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Rapid glacier retreat is transforming mountain landscapes, exposing terrain where postglacial
ecosystems emerge while new opportunities for infrastructure development also arise. These newly
ice-free areas are therefore becoming socio-ecological frontiers in which ecosystem development, land
use and conservation frameworks increasingly overlap. Yet spatially explicit evidence of where these
overlaps occur remains scarce, limiting the ability of governance systems to anticipate emerging
conflicts. Here, using the European Alps as a data-rich case study, we pair satellite-derived land cover
mapping with inventories of ski infrastructure, hydropower reservoirs and protected areas within
the end-of-Little Ice Age glacier footprint. We show that newly exposed terrain already contains
emerging vegetated and freshwater habitats, whose regional distribution is mainly modulated by
temperature gradients. Concomitantly, ski and hydropower infrastructures already occupy parts of
postglacial terrain, even within strictly protected areas, revealing mismatches between formal
conservation status and land-use decisions. Emerging postglacial ecosystems fall into a de facto legal
vacuum, as current tools encourage reactive, piecemeal decisions that fail to safeguard ecosystem
functions and services. We argue for anticipatory stewardship that recognizes glacier and postglacial
ecosystems in law and planning as a single transforming system. These regional findings foreshadow
a global governance challenge that will intensify as deglaciation expands in regions where
deglaciation exposes land to competing ecological, economic and political interests.
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Human prosperity is inherently tied to the use of natural resources, yet this dependence increasingly
conflicts with the need to safeguard the ecosystems that sustain it'. Nature conservation has largely focused
on protecting established and well-characterized ecosystems, leaving those still forming—or yet to
appear—outside existing frameworks. As anthropogenic climate change rapidly reshapes Earth’s surface?,
new ecosystems are appearing in exposed environments®, challenging conservation frameworks designed
for stable baselines. Following centuries of conditions favorable to glaciers during the Little Ice Age (LIA)?,
warming since the industrial era (1850-1900) has triggered their widespread retreat worldwide®. Among its
cascading consequences, deglaciation has exposed terrain unseen for centuries to millennia, where pristine
terrestrial®, freshwater and marine ecosystems’ are now forming, which in turn influence Earth’s
functioning and human societies®.

While glacier shrinkage has major and worrying ecological and social consequences from local to
global scale’®, postglacial ecosystems have ecological values and provide ecosystem services—including
biodiversity refugia'®, geodiversity'!, freshwater retention'? and carbon storage® —and have recently been
formally recognized as conservation priorities at the international level'®. Yet, once they emerge, many of
these former glacier beds are threatened by infrastructure development such as mining'?, hydropower '°, or
ski resorts!®, thereby jeopardizing the long-term evolution of deglaciated areas. As a result, postglacial
terrains—often regarded as empty or transitional spaces—are emerging as a new frontier where ecosystem
development and economic interests increasingly collide, fueling societal tension (Fig. 1).

Ecological succession following glacier retreat has been extensively studied at local to global
scales'’, and glacier retreat has also long been recognized as a social process that reshapes perceptions,
values, cultural meanings, economic interests and relations among actors operating at different scales'®.

Recent work has further emphasized the need for stewardship of deglaciated lands'®-2!

, while regional
studies have assessed the socio-environmental value, risks and management potential of specific postglacial
components such as glacier lakes. Yet the spatial intersection between postglacial habitat emergence,
infrastructure occupation and conservation coverage remains poorly quantified across entire mountain
ranges. This limits our ability to identify where deglaciation is already producing contested socio-ecological
frontiers, and where governance systems may need to respond before land-use decisions become
irreversible. Recent advances in remote sensing and glaciological modeling have improved our
understanding of glacier evolution and its ecological cascades?, but we still lack a clear picture of where
postglacial ecosystems are developing and which habitats they comprise. This gap persists because end-of-
LIA glacier extents are still incomplete® and postglacial habitats have, until recently, been difficult to
resolve with satellite remote sensing. Likewise, records of socio-economic activities expanding over
deglaciated areas are missing or fragmented across administrative or commercial datasets.

Here, we address this gap in the European Alps by jointly mapping the present-day postglacial land
cover, major high-mountain infrastructures and conservation coverage within the end-of-LIA glacier extent.
The European Alps—still hosting over 3,000 retreating glaciers® and marked by dense human activity*—
provide a data-rich regional case study in which glacier retreat, ski tourism, hydropower development and
multiple conservation instruments coexist within a relatively well-documented mountain range, as the
region is experiencing the fastest relative glacier loss®>. We combine recently reconstructed LIA glacier
outlines with satellite-derived land cover and inventories of ski and hydropower infrastructures. By
comparing these intersections with the main conservation and legal instruments in force at international,
European Union and national levels, we quantify where ecosystem emergence, infrastructure occupation
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and protection gaps currently coincide, and use this diagnosis to discuss principles for anticipatory
stewardship of rapidly evolving glacier-to-postglacial systems.

Present-day postglacial ecosystems mapping and patterns

We mapped the present-day land cover within the end-of-LIA glacier extent®® across the European Alps
using pigment-sensitive phenological indices derived from all clear-sky summer Sentinel-2 images (20 m
resolution) acquired between 2017 and 2023 (see Methods). Six ecologically relevant land-cover classes
were mapped using a random-forest classifier trained and cross-validated with a fourfold spatial-split design
and then related to topographic and climatic variables to describe regional patterns of postglacial land cover
(see Methods). Classification uncertainty was quantified with conformal statistics, providing pixel-level
confidence scores and aggregated uncertainty ranges for each class. The analysis was restricted to terrain
that deglaciated up to 2015, corresponding to the latest consistent alpine wide glacier inventory?¢.

At the end of the LIA, around 1850, glaciers of the European Alps covered 4,289 km? (Fig. 2, Table
S1). By 2015, ice extent had declined to 1,783 km? (—58%), exposing 2,506 km? of new area. Of this
deglaciated area, 93% (2,336 + 1 km?) is mapped as bare land, 6% (155 = 7 km?) as terrestrial vegetation,
and 0.6% (15 km?) as freshwater bodies. These proportions are conservative: the bare land class likely
contains very sparse pioneer vegetation below the 20 m sensor resolution (<10% vegetation cover?’). A 50
cm NDVI-derived vegetation cover analysis over the Mont-Blanc massif confirmed this interpretation:
12.8% of bare-land pixels contained detectable vegetation cover, generally in very low proportions, while
sparse vegetation and grassland contained on average 17.3% [9-28%] and 45% [23—67%] vegetation cover,
respectively (Fig. S9). Our water mapping also underestimates the detection of very small water bodies
(<0.01 km?; see Methods, Fig. S11). Within the mapped vegetated terrain, grasslands (100 + 4 km?) and
sparse vegetation (44 km?) account for 92 + 2%, whereas dense forests cover 11 + 3 km? (7 + 2%) and
shrublands remain nearly absent (<1 km?). Switzerland contains the largest deglaciated surface area, while
Austria exhibits the highest proportion of vegetation cover (8%), followed by Switzerland (7%), Italy (5%)
and France (4%). France currently hosts the highest share of dense forests (16 + 2% of its vegetated area),
whereas proglacial areas within LIA limits in Austria are dominated by grasslands (70 = 1%) and has
minimal forest cover (<2%). These national contrasts reflect regional gradients in elevation and climate, as
well as geomorphological and lithological context, which together shape the pace and structure of
vegetation and lake development in postglacial ecosystem?®?’. Natural lakes represent less than 1% of the
former glaciated surface, with Switzerland hosting the largest total (~3.7 km? Table S10). Artificial
reservoirs—primarily built for hydropower—add another 3 km? in Switzerland, 1.1 km? in Italy, and 0.6
km? in Austria, jointly accounting for roughly 30% of the freshwater area within deglaciated terrain. No
terrestrial vegetation or water surface has been detected in the small postglacial areas of Germany, neither
of Slovenia where glaciers have completely vanished according to our reference dataset?®.

