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Abstract: Monitoring and understanding Antarctica is critical for conservation of its values.
Remote sensing has been increasingly employed to observe large areas at higher frequency than
traditional monitoring methods, enabling systematic assessments at low cost. However, currently
there are limitations in the ability of the available remote sensing tools to answer the most pressing
scientific, ecological, and biological questions associated with anthropogenic impacts, including
climate change, in Antarctica. Here we summarise the latest findings on remote sensing tools and
techniques, identifying the gaps and highlighting priority areas for future development. Major ongoing
challenges concern the intensive cloud coverage and ephemeral snow cover that prevent ongoing
observations of ice-free areas and the fine spatial scales required to undertake assessments of
terrestrial ecosystems, their biota, and the human footprint. Opportunities arise in the realms of
advanced statistical techniques to harness the potential of increasingly available data from orbital
satellites and Unmanned Aerial Systems also commonly known as drones, at multiple scales and
resolutions. We conclude that harnessing emerging technological advances in remote sensing will
enable new understanding and ultimately protection of Antarctic ecosystems.

1. Introduction

Antarctica is relatively pristine and collaboratively protected (The Antarctic Treaty System,
1961), yet its ecosystems are subject to persistent ongoing threats and rapid changes (Robinson et al.,
2020). Climatic shifts (Clem et al., 2020; Meredith et al., 2019; Turner et al., 2014), research
infrastructure development, invasive species (Hughes et al., 2020; McCarthy et al., 2019), pollution,
and the rapidly expanding tourism industry (IAATO, 2021) threaten Antarctic terrestrial ecosystems.
Ecological impacts of climate change linked with warming in parts of Antarctica are easily detectable
(Bokhorst et al., 2022; Moreau et al., 2015; Royles & Griffiths, 2015; Turner et al., 2014; Wege et al.,
2021b). Feedbacks prompted by the expansion of ice-free areas (Lee et al., 2017) are a catalyst to
increasing temperatures as these surfaces reduce the local albedo, with further consequences to
climate and biodiversity (Amesbury et al., 2017). While major disturbances have been documented in
the Antarctic Peninsula, recent studies demonstrate that the rapid effects of climatic shifts are
reaching the entire Antarctic continent including areas previously thought undisturbed (Kingslake et
al., 2017; Robinson et al., 2018). Therefore, now more than ever, continental scale assessments of
Antarctica’s ecosystems are crucial to inform the prioritization of conservation actions. Establishing
continuous, systematic, long-term, and spatially adequate monitoring of this remote and harsh setting
is very challenging (Sanderson, 2010). Directly monitoring Antarctica has been likened to surveying



and monitoring extra-terrestrial planetary conditions (Barthels, 2020; Cassaro et al., 2021; Page, 2019;
Salvatore & Levy, 2021; Sassenroth et al., 2021). Although polar environments are home to unique
ecosystems, have high conservation value, and are vital for regulating global climate (British Antarctic
Survey, 2017; Meredith et al., 2019; National Aeronautics and Space Administration, 2021; Norwegian
Polar Institute, 2021), only a fraction has been invested in Antarctic research compared to the amount
of money invested in past Mars missions (McCarthy, 2021).

Polar environments are changing rapidly (Cannone et al., 2021; Robinson et al., 2018), often
outpacing our ability to determine baselines or monitor ecosystems through traditional means.
Remote sensing products are relatively cheap, geographically comprehensive, and have measurable
uncertainties. Satellite observations play a significant role in providing instantaneous, large-scale, and
continuous products for informed decision making and for the assessment of impacts due to climate
change in a broad range of ecosystems (Yang et al., 2013). Critically for Antarctica, satellite sensors
provide observations in remote and difficult to reach areas, reducing field workload and associated
risks to researchers. Satellites provide information at a scale unable to be determined through on
ground research.

