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The Antarctic Peninsula has experienced considerable anthropogenic

warming inrecent decades. While cryospheric responses are well defined,
the responses of moss-dominated terrestrial ecosystems have not been
quantified. Analysis of Landsat archives (1986-2021) using a Google Earth
Engine cloud-processing workflow suggest widespread greening across
the Antarctic Peninsula. The area of likely vegetation cover increased from
0.863 km?in1986 to 11.947 km?in 2021, with an accelerated rate of change
inrecent years (2016-2021: 0.424 km? yr™) relative to the study period
(1986-2021: 0.317 km? yr?). This trend echoes a wider pattern of greening in
cold-climate ecosystems in response to recent warming, suggesting future
widespread changes in the Antarctic Peninsula’s terrestrial ecosystems and
their long-term functioning.

Antarcticahas experienced significantincreasesin temperature over the
past 60 years', with rates of warming highest in the West Antarctic and
Antarctic Peninsula (AP) regions”and occurring much faster than global
average warming’. Despite a recent pause in warming (1999-2014) across
the AP, linked to short-term natural climate variability?, the prevailing
direction and magnitude of warmingacross the APis clear*, and the trend
isexpected to continue at 0.34 °C per decade until 2100°. Climate model
projections suggest that regional temperature rise will remain well above
the global average, be greater in austral winter than in summer and be
associated with higher precipitationandincreasesin the growing season®.

With over 90% of the AP’s glaciers losing mass since the 1940s’,
assessments of the impacts of and feedbacks from Antarctic climate
changeinthe AP region have focused largely on cryosphericresponse,
especially the more temperature-sensitive glaciers at the fringes of the
continent®. Although changes in the cryosphere are critical to global
sea-level change, a potential threefold increase in ice-free area on the
AP by the end of the century also means it is critical to understand
terrestrial biological shifts for this region, which already holds the
majority of Antarctica’s terrestrial vegetation’.

Addressing questions about AP vegetation extent and change
isimportant as amelioration of AP climate, together with associated

recessioninice and snow cover, could increase connectivity between
the AP’s distinct Antarctic Conservation Biogeographic Regions'*",
resulting inregional-scale ecological homogenization, reorganization
of species and communities, increased productivity and soil develop-
ment, and changes in trophicinteractions™?.

Furthermore, species translocation over distances far greater than
natural dispersal ranges" and the introduction of non-native, poten-
tially invasive species™ could further erode biodiversity and threaten
endemic species. With a flow of new seed sources to the continent
associated with tourism and scientific research footfall, biosecurity
will become increasingly critical as temperature limitations on cold,
high-latitude ecosystems decrease®, removing constraints on coloniza-
tion by non-native species.

Vascular plants native to the AP have already been shown to have
experienced recent extensions to their range'®”, but it is the region’s
moss ecosystems (Fig. 1) that are pivotal in terms of changes in the
spatial extent of vegetated ground cover’®, organic soil formation' and
higher plant colonization®. The vertical accumulation of moss bank
systems (Fig.1c) has tracked the long-term trend in multi-decadal warm-
ing in the region” >, but major questions remain over the existence,
continuity and controls on lateral spread of moss-dominated systems.
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Fig.1|Moss-dominated ecosystems across the AP. a, Moss hummocks, Ardley
Island (62°S). b, Moss lawn, or carpet, Barrientos Island (62° S). ¢, Moss bank on
barerock, Norsel Point (64°S).

Moss communities have a central role in the conversion of bare
rock surfaces to vegetated ground (for example, Fig.1), so understand-
ing the rate, nature and controls on changes in moss-dominated eco-
systems is critical to addressing the question of whether an Antarctic
‘greening’—in line with global trends** and comparable to ongoing but
complex trends observed in the Arctic”—is now under way and will pres-
age aradical future shiftin the terrestrial biology of thisiconic region.

This study aimed to assess vegetation response to climate change
on the AP over the past 35 years by quantifying rates of change in the
spatial extent and ‘direction’ (greening versus browning®), which have
not yet been quantified. Inthis Article, we apply the cloud-processing
capabilities of the Google Earth Engine platform, using data from the
Landsat archive to examine trends in vegetation indices, including
Normalized Difference Vegetation Index (NDVI) and Tasseled Cap
Greenness (TCG)?”?%, from 1986 to 2021. NDVI is a well-established
metric for monitoring vegetation using multispectral imagery. It is
based on the ratio between the reflectance of visible red and that of
near-infrared light. Based on previous work undertaken on the AP, an
NDVIthreshold of >0.2istaken toindicate the ‘almost certain’ presence

of vegetation”. TCG, originally developed for use in agricultural con-
texts, offers an alternative metric to NDVI, whereby a transformationis
applied tomultiple spectral bands to emphasize the vegetation signal.
TCG therefore has the potential to be more sensitive to the transi-
tion between bare soil and emerging vegetation”. Because of the AP’s
limited botanical diversity and the relative absence of higher plants,
agreening trend in these indices would be interpreted as indicating
primarily increased vegetation abundance and cover by the region’s
various moss-dominated ecosystems (Fig. 1).

