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Abstract

Alpine glaciers worldwide will lose most of their volume by the end of the 21st

century, placing alpine ecosystems and human populations at risk. The new

lands that emerge from retreating glaciers provide a host of challenges for eco-

logical and human adaptation to climate change. In these novel proglacial

landscapes, ecological succession and natural hazards interplay with local agri-

culture, hydroelectric production, mining activities, and tourism. Research has

emphasized the importance of understanding adaptation around socio-

environmental systems, but regional and global management efforts that sup-

port local initiatives and connect novel proglacial landscapes to ecological,

social, and cultural conservation opportunities are rare and nascent. The char-

acteristics of these emerging lands reflect the nexus of alpine ecosystems with

socio-political histories. Often overlooked in glacial-influenced systems are the

interdependencies, feedbacks, and tradeoffs between these biophysical systems

and local populations. There is no coordinated strategy to manage and antici-

pate these shifting dynamics, while affirming local practices and contexts.

There is an opportunity to initiate a new conversation and co-create a gover-

nance structure around these novel landscapes and develop a new framework

suitable to the Anthropocene era. This article first synthesizes the rapid socio-

environmental changes that are occurring in proglacial landscapes. Second, we

consider the need for integrating “bottom-up” with “top-down” approaches for
the sustainable management of proglacial landscapes. Finally, we propose esta-

blishing a transdisciplinary initiative with policy-related goals to further dia-

logues around the governance and sustainable management of proglacial

landscapes. We call for increased cooperation between actors, sectors, and

regions, favoring multiscale and integrated approaches.
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1 | INTRODUCTION

Mountain glaciers and ice caps cover approximately 485,000 km2 of the Earth's surface, excluding the large ice sheets
of Greenland and Antarctic (Hock, Rasul, et al., 2019). Mountain glaciers are present in 44 countries
(RGI Consortium, 2017), almost 25% of the world's countries. In most mountain regions of the world, glaciers are ret-
reating, and ice-free lands are expanding as a consequence of climate change (Beniston et al., 2018; Bolch et al., 2012;
Davaze et al., 2020; Dussaillant et al., 2019; Hugonnet et al., 2021; Menounos et al., 2019; Rabatel et al., 2013; Shean
et al., 2020; Zemp et al., 2019). Paralleling the Anthropocene, mountain glaciers started shrinking at the end of the Lit-
tle Ice Age (LIA), �1850, and the rate of melting increased after the 1950s (Matthews & Briffa, 2005). Especially over
the last two decades, global glacier thinning and mass loss have drastically accelerated (267 ± 16 gigatonnes per year),
contributing to sea level rise, altering regional hydrology, and accentuating natural hazards (Hugonnet et al., 2021;
Wang et al., 2020; Zemp et al., 2019). Recent glacier mass projections simulate substantial global scale glacier mass
losses, especially for the higher emission scenarios (Representative Concentration Pathway RCP8.5; [Hock, Bliss,
et al., 2019; Huss et al., 2017; Zekollari et al., 2019]).

As a result of the shrinking ice, approximately 227,000 km2 of new lands will emerge by 2100 under the high emis-
sions RCP8.5 scenario (A. Rabatel, personal communication—Appendix S1). This is equivalent to the area of the
United Kingdom. Even under the more conservative RCP2.6 scenario, �142,000 km2 of ice-free lands are likely to
emerge. The RCP8.5 scenario forecasts the complete disappearance of numerous glaciers within the next decades, espe-
cially in the Tropics. Rabatel et al. (2013) highlight the high vulnerability of tropical glaciers in the Andes located below
5400 m.a.s.l., which will probably disappear in one or two decades. Likewise, if current conditions persist, the East Afri-
can and Australasian glaciers will disappear within the same timeframe (Mt Kilimanjaro: Thompson et al., 2009;
Zawierucha & Shain, 2019; Puncak Jaya: Veettil & Wang, 2018). Globally, the complete extinction of 8–21 of the iconic
World Heritage Glaciers is expected by the end of the century (Bosson et al., 2019). Glaciers cover a relatively small
area, but the processes of deglaciation and emerging ice-free lands (henceforth “proglacial lands”; Box 1) will have dis-
proportionately large effects worldwide on biological, hydrological, and geomorphological processes.

Rapidly melting glaciers will have significant implications for society both near and downstream of the glaciers,
thus affecting much larger areas and human populations beyond the deglaciating landscapes themselves (Brighenti
et al., 2019; Haeberli et al., 2019; Immerzeel et al., 2020). The process of deglaciation and the emergence of new lands
and lakes may pose significant challenges, such as increased natural hazards or changes in water resources (Deline
et al., 2021; Linsbauer et al., 2016). But they also represent opportunities for the development of soils and vegetation
(Carlson et al., 2014; Egli et al., 2006; Eichel, 2019; Ficetola, 2021; Hock, Rasul, et al., 2019). Organisms can colonize
ice-free areas rapidly, and in less than a century, even forests and wetland ecosystems can develop in these former gla-
cier and permafrost lands. These new geosystems and ecosystems might contribute to key environmental services such
as water amount and quality, aquifer recharge, carbon sequestration, biomass production, and biodiversity (Gobbi
et al., 2021). And there are many studies on the implications of glacier retreat for the corresponding landscapes, down-
stream ecosystems, and water supplies (e.g., The Special Reports on Global Warming [Cuesta et al., 2019; Hock, Bliss,
et al., 2019; IPCC, 2018, 2019]). Lastly, important research fields are emerging (e.g., modeling of new landscapes and
environments; Haeberli, 2017), and adaptation-oriented studies and multipurpose projects have been developed within
these new proglacial lands. Glacier retreat also has important socio-cultural and psychological dimensions. Historic and
current social, economic, and environmental changes have influenced local and regional interpretations of risk and
hazards and shaped responses in complex ways. For example, loss of landscape identity leads to the loss of the sense of
place, local customs, identity, and religion (Deline et al., 2014; Drenkhan et al., 2019; Huggel et al., 2015; Jurt, Brugger,
et al., 2015).