Orbital satellites and drone sensors offer sufficient capability to detect seals (LaRue et al.,
2020; McMahon et al., 2014; Wege et al., 2021a), penguins (Bird et al., 2020; Cimino et al., 2013;
Fretwell & Trathan, 2021; LaRue et al., 2019; Pfeifer et al., 2021), and other seabirds (Dunn et al., 2021;
Southwell & Emmerson, 2015) in Antarctica and the Sub-Antarctic Islands. More recent advances
reveal the potential of remote sensing observations for identifying and monitoring Antarctic
photosynthetic organisms, such as grasses (Calvifio-Cancela & Martin-Herrero, 2016), lichens, moss
(Malenovsky et al., 2017; Sotille et al., 2020; Turner et al., 2018) and even highly ephemeral snow
algae blooms (Gray et al., 2020, 2021; Huovinen et al., 2018; Levy et al., 2020; Salvatore, 2015;
Salvatore et al., 2020). Another emerging field of research is detecting the human footprint on ice-
free areas of Antarctica (Bollard et al., 2015; Brooks et al., 2019a) with fine-scale satellite and high-
resolution drone imagery.

Challenges remain in current data scales, processing methods, and analysis techniques. Spatial
resolution is one critical issue for biological data, particularly in Antarctica. While Antarctic vegetation
are distributed in small (< 1 m) patches, most freely available satellite imagery has spatial resolution
beyond 10 meters. Although commercial satellite observations may offer sufficient spatial (< 1 m) and
spectral resolve, acquisition costs largely constrain long-term assessments of rapidly changing
ecological processes. Clouds pose a further challenge, resulting in critical data loss in optical satellite
observations while seasonal snow cover hampers the accurate identification of ice-free areas. Drone
mounted hyperspectral, multispectral, thermal and RGB sensors allow near-real time observations to
be acquired at ultra-high spatial resolutions (1 cm) over regional areas but can be expensive to deploy
and mostly must be accompanied by a drone operator.

Addressing these challenges will be essential for protecting Antarctica’s ecosystems, which
requires processing and synthesising considerable amounts of data (Nowogrodzki, 2020). Decisions
about protected area management (LaRue et al., 2022), biosecurity (Bergstrom et al., 2021; Hughes
et al., 2020; Smith et al., 2022), and species status (Jenouvrier et al., 2020) are all underpinned by data
and data-informed models. Harnessing advanced remote sensing products is likely to lessen the cost
of research and the impacts associated with field work in Antarctica, while addressing major data gaps
in biodiversity and ecosystem monitoring (Leihy et al., 2020).

Here we identify current challenges to monitoring terrestrial ecosystems in Antarctica with
remote sensing techniques, focused on ice-free areas. We focus on how remote sensing can assist in



answering the scientific priorities for terrestrial Antarctica identified by the Antarctica and Southern
Ocean Horizon Scan (Kennicutt et al., 2014): the understanding of ice sheet mass loss (melt), the
expansion of ice-free areas and impacts to local biodiversity and finally, identifying large-scale direct
human impacts. Then, we explore solutions currently available for these challenges. Where gaps
persist, we highlight priority areas for future work in remote sensing and Antarctic research.

2. Opportunities and Challenges for Remote Sensing Antarctica

In the next subsections, we review the state of the art and challenges of monitoring and
detecting changes in vegetation, water tracks, ice-free areas, and human impacts in ice-free areas of
Antarctica. The temporal and spatial scales required for adequately monitoring terrestrial ecosystems
in Antarctica are summarised in Figure 1. For instance, photosynthetic organisms may present diurnal
to decadal changes and at sub-centimetre to meter spatial scales. These several ranges of scales may
be collectively covered with ground-based observations, drones, nano, and large orbital satellites.
Nano satellites bridge the gap between large satellites and drones.
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Figure 1: Characteristic spatial and temporal scales required for remote sensing and ground monitoring
of terrestrial photosynthetic organisms, human footprint, water tracks and rock outcrops in ice-free
areas of Antarctica.

