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Abstract

The extreme conditions of polar and mountain regions foster uniquely adapted wildlife.
Given that climate shifts are more extreme in those regions, monitoring animal species is
essential for effective conservation measures. Earth observation data offer considerable
advantages in areas that are difficult to reach using traditional ground-based methods.
This systematic review, based on 145 SCI-journal publications between 2000 and 2024,
examines how Earth observation is used in wildlife ecology research in these regions. We
give an extensive overview of the Earth observation sensors used, spatial and temporal
resolution of studies, studied animal species, methods used, amount of aerial imagery
linked to satellite-based Earth observation, and research objectives. Bird (52 studies) and
ungulate (38 studies) species are primarily investigated in relation to animal monitoring,
distribution and foraging behavior. Products of Landsat (63 studies) and MODIS (52 stud-
ies) are used in most reviewed studies, but the potential of freely available, higher spatial
and temporal resolution data like Sentinel-2 (seven studies), as well as Al methods are not
yet fully utilized. Linking Earth observation data in polar and mountain regions to wild-
life ecology research should be facilitated by encouraging interdisciplinary working
groups. Two major crises can be tackled at once, climate change and biodiversity loss.

Keywords: remote sensing; earth observation; polar and mountain regions;
wildlife ecology; animal monitoring; climate change; biodiversity; animal movement

1. Introduction

Polar and mountain regions are particularly influenced by the effects of climate
change. In these regions the temperature increases up to three times faster compared to
the global mean [1-3]. In addition to the effects of climate change, the unique biodiversity
of polar and mountain regions is impacted by increasing human activities [2]. Animal
species adapt to change but struggle to keep pace with the rapid and accelerating rate of
global warming [4-8]. Monitoring these areas is therefore critical, but polar and mountain
regions are difficult to access throughout the entire year due to their remoteness, complex
terrain, and extreme weather conditions. In such cases when in situ data collection is
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limited, Earth observation (EO) methods can be particularly valuable by providing remote
insights into land surface dynamics [2,9,10]. Interdisciplinary research that applies EO for
wildlife ecology plays a substantial role in understanding ongoing environmental change
and informing conservation and adaptation measures [11-13]. Therefore, a precise state-
of-the-art analysis of EO applications in wildlife ecology research in polar and mountain
regions is needed.

1.1. Relevance of Wildlife Ecology Research in Polar and Mountain Regions

Polar and mountain regions are particularly demanding to their living inhabitants
due to extreme temperatures, light conditions and complex terrain. These challenging
conditions have created a hotspot of specialized and unique biodiversity. Species that
adapted over millions of years to survive in these conditions now experience rapid
changes of the so-called Anthropocene, a geologic era characterized by major impacts of
anthropogenic disturbance on natural habitats [9,14-18]. Sea ice formation is changing
rapidly. As a result, the artic archipelago could be ice-free by summer 2030 [3]. Every year,
snowfall starts later, snow-melt begins earlier, permafrost increasingly thaws, and vege-
tation phenology shifts [19]. Mountain regions warm two-three times faster than the
global mean [1]. These changes may be occurring too rapidly for many species, bringing
them to the edge of extinction [2,8].

Monitoring wildlife ecology is critical for preserving biodiversity [20-29]. For exam-
ple, penguin species react to changing ice conditions because ice conditions have a signif-
icant influence on krill occurrence, their main food resource. This in turn impacts the fish-
ing industry [30-34]. Agricultural farmland in the subpolar part of the Northern Hemi-
sphere is influenced by changing stop-over sites of migratory geese [35-37]. Human-wild-
life conflicts increase when polar bears move south in search for food because they lose
their hunting areas as sea-ice retreats in summer [38—41]. Therefore, monitoring wildlife
provides information about ongoing changes that impact wildlife as well as human soci-
eties.

1.2. Relevance of EO for Wildlife Ecology Research

EO methods enable remote and constant monitoring of wide areas that are not easy
to access. Polar and mountain regions are often difficult and even dangerous to reach
throughout the whole year. Furthermore, open-source software solutions and freely avail-
able satellite data enable easy access to a wide variety of EO products [42—45].

EO datasets can provide important data for wildlife ecology research in topics such
as animal behavior, species distribution and animal movement. However, wildlife can
also complement EO-derived insights. Animals can be indicators and can carry sensors
themselves [11-13,46]. GPS transmitters fixed on animals can provide geographical posi-
tions as well as data concerning the surrounding environment. For example, bird-attached
sensors measure temperatures when circling in thermal updrafts to gain height while
crossing mountains [47]. Penguins, seals, and whales are equipped with sensors that col-
lect data concerning the salinity of water, sea temperature and chlorophyll concentration
[48,49]. Therefore, animal-borne sensor data can bolster EO data, e.g., by land cover clas-
sifications. Storks for example use meadows for foraging, but prefer managed meadows
due to easier food access, especially after mowing events. Thus, stork’s movement data
can reveal land use that is not detected by EO data alone. The spectral signature of an
image can be the same, but the behavior of animal reveals different land use (personal
communication and [50]).
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1.3. Objective and Structure of This Review

The aim of this review is to give an overview of satellite-based EO opportunities and
challenges for wildlife ecology studies in terrestrial polar and mountain areas. The review
is limited to the described geographical area because of the substantially higher impact of
climate change compared to the global mean [3,9,14,26]. We focus on satellite-based EO
data because it is long-term, large-scale and often freely available and does not need in
situ data collection. For this reason, we excluded studies that collect data solely by
ground-based EO (e.g., unmanned aerial vehicles (UAV)). Studies that worked with
ground-based EO (UAV and aerial imagery) in addition to satellite-based EO data were
included in the review. Moreover, we focus only on land surfaces and exclude studies on
animals such as whales that are restricted to water environments. Studies on animals that
occupy both environments, such as polar bears, penguins, walruses, and seals, are in-
cluded. Figure 1 summarizes how EO data can be applied to wildlife ecology research. EO
sensors collect information about the environment, for example, measuring snow cover
and vegetation cover and detecting species individuals and groups [51-56].
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Figure 1. Overview of example animals, landscapes, and topics that can be of interest for wildlife

ecology research in polar and mountain areas.

2. Materials and Methods

We reviewed satellite-based EO applications for wildlife ecology research in polar
and mountain regions. The literature review was conducted in the Web of Science data-
base (WoS; last accessed: 6 January 2025) and follows the PRISMA guidelines, see Figure
S1 [57,58]. WoS enables literature research based on keyword conditions and additional
filtering. The workflow that resulted in 145 reviewed publications is outlined in Figure 2.
This review method is proven common and well-accepted by Spanier and Kuenzer,
Baumbhoer et al., Hu et al., Koehler and Kuenzer, Schilling et al., Tsai et al. and Wenzl et
al. [59-65]. Selected publications must address at least one keyword out of three thematic
foci: animal species, geographical area, and EO sensors. Since diverse sensors can be cho-
sen and different animal species can be studied, we defined a range of synonyms to cover
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the thematic foci and the region of interest. A complete overview of all thematic keywords
is listed in Appendix A.