Proglacial landscapes reveal entangled biophysical, sociocultural, and economic (hereafter, socio-environmental)
dynamics that require attention in the face of unprecedented and accelerating human-induced environmental changes
(Huss et al., 2017; Vuille et al., 2018). Almost a fourth of the world's countries need to manage the current and forth-
coming socio-environmental challenges associated with glacier shrinkage. However, incoherent policies and institu-
tions hinder socio-environmental systems and local initiatives that are now in place or evolving. Globally, the major
challenges for governance include unawareness by those living outside the mountains, contradictory policies—made in
many cases by outsiders who do not understand local situations, poverty, and asymmetrical competition for valuable
natural resources (Kellner & Brunner, 2021; Klein et al., 2019; Tucker et al., 2021). The Rio Earth Summit (UNCED;
Mountain Agenda, 1992) marked the key starting point of global concern for mountains, but mountain systems
research has made minimal connection to both local and global policy. International mechanisms—such as the
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Mountain Agenda1 or the Warsaw International Mechanism for Loss and Damage2 are crucial to support local solutions
to climate change impacts because in the near future proglacial lands will be critical for regulating fresh water for bil-
lions of people. Mountains occur on all continents in diverse socio-political contexts, which exacerbates the challenge
of global policies that can fit local contexts (Debarbieux & Price, 2012). A global strategy should be also highly
decentralized in addition to being flexible. Local agency and knowledge, and horizontal dialogue between parties are
the major assets to identify solutions and move toward sustainable management options.

This advanced review draws on research from biophysical and social sciences to explore proglacial landscapes. The
article identifies key socio-environmental challenges and opportunities for deglaciating landscapes and investigates
existing governance arrangements to develop flexible but coordinated governance mechanisms that originate from local
needs and contexts. It explores the policy and planning efforts that already exist in the alpine proglacial landscape to
highlight future opportunities to support socially just, less hazardous, and ecologically sustainable responses to climate
change. We intend to expand the purview of conservation theory and practice beyond what is and what was, to what
might become a just, sustainable, and meaningful future.

Four overarching research questions guide this essay:

• What are the actual and most pressing socio-environmental challenges arising from emerging proglacial systems?
• What key opportunities do proglacial systems present to local actors and to the broader society?
• How do we ensure continuous learning and observation processes to meet the actual and incoming challenges, and

identify opportunities?
• Which policies and planning efforts already exist in the alpine proglacial landscapes, and what types of governance

arrangements would support socially just and ecologically sustainable management of these emerging lands?

We conclude our review by suggesting directions for further research and propose an initial governance framework for
mediating challenges and fostering opportunities from emerging landscapes. This represents a “bottom-up” and “top-
down” approach, promoting both local-based strategies and a co-created, transboundary, non-binding initiative for the
sustainable adaptation and management of emerging alpine landscapes. The proposed initiative will invite local,
regional, and global governance entities to co-develop an overarching framework for research, action, and allocation of
necessary resources. Our motivations are to catalyze conversations between actors and sectors, foster locally driven
mechanisms for continuous learning and observation, support the often politically and economically marginalized
groups who inhabit and use the proglacial lands, and incentivize inclusion of these proglacial lands and their guardians
in national adaptation plans.

2 | CHALLENGES FROM DEGLACIATION AND EMERGING LANDSCAPES

In this section, we present the most pressing challenges of the emerging proglacial landscapes. We focus on the bio-
physical impacts of glacier recession with a strong emphasis on the social–environmental dimensions, including risks/
hazards and cultural values associated with the receding cryosphere. A comprehensive review of physical changes is
beyond the scope of this review and covered well elsewhere (Haeberli & Whiteman, 2021; Heckmann & Morche, 2019;
Zheng et al., 2021).

2.1 | High elevation (alpine) ecosystems and biodiversity

Glaciers, permafrost, and recently deglaciated areas are ecosystems in their own right and provide permanent or tempo-
rary habitat for a variety of specialized taxa from bacteria to vertebrates (Ficetola, 2021; Gobbi et al., 2021). The loss of
mountain cryosphere—glacier and permafrost—and changes of the physiognomy of the emerging proglacial landscape
threaten local high alpine biodiversity and ecosystems, such as altered hydrological, thermal and bio-geochemical
cycles, glacier-fed streams, and glacier forelands (Brighenti et al., 2019). In addition, the accelerated pace of warming
(Pepin et al., 2015) occurring in high elevations exacerbates the impacts of cryosphere loss, and biodiversity, ecosystem,
and hydrological regime changes are lagging behind current climate change (Alexander et al., 2018; Huggel et al., 2015;
Milner et al., 2017). The last several years have seen crucial advances in our understanding of biotic colonization and
pedogenesis after glacier retreat (Anthelme & Lavergne, 2018; Cauvy-Fraunié & Dangles, 2019; Cuesta et al., 2019;
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Ficetola, 2021; Hågvar et al., 2020; Khedim et al., 2021). Although hundreds or thousands of years can be required for
the full establishment of alpine ecosystems (D'Amico et al., 2017; Eichel, 2019; Erschbamer & Caccianiga, 2016;
Temme, 2019), some colonization processes can be surprisingly fast (Anthelme et al., 2021; Benavent-Gonz�alez
et al., 2019). Species' success in a glacier retreat and elevation-dependent warming context depends on several complex
and interconnected factors, including (a) the biotic and abiotic local conditions (biotic factors include species and their
interactions and abiotic factors include climate and geomorphology), (b) speed and ease of species migration toward
higher elevation (dispersal capacity), (c) adaptive phenotypic plasticity, and (d) time scales of biological processes. How-
ever, these opportunistic ecological processes might not be fast enough to respond to the rate of environmental changes.
Post glacial chronosequence studies suggest a time lag between the velocity of warming, the pace of glacier retreat, the
upslope migration of alpine communities to the new terrain, and soil formation processes (Alexander et al., 2018;
Anthelme & Lavergne, 2018; Cauvy-Fraunié & Dangles, 2019; Cuesta et al., 2019; Gottfried et al., 2012; Schmidt
et al., 2012; Zimmer et al., 2018). As a result, in proglacial systems there are “losers” and “winners” of global warming
(Cauvy-Fraunié & Dangles, 2019; Hågvar et al., 2020). Most of the “losers” are specialist species or slow-growing and
adapted to a narrow range of glacial conditions. The “winners” are more generalist and competitive species that benefit
from the higher temperatures and colonize from lower elevations. Expected long-term effects include the loss of high
alpine biodiversity, especially for the cold adapted taxa and high elevation endemic floras (Cuesta et al., 2020; Gobbi
et al., 2021). These expected biological extinctions within proglacial systems will lead to ecological cascading effects on
aquatic and terrestrial systems (Cauvy-Fraunié et al., 2016). Changes in local environmental conditions (e.g., channel
stability, temperature, and chemistry) are followed by complex ecological shifts in the stream and terrestrial communi-
ties and food webs, with a predicted loss of biotic diversity (Brighenti et al., 2019). In the Andes, studies have shown
that changes in meltwater discharge from glaciers upstream strongly affect the spatial and temporal extent of alpine
wetlands. Over the long-term, wetlands will likely shrink in size and lead to soil desiccation and wetland degradation
(Jacobsen & Dangles, 2017; Polk et al., 2017). In addition, the lagged response time of glaciers to global climate change
might exacerbate the climatic debt already experienced by high-alpine communities (Roe et al., 2021; Zekollari
et al., 2020). Within two to three decades short-term effects of glacier melt include the displacement and shrinkage of