While lakes span a broad elevation range between ~1500 and 3000 m a.s.l., the altitudinal
distribution of land-cover types within end-of-LIA glacier extent reveals a clear vertical zonation consistent
with established alpine vegetation belts (Fig. 3a). Forests are widespread below 2000 m a.s.l., shrublands
occupy the upslope belt, and grasslands dominate up to ~2250 m a.s.l., above which vegetation becomes
increasingly sparse, and bare land prevails. Mean annual air temperature (MAAT) strongly drives this
distribution (Fig. 3b): vegetated surfaces have a median MAAT of —1.3 °C, around 3 °C warmer than bare
lands (—4.2 °C). Forests occur in the warmest sites (+1.2 °C), followed by shrublands (~0 °C), grasslands
(-1.2 °C), and sparse vegetation (—2.2 °C). Bare land is found on slightly steeper slopes (~26°) than
vegetated classes (~24°), with no systematic differences among vegetation types, suggesting that finer scale
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biogeomorphic processes operating at meter resolution® are not resolved at our mapping scale (see also
Table S3).

To assess whether land cover patterns in postglacial terrain have caught up with those of
surrounding landscapes, we compared its land cover to adjacent areas likely ice-free during most of the
Holocene (~11.000 years ago)* restricted to the same elevation range and mapped with the same
classification processing (see Methods). Our analysis reveals systematic vegetation lags between recently
deglaciated areas and adjacent terrains across the European Alps (Fig 3a). The median elevation of
vegetation belts within postglacial ecosystems are located on average 120-170 meters lower than in adjacent
terrain, with lower proportions of each vegetation types (about three times, see also Table S3). In contrast,
lakes formed at slightly higher elevations (+150 m) compared to adjacent areas, with a larger relative
distribution (0.6% vs 0.1%), consistent with the formation of persistent depressions near former glacier
margins through geomorphic over deepening and moraine damming. Indeed, many lakes that formed
following earlier phases of deglaciation have since been progressively infilled by sediments and organic
matter, explaining partly their lower abundance in adjacent long-deglaciated terrain’!. Taken together, these
systematic vertical and compositional lags indicate that postglacial ecosystems remain in an early stage of
development. Although time since deglaciation primarily drives postglacial ecosystem development™,
persistent paraglacial processes—slope instability, sediment remobilization, and extremely slow
pedogenesis—continuously influence early-successional stages and restrict where stable soils and closed
vegetation can form!”. These constraints mean that postglacial terrains may not converge toward the
structure of surrounding long-deglaciated areas, even over centuries. Instead, they may persist as distinct
biogeomorphic units within mountain landscapes®®. Although our land-cover analysis does not directly
quantify species assemblages or biodiversity uniqueness, it shows that vegetated habitats in recently
deglaciated terrain occur at systematically lower elevations than comparable vegetation belts in adjacent
terrain. Together with existing studies on postglacial succession and geodiversity, this suggests that these
areas could provide unconventional refugia for early-successional communities and associated biodiversity
under continued climate warming®

Postglacial ecosystems value and services under pressure

Glaciers and postglacial terrains support ecological communities and ecosystem functions that are strongly
shaped by cold-climate conditions, primary succession and geomorphic disturbance. Their trajectories are
now diverging under climate change: glacier retreat reduces cold-dependent habitats and the services tied
to ice and meltwater regimes, while newly exposed terrain progressively develops terrestrial and
freshwater habitats, soils and biogeochemical functions®.In parallel, postglacial ecosystems in these areas
provide a variety of regulation, support, and provisional services such as freshwater retention, carbon
storage, soil formation or nutrient cycling*®. These emerging habitats do not compensate for those lost with
vanishing ice, but they are becoming an increasingly important component to socio-ecological resilience in
cold regions'®,

To provide first-order indicators of ecosystem-service development, we estimated two regulation
services—surface-water retention in lakes and carbon storage—based on our postglacial ecosystems land
cover map. These estimates are not intended as complete ecosystem-service accounts, but as conservative,
spatially explicit proxies for functions that are beginning to develop within recently deglaciated terrain.
Using empirical area-volume scaling relationships, we estimate that natural postglacial lakes within the
end-of-LIA glacier boundaries store 119 + 71 x 10° m® of freshwater, representing only ~0.1 & 0.1% of the
~180 = 30 x 10° m? of glacier water-content volume lost since end of LIA% (Fig. S12). While water storage
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in emerging wetlands, soils and aquifers is not accounted for here, this low fraction indicates that most ice-
meltwater is routed downstream rather than buffered in nascent lakes, and that it is lower than projected
future retention of Alpine meltwater in glacial overdeepenings (0.3-0.9% for 2020-2100°). Carbon storage
based on land-cover-derived carbon density factors (see Methods) show that postglacial ecosystems
currently store ~2 + 1 megatons of carbon (MtC), largely in bare land soils (~50%, see Table S4). While
these values are modest relative to national carbon budgets®’, chrono sequence studies suggest that soil
organic carbon accumulates steadily in glacier forelands, especially under warmer conditions®®. Our
estimate thus probably under-represents the full potential of these young ecosystems.

Although postglacial terrain is beginning to support ecosystem functions and services, it is also
already occupied by socio-economic infrastructure, especially from the expansion of ski resorts* and
hydropower'>. By intersecting infrastructure datasets within the end-of-LIA glacier boundaries, we
identified 52 ski resorts operating partly over these regions, comprising 605 km of groomed ski runs and
269 km of lift infrastructures (Fig. 4). Half of them were still located on glaciers in 2015 and half on
deglaciated terrain (see also Table S8). Although these facilities represent only 2—3% of the Alpine-wide
ski infrastructures, their concentration at high-elevation, geomorphically unstable terrain implies more
intensive construction means and maintenance, amplifying their impacts on natural ecosystems*’. National
patterns differ: Austria retains proportionally more installations on glacierized terrain, whereas France,
Switzerland and Italy have a larger share of infrastructures located on terrain that was ice-free by 2015.

We also identified 22 artificial lakes for hydropower production within areas deglaciated in the last
170 years (Fig. 4). Fifteen of these installations are in Switzerland, accounting alone for over 60% of the
surface of artificial lakes in the newly ice-free terrain (see Table S10). Hydropower can contribute to low-
carbon energy systems and water-resource management and may therefore play a role in climate-change
mitigation and adaptation. However, when reservoirs are built or operated within recently deglaciated
terrain, they can also inundate early successional habitats, alter pedogenesis, freshwater and terrestrial
vegetation establishment, without contributing to increased aquatic biodiversity due to highly fluctuating
water levels*!. The intersection of slowly developing ecosystems and existing high-mountain infrastructure
thus reveals a potential land-use trade-off. Without anticipatory governance, these trade-offs are likely to
be resolved reactively, after ecological functions and land-use interests have already come into conflict.