2.1. Characterising Terrestrial Photosynthetic Organisms

Long term ground monitoring of vegetation cover, type and health have increased our
understanding of decadal patterns and drivers of change in localised areas of Antarctica (King et al.,
2020). In-situ assessments, while accurate, are weather dependent, constrained by logistics, intrusive
and spatially inadequate to comprehensively map and monitor the distribution and health of Antarctic
vegetation on large or continental scale. Moss turfs and lichen patches are small (cm to m) and
spatially fragmented, therefore discriminating from other land surfaces is challenging even with fine-
scale satellite observations (Malenovsky et al., 2017). The rapid changes in Antarctic vegetation due
to pressures like climate change occur at sub-meter scales (Amesbury et al., 2017; Cannone et al.,
2021; Robinson et al., 2018), while techniques for remotely sensing vegetation in Antarctica and
elsewhere are mostly at coarser resolutions (>10 m) (Gray et al., 2020; Sotille et al., 2020). Without
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baseline data at adequate scales, predicted or observed ecological response to future climatic events
will remain uncertain (Royles et al., 2013; Royles & Griffiths, 2015).

Some solutions to fine-scaled vegetation mapping have arisen. Sub-meter scale satellite
observations have provided insights into snow algae blooms and primary productivity on seasonal
scales (Gray et al., 2021). Alternatively, multispectral and hyperspectral sensors onboard drones have
provided insights into the physiological state of moss beds, species distribution and subtle changes at
ultra-high spatial resolutions (~5 cm) and over regional ice-free areas of Antarctica (Bollard et al., 2022;
Levy et al., 2020; Malenovsky et al., 2017; Miranda et al., 2020; Sotille et al., 2020; Turner et al., 2018).
Recent studies have investigated the role snow algae play in reducing albedo and accelerating melt
rates (Cook et al., 2020), and as an important terrestrial carbon sink in polar areas (Gray et al., 2020).
Cook et al. (2020) employed centimetre-scale multispectral drone imagery and meter-scale satellite
observations to upscale the drone data. However, retrieving ephemeral snow algae blooms with
remote sensing requires hyperspectral information for accurate discrimination against other light
absorbing impurities (Huovinen et al., 2018).

The contemporary challenges in identifying and mapping Antarctic vegetation with remote
sensing concern the classic trade-off between spatial, spectral, and temporal resolutions. Currently
utilized multispectral sensors, such as Sentinel-2 (20 m) and Landsat-8 (30 m), provide a limited
number of visible spectral channels (~4), insufficient for determining plant species, health, and
physiological status (Turner et al., 2019). In addition, the ability to detect individual targets
deteriorates with decreasing spatial resolution, and therefore, sub-meter scale imagery is critical for
accurate determination of fragmented moss beds among rocks, regardless of the number of channels.
Using drone-mounted sensors for harnessing long-term and large-scale continuous observations is
challenging and costly due to their limited spatial and temporal coverage. Finally, cloud/snow
coverage is an intermittent feature over Antarctica, resulting in major data gaps, needing weekly or
monthly composites for systematic and continuous long-term assessments.

The main opportunities for future remote sensing of Antarctic vegetation include: First,
exploring centimetre-scale observations from drones and upscaling to those acquired by the
constellation of nanosatellites instruments such as Pleiades and SkySat, for reliable and continuous
identification of moss beds and other types of fragmented vegetation. In addition, the strategic
deployment of hyperspectral sensors on drones across Antarctica offers opportunities for local,
centimetre-scale and high-quality observations for validating products from orbital satellites (Calvifio-
Cancela & Martin-Herrero, 2016). Second, Light Detection and Ranging (LiDAR) observations are
helpful to structurally discriminate bryophytes, lichens, and other cryptic plants at meter-scale
resolution Moeslund et al. (2019). This is an opportunity not yet explored in Antarctic ecosystems and
may help validation of more-frequent satellite data for identifying vegetation types. Third, Synthetic
Aperture Radar (SAR) observations such as those provided by COSMO SkyMed (0.8 m), and TerraSAR-
X (0.6 m) instruments may be employed to overcome data gaps due to clouds and low solar elevation
(Schmid et al.,, 2017). Fourth, advanced statistical processing techniques for automated image
classification such as support vector regressions (Malenovsky et al., 2017), random forest modelling
(Turner et al., 2018) and machine learning (Esposito et al., 2019) are being actively developed as
computational and statistical methods arise from non-Antarctic applications.