Results and discussion

A greener AP

Previous evidence for terrestrial biological change on the AP was based
on historical observations of plant cover at individual sites from the
1960s onwards'*°, together with longer-term decadal-to-centennial res-
olution palaeoecological records, which have demonstrated increases
inmoss bank productivity and vertical accumulation fromacross the AP
since ~1950 that are significant in the context of the late Holocene?***,
Rates of lateral expansion of moss-dominated ecosystems have the
potential to be several orders of magnitude higher than vertical growth
rates®>®, Satellite-derived measurements of vegetation extent and
distribution allow for broader quantification of change than in situ
observations, but for the AP such data currently exist only for asingle
year (2001)%. This study presents annual-decadal trends and rates of
change for the entire Peninsula over the past 35 years (Figs. 2 and 3).

Inthisarticle, we demonstrate a clear but nonlinear trend towards
a greater area of vegetation cover (NDVI > 0.2; Fig. 2) across the AP
in recent decades, increasing from 0.863 km? (1986) to 11.947 km?
(2021). Thisincrease s statistically significant (Mann-Kendall 7= 2.31,
P=0.021; Supplementary Table 5.2) and confirms that short-term
changes in vegetation cover are identifiable and measurable in this
context. Crucially, the rate of change in vegetation cover hasincreased
considerablyinrecentyears (2016-2021: 0.424 km? yr™) relative to the
full study period (1986-2021: 0.317 km?yr™) and previous windows of
analysis (1986-2004: 0.291km? yr;2004-2016: 0.310 km? yr™) (Sup-
plementary Table 5.1; note that sensor transitions and radiometric
differences were accounted for**). Resultsindicate significant positive
increases in vegetation cover that are widespread across the west-
ern AP, extending from -68.5° S—close to the global southern limit of
flowering plants and moss-dominated ecosystems®—to the northern
limit of South Shetland archipelago at ~61° S (Fig. 3). All temporal
trends (Supplementary Tables 5.1 and 5.2) and spatial patterns (Sup-
plementary Fig.4.2) of positive change in vegetation cover through the
study period recorded using NDVI are echoed in TCG results and are,
again, statistically significant (TCG > 0 area1986-2021; Mann-Kendall
7=2.54,P=0.011).

Itis possible that a lengthening of the growing season on the AP
couldbe contributing, increasingly through to the later years of the win-
dow of analysis, to some of the apparent increase in the number of pix-
elsclassified as vegetation by the threshold of detection (NDVI > 0.2).
However, extensive field validation over a number of years would be
required to confirm the proportion of the overall greening trend that
could be attributed to this effect.

Persistent cloud cover across the AP* presents a considerable
challenge to routine monitoring of the land surface in the region using
remote sensing. We quantified the relationship between interannual
variation in ice-free observable land area and vegetated area (Fig. 2),
finding only weak positive correlations with either vegetation index
(NDVIR?=0.351; TCG R*= 0.272; Supplementary Fig. 3.2). This supports
the assertion that the positive trends in vegetation cover (NDVI and
TCG) are not simply artefacts of observable land area or greater data
availability inrecent years, but rather are reflective of an expansion of
plantlife driving a widespread recent greening of the AP.

In addition, analysis of very-high-resolution, cloud-free
WorldView-2 (2 m grain) imagery for the area surrounding Robert
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Fig.2|Changein the areal extent of likely vegetation cover. Based on NDVI
(>0.2threshold, dark green bars) and TCG (>0 threshold, light green bars)
vegetation indices across the AP derived from Landsat 5-8 data (1986-2021).
Grey shaded bars indicate the percentage of ice-, cloud- and snow-free land
observable during March of each year, plotted against total ice-free land on the