Partial and uneven protection of glacier-to-postglacial systems

To assess how existing conservation frameworks currently cover both glaciers and postglacial
landscapes they are transforming into, we intersected the end-of-LIA glacier footprint across the European
Alps with international, European and national protected-area datasets*?, grouped according to their legal
strength following IUCN categories (see Methods). Despite their environmental importance, our analysis
shows that glaciers and postglacial ecosystems in the European Alps are only partly covered by a complex
patchwork of area-based and law-based protection approaches. Solely 21% of their surface lies within
strictly protected areas according to the IUCN categories (i.e. I-1I, Fig. 4; Table S5), and 17% under
moderate protection (IUCN categories III-IV). These protections evenly apply across glacier and
postglacial ecosystems but vary between countries. National parks account for most of the strictly
designated protection, covering respectively 100, 47, 37, 29 and 17% of the end-of-LIA glacier extent in
Slovenia, France, Austria, Italy and Germany. However, 7% of the ski infrastructures within the end-of-
LIA glacier outlines fall within these theoretically effective protected areas (Table S9), underscoring the
gap between formal protection status and on-the-ground land-use decisions. In Switzerland, that hosts the
largest share of Alpine glacier and postglacial area, less than 1% of the end-of-LIA glacier footprint has

6
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been put within strictly protected areas (IUCN categories I-1I) and only ~10% with limited legally binding
character (IUCN categories III-1V), whose practical influence depends on management priorities and
sectoral trade-offs.

Other area-based recognition and land-planning tools complement this patchwork of effectively
protected areas recognized by the IUCN (categories I-IV). In the European Union, the 1992 Habitats
Directive recognizes glaciers and some emerging postglacial habitats such as coniferous forests on
glaciofluvial eskers, that requires their protection by EU States through the Natura 2000 network*. In
practice, this is one-third (1434 km?) of glacial and postglacial areas in the European Alps that falls under
the 1992 Habitats Directive (see Table S7). However, its effectiveness is constrained by limited resources
and funding in several member States®. Likewise, the 1994 nature conservation protocol of the Alpine
Convention acknowledges the eminent importance of glaciers and calls for their preservation, but without
proposing concrete mechanisms to achieve this goal, neither considering ecosystems emerging from their
retreat. At national to sub-national scales, glacial and postglacial ecosystems are mostly protected only
insofar as they fall within emblematic landscapes or broad zoning schemes, rather than as ecosystems with
intrinsic ecological and functional values*!. Switzerland illustrates both the potential and limits of this
imbrication of approaches: the majority (two-third) of its 2015 postglacial terrain is covered by a mosaic of
national, regional and communal protection instruments with uneven formal protection levels and roughly
a quarter of its LIA glacier extent benefits from international recognition, including two RAMSAR sites
and two UNESCO World Heritage areas (see Tables S6-S7). Yet the land-use pressure we document in
these zones (Fig. 4, Table S9-S10) underscores how such international and EU recognitions may provide
limited leverage for preserving glaciers and postglacial ecosystems, especially when they are not matched
by the climate-mitigation commitments required for their long-term preservation.

In parallel, law-based recognition of glacier and postglacial ecosystems is very limited and
fragmented in national frameworks®, partly because of the difficulty of defining them as stable legal
objects*’. Whereas glaciers are largely absent from the legal corpus in France?’, their regulation varies from
state to state in Austria. In Tyrol, hosting the largest part of Austrian glaciers, the Nature Conservation Act*®
prohibits any permanent damage to glaciers, their watershed and adjacent moraines, with some exceptions
for ski area security facilities. In Italy, glaciers are treated as components of downstream river systems
under public water law*, and in Switzerland, as elements of the public domain. In these cases, glaciers
qualify as public assets protected through public-property laws, allowing actions for recovery and criminal
penalties for damages, but without recognizing their unique ecological functions or their dynamic
transformation. Postglacial ecosystems are even less explicitly addressed because they sit at the edge of
what current environmental law is designed to recognize. Most legal frameworks have evolved as reactive
instruments, aimed at protecting entities that are already mapped, classified, and socially or ecologically
established. As a result, developing postglacial areas are only indirectly and fragmentarily covered, insofar
as they progressively incorporate elements governed by existing legal regimes—such as rivers, lakes,
forests, or protected species®. Protection thus depends on the timely identification of these components,
turning species and habitat inventories into a race against time to secure legal recognition before irreversible
transformation or destruction occurs*,

More fundamentally, most conservation frameworks rely on biodiversity baselines, relatively stable
habitats and established cultural or scenic values —criteria that emerging postglacial ecosystems, by
definition, rarely meet at the early stages of their development. Their temporality, ecological immaturity
and apparent emptiness mean they do not fit neatly into any established category: they are neither long-
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recognized wilderness to preserve nor clearly developed zones to regulate. They often fall into a de facto
legal vacuum, treated as ferra nullius within land-use planning'®.

Besides existing laws weakly enforced, it reflects structural limits in frameworks that were drafted
under assumptions of climatic or ecological stability, designed to safeguard already-recognized habitats and
values, and poorly suited to dynamic environments such as shrinking glaciers and nascent postglacial
ecosystems. Yet our mapping shows that these supposedly ‘empty’ zones are precisely where biodiversity,
geodiversity, habitats, and associated ecosystem services are assembling—while land-use conversion
accelerates through expanding infrastructures and, in some cases, contested or illegal projects'. In the
absence of anticipatory rules, shrinking glaciers and postglacial ecosystem formation are forced to compete
with human infrastructures development and typically lose.

Towards an anticipatory stewardship framework

Glaciers and their forelands are not separate objects but two phases of a single transforming system. Every
tenth of a degree now determines the survival prospects of many glaciers, yet glaciers also function as
powerful flagships for climate awareness, catalyzing political and societal action**>!. We argue that this
symbolic and mobilizing power should extend explicitly to the postglacial ecosystems that succeed them:
because one becomes the other, treating their protection separately—conceptually or institutionally—risks
weakening both. From a legal and governance perspective, extending existing glacier-focused instruments
to include their evolving forelands offers a more realistic way to acknowledge the dynamic nature of these
systems than creating entirely new regimes for each stage of deglaciation. The transformation of glaciers
into terrestrial, freshwater and (in some regions) marine ecosystems is therefore not only a biophysical
process, but a societal, legal and institutional one that calls for anticipatory rather than reactive stewardship.

As the UN International Year for Glaciers’ Preservation just ended, recent developments point
toward how such a dynamic stewardship could be built. In line with the 1959 Antarctic Treaty system that
shows how these ecosystems can be shielded from major infrastructures®® and with the stewardship
framework recently proposed®, a motion voted positively by 97% of IUCN members during the 2025 World
Conservation Congress, formally called to protect glaciers and postglacial ecosystems. This first
recognition in the international agenda emphasizes the urgency to simultaneously enhance climate change
mitigation and territorial protection for these ecosystems. Two recent bottom-up initiatives underscore their
potential to transform policies and justice. In Switzerland, a citizen “glacier initiative” led to the 2023
Climate Protection Law, enshrining Paris Agreement objectives in the constitution, while climate litigation
linking Andean glacier loss and associated risks to the emissions of a German utility™ exemplifies how
glaciers and their forelands are becoming focal points for evolving notions of climate responsibility and
justice.