First, a search string for automated literature research was created using the de-
scribed thematic keywords. In addition, publications were limited to English language
and SCl-journal style. We also restricted our search to the years 2000-2024, focusing on
the most relevant and latest studies. A preliminary glimpse into the WoS database re-
vealed that many new relevant techniques, methods, and scientific research approaches
in EO and ecology were published in that period of time. We state, therefore, that this time
period is fairly inclusive of studies that are still relevant in the present. We suggest im-
portant studies published before 2000 and still relevant for the present to be mentioned in
recent studies and developed further. Therefore, we do not exclude them in the set review
timeframe. In addition, 2000 is the year in which data from the Moderate Resolution Im-
aging Spectroradiometer (MODIS) sensor became available, representing a substantial
change in EO data availability. The described automatic search steps returned more than
3000 publications. Therefore, we added another filtering step by using the “Web of Science
Category” search. “Ecology” and “Remote Sensing” were chosen as categories to filter
publications by disciplines related to our research question. These categories were vali-
dated by manually checking the abstracts after the selection of different Web of Science
Categories. The automatic literature search in WoS resulted in 683 publications.

—

¢ Document type: Article or Review

Literature search in ¢ Language: English
WosS for SCI Papers —= * Publication date: 01.01.2000-1.12.2024
N =683 * Keyword search based on topic, regions, sensor and animal species

Filter by title and abstract: exclusion criteria

¢ animal species study data missing

* satellite-based earth observation sensor information missing
* only UAV data used

« only aquatic animal species studied

« study focus outside polar, cold or high mountainous regions

Manual filter by title
and abstract
N =210

—_—

Filter by full text: exclusion criteria
Manual filter by * no satellite-based earth observation sensor used
full text _J « only UAV data used
N =145 * no animal species data used
« study focus outside polar, cold or high mountainous regions

¢ Meta data: author information, journal, year

* Remote sensing data and additional data (in-situ environmental data
and animal data)

Animal species studied

¢ Analysis: study focus, remote sensing data related to animal species

Data extraction for
. . -
review analysis .

—

Figure 2. Web of Science filtering process, resulting in 145 publications for review.

Furthermore, we filtered all 683 publications manually by reading through paper ab-
stracts. Animal ecology related keywords such as “polar bear’ can appear in an abstract
because of a study’s relevance to that species without being study subjects. Therefore, we
excluded publications that did not focus on the interdisciplinarity between EO and wild-
life ecology research and only mentioned specific species for topic relevance in their ab-
stracts. The same ambiguity can appear for some satellite sensors. “Planet”, for example,
is the name of a company which provides high-resolution EO data, but the word can also
refer to astronomical objects. These latter publications were therefore excluded. This first
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manual filtering resulted in 210 publications for review. Full text reads of these papers
revealed that some studies were missing information about sensor or animal species data,
investigated areas outside polar and mountain areas, or collected data only by ground-
based EO [54,66,67]. These studies were excluded from this review, resulting in a total of
145 publications. The manual screening process was conducted by one author (H.W.).
Ambiguous studies were discussed with the co-author (A.D.) to ensure the fewest mis-
taken exclusions.

In the following review, we manually analyzed: the number of publications over
time, first author country affiliation, spatial coverage, spatial resolution of EO data, stud-
ied species, EO sensors and sensor types, temporal resolutions of EO data and general
methods used in all reviewed studies. In addition, we analyzed how often ground-based
unmanned aerial vehicle and aerial photography data are added to satellite-based EO
data, research objectives generally and split by main animal groups and in which way the
impact of environmental change, including climate change, is mentioned.

Results of metrics such as animal species studies, spatial resolution, and sensors can
result in more than the total amount of selected publications (n = 145), because some stud-
ies investigate more than one animal species or use more than one EO sensor. Animal
species were further grouped into main categories. The spatial resolution of used sensors
was grouped in categories aligning with the spatial ranges of main satellite sensors: <5 m,
5m to<20m, 20 m to <30 m, 30 m to <250 m, and >250 m. The methodological and thematic
part of this review is based on the main research objectives and environmental data, iden-
tified after reading through all 145 publications and is organized as follows:

e  Method groups: landcover classification, habitat modelling, correlation analysis,
change detection, manual animal detection, movement analysis, automated animal
detection, trend analysis and object-based image-analysis.

e  Research objective groups: distribution, foraging, landcover change, reproduction,
movement and insect outbreak.

¢  Environmental data groups: vegetation cover, snow cover, ice cover, single animals,
guano, forest, land cover and land use, and multi-environmental data studies.

3. Results
3.1. Quantitative Analysis of Publication Meta Data
3.1.1. Development of Research Interest over Time

Figure 3 shows the number of publications increasing until 2016 and stabilizing af-
terwards. Beginning in 2000, only one article was published. Between 2016 and 2021, num-
bers increased to 11 published articles per year on average. The number of publications
declined notably in 2022 and 2023. However, from 2023 to 2024 an increase is seen again.
The number of publications per year is categorized by the use of multiple sensors or a
single sensor in each study. We define multi-sensor use by more than one satellite sensor
used for the analysis, independent of sensor types. As the total number of publications
grows, so does the proportion of studies that use more than one sensor, although there is
no significant trend in either of the categories. Overall, the interest in interdisciplinary
research of EO applications for wildlife ecology in polar and mountain regions increases
over time.
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Figure 3. Increasing number of publications stacked by use of multiple satellite sensors or a single

sensor. Each individual sensor is counted as unique even if sensors are of the same type.

3.1.2. Spatial Analysis of First Author Countries

First author country affiliation for publications in this review (Figure 4) is dominated
by countries of the Northern Hemisphere, particularly the USA (n = 48) and Canada (n =
37). No first author affiliations were identified from South American countries. In Europe,
(Figure 4, inset) most of the first authors (n = 8) are located in France. Polar and mountain
areas are of interest for France not only because of the European Alps but also because of
overseas regions like Crozet Islands in the Southern Ocean. Norway (n = 7) and Finland
(n = 6) contribute a comparable number. These two countries belong to an area of wide
boreal forests. Similar to France, polar regions are important to the United Kingdom (UK)
(n=7) because of overseas territories. Territories such as the South Georgia Islands in the
southern Atlantic Ocean are still part of the UK. Additionally, the UK claims sovereignties
of the Antarctic Continent since 1908. First author country affiliations located in the South-
ern Hemisphere are solely represented by New Zealand (n = 3) and Australia (n = 2).

! Number
* of Studies -
‘I 1-5
[]6-10
[ 11-35
I 3640

Bl 41-48 —
|—*:"‘

Figure 4. Spatial distribution of first author affiliation by countries worldwide, including a closer

look to Europe (inset map, bottom-left).
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3.2. Spatial Analysis of Studied Countries and Study Locations

Figure 5 displays the spatial distribution of studied areas on country level. Canada
(n = 43) and Antarctica (n = 40) make up roughly a third of all publications, followed by
the USA (n=19), Norway (n = 16) and Russia (n = 12). Finland (n = 6), Sweden (n =>5) and
Greenland (n = 4) are studied in only a small number of publications. High elevation
mountain areas are represented by single studies in Georgia, Pakistan, Italy and Spain
[68]. No publications investigated high elevation mountain areas in South America and
Africa such as Patagonia and the Atlas Mountains.

Figure 5 additionally displays the actual location of the study areas within the study
countries. Larger and brighter circles represent greater numbers of studies in that specific
location. Concrete study area size information is missing in most of the studies. Therefore,
a comparison of the actual study area size was not possible. Nevertheless, inside Canada,
most of the studies are located in the north-western part of Nunavut and particularly the
Hudson Bay. In the Antarctic, most of the studies are located either at the Ross sea or the
Antarctic peninsula. In the Southern Ocean, Crozet Island (n = 3) and the South Georgia
islands (n = 2) are investigated. Nearly all of the studies in the USA occurred in the state
of Alaska (n=9). Most of the studies in European countries are located on the Norwegian
island Svalbard (n = 7). Studies in countries in relatively warm climatic zones like Italy,
Spain, and Georgia occurred in countries’ mountain regions (the Alps, the Pyrenees, and
the Caucasus Mountains, respectively). Two studies in Pakistan occurred in the Himala-

yan mountains.