2.2. Mapping Water Tracks
Water tracks are pathways of liquid water or high soil moisture down streaming in ice-free
polar areas (Levy et al., 2011). Monitoring water tracks in Antarctica is critical for understanding the
evolution, ecology, and biodiversity of sensitive terrestrial ecosystems at the threshold of change



(George et al., 2021). Snow and ice melting has accelerated at unprecedented rates in the past century
(Abram et al., 2013), leading to the expansion of water tracks and hydrological systems in polar
environments. The seasonal development of water tracks and shallow groundwater systems are a
major source of liquid water to the arid and barren ice-free areas of Antarctica (Barrett et al., 2006),
as shown in Figure 2. Increased liquid water availability associated with recent climatic shifts suggest
significant effects on ecosystem functioning of ice-free areas (Amesbury et al., 2017; Ball et al., 2021;
Cannone et al., 2021; Royles et al., 2013). Water tracks drive biodiversity in Antarctica as pathways of
solutes and nutrients to cold, desert soil ecosystems (Levy et al., 2011). Water tracks provide
favourable conditions for the development and maintenance of cyanobacteria, invertebrates, and
photosynthetic communities (Ball et al., 2021; Buelow et al., 2016; Eifert et al., 2020). The microbial
ecosystems enabled by water tracks can impact biogeochemical fluxes and stocks of carbon within
Antarctic cold desert soils (Ball & Levy, 2015; Power et al., 2020).

Figure 2: Ice free area in Stevenson’s Cove, ASPA 136, Windmill Islands, including rock outcrops, moss
beds and liquid water. Photo by Sharon Robinson.

Although water tracks have been broadly investigated with in situ measurements (George et
al., 2021; Gooseff et al., 2013; Levy, 2021; Levy et al., 2011) and remotely elsewhere (Evans et al.,
2020; Jorgenson et al., 2018; May et al., 2018; Trochim et al., 2016), their distribution and evolution
remain scarcely described Antarctica wide. Optical satellite observations acquired at sub-meter scale
(~0.5 m) have been useful to locally detect and monitor water tracks during the annual thaw season
(Langford et al., 2015). Likewise, optical satellites have aided the identification of microbial mats
adjacent to glacial meltwater streams and lakes, and key biological properties, such as carbon stock,
were estimated within an Antarctic Specially Protected Area (ASPA) (Power et al., 2020). However, a
composite of several images is often required to overcome data availability issues due to cloud cover
and shadows (Kingslake et al., 2017). Alternatively, these hydrological features are highly detectable
with active and passive microwave sensors and with Synthetic Aperture Radar (SAR) instruments
(Lavender et al., 2016; Leduc-Leballeur et al., 2020; Picard & Fily, 2006; Torinesi et al., 2003). Micro
and radio waves penetrate through clouds and increase data availability even in poor illumination
conditions as active sensors are independent of sunlight for measurements. However, the only
operational product currently available for Antarctica is provided at a very coarse spatial resolution
(25 km) (Picard, 2021), which is insufficient for the characterisation of meter-scale drainage features.