In addition to climate mitigation and given the imbalance we document between slowly developing
ecosystems and existing or planned high-mountain infrastructures, near-term governance responses should
at minimum include precautionary restrictions on new extractive, tourism or energy developments in glacier
and postglacial ecosystems. Such restrictions should not be understood as rigid prohibitions on all
interventions. Because glacierized and recently deglaciated landscapes can also generate hazards and may
require adaptation measures, governance frameworks should explicitly distinguish between infrastructure
development for economic use and scientifically justified interventions for risk reduction, ecological
restoration or climate adaptation. This flexibility is essential to avoid the unintended effects of overly rigid
glacier-protection laws, which may delay actions needed to reduce glacial hazards or to adapt to changing
water resources’!. Together with a strict application of existing protection frameworks, such precautionary
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rules would create time and space for ecological assessment, local consultation and spatial planning. Over
longer timescales, more structural reforms will be needed to develop effective, adaptive and equitably
managed protection for these changing ecosystems.

As announced in 2023 in its National Strategy for Biodiversity, France has committed to rapidly
put all its glacial and postglacial ecosystems under effective protection. The first concretization of this
policy by the creation of a protected area (IUCN category IV) over the south of Mont-Blanc massif through
a convention involving citizens, children, and economic stakeholders can serve as an example for other
states and territories. In addition, the legal frameworks must be applied and strengthened as, for instance,
the 2024 EU Nature Restoration Law that extended the imperative to protect the habitats recognized in 1992
as glaciers outside Natura 2000 sites. Finally, the Swiss—Italian agreement to treat glaciated borders as
mobile, adjusting them as ice retreats®, and emerging recognition of legal personality for natural entities>*,
such as the Spanish laguna Mar Menor™, complement these pathways for moving from static, object-based
protection toward more dynamic, area-based stewardship adapted to changing ecosystems.

The quantitative results presented here are specific to the European Alps, where data availability,
infrastructure density and governance frameworks may differ from those of other glacierized regions.
Nevertheless, the underlying process—climate-driven exposure of new land that may become ecologically
valuable, economically attractive and institutionally ambiguous—is not unique to the Alps**. Worldwide,
glacier retreat has already exposed large areas, and continued warming will drastically expand them®. The
actors, values and conflicts associated with this transition differ among regions: in some places, newly
exposed land attract mining, hydropower or tourism>¢; in others, deglaciation may primarily affect water
security, hazard exposure, cultural identity or spiritual relations to glacierized landscapes®’. The Alpine case
should therefore not be read as a universal template, but as an early, data-rich example of how spatial
diagnoses can reveal where ecological, economic and legal claims are beginning to overlap. As shown by
the weakening of the Argentinian Glacier Protection Law in April 2026, paving the way for mining
developments in glacial and postglacial ecosystems, this changeover occur in regions where newly
accessible minerals, water and lands already attract economical and geopolitical interests. If glacier and
postglacial ecosystems remain legally undefined, unregulated land-uses conflicts and irreversible
ecological damages will grow in parallel with deglaciation. In this sense, the European alpine experience
offers an early test case for anticipating a governance and stewardship challenge that unfolds from local to
global scale. As climate change reconfigures Earth’s ecosystems composition and functioning, systemic,
place-sensitive and forward-looking—rather than reactive and sectorial—governance frameworks are
required'*8. By spatially linking postglacial habitat emergence, infrastructure occupation and protection
coverage, our analysis shows that deglaciation is already producing contested socio-ecological frontiers in
the European Alps. Anticipatory stewardship should begin from such spatial diagnoses, while recognizing
that future trajectories and appropriate policy instruments will differ across glacierized regions.
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Figure 2: Land cover of the 2015 postglacial areas in the European Alps. Alpine and national
deglaciated areas (light grey — map and inner pies) within the end-of-LIA glacier extents (size of the inner
pies) along with the percentage of glacier area leftovers since then (light blue — map and inner pies). The
outer pies detail the deglaciated area land cover (in square kilometer) grouped as water bodies (dark blue),
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type details, in a counterclockwise manner, between sparse vegetation (yellow), grassland (light green),
shrubs (purple) and forest (dark green). Background image: © ESRI World Imagery.
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Figure 3 — Abiotic distributions of 2015 postglacial ecosystems in the European Alps (a) Land cover
distribution of the 2015 postglacial areas as a function of elevation (solid colors), compared to an adjacent
zone that has likely been ice-free throughout most of the Holocene (transparent colors). Horizontal dashed
lines show median altitude values and vertical numbers the median altitude differences between the adjacent
zone and the deglaciated areas since the end-of-LIA (LIA deglaciated). Land cover relative areas are shown
on the top left pies for each respective deglaciated zone. (b) Bare land versus vegetated areas within the
Alpine 2015 postglacial areas with respect to mean annual air temperature (MAAT) and slope. Lateral
boxplots show MAAT and slope distributions for deglaciated regions within the end-of-LIA glacier extents,
as well as their adjacent zones, with details on the vegetation type.
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- Austria. Background image: ©ESRI Word Imagery.
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Methods

Definition of postglacial areas

Postglacial areas® are today deglaciated regions located between contemporary glacier extents and its
boundaries at the end of the Little Ice Age (LIA, around 1850 in the Alps®). To identify these regions in
the Europeans Alps, we intersected end-of-LIA glacier outlines with the latest current (2015) spatially
consistent glacier extents?®. We used the end-of-LIA glacier outlines from reference® everywhere but
France, where we used refined work® to integrate unexplored regions and missing small glaciers. End-of-
LIA datasets rely on expert interpretation of geomorphological traces (e.g., trimlines, moraines) visible on
high-resolution aerial and satellite images, whereas current glacier extents rely on automatic classification
of 2015 Sentinel-2 satellite images and extensive manual post-processing. We only retained 2015 glacier
areas that lied within end-of-LIA glacier extents, excluding 23 km? of ice-covered area, mainly in
Switzerland and Italy, due to slight misalignments and/or the presence of small glaciers not included in the
end-of-LIA glacier mapping. We removed resulting polygons smaller than 0.01 km?, which accounted for
an additional 0.4 km?. The resulting glacier outlines define an end-of-LIA glacier extent of 4,289 km? across
the European Alps. Of this, 1,783 km? remained ice-covered in 2015, corresponding to a net deglaciated
area of 2,506 km?, or 58%. To compare the distribution of land cover classes on postglacial areas to adjacent
areas, likely ice-free during most of the Holocene (~11.000 years ago*), we defined a 200-m buffer band
around each end-of-LIA glacier outline, from which we removed 2015 glacierized and postglacial areas, as
well as those whose elevation was outside the altitudinal range of the given end-of-LIA glacier outline. This
way we obtained a 2450 km? area, of the same altitudinal range than the 2506 km? of postglacial lands, with
similar current climatic parameters, on which we perform the same land cover mapping as for postglacial
areas.

It is important to notice that Alpine glaciers have strongly retreated between 2015 and 2025, due to an
acceleration of mass and area loss with several record years®'. Our land cover mapping is therefore not fully
accounting for the present state. The successive glacier inventories in Switzerland point out an acceleration
of ice melt and a value of annual area loss of 1,7% between 2016 and 2023%. Assuming this as is
representative for the Alpine glacier loss rate, we may assume that another 250 km? has transformed into
deglaciated terrain between 2015 and 2025, i.e., ~10% of the postglacial areas accounted here. These areas
are not accounted for in our delineation of postglacial areas but treated as glacierized areas in all the study.
However, our main objective being to investigate long-term changes in land cover since ~1850, from
glaciers to new ecosystems, this surface can be neglected on this timescale. Nevertheless, postglacial land
cover areas given here are minimum values.

