using
10–80 m spatial resolution data. Fine-resolution data are confined to the articles
analysing the species composition and VI trends.

• Research objectives: The majority of the 77 research articles that were focused on VI
trends used NDVI as the radiometric index. VI trends were derived across all study
area sizes. Species composition (35) was the second largest research objective category
and conducted mostly on a local scale. Of these, 10 articles specifically addressed
treeline changes, while 11 studies investigated the expansion of shrubs. The changes
in plant phenology were examined in 17 articles at the local, regional, or circumpolar
scales. The “plant productivity” category comprised 17 articles that focused on the
estimation of primary productivity based on NPP and GPP, as well as one article that
derived plant biomass as a primary objective. The smallest research objective category,
with eight articles, focused on understanding the mechanism of disturbances and the
subsequent vegetation recovery predominately on a local scale. As the Arctic continues
to change, studying the combinations of vegetation, snow cover, and permafrost will
become increasingly important. Moreover, it is of the great importance to maintain a
unified effort to collect high-quality in situ data.

• Common (circumpolar) trends: most studies found evidence for Arctic greening in
at least some parts of their study area (n = 27), or mixed trends with predominately
greening (n = 26). Studies focusing on the changes of species composition generally
indicate a widespread decline in lichen coverage, often accompanied by an increase
in shrubs. In addition, the majority of articles derived positive productivity trends.
The development of plant phenology indicates an increase in growing season length,
but start and end-of-season dynamics are heterogeneous throughout the circumpolar
Arctic. The disturbance and recovery mechanisms in the tundra region are diverse,
and the review results did not show uniform trends for either research objective.

• Methods: Following the method categories defined in Section 3.5, we found that most
articles applied some form of classic regression and correlation analysis. Machine-
learning algorithms were used for classification and regression approaches, and a
small increase was found since 2019. Only three articles applied a deep-learning
method. Methods belonging to the “phenometrics”, “regression”, and “statistical
association” category are roughly equally distributed over time, whereas “change
detection” and “classification” methods are more common since 2018. It is anticipated
that subsequent studies will benefit from methodological advancements in data fusion
and causal analysis.

• Common ecological conditions: Although an increase in temperature has been linked
to greening, shrub expansion, and increased plant productivity, the driving forces
behind the diverse and localised ecological changes observed in the Arctic and sub-
Arctic regions are numerous and complex.

This review complements recent and long-standing literature, with a comprehensive
overview of dynamic changes occurring in the Arctic and sub-Arctic vegetation. It presents
developments in methodology and research objectives, synthesises common circumpolar
trends, and offers a prognosis for potential future research foci.
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