Figure 5. Spatial distribution of study areas by countries worldwide, including a closer look at Eu-
rope (inset, bottom-right) and number of studies by study location.

3.3. Studied Animal Species

Publications using EO data for wildlife ecology research in polar and mountain re-
gions mostly investigate bird (52 studies) and ungulate (38 studies) species (Figure 6). Less
frequently studied were seals (16 studies), multiple species in one study (11 studies), in-
sects (10 studies) and polar bears (8 studies). Five or fewer studies per animal investigated
walruses, wolves, snow leopards and bats. We further analyzed specific species of the two
main animal groups, birds and ungulates, represented in the purple pie chart for bird
species and the green pie chart for ungulate species. Of all studies on birds, 25 studies
focused on penguin species [52,54,55,69,70] and 12 studies focused on geese [35,37,71,72].
Of all studies addressing ungulate species, 29 studies address reindeers [21,24,73-76], 4
studies investigate moose [77-81], 4 studies focus on dall sheep [82-84] and only a single
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birds

ungulates

study each focuses on musk oxen and chamois, respectively [85,86]. Multi-species studies
primarily investigate species interactions between prey and predator behavior, move-
ment, and habitat use comparisons of reindeer, wolves and moose. Whale studies are ex-
cluded, because we solely focus on animal species that are related to land surface dynam-
ics.

Research interest tends to favor large animal species. Smaller species, e.g., polar
foxes, snow rabbits, mice moving underneath snow-covered fields, were not investigated
in any of the reviewed studies. Because we focus on satellite-based EO applications for
wildlife ecology research from a more technical, EO data perspective, we cannot state if
the animal species investigated are well-enough representative for polar and cold regions.
We expected large charismatic species like polar bears, snow leopards, and chamois to
have a higher research interest however this was not the case in this review. Especially in
the case of chamois, which have a particularly large range and inhabit several mountain
ranges.
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Figure 6. Studied species in all reviewed articles, grouped by main animal groups. Pie charts display
more specific distributions of the two most frequent animal groups: birds (purple) and ungulates

(green).

3.4. Satellite Based EO Sensors and Sensor Types

A wide range of EO sensors were used in the reviewed publications (Figure 7), with
optical/multispectral (passive) and radar sensors (active) being the most frequently used.
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Of all, 125 studies used passively sensed EO data. Actively sensed EO data were used in
14 studies (Figure 8, pie chart) [83,84,87-90], six studies used passive data combined with
active satellite data [91,92], while five studies used additional thermal sensors of AVHRR,
Landsat or MODIS [93,94]. Ten studies used imagery of AVHRR that also has a thermal
band spectrum, but no hyperspectral sensors were used [95]. Landsat and MODIS sensor
data are used by 63 and 52 studies, respectively [85,96-98]. These sensors are followed by
high-resolution data of commercial satellite sensors (23 studies). Worldview, Rapid Eye,
Planet Scope, SPOT, and GeoEye are regularly used. In comparison, relatively new sen-
sors, without any limitations in data access and short revisiting times, are used less fre-
quently. Sentinel-2 and Sentinel-1 were used in only seven studies [49,99,100] and four
studies [101,102], respectively. Studies using passive and active data combined mainly
investigated snow cover and sea ice in relation to animals’ habitats, foraging areas and
movement. Gautier et al. analyzed the change in caribou movements across inland water
bodies due to changing ice conditions [103]. Jensen et al. investigated the influence of
changing snow cover on geese breeding success and population development [104].
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Digital Globe
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Figure 7. Overview of different satellite-based EO sensors used in all reviewed studies and the rel-
ative distribution of sensor types.

3.5. Spatial Scale

Figure 8 displays the spatial resolution chosen from different sensors in each study,
split by main animal species groups. The information about the spatial scale was taken
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directly from the publications text. This is of importance, because the spatial resolution
differs between different wavelength bands of each sensor. Of all reviewed studies, 51
studies used EO data at a spatial resolution between 20 m and 30 m. This aligns to the
spectrum of NASA’s Landsat and the European Space Agency’s Sentinel satellites. Senti-
nel’s wavelength bands range between 10 m-60 m spatial resolution. Landsat’s wave-
length bands range between 15 m—100 m resolution. The most commonly used are at 10
m-—20 m spatial resolution for Sentinel and 30 m spatial resolution for Landsat [71-74,105].
Lower spatial resolution between 30 m—250 m was used in 39 studies [23,28,40,106,107].
This spatial resolution aligns again with Landsat and the highest spatial resolution of
MODIS, a NASA sensor on the Terra and Aqua satellites in orbit since 2000 that collects
data at high temporal but low spatial resolution. The spatial resolution of MODIS ranges
between 250-1000 m. The most commonly used in analysis-ready products are at 250 m—
500 m spatial resolution, visible in 29 studies with a spatial scale of >250 m and MODIS as
one of the most used sensors (Figure 7). A spatial resolution between 5 m and 20 m was
chosen in 10 studies. Sentinel-1 and Sentinel-2 sensors do also provide data in a spatial
resolution of 10 m. A spatial resolution of even less than 5 m was chosen in 25 studies.
Satellites like Quickbird and Worldview qualify in this range category [85,108-111]. Of all
reviewed studies, 12 studies did not give any information about the spatial resolution
used. Those are shown as “NA” in Figure 8.

In addition to the spatial resolution, Figure 8 displays the distribution of main animal
species groups within the spatial scale that was used in all studies. The two main animal
species groups of birds and ungulates do not dominate every spatial resolution group.
The group of very high-resolution sensors is mostly used in bird studies, followed by
seals. This relates to automated animal detection studies of penguin colonies in the Ant-
arctic, bird breeding colonies and seals resting [33,112,113]. Birds and insects dominate
spatial scales between 5 m—20 m. Lower spatial resolutions are dominated by the two main
animal species groups of birds and ungulates. A spatial resolution between 20-30 m was
most commonly used when working with ungulate data. This corresponds to the spatial
range of Landsat sensors and relates to the large number of vegetation and landcover
change studies (see review on study topics in Section 3.9) connected to ungulate move-
ments [88,106,109,110]. Interestingly, when studying polar bears most of the time a spatial
resolution of more than 250 m was used, corresponding to MODIS sensors.

NA
>250m I
30m-250m | N .
>20m-30m I .
>5m-20m [N
<sm I

0 10 20 30 40 50 60
M birds M ungulates M seals W multi-species M insects
M polar bears M walruses wolves M snow leopards W bats

Figure 8. Spatial resolution of all reviewed studies split by animal species groups.
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3.6. Temporal Resolutions of EO Data

Wildlife ecology research requires spatial and temporal resolution that match the
needs of research questions. When monitoring scenarios of the influence of landcover
change on wildlife ecology [24,40,75,106,107], it is important to have recent data concern-
ing the environment on a regular basis. Single timestep studies such as the impact of a
single rain event on reindeer movement ability in Scandinavian forests for example do not
need high temporal resolution data [24]. All studies were sorted by the following temporal
categories: multi-temporal (several timesteps, but irregular), time series (several
timesteps, regular), multi-annual (several timesteps in one year, but irregular) and mono-
temporal (one timestep). Of all studies, 66 were multi-temporal, 51 were time series, 14
were multi-annual, and 13 were mono-temporal (Figure 9). Figure 9 also displays the
length of the reviewed studies in years related to the publication year. Although, more EO
data are accessible and sensor operation time increases, there is no increase in study length
for studies that used multi-temporal, multi-annual or time series resolution visible. The
mean study length is between 8-10 years.
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Figure 9. Relative distribution of different temporal resolutions of all studies (pie chart) and linear
trend of study length over time.