Land cover mapping of postglacial ecosystems
Land cover classes definition

To capture aspects of the ecological diversity and functional characteristics of postglacial landscapes, we
defined a set of land cover classes representative of the main habitats currently present within and around
the end-of-LIA glacier extents across the European Alps. The classification aims to distinguish between
rocky and vegetated dominated surfaces, early- and late-successional vegetation, and aquatic systems. We
selected six primary land cover classes, chosen for their ecological relevance, detectability via remote
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sensing, and comparability with existing land cover inventories: (1) Bare lands, represent rocky and
sedimentary dominated surfaces including glacial till, moraines, bedrocks, as well as coarse sediments of
non-glaciogenic origin, hosting a large diversity of micro-organism as well as some pioneer vegetation.
These areas dominate early-stage postglacial terrain and serve as the initial substrate for primary
succession’. (2) Sparse vegetation, includes early successional vegetation with low canopy cover and
limited spectral greenness. It includes mosses, lichens, and scattered herbaceous species. (3) Grasslands,
are herbaceous-dominated communities with moderate to high vegetative cover, representing later stages
of succession or stable alpine meadows. This class plays a central role in carbon sequestration and slope
stabilization®?. (4) Shrublands include woody perennial vegetation below forest height thresholds. In the
Alps, this includes communities dominated by Ericaceae, Juniperus, or Rhododendron, typically occupying
intermediate altitudes and ecotones. Because our classification relies on anthocyanin pigment accumulation
(see 'Remote sensing data'), land cover classified as shrublands are expected to be mostly Ericaceous
dominated shrublands. (5) Forests represent continuous woody vegetation forming closed canopies,
including coniferous, deciduous, or mixed stands. No separation between those is made within this class.
(6) Natural and artificial lakes are surface water bodies formed in glacial depressions (e.g., moraine or
bedrock-dammed lakes, kettle lakes) after glacier retreat. It also includes dammed reservoirs and regulated
lakes associated with hydropower infrastructures. Since no surface threshold and/or shape filtering are
applied on water bodies detection, potential postglacial rivers can be accounted for as lakes but found to be
very limited (see "Water mapping'). Water bodies such as alluvial planes, keys to plant colonization in
postglacial areas®, even though sometimes as large as lakes®, are hardly detected with our method due to
their high temporal and spatial variations.

Remote sensing data

166,67,68,69 70,71,72,73

Despite numerous land cover products available at globa and regional scales with spatial
resolution of 10-30 m, none have been tuned to perform well on mountainous areas, and even less in
postglacial areas. Most of the time focusing on low elevation terrain, impervious regions and/or croplands,
these products ignore specific high-mountainous land cover classes and/or show poor mapping quality at
glacier margins”. We here choose to build our own land cover mapping of postglacial areas in this sense.
Our analysis relies on remote sensing data from Sentinel-2A and Sentinel-2B Copernicus Earth observation
satellite missions. The 5-day revisit time available since March 2017, combined with a 10-20 m spatial
resolution, enables to detect patchy and heterogeneous plant canopies distributed across topographically
complex terrain’ such as postglacial areas. In addition, Sentinel-2 red-edge sensors improved determination
of pigment seasonal variability in plants, enhancing mountain vegetation discrimination’®. For terrestrial
land cover mapping, we computed two spectral indices: Normalized Anthocyanin Reflectance Index
(NARI) and Normalized Chlorophyll Reflectance Index (NCRI), which are both normalized adaptations of
three-band models’””. NARI and NCRI are sensitive to plant canopy anthocyanin and chlorophyll content,
respectively, found to outperform popular global land cover products when computed over specific
phenological windows. To reduce sensitivity to inter-annual phenological variability and observation
artefacts, we calculated monthly median composites for each spectral index over the 2017-2023 period.
For each of the three periods: 15 July—15 August, 15 August—15 September, and 15 September—15 October,
the median value was computed from all valid Sentinel-2 observations available during that month across
the seven-year period. The resulting predictors therefore represent recurrent seasonal spectral behavior over

the recent observation period, rather than year-specific conditions. This multi-year compositing strategy
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was used to stabilize pigment-sensitive indices such as NARI and NCRI, whose values can vary among
years in response to temperature, radiation and snowmelt timing. We used three fixed seasonal periods
across the Alpine domain to provide a standardized spectral-temporal reference for all pixels and land-cover
classes. These periods were not intended to match the local peak growing season at every elevation or
aspect. Instead, they were selected to capture complementary phases of alpine vegetation phenology, from
summer chlorophyll-related greenness to late-season anthocyanin-related and senescence signals. Using the
same three periods across the study area allows spectral responses to be compared under a common seasonal
framework. Although phenological timing varies with elevation, aspect and local snowmelt conditions, this
variation also contributes to the spectral-temporal signal used to discriminate broad land-cover classes.
Resulting indices were used as predictive variables, i.e., six variables noted NARI 7.s.9 and NCRI 7.9, in the
random forest classification model to map terrestrial land cover (see 'Terrestrial land cover classification').
For water surface mapping, we computed the median value of the Normalized Difference Water Index
(NDWI)”® over the same time window, optimizing the ice-free period of glacial lakes. All spectral bands
were obtained at Surface Reflectance (SR) level from Google Earth Engine (GEE)”™ 'Copernicus/S2_SR'
dataset including atmospheric correction from Sen2Cor®. We post-processed all images with the Python
'eemont' module®, filtering out images with more than 60% cloud cover fraction and masking cloud
(including cirrus) and shadows with probability threshold greater than 0.6.

Training datasets

We used a random forest algorithm approach to map land cover classes (1)-(3)-(4)-(5). This approach
consists of training a computational model with "ground-truth" observations to predict outputs (here land
cover) through predictive variables. This section describes how we elaborated "ground-truth" observations,
also called training dataset, i.e., geo-referenced points of land cover classes (1)-(3)-(4)-(5) across the
European Alps. Such high-quality training datasets remain limited for postglacial areas. Indeed, widely
used global datasets often lack adequate representation in high-mountainous regions, critical for classes

such as shrublands and bare rock®>3384

. To address this, we constructed a customized training dataset for
the European Alps, combining and augmenting existing sources with visual photointerpretation of high-
resolution aerial and satellite imagery. We first extracted data from the Global Land Cover Estimation
(GLanCE) dataset®, focusing on all points within the Alpine Convention region located above 1000 m a.s.l.
consistent with the lower bounds of the LIA glacier extent. GLanCE offers several advantages over its
foundational dataset, LUCAS®, including harmonized land cover classes, additional confidence filtering,
and extra visual validation. From GLanCE, we retained only classes relevant to our study: bare rock,
grassland, and forest (encompassing evergreen, deciduous, and mixed stands). Due to limited Ericaceae-
dominated shrublands representation in GLanCE, we extended an existing dataset’® across the broader
Alpine region, with special care to balance representation across countries despite the natural spatial
clustering of shrubland patches. To enhance classification quality, we excluded shrublands points that did
not exceed NARI = 0.3 in any of the July, August or September composites (i.e. NARI7, NARI8 and NARI9
all <0.3) as they were identified as potentially ambiguous, because they often corresponded to shadows,
mixed pixels, senescent or sparse vegetation, or mislabeled non-vegetated surfaces. For Switzerland, which
is not covered by LUCAS or GLanCE, we relied on a national 25 m-resolution land cover map® derived
from the Swiss National Base Maps and Land Use Statistics using aerial photointerpretation and
downscaling through a nearest-neighbor and expert-based system. From this map, we selected pixels above
1000 m a.s.l. falling into relevant classes (bare lands, grassland, forest) and randomly sampled ~1000 points