BOX 1 Terminology

Geo-ecosystems

Troll (1971) originally suggested the term geoecology in the theory of landscape ecology to explain how the
geosphere exerts a dual influence on human activities and the natural environment. Haeberli et al. (2017)
define glacier foreland as new landscapes with geosystems and ecosystems of rocks, debris, sparse vegetation,
new lakes, and slowly thawing permafrost. We use the term geo-ecosystem to ensure a full consideration of the
geological factors (e.g., structure, landform, rock, and water), terrestrial and freshwater ecosystems, and social
interactions.

Proglacial landscapes

The literature uses a multitude of technical and non-technical terms to name the land emerging after glacier
retreat (e.g., “ice-free lands”, “proglacial”, “postglacial”, “cold mountain”, “cold region”, “deglaciated”, or
“deglacierized”). Here before a consensus is reached, we use the term “proglacial” to refer to the area emerging
after glacier retreat. According to the Glossary of glacier mass balance and related terms (Cogley et al., 2011),
proglacial means “pertaining to an object in physical contact with, or close to, the glacier margin ”. We recog-
nize in some cases glaciers have already completely vanished and disappeared, and in others ice remains for
years, but for simplicity we use the term “proglacial lands” for both scenarios. Likewise, our objectives are to
discuss adaptation and management before the complete disappearance of the glaciers.
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wetlands and the shift of altitudinal treelines, modified woody plant abundance, and increased emergence of proglacial
lands and water bodies at the expense of high elevation biodiversity (Carlson et al., 2017; Dangles et al., 2017; Huggel
et al., 2015; Lizaga et al., 2019; Navas Izquierdo et al., 2019; Polk, 2016; Young et al., 2017). Biogeographical challenges
exacerbate the rates and state of ecological changes: proglacial terrain is often fragmented and isolated—the classic
patch dynamics, which creates fundamental constraints on most species adapted to these narrow, dynamic environ-
ments that make uphill migration and colonization even more arduous (Malanson et al., 2019; Rubel et al., 2017).

There is a growing amount of literature on glacial and proglacial biodiversity and ecosystem development
(Ficetola, 2021); yet we still lack a comprehensive and integrative framework to predict the systematic biodiversity
responses to glacier retreat across different mountain regions of the world and the implications for management
(Anthelme et al., 2021; Cauvy-Fraunié & Dangles, 2019; Fischer et al., 2019; Lambert et al., 2020). Many cite the urgent
need to characterize these emerging (novel proglacial landscapes) and disappearing (glacier and permafrost) habitat
types, in order to plan monitoring and management of their biodiversity (Gobbi et al., 2021). In “Fairness to future gen-
erations”, Edith Brown Weiss (1989) points out the moral issue of biodiversity loss between generations: “It is our duty,
as human society, to ensure intergenerational equity, in the sense that each generation is entitled to inherit a robust
planet”. At a longer timescale, novel 21st-century climates may continue to modify environmental conditions and lead
to unknown novel alpine environments, species assemblages, and ecosystems (Hock, Bliss, et al., 2019). The strong
imbalance resulting from these continued unidirectional changes might have deeper impacts soon. One of them is the
deep warming and degradation of permafrost that will induce long-term destabilization of icy slopes that will cascade
into surrounding landscapes (Deline et al., 2021).

These biophysical changes interact with other factors. Anthropogenic factors, such as the local economy and exter-
nal markets (e.g., local livelihood or tourism), can mediate or accelerate the rate of ecological changes. For instance,
people respond to global warming by moving frost-tolerant crops further upslope (or to colder microclimates; Hussain
et al., 2018 in Nepal; Skarbø & Vandermolen, 2014 in Ecuador; Sayre et al., 2017 in Peru), potentially facilitating biolog-
ical invasions to higher elevation. Similarly, grazing (Speed et al., 2012), human-caused fires, and frequent disturbance
by tourists (Barros et al., 2020; Kavan & Anděrov�a, 2020) may modify the natural advance of alpine plants to higher ele-
vation. But land use can also mediate negative effects of warming in alpine environments (e.g., Klein et al., 2007).