Clouds hamper the observation of terrestrial targets with optical satellites and alternatives
are needed in Antarctica. Microwave and SAR observations offer an opportunity for reliably
monitoring water tracks — and therefore the biodiversity they support — because of their ability to
sense through clouds. The main challenge in this field is to derive a new operational product at sub-
meter spatial resolution and on daily to weekly basis for accurate assessments. With increasing
availability of SAR sensors on orbital satellites, such as COSMO SkyMed (0.8 m), Radarsat-2 (1 m), and
TerraSAR-X (0.6 m), high spatio-temporal resolution observations are available for ongoing detection
and monitoring of water tracks and soil moisture in Antarctica. Likewise, optical sensors on drones
may be employed in regional areas for small-scale monitoring and for validation of satellite products
(Levy et al., 2020). Open-source tools for processing SAR data are now available (e.g., SNAP tool by
the European Space Agency - ESA) allowing the delivery of reliable products in near-real time.
Developments with machine learning algorithms can be transferred to Antarctica for reliable and
automated retrievals of soil moisture and water tracks features (Collingwood et al., 2018; Zhang et al.,
2018).

2.3. Assessing the Human Footprint

Only 32% of Antarctica’s total area is considered wilderness or largely undisturbed by direct
human activities (Leihy et al., 2020). Up to 5000 researchers per annum temporarily reside in the 90
active Antarctic and sub-Antarctic research stations during summer months and nearly 74,000 tourists
visited Antarctica during 2019/2020 season (IAATO, 2021). Human impacts on ecosystems and
biodiversity can be destructive. Locally in Antarctica, human activities introduce species (Bergstrom,
2022; Hughes et al., 2011b), disturb fauna and vegetation, compact soil (O'Neill et al., 2013), cause
sewage and hydrocarbon contamination (Camenzuli & Freidman, 2015), and compete for space
(Putzke et al., 2020). Cumulative impacts are magnified by human activities being mostly constrained
to ice-free areas (Brooks et al., 2019a), and will increase with climate change (Bennett et al., 2015),
intensified research activities (i.e., Figure 3) and expanding tourism (Brooks et al., 2019a; Lee et al.,
2017). Monitoring the current and growing extent of humans in Antarctica is critical for assessing
compliance with the Antarctic Treaty System, as well as projected ecological consequences and
identifying where protection and management is needed to mitigate these.

Figure 3: Research personnel and extensive moss carpets in an ice-free area in South Shetland
Islands. Photo by Andrew Netherwood.

Evaluations using historical archives of data on the biodiversity impacts of human activities in
Antarctica emphasise the need for systematic monitoring on the human footprint and preservation of
pristine and wild areas through the Treaty and the ASPAs (Hughes et al., 2011a). However, few studies



have directly utilised remote sensing observations for identifying the human footprint and derived
impacts in Antarctica. From Google Earth base maps Brooks et al. (2019a) estimated that at least
0.48% of Antarctica’s total area is affected by the human footprint. In general, remote sensing can
support assessments of human impacts on local climate/environment and microclimates; disturbance
of permafrost and moss beds; ship and ice breaker tracks; soil erosion, compaction, and
contamination; oil spills and pollution; light and atmospheric pollution and the direct impacts of
research activities (RUmmler et al., 2021). The commissioning and decommissioning of bases, as well
as installation of clean energy facilities may be evaluated with remote sensing to provide baseline
information on changes due to these activities (Bollard et al., 2022).

Challenges remain for mapping human footprints in Antarctica, and by extension the impacts
on Antarctic biodiversity, with remote sensing. First, the ability to detect changes at adequate scales
and pace relevant for monitoring and management is currently unexplored. Contemporary
multispectral sensors onboard drones and cube satellites with high spatial resolution (< 0.5 m), allow
the accurate identification of buildings, structures, tracks, campsites, and facilities (Bollard et al.,
2022). However, these high-quality observations (for instance from PlanetScope, SkySat and ESA
CubeSats) have varied temporal resolutions, ranging from daily to every 5 days revisit frequency.
These data gaps are further increased by cloud cover (Roy et al., 2021) and observation frequency may
not be able to capture the pace of human induced changes in Antarctica. Second, mapping ongoing
human presence does not directly inform the scale of human impacts in the landscape. These are
often spatially co-occurring, e.g., pollution and damaged vegetation occurs in areas with concentrated
human settlement (Pertierra et al., 2017). However, the long-term consequences of other human
impacts, such as the introduction of non-native species (Tin et al., 2009) or the increase of black carbon
content around research facilities and popular tourist-landing sites (Cordero et al., 2022) remain
unknown or vary depending on where they occur.