3.7. Methods Used

We investigated the main satellite-based EO methods for analysing wildlife ecology
in terrestrial polar and mountain regions (Figure 10). Generally, animal species are rather
difficult to monitor, because they move in space and time. Furthermore, in situ animal
population counts are more difficult in polar and mountain regions. Animal species differ
in size between some meters (polar bears and seals) to centimeters (small bird species and
rodents). The appearance of a single animal has to match spatial and temporal scale of EO
satellite sensors to be detectable. More animal species occurring in groups, for example
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Absolute Number of Studies

breeding penguin colonies, increase the chance of detection via satellite imagery. Single
species detection, single individuals or population groups, was a method used in 26 of all
studies. Manual animal detection was used in 15 studies and automated animal detection
was used in 11 studies. Still, even penguin colonies bigger than 10 m in size, could be seen
in Sentinel imagery, yet this was not a common method. The first study of manual animal
detection since 2000 was conducted in 2011 [56,114-116]. From then this method is used
regularly but not increasingly. The first study of automated animal detection since 2000
was conducted in 2007. Again, since then, the method is used regularly, but not increas-

ingly [112,113].
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Figure 10. Main methods used in all reviewed studies between 2000 and 2024 and absolute number
of main methods used (pie chart).

Often satellite-based EO data are used indirectly to determine animal occurrence.
Landcover classification methods were conducted in 41 studies and across the entire
timeframe of the review between 2000 and 2024. Landcover classifications relate to wild-
life ecology in terrestrial polar and mountain regions when for example animal breeding
and foraging habitats are investigated. The most commonly used landcover classification
methods are traditional supervised maximum likelihood classifications and well-estab-
lished machine learning methods. Shen et al. and Roman et al. compared random forest,
support vector machines and neural network models for detection of penguin colonies in
Landsat and Sentinel imagery. In the first study neural networks and in the second sup-
port vector machines achieved the highest model accuracy [100,117]. Similar statistical
methods are conducted for habitat modelling, beside general additive models and re-
source selection functions. Santora et al. for example used general additive models for a
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geographic structuring of penguin colonies across the whole Artic [118]. Gagne et al. in-
vestigated habitat interactions between caribous, moose and wolves by resource selection
functions. Many habitat modelling methods relied on animal GPS occurrence data in ad-
dition to satellite imagery [82]. Habitat modelling methods specifically appear less fre-
quently, in 29 studies for the entire study period [119-121].

Correlation analysis methods (22 studies) and change detection methods (16 studies)
are used starting from 2005 and 2006 respectively. Correlation analysis methods relate for
example to the dependence of geese breeding phenology and reindeer calving phenology
to vegetation changes that are employed in change detection analyses [93,104,122].

Animals are more difficult to investigate because of their movement behavior, but
methods have been developed to address that behavior and its responses to environmen-
tal changes, specifically. Of all review studies, 12 conduct movement analysis methods,
for example reindeer movement behavior reactions to fire events or polar bear movements
in relation to sea ice patterns [75,85,123,124].

Trend analysis methods and object-based image analysis (OBIA) methods are only
conducted in six and three studies, respectively. Trend analysis could also be grouped
with change detection, but in these cases the focus was clearly on trends and single
changes which can occur without any clear trends. Trend analysis methods were used to
uncover the influence of vegetation changes on reindeer and geese [125,126]. The first
trend analysis study was published in 2006, followed by single studies in 2015, 2016, 2019
and 2022. OBIA can be used for automated animal detection, because it can identify spe-
cific objects in single images. Nevertheless, in the reviewed studies the focus was on de-
tection of ice landscapes and penguin guano and therefore considered separately. These
studies were published only recently in 2016, 2021 and 2022 [52,127,128].

3.8. Use of UAV Data in Addition to Satellite-Based EO Data

The main goal of this review was to analyse studies that investigate wildlife ecology
in terrestrial polar and mountain regions by satellite-based EO. In addition to satellite-
based EO data, 15 studies utilized aerial photographs (AP) and 8 studies added UAV im-
agery. Figure 11 shows the development of satellite-based, UAV, and AP (in combination
with satellite-based EO data) in wildlife ecology research in terrestrial polar and mountain
regions between 2000 and 2024. While the solely use of satellite-based EO is increasing,
the use of UAV and AP in addition to satellite imagery was constant over time.

Regarding animal species groups (Figure 12), UAV and AP data supplemented bird
and ungulate species studies, followed by studies investigating seals (UAV and AP), wal-
ruses (UAV), multi-species (UAV) and polar bears (AP). Regarding bird species, studies
use UAV and AP data in addition to satellite imagery for single species detections [102,
129]. Single species detections in UAV and AP data can be upscaled to satellite imagery
and used for population density calculations. Similar studies are conducted for seals and
walruses [51,130]. For ungulate and multi-species studies for example, UAV and AP data
was additionally used to verify habitat variables that were generated by Landsat satellite
imagery. Similar to ungulate species studies, a polar bear habitat study was verified using
AP data taken during flight campaigns [119,131].
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Figure 11. Development of studies that solely use satellite-based EO data, UAV and satellite-based
EO data, and AP and satellite-based EO data.

UAYV and AP data are helpful to upscale animal species information that cannot be
collected by satellite-based EO sensors, for example when spatial and temporal resolu-
tions are too coarse and for analysis validations. Interestingly, the use of that data does
not increase. That could be related to high-resolution satellite-based EO data, becoming
available out of costs. Also, during the Covid pandemic, it was not possible to conduct
field work. But that only refers to the last five years. Stationary climate and weather data
can also be added to satellite imagery. Data from GPS loggers attached to individual ani-
mals were analysed in relation to satellite imagery for habitat analysis and movement be-
havior in 29 studies [13,28,106,132].

« I

0 2 4 6 8 10 12 14 16
Absolute Number of Publications

M birds Mungulates Eseals B multi-species M polar bears B walruses

Figure 12. Additional UAV and AP data split by animal species groups.
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3.9. Thematic Review of Study Foci
3.9.1. General Thematic Review of Study Foci

Finally, we analyzed the thematic context and relevance of studies. First, all studies
were grouped by journal topic. Seventy-seven percent of all articles were published in
journals focusing on ecology. Roughly a quarter (23%) were published in EO-specific jour-
nals. A list of all journals can be found in Appendix A, Figure Al. “Remote Sensing of the
Environment” and “Remote Sensing” are the most frequent EO journals (17 and 9 articles,
respectively). Within ecology journals, “Polar Biology” and “Marine Ecology Progress Se-
ries” published 20 and 12 articles each. Apart from “Global Change Biology” (6 articles),
all other journals generally published one to two articles each.

Figure 13 displays main research topics (left nodes) in relation to main animal species
groups (right node). Sankey charts support complex connections between different foci.
Species investigated only by a single study are combined in one group called “other-spe-
cies”. Studies that investigated multiple species and their interactions are summarized in
a group called “multi-species.” Species distribution studies, the most common focus in
this review, are dominated by birds, seals and walruses, followed by ungulates and multi-
species studies. Studies investigating ungulates and their ecology mostly emphasize their
foraging behavior and the influence of landcover change [108,109,119,133]. Nearly all
studies describing insect species discuss insect outbreaks [95,134,135]. Land cover change
studies focus mostly on birds and ungulates as well as on polar bears, multi-species, in-
sect, and other-species to a small degree [29,107,136-137]. Reproduction studies focus in
the majority on birds but one study each focused on ungulates, seals and walruses, polar
bears and other species [129,138-140]. Movement studies are conducted mostly for ungu-
late species although they occur for birds, polar bears, and seals and walruses [92,132,141].