2.2 | Environmental services

Climate change and glacier retreat also affect the environmental services for downstream regions and human
populations (Milner et al., 2017; Palomo, 2017). The provision of water is one of the major environmental services that
climate change affects in high mountain areas, with severe consequences for downstream populations (Barnett
et al., 2005; Debarbieux & Price, 2012). While runoff from shrinking glaciers will often increase short-term, a reduction
in runoff occurs on long-term scales, which affects water provision at the glacierized basin scale (Compagno
et al., 2021; Mark et al., 2015; Mukherji et al., 2019; Xu et al., 2009). The infiltrating glacier meltwater produces ground-
water flow and soil water, which cascades through downstream ecosystems (Milner et al., 2017), leading to geosystems
and ecosystems disequilibria (Haeberli et al., 2019). The connections between glacier shrinkage, river discharge, and
downslope alpine ecosystems, however, are complex and non-linear (Bury et al., 2013; Huss & Hock, 2018). There
might be a time lag between the altered hydrological regime and the land cover transformation downstream.
Researchers are only beginning to understand the repercussions of changing cycles of groundwater recharge from gla-
cial melt (Baraer et al., 2015). These domino effects alter the biodiversity as well as the capacity of ecosystems to provide
essential services such as water purification, aquifer recharge, carbon sequestration, and biodiversity (Milner
et al., 2017; Palomo, 2017; Xu et al., 2009).

As for the natural ecosystems, shifts in species distributions in the new proglacial landscapes threaten agricultural
biodiversity, and in turn, food and water security for people. Rural mountain communities are highly dependent on,
and sensitive to, glacier runoff and meltwater fluctuation and quality, and therefore highly vulnerable to cryosphere
loss (Qin et al., 2020; Rasul & Molden, 2019). First, the alteration of streamflow leads to reduced water availability for
crop irrigation, decreasing farm production in mountain regions like the Andes (Bury et al., 2011), High Mountain Asia
(Nüsser & Schmidt, 2017), and the Rocky Mountains, US (McNeeley, 2017). Second, glacier recession poses water qual-
ity challenges. For example, acid rock drainage mobilizes metals downstream, contaminating ecosystems, agriculture,
and drinking water (Fortner et al., 2011; Guittard et al., 2020; Magnússon et al., 2020). Moreover, increased erosion and
sediment load related to “glacier retreat,” and newly exposed debris and deposits (Ballantyne, 2003) alter water quality,
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which in turn affects local stream biota and downstream human use. Similarly, highland subsistence farming and pas-
toralism are experiencing the impacts of cryosphere change with the appearance of new pests and diseases, dry spells,
and unseasonal frosts (Bury et al., 2011, 2013; Postigo et al., 2008; Rasul & Molden, 2019). These local impacts on agri-
culture challenge crop productivity, cropping patterns, and land use, and together affect the local economy of mountain
populations (Rasul & Molden, 2019). This process enhances uncertainty for local producers, destabilizes traditional
adaptation strategies, and hence threatens household food security.

Mountain areas contribute a relatively small share in food production exports, but they provide a significant amount
of subsistence-oriented and local/regional agricultural production from crops and livestock, and also can contribute
important runoff to lowland irrigated agriculture (Biemans et al., 2019; Viviroli et al., 2020). Large irrigation and
export-oriented agriculture projects are developing in lowland regions (e.g., along the coast of Peru projects like
Chinecas and Chavimochic; Bury et al., 2013; Moulton et al., 2021; Vuille et al., 2018), which have created the largest
hydrologic demand for agriculture over the past two decades (Bury et al., 2013). Therefore, changes in water provision
influence both large scale agricultural production and smallholder agriculture and livelihood, which political and eco-
nomic factors further exacerbate.

Globally, mountain communities are experiencing resource degradation, food scarcity, lack of basic services, social
inequalities, conflicts, and lack of economic opportunities, and climate change accentuates these problems and impedes
adaptation (French et al., 2015; Gentle & Narayan, 2012; Mukherji et al., 2019). Consequently, biocultural diversity is
endangered, and alpine social-ecological systems must adapt to the altered ice-free mountain landscapes (Allison, 2015;
Jurt, Burga, et al., 2015; Sayre et al., 2017). Land use changes, environmental governance, tenure rights, and economic
goals also affect the rate and degree of climate change impacts (Klein et al., 2011; Young et al., 2017).

2.3 | Natural hazards and risks

Interactions between the cryosphere, emerging proglacial terrain, and the atmosphere, transform the natural environ-
ment and the societies living there (Carey et al., 2021). Climate interacts strongly with the cryosphere and the proglacial
environment along multiple spatial and temporal scales (Haeberli & Whiteman, 2021). Climate change alters mountain
process systems through both regular patterns and extreme events, modifying their geomorphic magnitude and fre-
quency. Mountain glacier related hazards occur with increasing glacier instability and human activity (Wang
et al., 2020).

Disasters, from avalanches to rockfalls, show increasing trends (Deline et al., 2021; Dussaillant et al., 2019; Haeberli
et al., 2017; McColl & Draebing, 2019), where exposure is the most important driver and vulnerability the great
unknown (IPCC, 2019). For example, the Andes and the Himalayas are facing difficulties with water supplies, moraine
erosion, and glacial lake formation that can result in glacial lake outburst floods (GLOF; Wells et al., in press; Clague &
O'Connor, 2021; Huggel et al., 2015, 2020; Zheng et al., 2021). While in the Alps decision-makers and civil society are
concerned with increasing frequency and magnitude of mass wasting hazards like rock-ice avalanches and rockfalls
(Coe et al., 2018). Emerging alpine proglacial landscapes are directly and indirectly connecting to glacial and icy peak
dynamics, which are altering hydrologic and geomorphic regimes, water availability, and the frequency and severity of
natural hazards. These physical adjustments of the cryosphere and proglacial systems cascade downstream on local and
regional populations. For instance, glacier retreat is likely to expose new areas of unconsolidated glacial sediments and
proglacial lands are very active in sediment transfer from upland to lowland (Morche et al., 2019). These physical pro-
cesses alter water quality for downstream systems and use, affecting local populations, expensive infrastructure, and
agriculture (Carrivick et al., 2018). Contaminated glacial sediments could contribute to natural contamination of water
further downstream in catchments (Guittard et al., 2020; Magnússon et al., 2020).