Detecting these impacts is less feasible than detecting the more obvious, long term
environmental impacts. One significant opportunity for detecting human footprint changes is
automated detection algorithms. These would be highly efficient with machine learning tools,
compared to manually digitising thousands of satellite images for training of classification algorithms.
Another opportunity may be available by expanding global settlement maps, such as the World
Settlement Footprint (Esch et al., 2022; Marconcini et al., 2020) and the Global Urban Footprint (Esch
et al., 2017) datasets to Antarctica. Critical questions remain on how to quantify and qualify human
impacts and how to evaluate the effectiveness of ASPAs remotely. For instance, before and after the
implementation of a conservation area, can we remotely detect any changes that support ASPAs to
continue? How can we capture objective evidence of human disturbances from remote sensing?

2.4. Mapping Ice-free Areas

Ice-free terrestrial areas are home to most of Antarctica’s biodiversity (Terauds & Lee, 2016),
but cover a relatively small portion of the continent (<1%) (Brooks et al., 2019b; Burton-Johnson et al.,
2016). These rocky habitats, free of permanent ice, provide essential breeding grounds for penguins,
seabirds, seals, invertebrates, and vegetation (Figure 4). There will be considerable ecological
consequences of projected ice-free area expansions with rising temperatures and subsequent ice
melting (Lee et al., 2017). For instance, macroalgae and fungi rapidly colonise newly formed ice-free
benthic substrates following glacier retreats and seasonal ice melt (Quartino et al., 2013; Tsuji et al.,
2013). A continent-wide understanding of Antarctic biodiversity will rely upon an understanding how
ice-free areas are predicted to change and the implications for terrestrial biodiversity (see Lee et al.,
in this issue). In addition, mapping the extension and expansion of ice-free areas, which includes
carbon-rich permafrost, would contribute to a better understanding on carbon stocks and fluxes



associated to these sensitive environments (DeConto et al., 2012; Wadham et al., 2019). These
habitats are spatially fragmented in Antarctica, and to date the only way they have been
comprehensively identified and mapped has been via remote sensing observations. However,
determining their extent from space is a challenging task because of Antarctica’s intense cloud
coverage, low solar elevation angles (<20°) and seasonal snow cover. It is critical to overcome these
technical challenges to accurately quantify ice free areas and to understand terrestrial Antarctic
biodiversity.

Figure 4: Hawker Island, East Antarctica - Ice free areas of Antarctica are hot spots of biodiversity,
including seabirds and vegetation. Photo by John van den Hoff.

Several remote sensing approaches have been developed for mapping rock outcrops in ice-
free areas and are currently available as data products in the Scientific Committee for Antarctic
Research (SCAR) Antarctic Digital Database (ADD) (British Antarctic Survey, 2021). A widely used legacy
product was generated by manually digitising cartographic maps and historical satellite observations
dating from 1960 to 2019 (Gerrish et al., 2020). However, this approach is subjective to interpretation
and combines multiple datasets with different scales and accuracies. A new approach uses an
automated classification to delineate rock outcrops from Landsat-8 images at 30 m spatial resolution
and showed that ice-free areas may occupy only 0.25% of the Antarctic continent (Burton-Johnson et
al., 2016). However, when combining these two products, the resultant ice-free area is twice as large
(0.5%) (Brooks et al., 2019a), illustrating potential inaccuracies to be addressed in each product.