Environmental Data
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ﬁ
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Figure 13. Sankey chart of main topics (left) and data concerning the environment collected (right),

multi-env

» landcover/landuse

both split by main animal species groups (center).

The right-most node in Figure 13 displays which environmental data were collected
in relation to studied animal species. Studies that collected multiple types of environmen-
tal data are combined in the group “multi-env.” Types of environmental data that were
collected only one to three times are combined in the group of “other-env”. “Animal” is
added as category due to studies that solely focus on the detection of individual animals
without any other environmental data. “Forest” is shown separately from “vegetation”.
“Vegetation” summarizes meadows, fields and grassland, and other types of vegetation
that is not related to forests. This ensures a clearer differentiation in the use of “forest”
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and other “vegetation” that are used mainly by different animal groups. The figure reveals
that most studies that investigate ungulates collect data concerning vegetation, not for-
ested areas, and snow. For studies on bird species, a variety of environmental data were
used, including snow, ice, and vegetation. Studies on birds use data on guano, bird fecal
deposit, more frequently than forest data [35,142-145]. Insect studies mostly used forest
data followed by vegetation data, and only single studies each used snow and “other-
env” data. Studies focusing on the ecology of polar bears and seals and walruses mainly
used ice data. Seals and walruses additionally used animal and “others-env” data. Multi-
species studies used diverse environmental information including vegetation, snow, ice,
land cover, guano, forest and animal data.

3.9.2. Sensor and Sensor Type Specific Review of Study Foci

Figure 14 displays the satellite sensors used for the collection of different environ-
mental datasets. High-resolution satellites, Quickbird, SPOT and Worldview, are more
often chosen for the detection of guano and individual animals [51,52,142]. Landsat and
MODIS, the sensors used for more than half of all studies, were used to collect nearly
every type of environmental data. Snow and ice data are more often collected by MODIS
(24 studies). In contrast, vegetation and land cover/land use data are mostly collected by
Landsat sensors (27 studies), despite MODIS also providing ready-to-use vegetation index
datasets [97,146]. Satellite sensors used in less than three studies are grouped as “other-
sensors.” Some active sensors are grouped in “other-sensors” and seem to be more rele-
vant for icescapes [147]. Data concerning forests are collected by both Landsat and MODIS
in most cases. Generally, environmental datasets can be recorded by different satellite sen-
sors and there seems to be no sensors that are used for only one specific variable. Sensors
in higher spatial and temporal resolution (e.g., Sentinel-2) collect five out of nine datasets
important to wildlife ecology research, but they are not yet used as often as Landsat and
MODIS.

Sensors for Environmental Data

other-sensors

MODIS

AVHRR
Sentinel-1 -

Landsat

Sentinel-2

Worldview

SPOT
Quickbird mm

ice
snow
multi-env
< other-env
/ S ‘\(‘\ ——
S o, ——
- _’%‘\\‘A vegetation

landcover/landuse
forest

animal

guano
Figure 14. Sankey chart of satellite sensors and data concerning the environment they collect.

In addition to Figure 14, Figure 15 shows which sensor type was used to retrieve
information about types of environment. Information about the environment is summa-
rized the same way as in Figure 14. Sensor types are split by passive (multispectral and
thermal), active (SAR), active combined with passive. As mentioned in Section 3.4 in all
reviewed studies, hyperspectral sensors were not used. Multispectral EO data are used to
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generate all types of environmental information, mostly to get information on vegetation.
However, vegetation is generally the most required environmental information. In con-
trast, SAR data are only used to gain insight about vegetation cover (active combined with
passive), other-env, snow and mostly ice. In 16 studies and 3 studies (active combined
with passive) information about ice cover is generated by SAR sensors. Henderson et al.
for example investigated sea ice cover in relation to polar bear movements while hunting
[141] and Massom et al. mapped interannual variability of fast ice and related conse-
quences for emperor penguins [93]. Thermal sensors are used in 6 studies of 145 reviewed
studies. One each to gain additional information on forest, vegetation, other-env and two
related to ice. Labrousse et al. showed the effect of landfast ice on breeding success of
emperor penguins. They mapped areas of landfast ice by visible and thermal infrared
AVHRR bands. Kharuk et al. mapped insect outbreaks in boreal forests with support of
the AVHRR thermal infrared bands and Kennedy et al. classified landcover change in un-
gulate species habitats by visible and thermal infrared Landsat bands. MODIS thermal
infrared bands were used together with seal-borne sensors by Savidge to map polynya
structure at the Pine Island glacier [94,107,145].
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Figure 15. Satellite sensor type (passive, active, active + passive and thermal) used to obtain envi-

ronmental data.

3.9.3. Animal Specific Review of Study Foci

The main focus of bird studies (Figure 16) is distribution (54%), specifically connected
to guano, snow and ice and animals. For example, Le et al. set up a convolutional neural
network to automatically detect penguin colonies in the Antarctic using high-resolution
Worldview and Quickbird imagery. Specifically, they classified the unique-colored guano
stain and fecal deposits of seabirds [112]. However, even lower spatial resolution can suc-
cessfully detect penguin colonies using guano stains, as demonstrated by Fretwell et al.
2015 [143]. They compared freely accessible Landsat data to in situ spectrometer measure-
ments and were able to tie field data to satellite-based EO data [142,148]. Another method
for detecting birds without any other environmental data like guano is through manual
counts in single satellite images [149,150]. In these studies, high-resolution imagery of
Quickbird, SPOT and GeoEye were used. They were able to generate absolute colony
numbers, particularly important because large movements can occur between colonies
[150,151]. Data concerning the environment like snow and ice, vegetation, and land cover
are used for habitat mapping in various studies for multiple types of birds. Vegetation
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data were also used, although less often than other data types, to study distribution of
birds. Ktitorov et al. investigated passerine species by shrub cover classification and Nor-
malized Difference Vegetation Index (NDVI) land cover change using Landsat data [142].

Research Topics guano
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landcover/landuse
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other-env

vegetation

\- sea surface temperature

= forest

Figure 16. Relative distribution of main topics in studies investigating bird species in relation to

data collected about the environment.

Studies that focus on bird reproduction areas and needs (16% of bird studies) fre-
quently used snow/ice data. Labrousse et al. analyzed the impacts of landfast ice changes
on penguin colony breeding success by obtaining data concerning icescapes from MODIS
and AVHRR [145]. Jensen et al. used MODIS and QuickSAT-generated snow cover infor-
mation to understand breeding success or failure of pink-footed geese [104]. Lameris et al.
investigated the effect of climate change on Barnacle goose habitat use and reproduction
success in the Barents sea, Russia, by analyzing MODIS snow cover data [129]. Meyer et
al. investigated breeding success of arctic sand pipers in relation to primary productivity
measured by MODIS [152].

Studies focused on the influence of land cover change mostly used vegetation data.
For example, Tombre et al. and Jefferies et al. studied the rising conflicts between farmers
and geese that occur when overgrazing appears on geese migration stopover sites. They
found that farmers are in need of developing new strategies to deter geese [36,105].