AP (as measured during austral summer, 2013-2015, using Landsat 8 imagery).
Amask was added to eliminate land above 300 m above sea level (a.s.l.) to
reduce reflectance issues from high-latitude and high-altitude areas, which
may erroneously indicate the presence of moss in areas beyond known limits of
growth. See Supplementary Fig. 4.1for TCG time series in isolation.
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Fig. 3| Spatial and temporal complexity in AP greening trend over the past
35years. a-d, Vegetated area (km? <300 ma.s.l.) in the years 1986 (a), 2004 (b),
2016 (c) and 2021 (d) based on Landsat 5-8 data. The hexagons each represent
5,000 km?and are coloured according to the area of NDVI > 0.2 they contain,
therefore allowing for systematic visualization of greening trends despite the
relatively small proportion of ice-free land compared with ice-covered land
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and ocean. The presented years were chosen on the basis of percentage of

land imaged, highest area with NDVI > 0.2 and temporal spacing through the
time series (see Fig. 2 for detail). e, Mann-Kendall trend analysis results for all
available years (1985-2021) showing direction of trend and confidence level. See
Supplementary Fig. 4.2 for the TCG equivalent of this figure. Coastline and ice-
free land are shown by the black outline®.

Island—an area known to be vegetated and considered broadly char-
acteristic of the northern AP, where the greening trend is greatest
(Fig. 3)—shows an 18.7% increase in vegetated area between 2013 and
2016 (Supplementary Section 3.3). This localized analysis highlights
thattherates observed through the Landsatarchive, across its multiple

sensorsand across the AP are coherent with those measured at higher
resolution by asingle sensor.

Thisrecentaccelerationin the rate of change in vegetation cover
(2016-2021) coincides with a marked decrease in sea-ice extentin Ant-
arctica over the same period”. A subsequent increase in open water,
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coupled with a strongly positive Southern Annular Mode®, could be
resulting in warmer, wetter conditions® favourable for plant growth
asaresult of higher moisture availability.

Short-term variability in greening

Inaddition to theinterannual variation in satellite observation condi-
tions, the nonlinearity seenin our time series (Fig.2) is probably driven
by temporal complexity in greening and browning trends, comparable
to that seen in the Arctic®. This is echoed spatially (Fig. 3), highlight-
ing mechanistic uncertainty around local-scale meteorological vari-
ability and plant response as the AP shifts towards warmer and wetter
conditions®. Some change might be expected given global shifts in
greenness®*, but the complexity of Arctic greening and browning of
moss-dominated ecosystemsin satellite-derived vegetation indices”
and variability in Antarctic moss health related to moisture availabil-
ity*are potential hypotheses explaining the absence of asimple linear
shifttowardsagreener AP. For example, across the southernsection of
King George and Ardley islands, we demonstrate the spatial complex-
ity of localized greening and browning trends (Fig. 4), which occur
concurrently with overall and increasing regional trends in the lateral
expansion of moss ecosystems (Figs. 2 and 3).

Analysis of very-high-resolution imagery of the Robert Island
regionrevealed that areas of well-established vegetation exhibited only
minor changesingreenness, with the largest of such areas demonstrat-
ing a slight browning trend (Supplementary Section 3.3). The overall
increasein vegetation cover through the analysed period (2013-2016)
here has instead been driven largely by rapidly increasing vegetation
coverinwhatappear tobe newly colonized areas, providing mechanis-
tic support for the rates of lateral expansion of vegetation measured
inthe Landsatarchive.

While future large-scale vegetation change on the AP will ulti-
mately be driven by macroclimate, the behaviour of the poikilohy-
dric mosses that dominate these ecosystems is likely to be strongly
modified by localized microclimatic topographical controls®. This
is potentially evidenced by the browning trend (2016-2021) seen on
the eastern side of Ardley Island (Fig. 4), leeward of the dominant
southern westerly wind regime, with local topography modulating
moisture availability throughiits effect on orographic precipitation
and desiccating wind, in addition to localized climate variability*°.
These observations are based solely on the comparison of condi-
tions in 2021 with areas that were also observable in 2016 and are
therefore not artefacts of data availability owing to cloud cover (Sup-
plementary Fig. 2.3 and Supplementary Section 3.2). Such patterns
are likely to be further confounded by an increasing potential for
interannual climatic variability, potentially exacerbated by extreme
temperature events (for example, record-breaking heatwaves of the
2019-2020 austral summer*), and it is clear that further understand-
ingis needed of the effects of both prevailing and extreme climatic
change on ecohydrology in the AP’s moss-dominated ecosystems.
A further factor that must be considered when interpreting local-
ized greening/browning trends is the presence of penguin colonies
and their potential to cause or exacerbate localized trends in both
greening (in the longer term due to N enrichment*?) and brown-
ing (in the shorter term due to trampling and guano build-up). For
example, portions of the area of browning seen on the eastern side
of Ardley Island (Fig. 4) overlap with the current penguin nesting
area®, further highlighting the need for ground-based validation
toresolve these complexities.