Three significant challenges arise due to the dynamics of the system and to persistent
environmental effects. First, the currently available products do not consider weekly to seasonal
variations in snow/ice cover and may be not representative of temporal changes, current conditions,
and trends in ephemeral ice-free areas of Antarctica. Second, shadows and rocks are spectrally similar,
often leading to misclassification issues, which can be improved for low solar elevation angles and
extreme topography (Kang et al., 2018). Third, intensive cloud coverage in Antarctica requires visual



validation to ensure the accuracy of products derived from optical imagery and automated
classification procedures, which is impractical and subjective. The next big opportunities for reliably
mapping these biodiversity-rich ice-free areas from satellites include exploring SAR instruments, such
as IceEye, TanDEM-X, TerraSAR-X and PAZ constellations to identify meter-scale rock outcrops through
clouds and varying illumination conditions (Schmid et al., 2017) and to identify daily to seasonal snow
cover over ice free areas (Tsai et al., 2019). Harnessing these high-quality observations with the
implementation of automated procedures will allow the accurate retrieval of continuous and fine-
scale ice-free maps in Antarctica.

3. Tools Required for Future Research

Scale and resolution are an overarching remote sensing challenge for biodiversity
conservation in Antarctica (Chown et al., 2015). Earth observation satellite sensors (e.g., Landsat and
Sentinel constellations) provide high radiometric quality imagery (> 12 bits), and global coverage
adequate for mapping of water tracks and detection of ice-free areas but are insufficient for small-
scale targets such as fragmented moss beds and human footprints. Automated and intelligent
algorithms, such as machine learning tools, allied with a robust uncertainty assessment and validation,
should be further explored for continuous monitoring of these targets. Conversely, the surge in low-
earth orbit nano-satellite sensors (PlanetScope, SkySat, etc.), are revealing a range of opportunities
for sub-meter scale monitoring (Arthur et al., 2020). These commercial observations may be freely
available for research purposes, which can unlock a variety of environmental assessments including
more frequent (daily to weekly), evaluation of vegetation distribution and human footprints in ice-
free areas. Integration of these platforms with drone imagery is likely to open a new field of research,
and data fusion algorithms are now being explored (Alvarez-Vanhard et al., 2021; Backes & Teferle,
2020; Gray et al., 2018; Miranda et al., 2020; Santangeli et al., 2020).