Studies on foraging behavior used data concerning snow/ice and vegetation. Hogrefe
et al. calculated the NDVI from MODIS data to estimate the foraging area of lesser snow
geese in the arctic coastal plains of Alaska, USA [153]. Ice cover trend analyses were con-
ducted by Kavanaugh et al. and Gremillet et al. to collect information about changes in
foraging behavior of Adélie penguins and little auks [19,105,152]. Only three studies fo-
cused on movement, e.g., ecological niche modelling of MODIS sea surface temperature
data products related to albatross movement data [31, 154-156].

Ungulate studies (Figure 17), the second biggest group of species studied in all re-
viewed articles, mostly used EO data concerning vegetation structures and conditions
(53%). The influence of vegetation on movement and reproduction was investigated by
Rickbeil et al. and Mallory et al. They use MODIS and Landsat data to calculate vegetation
indices that are correlated to reindeer movements and calving phenology [96,157]. Most
of the studies using vegetation data focus on ungulate distribution, foraging behavior,
and influences of land cover change. Sharma et al., for example, create species distribution
models based on vegetation classifications derived from high-resolution SPOT imagery to
investigate seasonal changes of reindeer distributions under different climate change sce-
narios [23]. Macander et al. map lichen cover, the main food resource of reindeer, using
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Landsat imagery for habitat classification and foraging behavior [119]. Forest cover
change in Landsat and SPOT images is also used to investigate foraging behavior in a
study by Komers et al. [108]. Land cover classifications derived from Landsat images were
used to generate habitat models for moose in Nikula et al. and Dettki et al. [77,79].

Ungulates: Research Topics

landcover
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Figure 17. Relative distribution of main topics in studies investigating ungulate species in relation

to data collected concerning the environment.

Snow/ice data are used in 33% of all ungulate studies for many different foci includ-
ing distribution, foraging behavior, land cover change, reproduction, and movement. All
these foci are relevant to the increasingly common occurrence of rain on snow (ROS)
events, mentioned by several studies. Rain that falls on snowy fields creates icy crusts that
make it impossible for reindeers to reach their food sources under crusts and are danger-
ous to move through. The probability of crashing through those icy crusts is high, result-
ing in severe leg injuries or even death. Bartsch et al., for example, detect snow surface
thawing and refreezing events using QuickSAT imagery [24] and Leblond et al. tie caribou
GPS movement data in step selection functions to ice characteristics using MODIS prod-
ucts [28]. In reproduction-focused studies that use snow cover data, Mallory et al. charac-
terize the change between vegetation and snow cover in spring phenology and its influ-
ences on successful calving seasons [157]. Earlier spring green-ups influence reindeers in
reproduction success or failure, but reindeers can also have a substantial effect on slowing
arctic greening. Newton et al. study those effects by correlating multi-temporal vegetation
indices with aerial counts of caribou herds. Snow cover data are also important for under-
standing foraging area possibilities of dall sheep, as described in Verbyla et al. This study
found a negative correlation between Landsat- and MODIS-derived snow cover data and
dall sheep population numbers [82]. Van de Kerk et al. analyzed MODIS snow cover prod-
ucts in step selection functions correlated to dall sheep GPS movement data to obtain in-
formation about their ability to move through snow [83].

Seals and walruses, studied in 20 publications, are mostly investigated within the
context of distribution monitoring (70%) and classification of sea ice and landfast ice, their
main habitat used as, resting, so called haul-out, sites. Olsen et al., for example, not only
use MODIS snow cover and sea ice products for mapping potential seal habitats, but also
integrate indigenous knowledge of seal habitat characteristics into their ecological nice
modelling approach [158]. Goncalves et al. developed an automated seal detection algo-
rithm in very high-resolution Worldview imagery [33]. Seal and walrus color contracts
fairly starkly against pack ice. Therefore, detecting individuals in high-resolution imagery
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can even be accomplished by non-scientific volunteers, supporting the development and
training of automatic detection approaches [56,116,159-160]. Reproduction success and
movement studies also use snow and ice data (6% of all seal/walrus studies). Jay et al., for
example, investigated divergent movements of walruses to sea ice [132] and lacozza et al.
analyzed the link between snow cover on sea ice on cub survival rates [140].

When insects were studied in cold and polar regions, it was mainly correlated to in-
sect outbreaks that have an impact on forest cover and vegetation change. Kharuk et al.,
Jepsen et al., and Babst et al. mapped forest degradation by classifying affected areas using
vegetation indices like NDVI derived from multispectral Landsat images or ready-to-use
MODIS products [134,161,162].

Polar bears, a flagship species of polar regions, are not frequently studied in reviewed
publications as expected. Durner et al. and Stirling et al. investigated the movement of
female polar bears and their cubs during spring [39,163]. LaRue et al. demonstrated meth-
ods for manual detection of individuals in high-resolution Worldview satellite imagery
supported by UAV-generated ground truth data [164]. Rising risk of polar bear encoun-
ters to human settlements are investigated by Henderson et al. and LaRue et al. Polar bears
depend on sea ice to hunt for seals, their main food source, but are increasingly forced to
spend more time on land due to declining summer sea ice [141,164].

Eleven studies investigated multiple species within a single study. In some instances,
this occurs because researchers consider entire habitats, which encompasses multiple an-
imals. For example, Wing et al. examined the influence of penguin and seal feeding be-
havior on nutrient fluxes in the sea using MODIS products [165]. In other studies, species
interactions were investigated. For example, Jean-Gagnon et al. and Bleyhl et al. studied
the prey-predator relationships of moose, wolves, and reindeer in boreal forest-logging
areas as well as their changes in movement patterns and habitat use [98,166]. Razenkova
et al. analyzed several northern boreal forest species, like brown bear, lynx and moose,
and they explained inter-species abundance patterns using MODIS vegetation and snow
cover products [167].

3.10. Evaluation of the Impacts of Environmental Changes

All of the above discussed study foci can be affected by environmental changes, in-
cluding climate change, which has a greater impact on polar and mountain regions [1,2].
In the following we additionally describe in more detail how environmental changes, es-
pecially climate change, are mentioned in all reviewed articles. Generally, when searching
for keywords, “climate change”, “climate warming” and “change” in all titles, abstracts
and publication keywords, 45, 15 and 81 studies respectively were listed. Figure 18 de-
scribes climate change related changes of the environment impacting wildlife biodiver-
sity. Of all reviewed studies 59 do not mention any environmental change as specific im-
pact to an investigated species. Those studies are excluded from Figure 18 (right). Figure
18 (left) shows how environmental changes have not been mentioned as influence of a
study focus in roughly the first half of the review study period. In more recent years,
nearly all studies have discussed environmental and climate change impacts as part of
their study foci. Studies that did discuss the influence of environmental changes mostly
mention the importance of population monitoring due to climate change. This is in many
cases when penguin species colonies are mapped by EO satellites from space and algo-
rithms are further developed to detect walrus and seal species. Their monitoring was only
possible on site at very high costs in earlier years. In more recent years, UAV data have
complemented EO satellite imagery to detect animal colonies or groups in satellite im-
agery alone. Even trained citizen science campaigns can help experts when searching for
single walruses on haul-out in satellite imagery [56,69,160]. Changes in sea ice, especially
sea ice decline, has the second highest influence on wildlife biodiversity in polar regions.
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Polar bears depend on sea ice for hunting seals, but summer seasons without any sea ice
are getting longer. Seals struggle because sea ice decline results in a lack of haul-out areas
to keep their pups. Walrus populations rely on sea ice in the same way [38,40,94,168].
Penguin colonies also suffer from declining landfast ice areas. They tend to breed close to
the ice shore for foraging area access and avoid inland areas because of steep slopes. In-
creasing summer seasons, retreating ice shorelines, and smaller landfast ice areas de-
creases their breeding habitat and even results in complete breeding failure [93,139]. Un-
gulate species are negatively as well as positively impacted by changing environmental
conditions. Caribou populations suffer from rain on snow events and earlier thawing of
seas and lakes they used to move on, but might also play an important role in slowing
down shrubification and arctic greening [75,85,110]. Still, caribou also have to adapt their
own calving phenology to a changing vegetation phenology in the artic. Dall sheep also
have to adapt to a changing vegetation phenology. These animals tend to favor earlier
springs and less snow during winter times which makes it easier to move between habi-
tats [82,89]. Insects benefit from a warming climate, but cause stress to forest ecosystems,
because insect outbreaks can weaken trees, a trend which tends to increase due to climate
change [95,124].
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Figure 18. Studies focusing on the impact of environmental change, including climate change or not

(left) and environmental changes that influence study foci plotted by animal species groups (right).