In connection with glacier retreat, in recent years new lakes have emerged and enlarged from glacier melt (Haeberli
et al., 2016; Otto, 2019). Recent studies have started to model glacier bed topographies over large ice-covered areas to
anticipate proglacial landscape evolution and potential future lake formation, and national and regional inventories
exist (Swiss Alps: Linsbauer et al., 2012; Himalaya-Karakoram region: Linsbauer et al., 2016; Peruvian Cordilleras:
Colonia et al., 2017). Often these new lakes amplify natural hazards downstream (Colonia et al., 2017). They are related
to impact/flood waves or GLOFs triggered by rock/ice avalanches from the peaks surrounding them (Haeberli
et al., 2016), or in the deadliest scenario, moraine dam failures (Clague & O'Connor, 2021). However, new lakes also
offer tourism opportunities, water supply, and hydropower production.
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Activated sediment cascades, slope instability, and the expansion of existing and formation of new lakes, as well as
resultant GLOFs will continue to occur (Deline et al., 2021; Haeberli et al., 2016). These physical phenomena have dis-
tinctive impacts upon society depending on the time and spatial scale of the event, the human perception of danger,
and other cultural and emotional factors (see following section) (Carey et al., 2021; Chaudhary et al., 2011; Huggel
et al., 2020; Jurt, Brugger, et al., 2015; Sherry et al., 2018; Zheng et al., 2021). Scientists differentiate shorter time scale
and longer time scale phenomena to study glacial and periglacial hazards. And there is a connection between the scale
of the event and human vulnerability to danger (Huggel et al., 2018; Richardson & Reynolds, 2000).

The concept of Loss and Damage—a mechanism of international climate change law and policy to evaluate and
reduce the negative consequences of climate change—has expanded over the last decade (e.g., Warsaw International
Mechanism for Loss and Damage; Huggel et al., 2018; Motschmann et al., 2020). Huggel et al. (2018) identify six types
of loss and damages depending on space and time: loss and damage to culture, livelihoods, revenue, natural resources,
life, and security. They distinguish physical and societal impacts, primary and secondary impacts, and short-term and
long-term impacts. Biophysical impacts such as avalanches can occur during a very short-time scale (minutes). Impacts
at the medium time scale include loss of seasonal meltwater (months) or ecosystem change and loss (years). Finally,
biophysical impacts can show much slower onset (decades) as landscape change and loss (Huggel et al., 2018). These
environmental alterations have social and economic effects, from sudden-onset like loss of lives and physical damages,
to medium time-scale loss of natural resources, and to the slow onset of loss of income, livelihoods, security, social rela-
tionships, and ultimately loss of identity (cf. following section). The specific socio-cryospheric contexts and the different
spatial and temporal scales within which they occur make resilience and adaptation difficult (Carey et al., 2021). Fur-
thermore, important questions of responsibility and justice emerge from negative effects and risks related to the loss of
the mountain cryosphere. Recent studies such as the case of lake Palcacocha in Peru have investigated the role of
responsibility and justice in risk and hazards management (Huggel et al., 2020).

2.4 | Identity and cultural values

The effects of decline and loss of glaciers also profoundly disturb the beliefs and identities of local populations
(Figure 1). Cultural values underpin many social and political processes and how humans perceive the environment.
They also display strong local and regional specificities, which require spatially sensitive and context-dependent under-
standing. Cultural identities of people are inextricably interconnected with their surroundings (Allison, 2015). Cultural
history and lifestyle are embedded in harsh mountain environments and extreme climatic conditions, shaping complex
human–environmental relationships and responses (Jurt, Brugger, et al., 2015; Sherry et al., 2018). For example, attach-
ment to place for diverse reasons—for example, spiritual relationship with a peak, glacier, or lake—can alter the local
perceptions of risk and motivate people to inhabit endangered land (e.g., high GLOF risk zone from the lake Palcacocha
in Peru—[Huggel et al., 2020] and/or lead to inaction [Huggel et al., 2020; Sherry et al., 2018]).

Over the Holocene, Earth's climate oscillations have left their marks on human socio-environmental systems. Dur-
ing the Little Ice Age, glacial advances were bewildering and disruptive events for the societies of the time
(Grove, 2012; Lamb, 1977; Le Roy, 1971; Matthews & Briffa, 2005—e.g., Chamonix Valley in the French Alps;
Haeberli, 2008; Mann, 2002). In the Andean, Himalayan, and African mountains, glaciers are often understood to rep-
resent important deities or even the embodiment of a deity. In Tanzania, people consider Mt. Kilimanjaro as the “house
of god” (Molg et al., 2008). On the Tibetan Plateau snow-mountains are seen as the lords of the territory and masters of
the weather (Diemberger et al., 2015). Mt. Everest, known as the Goddess Mother of the World, is part of the Buddhist
religion and underlies deep local beliefs. Likewise, on the Indo-Nepalese border, recreational mountain climbing on the
Kanchenjunga Mountain is forbidden due to the need to respect its sacredness. In the Andes, sacred mountains are
referred to as Jirca or Apus, meaning “sacred mountain deities” in Quechua. In Ecuador, the mountain Cotacachi is
thought to express anger and disappointment over inappropriate behavior and social conflict (Allison, 2015). Often,
local communities and indigenous people make offerings to the mountains, asking the fertility goddess or Mother
Earth, known as Pachamama, for rain, crop production, or protection. For generations, recurrent visits to these places
have supported local cultural identities. An ancestral Andean custom consists of extracting glacier ice blocks to
make Raspadillas or Shikashika (Borsdorf & Stadel, 2015). These Andean “snow cones” are harvested by the Hieleros
(“Ice-makers”) and sold in local towns as sweet treats with medicinal attributes. Now, this Pre-Columbian practice is on
the verge of extinction (Dunbar et al., 2012). Today local practices are forced to adjust to both the reality of the receding
glaciers and external market pressures from global processes (Allison, 2015; Jurt, Burga, et al., 2015; Sherry et al., 2018).
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Studies report the effect of climate change-induced hazards and altered environmental services on out-migration,
which is also affecting the local livelihood and traditions, and the local economy (Peruvian Andes: Alata et al., 2018;
Nepal: Hussain et al., 2018; globally: Romeo et al., 2015; Tucker et al., 2021). These high-mountain communities
respond to these changes adapting climate change to their social worlds (Rasmussen, 2016b). Understanding such local
and regional socio-cultural and psychological dimensions of glacier changes is key to further local adaptive strategies,
increase the resilience of people, and favor the sustainable adaptation of the emerging landscapes.