Given the spatial and temporal complexity demonstrated here
(Figs.2and 3), any future assessment of vegetation response to climate
change onthe AP must be supplemented by ground-based data collec-
tion and consider all trajectories towards greening, including the (1)
increased productivity and vigour of existing vegetation***, (2) spatial
expansion of existing vegetation communities and (3) creation of new
vegetation communities through species migration.
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Fig. 4 | Spatial complexity in the recent localized greening (and browning)
trend for the southern section of King George Island and Ardley Island. Trend
demonstrated by comparing differences (2021-2016) in NDVI for areas vegetated
(NDVI > 0.2) in 2016. Classes follow ‘confidence’ intervals for vegetated areas on
the AP” (NDVI > 0.05, probable likelihood; NDVI > 0.1, very probable; NDVI > 0.2,
almost certain). Coastline and ice-free land are shown by the black outline®.
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Greening and the future

Regardless of the complexities discussed in the preceding, the overall
statistically significant trajectory of AP-wide greening (Fig. 2) from
1986102021, exemplified in the temporal snapshots presented in Fig. 3,
provides strong evidence of rapid and ongoing response of AP veg-
etation to climate change, and presents a compelling case for future
widespread changes in the AP’s terrestrial ecosystems. The explora-
tion of AP greening trends through recent decades presented here
represents a systematically rigorous approach (Methods and Sup-
plementary Information). The spatial patterns of greening observed
are consistent with our understanding of the modern distribution of
moss-dominated ecosystems across the AP”, suggesting that these
trends are being driven by increased productivity, vigour and lateral
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expansion of existing vegetation. This echoes observations made of
similar ecosystems across the high Arctic” and in mountainous areas***’
under climate change and reflects wider global patterns of greening
in cold-climate ecosystems in response to recent warming". Global
modelling work—not yet extended to the AP—identifies a widespread
decline over recent decades in the area of land where vegetation is
limited by temperature. This is expected to continue under future
warming scenarios and result in widespread greening in cold regions®.
If this anticipated trend extends to the AP, as our findings suggest is
likely, it would have implications for the long-term functioning of the
peninsula’s terrestrial ecosystems.

Furthermore, mosses are capable of colonizing bare rock surfaces
and provide the basis for future soil development as a substrate for
the consolidation of moss-dominated ecosystems, as well as coloniza-
tion by higher plants*?°, If recent warming has driven an increase in
biological productivity**?, it is predicted that soil development will
have followed similar patternsto those seenin Figs. 3 and 4, be mostly
recentinoriginandlocatedinareas that have more favourable micro-
climatic conditions (warmer and wetter), potentially enhanced by N
enrichment from guano*.

Native vascular plants are already demonstrating range expan-
sions across the AP'*", but questions remain over the role that lat-
eral expansion of moss ecosystems, longer-distance and bare-rock
colonization by mosses and any associated soil formation, may play
in providing a vector for further ecological translocation of vascular
plants, including non-native, potentially invasive species—the threat
of whichis increasingly recognized®**,

Ultimately, a clear understanding of the nature and future of bio-
logical responses across the AP to Antarctic climate change is limited
by arelative lack of long-term data. The work presented here pro-
vides aremote-sensing baseline against which to track the extent and
nature of Antarctic greening—a trend that these results imply is now
under way. We anticipate that future work can be informed by further
ground-based validation and projection modelling of both (micro)
climate and species distribution. Combined, this work has the potential
toinform effective and essential biosecurity governance of the AP and
wider Antarctic regionin the longer term.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability areavailable at https://doi.org/10.1038/s41561-024-01564-5.
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Methods

Data

Systematic exploration of the NASA (National Aeronautics and Space
Administration) Landsat satellite mission archives using Google Earth
Engine provided the longest time series of suitable imagery possible
(1986-2021) from across the AP, at medium resolution (30 m? grain).
Tier 2, top-of-atmosphere reflectance imagery was used because this
was the only available imagery at the time of the study. For reliable
comparison across years, the imagery dataset was filtered by month,
cloud cover over land percentage and image quality.