20



647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668

669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689

per class. All selected pixels were visually checked by two co-authors with expertise in remote sensing and
alpine environments using Google Earth and ESRI World Imagery. During this quality-control step, we
removed points affected by obvious interpretation or geolocation errors, including points falling on cast
shadows, steep cliffs or ridges faces with strong topographic illumination effects, snow or ice remnants,
infrastructure, mixed pixels located at class boundaries, or pixels whose visual land cover clearly
contradicted the original label. Examples of retained and rejected training points are provided in Fig. S1 to
illustrate some of the criteria used during manual verification. Because the mapped classes are broad land-
cover categories rather than species-level or community-level units, most labels are visually interpretable
in high-resolution imagery. The main objective of the training dataset was therefore not only to verify that
each point corresponded to its assigned class, but also to capture the spectral variability encountered within
each class across the European Alps. For instance, the forest class includes coniferous, deciduous and mixed
stands across different elevations and illumination contexts, while the bare-land class includes bedrock,
moraines, glacial till and coarse sediments. We therefore retained training points spanning this variability,
while removing points affected by clear labelling errors or ambiguous mixed-pixel conditions. Lastly, to
supplement the bare rock class underrepresentation in GLanCE (only one point met our selection), we
manually constructed an independent training dataset of bare lands points through direct visual
photointerpretation for all Alpine countries except Switzerland (already covered), with special care again
to balance representation across countries and drawn from terrain above 1000 m a.s.l. Overall, we obtained
9384 training points, distributed as follows: 2776, 2216, 2048, 2344 samples for bare lands, grasslands,
shrublands, and forest respectively (Fig S2).

Terrestrial land cover classification, validation and uncertainties

We used GEE supervised random forest (RF) algorithm to build a classification model for the terrestrial
land cover (1)-(3)-(4)-(5). We computed our final RF model based on a spatial-split approach using the six
predictive variables NARI7.s.9 and NCRI7g.9 on the training dataset locations (see '"Training dataset') (Fig
S3). We first tuned the RF number of trees to 200 based on the "out of bag error" estimate and chose a
number of variables per split of 3, i.e., higher than the default square root of the number of predictive
variables, hence limiting overfitting. We have not tuned more parameters since there is no performance
gain in doing so®. We used a 4-fold spatial-split pattern to train and validate our model (Fig S2). For each
fold, one spatial block was withheld as an independent test set, while the model was trained on the remaining
three blocks using the same RF parameters. Accuracy metrics and the confusion matrix reported in Fig. S4
were computed from the aggregation of these out-of-fold predictions (Fig. S5), not from predictions on the
training data. This spatial validation design was chosen to reduce data leakage and overoptimistic accuracy
estimates caused by spatial autocorrelation, which can occur with random train—test splits in remote-sensing
classification®”*®. We found similar performances for all RF models and chose to follow an ensemble
learning approach. Because each fold was spatially withheld, this validation also tested whether the
classifier could generalize across Alpine subregions with different species composition, illumination
conditions and spectral expressions of the same broad land-cover classes. We combined the outputs of the
4 random forests to estimate the final land cover classification, i.e., by averaging the output probabilities
per land cover class of the four models, without weights® and estimated our final model accuracy based on
the combined confusion matrix (Fig S4). Area uncertainties were estimated from conformal predictive sets
applied to the ensemble probabilities. Class (2)-sparse vegetation classification has not been performed
through the RF process but based on the final model output probabilities of the land cover classes (1)-bare
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lands and (3)-grasslands. It has been motivated by the observation of a high number of pixels with similar
output probabilities for these two latter classes. We thus re-classified pixels to class (2) when their
predictive set (see below) contained only classes (1) and (3). Such pixels appeared clearly to fall between
the classes (1) and (3) in the (NARI 7.5.9 / NCRI 7.5.9) space (Fig S3), consistent with a continuum of
vegetation cover in partially colonized postglacial terrain. We explored whether analogous mixed classes
could be derived for bare-land—shrubland and bare-land—forest transitions using the same probability-
overlap logic. These combinations were almost absent in the RF probability space, with only three pixels
showing comparable bare-land/forest overlap and four pixels showing comparable bare-land/shrubland
overlap across the study area. We therefore restricted the derived sparse-vegetation class to the bare-land—
grassland continuum, which was the only substantial mixed end-member transition detected by the model.
However, this should not be interpreted as evidence that sparse woody colonization or bare—shrub and bare—
forest transitions are absent in the field. Rather, these transitions are not reliably resolved by our Sentinel-
2 phenological feature space and broad end-member training strategy at 20 m resolution. Consequently, the
sparse-vegetation class should be interpreted as a conservative estimate of the dominant bare-land—
herbaceous vegetation transition, while sparse shrubland or early woody colonization may be under-
detected or represented within bare land, grassland or sparse vegetation.

We used conformal statistics®”! to estimate terrestrial land cover uncertainties. This theory allows
pixel-level uncertainty quantification for categorized data with relatively little computational power and
straightforward implementation for any algorithm that outputs class probabilities®>. For each Sentinel-2
pixel, we derived what is called a 'predictive set'. This predictive set corresponds to the ensemble of land
cover classes for which the true class is likely to be one of those at a certain confidence level C. In practice,
the predictive set is derived based on the conformal scores of the training dataset, i.e., the 1-C quantile of
the model probabilities of the true class of the training dataset. A given pixel is considered uncertain at the
level C when the size of its predictive set is different than one, i.e., there is more than one land cover class
with higher probability than the conformal score (multiple classification possible), or there is no land cover
class at all with higher probability than the conformal score (no classification with high enough confidence
level). We here chose to derive uncertainties at the 95% confidence level. From such an uncertainty map
(Fig S6), we derived land cover area uncertainties as follow: negative uncertainty of a given land cover
class corresponds to the pixels classified as such that have a predictive set of size different than one; positive
uncertainty corresponds to the pixels not classified as such that contain the given land cover class in their
predictive set. Land cover class (2)-sparse vegetation being defined from the other classes’ probabilities,
its area uncertainties cannot be directly estimated through this procedure since we do not have conformal
scores for this class. The area uncertainty reported for each terrestrial land-cover class was obtained by
summing the surface of pixels whose conformal predictive set indicated possible class reassignment. For a
given class, the negative uncertainty corresponds to pixels classified as that class, but whose predictive set
contained either multiple possible classes or no class at the chosen confidence level. The positive
uncertainty corresponds to pixels assigned to another class, but whose predictive set included the focal class.
These pixel areas were then aggregated at Alpine and national scales and converted into percentages using
the corresponding deglaciated or vegetated-area denominator. Uncertainty in percentages is not shown to
keep results readable. This procedure of terrestrial classification and estimation of associated uncertainties
has been performed simultaneously on postglacial areas and their adjacent zone. The resulting land cover
map is representative of the year 2020.