While nano-satellites sensors provide a wealth of information within the visible spectrum, an
additional set of narrower spectral bands would allow better resolve of vegetation species and other
targets. For instance, the inclusion of one or two near-infrared (NIR) bands are of critical use for moss
health information, since healthy versus stressed mosses present different spectral characteristics in
these bands (Malenovsky et al., 2017; Turner et al., 2019). Conversely, hyperspectral sensors are
useful for the reliable identification of photosynthetic organisms in microbial mats and snow algae
and even to detect soil moisture properties (Levy et al., 2014; Levy et al., 2020; Malenovsky et al.,
2017). Innovative technological advances have allowed miniaturised hyperspectral sensors
(ESA/HyperScout) on low-earth orbit (Esposito et al., 2019; European Space Agency, 2020), yielding a
wealth of environmental information yet to be explored in polar areas. Harnessing hyperspectral
characteristics from fine-scale observations will likely increase the amount of data to be ingested and
therefore, algorithms need to be fast enough for optimal processing capabilities. Advanced
techniques, such as data fusion and machine learning algorithms are rapidly evolving, allowing us to
overcome current data gaps and to fully explore the potential of multiple platforms and observations.
Machine learning algorithms require intensive training and testing, but are easily and rapidly
implemented on large and robust datasets (Tuia et al., 2022). Currently, drone imagery may provide
the most reliable and finest scale observation for vegetation and human footprint mapping. However,
the temporal resolution required for continuous and long-term field assessments is hampered by
adverse operational conditions such as weather and accessibility. Studies exploring the fusion of
drones and fine-scale satellite observations are emerging (Alvarez-Vanhard et al., 2021; Gray et al.,
2018) and may be the path towards a systematic monitoring program in Antarctica.
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Although remote sensing, computational resources and algorithm capabilities have greatly
advanced in the past 20 years, ground truth datasets are still critical for calibration and validation of
products and algorithms. Nevertheless, most studies report a lack of ground-based assessments in
support of satellite data and product development, particularly in Antarctica. To help address this
issue, field spectroscopy campaigns could be systematically implemented for validation exercises and
to upscale spectral characteristics to airborne sensors. Despite multiple satellite platforms providing
an unprecedented amount of satellite data for earth observation, cloud cover remains a major
obstacle resulting in persistent data gaps. Cloud-filling algorithms are being developed and
successfully implemented on visible and thermal imagery, with promising results to reconstruct
satellite data (Barth et al., 2020b). Data Interpolating Empirical Orthogonal Functions (DINEOF) and
Convolutional Neural Networks (CNN) have been of particular interest for ocean colour and
temperature remote sensing (Barth et al., 2020a; Sirjacobs et al., 2011). Conversely, a decision tree
approach employed to reconstruct land cover data has had promising results and should be explored
for optical satellite images in ice-free areas (Holloway et al., 2019). In addition, SAR datasets are
increasingly available and present an opportunity for development of a range of monitoring products
in Antarctica (Collingwood et al., 2018; Sharma et al., 2022), overcoming data gaps due to clouds and
low solar elevation angles. Furthermore, specialised remote sensing skills and advanced methods,
including machine learning (Tuia et al., 2022) are prerequisites for synthesising the massive amount
of satellite datasets increasingly available. Although existing satellite databases can be freely explored
(Bindschadler et al., 2008; Scambos et al., 2007), combining datasets for multi-platform approaches is
a massive challenge and requires coordinated effort between government, industry, and academia.
Research, industry, and science organisations in Australia are already accomplishing an Open Data
Cube program and its extension to Antarctica remains a possibility (Dhu et al., 2019; Gavin et al., 2018).

4. Conclusions

Remote sensing is an ever-evolving research field that has forever transformed the way we
observe and monitor our planet and its ecosystems. Satellite and aerial observations have
revolutionised biodiversity conservation studies and became an indispensable tool for continuous and
systematic assessments for decision making science. Antarctic biodiversity conservation has the
potential to benefit significantly from these technologies. We have identified multiple challenges to
fully harness that benefit and provided insight into how potential solutions may develop with
dedicated focus from remote-sensing and statistical research communities. In addition, we
recommend satellite-imagery users to explore data archives freely available for research purposes,
including those acquired by nano-satellites — with future capabilities in high temporal, spectral and
spatial sensing. The projected increase in nanosatellite constellations offer a new and exciting tool for
the development of biodiversity assessment and biological monitoring programs which will accelerate
and guide conservation action and address environmental changes (Curnick et al.,, 2021).
Nevertheless, we still lack the ground truthing data to validate algorithms and to train for remote
detection of impacts. Given the high cost of Antarctic field work, optimal monitoring, and value-of-
information approaches to ground-truthing will be necessary to fill this gap.

Scientific communities have a unique opportunity in Antarctica: a huge continent with high
biodiversity values, dedicated to peace and science, with very little human settlement, starting from
a relatively low current level of satellite-derived product availability. Ice-free areas of Antarctica are
home to unique species and ecosystems, about which scientists from around the globe are still
learning. Antarctica has offered international collaborative opportunities for researchers to
investigate significant gaps in biology and ecology of ice-free areas. Baseline and change detection
observations can be derived at relatively low cost from satellites, when compared to ground-based
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assessments, which can extend our knowledge for tackling some of the most pressing scientific
qguestions in Antarctica. Mastering advanced remote sensing technologies, statistical and data
processing capabilities as well as visualisation tools will be imperative for advancing any biodiversity
conservation science in the decades to come.
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