First, for consistency across the entire study time series and to
maximize vegetated pixel returns, the dataset was filtered to include
only images captured in March. Previous remote sensing of vegetation
inthe AP hasbeen conducted using either February imagery” or com-
posites of February and March imagery*°. Ecologically, March is most
likely to be the end of the growing season, where temperatures across
the region have been highest annually for the previous three months
inthe austral summer®. Preliminary analysis of January, February and
Marchimagery showed vegetated pixel returns were typically highest
inMarch (Supplementary Table 1.1). Furthermore, the maximum meas-
ured vegetated areawas observedin March (7.64 km?; Supplementary
Table1.1).

Second, the Landsat dataset was filtered to sourceimagery where
cloud cover over land was less than 40%. As image cloud cover percent-
age in the AP is regularly 80-90%, image availability is restricted.
However, preliminary analysis found the 40% filter maximized the
number of images ingested into the workflow along with computa-
tional efficiency. For example, increasing the cloud cover filter to 50%
resulted in a3x increase in processing time and negligible difference
in detected vegetation.

Finally, Landsatimages are assigned a quality value from worst (0)
to best (9) in preprocessing by the United States Geological Survey®..
Due to the difficulties with geometric correction of earlier imagery,
the use of top-of-atmosphere reflectance imagery and to ensure con-
sistency across satellites, only images assigned a quality value of 9
were used. Inaddition, Landsat 4, 5and 7 imagery was radiometrically
calibrated to Landsat 8 imagery using the previously published coeffi-
cients®. Previous studies have employed this calibration in the Himala-
yas, where vegetation s similarly low stature and sparsely distributed™.
However, the calibration’ is not a correction. Hence the differences
in distribution of greenness index returns were compared between
overlapping Landsat 7 Enhanced Thematic Mapper Plus (ETM+) and
Landsat 8 Operational Land Imager (OLI) scenes to quantify further
required adjustments (detailed in Supplementary Section 1.2).

After calibration, Landsat ETM+ data were found to underesti-
mate NDVI > 0.2 areas by approximately 10% (9.58%; Supplementary
Table 1.2). Similarly, TCG areas were underestimated in ETM imagery
compared with Landsat 8 OLI imagery (5.68%; Supplementary
Table 1.3). As Landsat 4 and 5’s Thematic Mapper and Landsat 7 ETM+
have been shown to be sufficiently radiometrically similar, the trans-
formation coefficients used to calibrate to OLI were the same’*. Hence
NDVI-estimated area values from Landsat 4, 5and 7 were increased by
10% and TCG areas by 6%.

Greennessindices

NDVIand TCG were determined for each Landsat image. NDVI, based
on the ratio of reflectance of visible red to near-infrared light, has
been shown to provide meaningful measurements of green biomass
eveninlandscapes characterized by sparse vegetation of low stature™.
Ground-truthing of NDVI values from Landsat data from the AP sug-
gests several possible thresholds at which to classify vegetation as
present (NDVI> 0.05, probable likelihood; NDVI > 0.1, very probably;
NDVI> 0.2, almost certain)®. A threshold of 0.2 was selected despite the
relative sparsity of vegetation so that confidence in returns would be
maximized in the absence of field validation. This approach represents

the almost certainlevel of confidence in vegetation presence”. TCG was
implemented as afirst-order validation of any trends observed in the
NDVIsignal as it is less sensitive to bidirectional reflectance distribu-
tion function effects. TCG can more reliably distinguish background
brightness effects than NDVI, hence the signal is more responsive to
the presence of low-stature and non-leafy vegetation on bright soils or
barerock surfacessuch as those found on the AP (Fig. 1) (for example
expansion at the fringes of established moss carpets and new areas of
colonization). In addition, moss-dominated systems exhibit a robust
TCGsignal onlyif they are well established**. Hence it was expected that
TCGareavalues would be markedly less than NDVI, but where the trend
was concomitant, it would support the NDVIresults. Coefficients used
toderive TCG are outlined in the code (Supplementary Section 6). To
determine the maximum lateral extent of vegetationin the region fora
given year, annual mosaics of maximumNDVIand TCG were generated.