High-resolution sub-pixel characterization of land-cover classes
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To characterize the sub-pixel composition of the 20 m land-cover classes, we compared our Sentinel-2
classification with independent high-resolution vegetation and canopy-structure data over the Mont-Blanc
massif. We used a 20 cm NDVI raster derived from infrared aerial orthophotography (©IGN BDORTHO
IRC 20cm from 2023) and a 50 cm canopy-height model derived from airborne LiDAR (OLiDAR HD IGN
from 2023). These datasets were used as an independent high-resolution benchmark to assess how the 20
m land-cover classes relate to sub-pixel greenness and vegetation structure (Fig. S7). NDVI raster was
reprojected to 50cm spatial resolution based on LiDAR HD grid. Both 50 cm rasters were projected,
cropped and aligned to the 20 m land-cover grid. For each 20 m land-cover pixel, we aggregated all
underlying 50 cm pixels and calculated four summary metrics: mean NDVI, NDVI variance, mean canopy
height and canopy-height variance. Mean NDVI was used as an indicator of average sub-pixel vegetation
signal, while NDVI variance was used to characterize within-pixel heterogeneity in greenness. Mean
canopy height and canopy-height variance were used to assess whether mapped classes differed in vertical
vegetation structure and whether sparse-vegetation pixels corresponded to low-stature vegetation rather
than unresolved woody vegetation. This analysis was used to characterize the physical meaning of the
mapped classes at sub-pixel scale, with particular attention to the bare-land—sparse-vegetation—grassland
transition (Fig. S8). Only 5 pixels of shrubland were identified in our Mont-Blanc massif dataset so it was
not included in the analysis. The transition from bare land to forest was found to be coherent based on mean
NDVI and Canopy Height values with continuous gradients of mean NDVI, and canopy height superior to
0 mostly for Forested pixels (Fig. S8a-c). Some grasslands were found to have Canopy Height superior to
0 which might indicate contamination of grasslands pixels by very sparse tree. Variance in canopy height
was high for Forested pixels only and nearly absent for other classes. NDVI variance was the highest for
grassland and sparse vegetation which confirms the intermediate position of sparse vegetation between
grassland and bare land. For grassland, the high variance in NDVI might indicate the presence of sparse
trees contamination (Fig. S8d-f). Because the high-resolution comparison is restricted to the Mont-Blanc
massif, we interpret it as a regional sub-pixel characterization and independent high-resolution benchmark,
rather than as a complete external validation of the Alpine-wide land-cover map. It was therefore used to
clarify the interpretation and limitations of the Sentinel-2 classes, especially the fact that pixels classified
as bare land may still contain unresolved pioneer vegetation below the 20 m mapping resolution.

To further characterize fine-scale greenness within the low-vegetation classes, we also calculated
the proportion of positive-NDVI 50 cm cells within each 20 m land-cover pixel. The 50 cm NDVI raster
was converted to a binary layer in which cells with NDVI > 0 were assigned a value of 1 and cells with
NDVI < 0 were assigned a value of 0. This binary layer was then aggregated to the 20 m land-cover grid
by averaging all 50 cm cells falling within each 20 m pixel. Because the input layer is binary, the resulting
value corresponds to the proportion of 50 cm cells with positive NDVI within each 20 m pixel. This analysis
was applied to pixels classified as bare land, sparse vegetation and grassland, and was used to quantify the
fine-scale greenness signal contained within each class. We then calculated, for each class, both the
distribution of positive-NDVI fractions and the proportion of 20 m pixels containing at least one positive-
NDVI 50 cm cell. This provided an additional test of whether bare land, sparse vegetation and grassland
form an ordered sub-pixel greenness continuum. The analysis showed that 12.8% of pixels classified as
bare land contained at least one positive-NDVI 50 cm cell, generally in very low proportions, whereas
positive-NDVI cells were present in 96.5% of sparse-vegetation pixels and 97.7% of grassland pixels.
Sparse vegetation also occupied an intermediate position between bare land and grassland in the distribution
of positive-NDVI fractions, with a mean positive-NDVI fraction of 17.3% [9-28%], compared with 45%
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[23—67%] for grassland (Fig. S9). This supports the interpretation of bare land, sparse vegetation and
grassland as a landscape-scale continuum of increasing vegetation cover, while confirming that pixels
classified as bare land can still contain very sparse sub-pixel vegetation below the 20 m mapping resolution.

Water mapping, validation and error assessment

Water surface detection by remote sensing is a very active field that produced a flourishment of methods®*,
from historical index thresholds’** to more complex ones such as supervised algorithms®>%, with an
increased use of multi-sensors®>. Here we used a combination of optical remote sensing reflectance and
topographic indexes to map water surface over deglaciated areas inside the end-of-LIA glacier outlines as
well as the adjacent zones. Topographic filtering allows us to remove implausible detections (e.g., high
slope, ridge tops), and the exclusion of glacierized areas prevents numerous false detections from temporary
summer glacial streams. We used the Normalized Difference Water Index (NDWI)”® computed from
Sentinel-2 Surface Reflectance product averaged over snow-free period (July 15" to October 15™) between
2017 and 2023 (included) and applied a slope filtering based on Copernicus EU-DEM at 30 m (see 'Climate
and topographic data"). To choose both indexes' thresholds, we compared the resulting water mapping for
various thresholds to a validation dataset®® over the French area. This dataset contains all water surfaces
identified above 1500 m a.s.1., without size limitation, from 2022 national ortho imagery interpretation. To
assess the sensitivity of the mapped water surface to the NDWI threshold, we repeated the water
classification using NDWTI thresholds ranging from 0.1 to 0.2, while keeping the slope threshold fixed at
20°. This range encompasses plausible values commonly used for NDWI-based surface-water detection.
Thresholds below this range produced numerous false positives, especially over wet snow, shaded terrain
and lake margins, whereas higher thresholds increasingly restricted detections to larger or optically darker
water bodies and omitted small or shallow lakes. Over the French validation area, varying the NDWI
threshold within this range changed the mapped water surface by approximately £0.5 km? around the
selected threshold (Fig. S10). Based on this comparison, we chose NDWlinesi= 0.15 and slopemresni= 20 to
maximize detection performance while limiting false detection. Indeed, weaker thresholds increased water
surface detection and so the associated completeness performance, but this is mostly due to limited Sentinel-
2 resolution leading to additional water detection on individual lake ridges (wrongly mapped). We visually
validated ~80% of the mapped lakes to ensure reliability, confirmed by very good performance results for
lakes larger than 0.1 ha (equivalent to about two Sentinel-2 pixels area) with 96%-count and 80%-surface

100 als0

completeness (Fig S11). Other national water mappings of glacial lakes in Switzerland®® and Austria
show very good agreement with our results, i.e., 6.22+/-0.25 km? versus 6.7 km? (our result, Switzerland)
and 2.93 km? versus 3.1 km? (our result, Austria). It is important to note that we excluded the 2015
glacierized area from the water mapping and thus missed the last 10-years of lakes evolution in postglacial
areas. From the French validation dataset, we estimate the corresponding missing surface to ~10% (~0.2

km? in France).