2.5 | Loci of multiscale, multiactor interactions, and inequity

At deglaciated landscapes there are growing concerns surrounding water allocation, ecological restoration and conser-
vation, risk and disaster management, economic/livelihood activities, and cultural identity and values (previous sec-
tions and Figure 1). These burdens have led to an increasing number of conflicts between sectors and actors: industrial
and local demands for water, governmental institutions and private corporations, economic land use, and conservation
initiatives (Bury et al., 2013; Carey et al., 2021; Drenkhan et al., 2019; French et al., 2015; Haeberli et al., 2016; Vuille
et al., 2018). These multiple entities have different priorities regarding use, control, regulation, and access to resources.
Also, these divergent actors will have different perspectives, priorities, timescales of operation, degrees of visibility and
power, and thus they will rarely find common ground to discuss shared objectives. For example, (i) mountain commu-
nities may need to deploy short-term responses as they live the local, material context of climate change, (ii) support
organizations may respond with an evolving portfolio of conceptual projects reflecting global interests; and
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(iii) governments will tend to focus on large scale impacts on resources like water or energy affecting the broader econ-
omy. Globally, external fluxes are embedded with local contexts and influence the local economy and social environ-
ment. The new lands that emerge following glacier retreat offer opportunities for several types of economic activities
such as extractive and hydropower development (Bury, 2015; Farinotti et al., 2019; Huss et al., 2017; Vuille et al., 2018).
Meanwhile local and ancestral livelihoods such as agropastoralism or tourism are facing many challenges from
cryosphere loss, climatic extremes, external actors, and social tensions (Postigo et al., 2008; Sherry et al., 2018). There-
fore, questions of equity, climate justice, power relations, and marginalization are also emerging and need great atten-
tion in view of future human adaptation to glacier retreat (Moulton et al., 2021; Skarbø & Vandermolen, 2014). Most
resilience studies have until recently emphasized the ecological dimensions and scientific approaches to the biophysical
systems, with a lack of attention to social contingency, including power relations, resource conflicts, and cultural factors
(Carey et al., 2021). External forces—such as energy production, resource extraction (Bury, 2015), market and political
pressures (Montaña et al., 2016; Sietz & Feola, 2016), and shifts in water governance (Rasmussen, 2016a)—prevent local
adaptation actions and exacerbate the direct effect of glacier shrinkage. Power imbalances are also a limiting factor to
local adaptation, favoring the unequal distribution of natural resources between actors and altering risk and vulnerabil-
ity assessment (Moulton et al., 2021).

Land tenure arrangements of proglacial territories are often not explicit or legally recognized, which further compli-
cates decision making and management. These local sociopolitical contexts and land tenure rights interact and often
exacerbate conflicts between entities. In mountain regions it is usual to observe property borders described according to
neighbors, cardinal points, mountain peaks, or rock or glacier limit. In the European Alps, the Swiss Civil Code clas-
sifies glaciers as objects that have no owner and are public common use property (Bütler, 2007). In the Andes, local
activities such as livestock grazing are often in conflict with conservation incentives or tourism development initiatives.
For example, national park creation comes after long-established grazing rights and access, and conflicts between local
or indigenous communities and national entities make local adaptation challenging (e.g., National Park of Huascar�an;
Rasmussen, 2018). Thus, collective, equitable, and respectful land tenure allocation is crucial to limit conflict and
ensure an equitable future. The fact that diverse actors are already utilizing these lands points to the need for future
research on socio-cultural impacts of glacier retreat and a need to create an inclusive, informed dialogue regarding an
adaptive framework for governance of proglacial landscapes. Some recent research has emphasized the importance of
understanding adaptation around socio-cryospheric, socio-hydrologic (in Himalaya—Nüsser et al., 2019; in the
Andes—Carey et al., 2014; Huggel et al., 2020) or socio-environmental systems (Lavorel et al., 2020). Such work shows
the importance of integrating social science with biophysical science, developing inclusive and diverse collaborations
and a transdisciplinary approach.

3 | OPPORTUNITIES FROM DEGLACIATION AND EMERGING
LANDSCAPES

Our approach in this essay implies expanding the purview of conservation theory and practice beyond what is and what
was to what might become a just, sustainable, and meaningful future. In this section we present the diverse opportuni-
ties and adaptation strategies that are emerging in the vicinity of the new proglacial landscapes. We introduce opportu-
nities for novel alpine geo-ecosystems in terms of environmental services, socio-cultural aspects, and economic
strategies for adaptation to climate change.

3.1 | Novel alpine geo-ecosystems and adaptation framework

The novel proglacial landscape emerging after the retreat and disappearance of glaciers display geo and ecosystems of
rocks, debris, colonizing vegetation, soil formation, new lakes, and thawing permafrost (Haeberli et al., 2021). In a con-
text of new biophysical and social dynamics, these novel alpine geo-ecosystems may have the capacity to (a) fulfill
human objectives and provide valuable environmental services, and (b) be robust in terms of geo-ecosystem status and
dynamics, and adapt to environmental changes (Lavorel et al., 2020). Resilient novel proglacial geo-ecosystems might
supersede the function of glaciers, providing basin header services and acting as the new “water towers” (Immerzeel
et al., 2020; Viviroli et al., 2020). They would support provisioning environmental services such as aquifer recharge or
drinking water supply, and regulating services, most notably related to water quality, hazard generation/mitigation,
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and climate feedback via multiple cycles. For example, the formation of new proglacial lakes can locally interrupt and
stabilize sediment cascades in deglaciating areas (Haeberli et al., 2021; Otto, 2019). The new lakes also offer opportuni-
ties for use in connection with tourism, water supply, and hydropower production (Haeberli et al., 2016; Kellner, 2021),
which we discuss in the following sections.