NDVI has been used to monitor mosses effectively in maritime
regions of Antarctica, including in our study region®, and is therefore
well suited to our aims of mapping the occurrence of moss-dominated
vegetation in individual years. Conversely, the TCG response shows
positive values in well-vegetated areas but negative valuesin areas with
more mixed pixels (Supplementary Fig. 3.4), suggesting that in mixed
pixels there are alterations to surface reflectance that maintain an
NDVI>0.2but lessen the response of TCG across all bands (Supplemen-
tary Fig. 3.3). Mosses on AP soil crusts exhibit such aspectral response
(see fig. 3inref. 56). In addition, mosses of varied colour still exhibit
NDVlvalues exceeding the threshold but have spectral signatures like
those where the TCG threshold is not met (see figs. 5 and 6 in ref. 55).
This supports the use of NDVI as the principal index and the resultant
trends as presented in the main paper.

Cloud- and snow-cover masking

To remove cloud and snow cover from the imagery, the Fmask algo-
rithm® was used. This step ensured that any vegetation signal measured
wasreturned from clearly visible land. Consequently, forimages to be
comparable, similar amounts of ice-free land needed to be captured
acrossimages. Individual selection of persistently cloud- and snow-free
pixels, or areas of pixels, across multiple images would be inefficient
and generate too small of asample areatobe representative of AP scale
changes. Hence obscured land percentage was derived from the area
masked out by the Fmask algorithm (Supplementary Section 6). This
indicated the amount of ice-free land observable for a given image.

Sampling strategy

To minimize known errors in earlier imagery, a buffered sample area
strategy was utilized (Supplementary Fig. 2.1). First, the study area
was divided into 5,000 km? hexagonal sample areas that covered all
ice-free land areas. A hexagonal tessellation was used to systemati-
cally sample the region and for clear and comparable presentation of
the data, as ice-free land areas in the region are orders of magnitude
smaller thanglaciated terrain and marine areas. For each hexagon and
the overallstudy area, the Mann-Kendall test was conducted using the
space-time analysis functions in ArcMap 10.8.1. Points representing
the annual area of NDVI > 0.2 were generated at the centroid of each
hexagon for each year. These points were then input into the Create
Space Time Cube by Aggregating Points tool. Trend analysis was con-
ducted on the maximum annual area, with no-data years treated as
zeroes, using a 1year time interval and a distance interval matching
the hexagon height (76 km). Finally, the Visualize Space Time Cube in
2D tool was used to create the trend maps shown here. Ice-free land
areawas computed from previously published estimates of Antarctic
ice-free topography*. A300 mbufferaround this map was generated to
account for (1) high RMSE (root mean squared error) error in position-
ing from the use of Tier 2 imagery, (2) scan line corrector-off error in
Landsat 7imagery and (3) areas on land that are missing from previous
estimates of ice-free topography on the AP*’ due to the masking of
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snow and clouds over land (detailed in Supplementary Section 2.1and
Supplementary Fig. 2.1). Use of this buffer assumed that ice and snow
were fully masked out by the cloud mask. In addition, it was assumed
that negligible areas of NDVI values > 0.2 or positive TCG values were
measured offland on unmasked ice and snow or at sea.

In early analysis, very small areas crossed thresholds for green-
ing in both vegetation indices in the far south of the AP (for example,
Alexander Island) and at higher latitudes elsewhere, far beyond the
realistic latitudinal and altitudinal growing limit of moss-dominated
ecosystems, even after recent rapid warming®. At high latitude and high
altitude, illumination differences can cause bidirectional reflectance
distribution function effectsthat resultin erroneousreturnsinspectral
indices’®. To counter this, pixels with elevation values over 300 m on
the reference elevation model of Antarctica® were masked out. A study
onSignyIsland (South Orkney Islands) identified alocalized elevation
threshold for moss banks at 120 m a.s.L.*°, but previous field-based
research?>* observed similar moss systems at a maximum altitude of
220 ma.s.l.,and so analtitudinal limit of 300 ma.s.l. was set at for this
analysis, which eliminates the possibility of erroneous reflectance
returns from high-relief topography in the south of the study region
and allows a more reasonable window of detection for moss banks
expanding to higher altitudes than currently observed (detailed in
Supplementary Section 2.2 and Supplementary Fig.2.2). Consequently,
the measured signal represents the vegetated area with almost certain
probability on unobscured areas of land below 300 m a.s.l.

Data availability

The Landsat 4, 5,7 and 8 imagery is accessible via the code published
along withthis paper and from the Google Earth Engine data catalogue.
The Hexbins employed in this study’s analysis can also be reproduced
using this code.

Code availability

The JavaScript code for extracting the annual maximum extent of
pixels with NDVI > 0.2, TCG > 0 and total area of unmasked pixels in
Google Earth Engine is archived at https://github.com/OllyBartlett/
Roland_And Bartlett_et al 2024.
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