Climate and topographic data

To characterize the abiotic conditions shaping postglacial ecosystems development, we extracted climate
and topographic variables across the full extent of the end-of-LIA glacier outlines, as well as for the adjacent
zone. Climate data were obtained from the Climatologies at High Resolution for the Earth’s Land Surface
Areas (CHELSA) v2.1 dataset'®" which provides high-resolution (~1 km) climatological variables for
global land areas. CHELSA is based on statistical downscaling of ERAS reanalysis data, corrected using
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orographic predictors and station observations, and is particularly suited for complex topographic regions
such as the European Alps. Among available variables, we selected Mean Annual Air Temperature
(MAAT) as the primary climatic driver of vegetation establishment and succession. We used the 1981—
2010 climatological reference period to represent average thermal conditions of the recent period in which
postglacial ecosystems have developed.

Topographic variables were derived from the Copernicus Digital Elevation Model (GLO-30
DEM)!%2, available on GEE with a native resolution of 30 m. From this dataset, we computed the following
terrain metrics on GEE platform: (i) Elevation (m a.s.l.); (ii)) Slope (degrees); and (iii) Aspect. All
topographic layers were resampled to a 20 m resolution to align with the satellite-derived land cover data.
Topographic data were primarily used to investigate constraints on vegetation development (e.g., slope
thresholds for colonization) and to filter false positives in water detection in steep or shadowed zones.

Ecosystemic services

This section describes how we estimated water volumes and carbon stocks of Alpine pro-glacial areas from
the land cover map produced in this study.

Water volumes were obtained from empirical surface—volume scaling relations of the form: (1) V
=exp(a1) x A"b; (see ref. ?) for lakes smaller than 28 ha, and (2) V = a; x A”b; (see ref. ') for lakes larger
than 28 ha ; where V' is the lake volume (x1e6 m?), 4 is the lake area (m?), and a,» and b;» are empirically
derived constants (Fig S12). We chose to use two different scaling relations over this specific area range to
respect the validity range of the empirically derived relations. Lake entities from our land cover have been
defined as each ensemble of water classified pixels with an 8-connectivity pattern. Volume uncertainties
have been derived accounting for water area mapping error assessment, as well as scaling relations
uncertainties that we estimated from the relations' residuals in different area ranges. For the few lakes
smaller than the lower bound of the scaling relation (1), we applied a £100% uncertainty on the estimated
volume. This overall method allowed us to derive a first-order estimate of current water retention in
postglacial lakes in the Europeans Alps.

To estimate the carbon storage of postglacial ecosystems across the Europeans Alps, we used a
simple cross product between the land cover map derived ecosystems area and first order empirical carbon
density values accounting for above- and below-ground biomass, litter layer, and soil organic carbon.

Following literature-supported values of alpine ecosystems !04105.106.107.108

, we assigned the following
carbon density value (and uncertainty) to each of our land cover classes definition: bare lands: 5+5 tC/ha ;
grassland: 60£10 tC/ha ; sparse vegetation: 30£5 tC/ha (assumed to be 50% of grassland value to account
for low biomass and limited soil development); shrubland: 80+20 tC/ha ; and forest: 120+20 tC/ha.

Estimates of carbon storage account for land cover area uncertainties (see Table S4).

Human infrastructures and protected areas

To assess the protection status of the end-of-LIA glacier extents in the European Alps, we intersected its
coverage with the World Database on Protected Areas (WDPA)* that lists protected areas worldwide. We
defined five groups of protected areas according to their theoretical protection enforcements, following the
International Union for Conservation of Nature (IUCN) categories: (1) protected areas classified [IUCN
categories Ia (strict nature reserves), Ib (wilderness areas) and II (national parks), the strongest protection
status ; (2) IUCN categories III (Natural monuments or features) and IV (Habitats or species management
areas) ; (3) UNESCO World Heritage sites ; (4) all other protected areas that do not fit within the previous
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groups (i.e., including IUCN categories V and VI) ; and (5) areas with no protected status at all. The WDPA
database is updated monthly with submissions from governments, non-governmental organizations,
landowners, and communities. Commonly accepted to be the most complete and up to date database; its
completeness is subject to these external contributions, and some national to regional specificities might
still be absent. We used data from October 2025 to which we added the Swiss "Federal Inventory of
Landscapes and Natural Monuments" (ILNM), the only Federal Inventory missing as compared to the
official country database [https://map.geo.admin.ch/], categorized as IUCN V, and covering a large
proportion of the end-of-LIA glacier extents. The resulting surface and percentage of protected areas
covering the end-of-LIA glacier extents is obtained after merging all protected areas within a given group
(see Table S5, S6 and S7), i.e., spatial overlaps between groups being still possible, and real. This analysis
provides a spatial assessment of formal protection coverage and protection categories, rather than an
evaluation of legal effectiveness or management outcomes. [UCN categories were used as indicators of
nominal protection status and management objectives, but they do not measure enforcement capacity,
governance quality, ecological effectiveness, or the degree to which postglacial ecosystems are explicitly
considered in management plans. We therefore interpret these results as a map of protection coverage and
formal protection level across end-of-LIA glacier extents, not as a quantitative assessment of the
effectiveness of individual protected-area instruments.

To assess the extent and distribution of anthropogenic pressures on 2015 glacial and postglacial
areas in the European Alps, we mapped major human infrastructures intersecting with the end-of-LIA
glacier extents. We focused on two primary land use types with significant environmental impact in high-
altitude contexts: ski resort infrastructures and hydropower facilities. Our selection criteria are the
following: we selected only infrastructures with a footprint inside the end-of-LIA glacier extents and
accounted only for the portion inside the 2015 glacial and postglacial areas. We used OpenSkiMap.org'®
an open access database for ski areas, runs and lifts around the world, to map groomed ski runs and lifts
having a footprint within the end-of-LIA glacier extents. The resulting dataset gives the length of each ski
resort infrastructure detailed by country, and by deglaciated and glacierized areas (see Table S8). We used
the Global Dam Watch (GDW v1) hydropower facilities dataset''’, completed by visual inspection of
Google Earth and ESRI World imagery that added 8 missing facilities: 5 in Switzerland, 2 in Austria, and
1 in Italy- to list the number of hydropower facilities impacting postglacial areas (see Table S10). We
limited the associated artificial water surfaces to the areas contained within the end-of-LIA glacier extents.
Most hydropower lakes are thus larger than accounted for here. Because OpenStreetMap and Global Dam
Watch are open datasets with variable completeness among countries and regions, we interpret
infrastructure intersections as conservative estimates of mapped infrastructure presence rather than
exhaustive inventories. The analysis is spatial rather than chronological: it identifies ski and hydropower
infrastructure located within terrain exposed between the end of the Little Ice Age and 2015, but does not
determine whether each feature was built before or after 2015, because construction dates were not
consistently available across infrastructure types and countries.
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Data availability

Landcover maps of the end-of-LIA deglaciated areas and adjacent zones, end-of-LIA glacier extents, and
processed data are available via Zenodo at: https://zenodo.org/records/18623087. The ski resorts data is
available at: https://openskimap.org/. The Global Dam Watch dataset is available here:
https://www.globaldamwatch.org/. The World Database on Protected Areas (WPDA) is available here:
https://www.protectedplanet.net/en.

Code availability
The codes and computational notebooks used to process Sentinel-2 data and perform landcover
classification are available via Zenodo at: https://zenodo.org/uploads/18623290
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