Proglacial lands might offer an opportunity for crop adaptations. Globally, farmers are moving their frost-tolerant
crops upslope to adapt to climate changes (e.g., potatoes and apples in Nepal—Huntington et al., 2017; Hussain
et al., 2018, maize in Ecuador—Skarbø & Vandermolen, 2014, and potatoes in Peru—Sayre et al., 2017). Pastoralism
can also adapt to the new environmental and social contexts (Diemberger et al., 2015; Postigo et al., 2008). Similarly,
studies show that these emerging proglacial lands provide new habitat for endemic plant species (D'Amico et al., 2017;
You et al., 2018). There is increasing agreement about the role of novel geo-ecosystems as potential refuge areas for high
alpine biodiversity. Many studies of Quaternary Climate oscillations have demonstrated the role of microrefugia in
maintaining mountain biodiversity during cold glacial or warm interglacial periods (Scherrer & Körner, 2011;
Schönswetter et al., 2005; You et al., 2018). Similarly, in the Anthropocene, microclimatic changes will produce cold-air
pooling and temperature inversions (Gentili et al., 2015) and possible colder microrefugia within the larger warming
landscape. Therefore, some present-day environmental conditions might be maintained, at least in the near-term, as
other habitats change (Brighenti et al., 2021), allowing for some cold adapted species threatened by summit traps
(“nowhere to go” hypothesis; Loarie et al., 2009) to survive (Gobbi et al., 2021). The poor knowledge we have of this
almost vanished cold habitat and climate dynamism, however, makes more research a necessity. There is an immense
opportunity to develop monitoring programs for better adaptation planning in the new proglacial landscapes (Gobbi
et al., 2021).

The concept of novel proglacial systems also brings the opportunity to progress toward a novel conservation and res-
toration framework more suitable to the Anthropocene era (Brighenti et al., 2019; Williams et al., 2021; Young &
Duchicela, 2020). Historically, conservation initiatives aimed to reduce or prevent both abiotic and biotic changes to
maintain certain historical or even mythical values (Corlett, 2016; McDonald et al., 2016). Restoration aims have usu-
ally been to mitigate biophysical changes to recreate ecological functions to provide resources guided by evidence for
historical states (Hobbs et al., 2009). But changes in the Earth's climate are accelerating and these environmental trans-
formations especially lead to situations that may be “non-analog” or unseen in the historical record. Environmental
conditions will not only be different from the past but also from present-day conditions. These transformations are too
fast, complex, and erratic to promote adaptation, resulting in a system in constant evolution. Ecological restoration and
management goals need to adapt to the current climatic conditions and anticipate future conditions guided by the full
range of past states provided by paleoecology (Tierney et al., 2020). Participatory scenario-based planning is necessary
in combination with systematic and dynamic local monitoring and scientific learning (Thorn et al., 2021).

3.2 | Economic opportunities of glacier retreat

3.2.1 | Extractive industry and hydropower

Globally, the extraction and hydropower industries are expanding to the ice margin. Certain extraction technologies,
such as chemical leaching of minerals, create frontiers for mining development (Bebbington & Bury, 2013). The “super
cycle” of growth in energy and mineral exploration, production, and consumption is a significant pressure for proglacial
terrains and the contemporary cryosphere. Many new deposits of oil, gas, and minerals have recently been discovered
along the edges of glaciers (e.g., the Pascua Lama mine in Chile, La Rinconada in Peru, or Kumtor mine in Kyrgyzstan;
Bury, 2015). Extractive industries are known to be a major source of contamination, with economic benefits realized by
just a few, mostly multinational corporations (Patrick & Bharadwaj, 2016).

Similarly, high elevation hydropower production relies on water resources that are also influenced by deglaciation. In
Switzerland, hydropower engineering is taking advantage of the shrinking ice and many reservoirs are already located in
proglacial environments. The forthcoming biophysical and socio-economic changes might challenge the existing infra-
structure but will also provide a new perspective for new hydropower plants (Ehrbar et al., 2018). Studies have been
focused on the impact of glacier mass loss on existing hydropower production (in Switzerland—Schaefli et al., 2019; and
Peru—Vergara et al., 2007). At a global scale, Farinotti et al. (2019) showed that future glacier-free basins will contain
immense hydropower potential, but high economic and environmental costs exist. And this exacerbates the challenge of
outsiders controlling mountain resources. Reservoirs in proglacial areas also have water storage potential and could
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mitigate future seasonal scarcity (Farinotti et al., 2016; Jaeger et al., 2017). But reservoirs have their own downstream
problems (Baird et al., 2021), and many sites are unsuitable because of difficult logistics, small catchments, slope stability
problems from glacially de-buttressed slopes, or rapid sedimentation from activated erosion rates. In addition, new
lakes are places of hazards and risk and can be sources of conflicts (Haeberli et al., 2016; NELAK Project:
NELAK, 2013). Multipurpose projects combining flood retention, hydropower production, freshwater supply, and tour-
ism may represent an adaptation strategy (Kellner & Brunner, 2021), but could also present new challenges. In
Switzerland, the first dam project as a multipurpose reservoir in a recently deglaciated area has been socially and polit-
ically accepted with realistic funding opportunities. The success of the acceptance process was mainly due to the politi-
cal process of the Swiss Energy Strategy and experiences with previous dam projects in the region (Kellner, 2019).
This case highlights the crucial role of participatory planning (Haeberli et al., 2016) and polycentric governance
(Kellner, 2019). A similar case has emerged in Peru, as a participatory pilot initiative (CARE, 2018). Given the com-
plexity of proglacial socio-environmental systems and rapid post-glacial changes, it is crucial to have baseline data as
well as ensure the local ownership and social acceptance of the initiative through participatory processes.