4. Discussion
4.1. Main Findings After Reviewing 145 Studies

Generally, wildlife ecology research in polar and mountain regions demonstrates
many advantages of satellite-based EO, continuously, at large scales, and without the need
for being on site. In polar and mountain regions, in situ data collection incur high costs
and safety risks. This systematic review summarizes studies that focus on the use of sat-
ellite-based EO data in polar and mountain regions to answer questions related to wildlife
ecology research. Increasing possibilities and developments of EO methods align with an
increasing number of publications until 2016. Between 2016 and 2021, the number of pub-
lications stabilized and declined in 2022, followed only by a small increase in 2024. Despite
the increasing number of operational EO missions, the availability of analysis-ready prod-
ucts, and the overall length of available time series, the length of study periods has not
increased. Similar gaps are apparent in the usage of available new sensors and higher
spatial resolution of EO satellite data. MODIS and Landsat, used in the majority of studies,
have been in operation for more than 20 years, and their level-2 and level-3 products are
easy to access free of charge. MODIS Terra, MODIS Aqua, and Landsat were launched in
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1999, 2002, and 1972, respectively. Free access to data from both platforms began in 2000
for MODIS and in 2008 for Landsat. Based on the start of freely available satellite data we
set the review timeframe between 2000 and 2024. While Landsat and MODIS are used
widely, newer but similarly free satellite sensors have been only minimally used. For ex-
ample, the European Space Agency’s Sentinel program, operating since 2014, offers high
spatial resolution (up to 10 m/pixel) and high temporal resolution (revisit time of 4-6
days), but was not frequently used. This suggests a potential knowledge gap of sensor
availability and sensor specific analysis and preprocessing steps in wildlife ecology. The
majority of all reviewed articles is published in ecology related journals. That states a big
interest in using EO methods. It can be assumed that EO data are not used in full potential,
because interdisciplinary work between ecologists and EO scientists is still not promoted
enough to keep ecologists updated, at least in polar and mountain area research
[12,46,169]. Possibilities of support for easier access to new EO data and information about
EO data developments should be encouraged in interdisciplinary working groups. One
outstanding example is the “ROOT: Real-time Earth observation of fOrest dynamics and
biodiversity (ROOT)” project at the university of Wuerzburg. It is an interdisciplinary
project between forest ecologists, Earth observation scientists and computer scientists
[170]. More extensive exchange between wildlife ecologists and EO data scientists like the
one described is needed to push studies addressing present challenges of climate change
and biodiversity loss at the same time.

When investigating wildlife ecology in the vast areas of polar and mountain regions,
three main objectives are the focus of all reviewed articles: monitoring animal populations
by number, home ranges and habitats; measuring the influence of environmental changes
on animal habitats and movements; and mapping habitats using animal-borne sensors.
The last-mentioned objective collects data in addition to EO, but requires being on site at
least once for animal transmitter attachment. The same refers to additional UAV data and
AP data collections. Ground-based EO data are collected at very high spatial resolution,
which is necessary to upscale small-scale information to satellite-based EO sensor resolu-
tions. For example, when investigating animal colony density, UAV data collect infor-
mation about the actual number of individuals that is upscaled to satellite-based EO sen-
sors. Therefore, colony monitoring is carried out using higher temporal but lower spatial
resolution data. Still, UAV data ground-truthing will be important for species density ad-
justments due to changes that cannot be observed from space [100,171,172]. In addition to
personal risks on sites during field data collections in polar and mountain regions, dis-
turbance of the ecosystem and animals, especially during breeding time, should be kept
in mind [173,174].

EO data are collected on different spatial, temporal and spectral resolutions. In this
review, snow, ice, vegetation data were most frequently applied to animal distribution
studies. Freely available and commercially sold EO data provide information about the
environment for such research questions. Limitations that cannot always be overcome are
suitable connections between the needed and available resolutions in space and time, de-
pending on the study question. Furthermore, passive EO data rely on clear, cloudless con-
ditions during the daytime, all of which occur somewhat infrequently in polar and moun-
tain regions. SAR data are independent of light and penetrates clouds, but was only uti-
lized in 14% of all reviewed studies. Thermal infrared bands were only part of 3% of all
studies, while hyperspectral sensors are not used at all. Generally, only a few studies pro-
vided information on wavelength bands utilized. This lack of information on EO metadata
suggests that because most studies are published in ecology related journals, their focus
is on ecology related outcomes and not on remote sensing methods.

Monitoring specific species provides insights beyond species ecology, indicating
changes in their habitats, adjacent economic sectors, and human use. Penguin species, for
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example, are described as important indicators of climate change impacts. Their feeding
behavior (primarily feeding on fish, krill, and squid) can predict effects on fishing indus-
tries [128,151]. When EO data are applied to penguin ecology, it is mostly for the detection
of new colonies and the monitoring of previously identified colonies. Changes in penguin
colony distributions are also clear indicators of climate change impacts, because snow and
icescapes (e.g., the penguin resting and breeding sites) are affected to a great extent
[55,113,114,149]. Similarly, reindeer ecology has direct effects on economics. Their sur-
vival is linked to the survival of people, especially for indigenous communities which
keep traditions alive and rely on them for food and warmth. Their change in movement
behavior indicates changes in plant and snow cover phenology [88,157]. Adapting to ear-
lier spring and longer lasting autumn temperatures is challenging for raising offspring.
Furthermore, ROS events threaten their ability to find food and move between habitats.
Currently, EO data are mainly used to monitor changes in vegetation and snow conditions
for managing and mapping wild and herded reindeer populations. Freely available satel-
lite imagery at high temporal resolution would allow near real-time mapping of ROS
events and could enhance and enable effective responses [24,88]. In summary, EO data
contribute to wildlife ecology research mostly through the use of freely available datasets
to measure snow, ice and vegetation data. Individual animals can be monitored by very
high-resolution EO data of less than 5 m, but those datasets must be purchased.

4.2. Limitations and Benefits of Using EO for Wildlife Ecology Research

Limitations that cannot yet be overcome are costly very high spatial resolution da-
tasets and constraints due to unsuitable weather conditions. Multispectral sensors face the
additional limitation of requiring daylight for data collection. Furthermore, detectable ob-
ject size and imagery costs determine the feasibility and applicability of various satellite
sensors. Freely available satellite imagery is restricted to 10 m spatial resolution of Senti-
nel-2 [45,175-176]. In contrast, very high-resolution satellite imagery such as Worldview
or Quickbird offers 2-3 m spatial resolution but must be purchased. Very high-resolution
imagery allows the detection of single individuals in a penguin colony or seal haul-out
[53,54]. As of today, Sentinel-2 is not suitable for counting single individuals of a popula-
tion, but it is very valuable for population monitoring and detecting habitat use change.
Therefore, studies are largely only limited by spatial scale if they aim to count individuals
using freely available data. However, in many cases, monitoring whole populations can
be achieved using coarser resolutions. These same limitations and opportunities exist for
studies analyzing animal movement. In movement studies, deciding for suitable temporal
resolutions is even more challenging. Animals transmitters can collect data up to several
times in a second, but no satellite sensors collect data in that very high temporal resolu-
tion. It is a spatial mismatch between animal transmitters and satellite imagery that needs
to be overcome.

Still, depending on the research question of each study, EO data offer the major ad-
vantages of high temporal resolution and wide coverage. Satellite imagery covers the
whole planet with revisiting times as short as one day. In situ data collection in polar and
mountain regions is mainly restricted by daylight and suitable weather conditions, and it
incurs high costs and substantial safety risks. In contrast, EO data are generated year-
round by day and night without end-user costs or scientists exposed to extreme weather
conditions.

4.3. Future Perspectives

EO sensors and methods continuously develop and advance. The first Sentinel satel-
lites from the European Copernicus program were launched in 2014 and commercial very
high-resolution satellite data are partially freely available. Companies such as Planet, for
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example, work with big numbers of very small nanosatellites, CubeSats, in the Plan-
etScope constellation. Very high-resolution data can be requested under special funding
conditions, and data of lower spatial resolution, but daily temporal resolution is accessible
freely on Planet Labs. Although the spatial resolution of available EO satellite data in-
creased over time, there is no visible trend yet to the use of higher spatial resolution in
more recent years. Of additional interest for biodiversity monitoring will be CHIME, the
European Copernicus hyperspectral imaging mission, starting in 2028 with a free and
open data policy. In all reviewed studies of this review, none used hyperspectral data.
These developments suggest that, although previous research has focused mostly on mul-
tispectral EO data for wildlife ecology research in polar and mountain regions, higher
resolution data may be able to answer research questions in greater detail of, e.g., ROS
events, near real-time monitoring of animal movement reactions on changing weather
condition.

In remote areas like polar regions, with little to no daylight for long periods, SAR
(synthetic aperture radar) data might offer opportunities that multispectral satellite sen-
sors are not able to provide. Because they can penetrate clouds and are independent of
illumination conditions, SAR sensors could be useful for polar and mountain regions dur-
ing winter seasons [177]. Although limited by additional constraints of more complex pro-
cessing, few ready to use products, shorter time series, and lack of daily observations, SAR
still offers high potential for wildlife and ecology research. In current studies, SAR data
are mainly used to retrieve information about sea ice changes and influences on for exam-
ple caribou movements on inland water bodies or penguin habitat selection [24,141,178].
Advantages of SAR over optical data to overcome limitations of cloud cover or darkness
are under-utilized. In addition to detecting sea ice, SAR can offer advanced insights such
as wet snow extent and vegetation characteristics, or might even be able to detect animal
colonies during cloudy and polar night days [175,176,179-184].

Artificial intelligence (Al) is receiving increased attention in science, as it enables
novel approaches in many different application areas. Machine learning algorithms are
used by random forest models and neural networks in EO for landcover classifications,
single object detection, and change detections [185,186]. In landcover classifications, Al
methods are commonly used over traditional methods of supervised- and unsupervised
classifications. Roman et al. compare the power of different machine learning classifica-
tion methods for guano and landcover classifications. The best results were achieved with
support vector machines and random forest models [100]. In single species detection, Le
et al. used convolutional neural networks in several learning steps to detect single pen-
guins in very-high resolution imagery [112]. Comparable convolutional neural networks
are applied by Goncalves et al. for automatic detection of seals on haul-outs [33,187]. Au-
tomated single species detections in satellite imagery much more efficient than traditional
on site and manual counts. In addition to detecting single individuals, complex analyses
of Sentinel-1 SAR data could be streamlined when combined with ready-to-use Al gener-
ated algorithms. Shorter response times could be enabled by Al based near real-time anal-
yses, for example, in the cases of reindeer herding management or agricultural field man-
agement during geese migration. Future access to EO satellite data in higher spatial and
temporal resolution combined with Al algorithms can enable further analysis including
tracking penguin colony changes related to snow and ice data.

Moreover, in addition to rapid growth in EO satellite sensors and AI methods, the
possibilities of animals being sensors for the environment themselves develops in line.
Transmitters are fixed onto the back of birds, mammals and water living species, collect-
ing data not only about the animals position, but temperature, air pressure, salinity, chlo-
rophyll-a, or height [12,188-189]. Transmitters get smaller and the influence of transmit-
ters on the animal behavior is investigated to account for side effects [190]. Still, to mount
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transmitters onto animals, at least one on site action has to take place. After that, the ani-
mal borne sensor data are collected remotely. For that reason, not only developments in
EO pushing ecology research and animal monitoring forward, but also ecology support-
ing EO should be kept in mind. Animal borne sensors and EO sensors that complement
each other might be a step stone for better exchange between ecology research and EO
scientists. Methods, research needs, and skills can be mutually shared and two big envi-
ronmental crises (climate change and biodiversity loss) can be approached by interdisci-
plinary work.

5. Conclusions

Environmental information that is needed by wildlife ecologists for research in polar
and mountain regions can be provided at high spatial and temporal resolution by Earth
observation data not only from the ground, but from space. A total of 145 studies are re-
viewed and analyzed with respect to publications published between 2000 and 2024,
study areas, animal species studied, sensors used, spatial and temporal resolutions
needed, and main research objectives. Below, we summarize the main findings of this re-
view:

e Interest in EO data for wildlife ecology research in polar and mountain regions in-
creased from one publication in 2000 to a maximum of 12 publications in 2016 and
2021. On a country level, the majority of studies are located in Canada (43 studies)
and the Antarctic (40 studies). Regionally, study locations are dominated by the Ant-
arctic peninsula, Nunavut in Canada, Svalbard in Europe, and Alaska as part of the
USA. Most of the authors are affiliated with the USA (48 studies) and Canada (37
studies).

e  Bird (52 studies) and ungulate species (38 studies) are the main animal groups and
are dominated by penguin species (25 studies) and reindeers (29 studies), respec-
tively.

e A total of 130 studies used multispectral data, while only 15 studies used SAR data.
The majority of studies applied Landsat data (63 studies) and MODIS data (52 stud-
ies). This aligns with the findings that spatial resolutions of 20 m-30 m were used for
44 studies and resolutions of 30 m—250 m were used for 31 studies. Despite long-
running satellites (e.g., Landsat and MODIS) and the majority of the studies being
multi-temporal (66 studies) and time series analysis (51 studies), there is no increase
in study length.

e  Environmental EO datasets were most frequently accessed for vegetation (32 stud-
ies), ice (29 studies), and snow (19 studies). Research focused mainly on distribution
mapping (64 studies) and foraging area analyses (26 studies). Landcover classifica-
tion and (41 studies) and habitat modelling (29 studies) are the methods applied most
of the time.

e Major challenges of interdisciplinary work include the promotion of unused oppor-
tunities and expanding study areas to eastern regions. The potential of available Sen-
tinel-1, and -2 data, new sensors like CHIME, and Al concepts are not fully realized.

e  Choosing an EO dataset that fits in spatial and temporal resolution seems to be chal-
lenging in the wildlife ecology community. Interdisciplinary working groups should
be encouraged.

e  Rapid changes in climate and landscapes require efficient, continuous monitoring of
environments and their inhabitants. Near real-time data collection and connection to
animal species data should be discussed for short-time management planning and
climate change related adaptations.
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