3.2.2 | Tourism

Glacier recession leads to a sequence of economic and ecological effects related to glacier tourism (Salim et al., 2021;
Wang & Zhou, 2019; Welling et al., 2015). Glacier recreation is important to the economy of local communities near
glacier tourist sites, where tourism such as alpine mountaineering attracts visitors from around the world (Espiner &
Becken, 2014; Vuille et al., 2018). But changing conditions have made access more complicated (Mer de Glace in the
French Alps—Mourey & Ravanel, 2017; the Tasman, Fox, and Franz Joseph glaciers in New Zealand—Espiner &
Becken, 2014). Globally, the popularity of the glaciers over the last 30 years has been dependent on the availability of
easy foot access to the ice, the frequency and intensity of cryosphere hazards and risk, and the ability of commercially
guided walking groups to walk on the glaciers (Salim et al., 2019). Glacier recession gives rise to a new kind of tourism
and conservation landscape (Lemieux et al., 2018; Rasmussen, 2018; Wang et al., 2010). As controversial as it sounds,
glacier retreat offers a niche for a particular kind of nature-based tourism: last chance tourism (LCT; Salim et al., 2021).
Lemelin et al. (2010) describe LCT as a “niche tourism market where tourists explicitly seek vanishing landscapes …,
and/or disappearing natural and/or social heritage”. For example, places such as the Glacier Pastoruri in Peru or
Chacaltaya in Bolivia have evolved from being sites of major touristic destinations and ski competition to being aban-
doned ruins of glacier recession, and icons of climate change. In Peru, the national entity of the Huascar�an National
Park established the Ruta del Cambio Clim�atico, an educational tool and conservation initiative to share science-based
information and promote awareness about climate change (Kaenzig et al., 2016; Rasmussen, 2018). In the Yulong Snow
Mountain in China, recent touristic infrastructures include the glacier museum and telescope (Wang et al., 2010). Simi-
lar trends are emerging in the European Alps. The most frequently visited French glacier is Montenvers-Mer-de-Glace,
which is becoming a LCT destination (Salim & Ravanel, 2020). The extension of tourism activities into fragile environ-
ments can have natural and cultural impacts. Both glacial and post-glacial tourism can have detrimental effects on high
alpine biodiversity and ancient cultural customs, as well as consequences for the perceptions and evaluations of glaciers
among local stakeholders and communities (cultural value and resilience: Espiner & Becken, 2014; Jurt, Brugger,
et al., 2015; tourism adaptation: Kaenzig et al., 2016; Vuille et al., 2018).

3.2.3 | Historical legacy

While glacier retreat threatens religious practices, beliefs, and local identities, the melting glacier's ice is providing us
with some important clues to the long-term trajectory of the relationship between people and climate. In recent decades
archeological and paleontological remains have melted out of glaciers and ice patches in several mountain regions
including the Ötztal Alps (“Otzi” a 5300 Year Old Iceman; Bohleber et al., 2020), the Andes (Inca Mummies in
Argentina; Ceruti, 2015; and Incan maiden found in Ampato glacier in Peru; Johan, 2016), the Tibetan Plateau (Middle
Pleistocene Denisovan mandible; Chen et al., 2019), the Altai Mountains (Arrow shaft from 3000 BP), Ethiopia
(Obsidian lithic artifact from the Middle Stone Age; Ossendorf et al., 2019), the Rocky Mountains (Bison remains from
�2280 BP (Lee, 2012; Lee et al., 2006), and Canada (Human remains from 550 years BP; Beattie et al., 2000). These dis-
coveries hold unique information for archaeology, faunal history, and glacial ecology (Rosvold, 2018). They may also
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give unique insights into human physiological and genetic adaptation to high latitude and past climate change, as well
as prehistoric material culture (Dixon et al., 2014; Ossendorf et al., 2019). The emerging land from the retreat of the ice
is witness to human cultural heritage and needs protection and regulation.

The adaptive capacity of human populations depends on their own perceptions of risks and opportunities and their
capacity to act and adapt (Figure 1). In high mountain inhabited landscapes, local populations live with the cryosphere
and its dynamics and rely on both their local adaptive capacity, management and innovations, in addition to regional
and national policies (Turner et al., 2003). Commonly, local knowledge and local perceptions play a critical role in
adaptation and risk management (Beach et al., 2019; Carey et al., 2012; Dahal & Hagelman III, 2011; Gagné et al., 2014;
Orlove et al., 2019). In general, populations are more likely to prepare well for slow-onset changes that they recognize
and which are predictable and manageable, rather than for sharp and unexpected shocks (Alley et al., 2003; Dillehay &
Kolata, 2004; Penny & Beach, 2021). In a context of poverty, however, local people and jurisdictions may be motivated
to intervene and monitor only to assess short-term changes and solutions. First, understanding site-specific processes of
change of proglacial landscapes is crucial to engage in productive dialogue with mountain populations responding to
climate change. Second, support organizations and agencies may have the financial capacity and motivations to moni-
tor for long-term and more complex dimensions of change. Third, local and indigenous knowledge and value systems,
representing centuries to millennia of observation, are critical sources for adaptation and sustainability (Whyte
et al., 2018). Fourth, future-oriented participatory planning must be scenario-based, which involves modeling new land-
scapes and environments, and promoting transdisciplinary and horizontal research and exchange (Haeberli, 2017).

This illustrates the global and national drivers of change affecting proglacial landscapes: their cultural, biophysical,
economic, and political dimensions, and variables affected at subnational levels. The outer circle variables represent
external drivers affecting local proglacial landscapes and people. Inner circles represent potential place-based, context
specific adaptation responses. From the inner to the outer circles, there are (i) local and indigenous values, (ii) local
decision-making filters, and (iii) key impacts and benefits of glacier retreat that affect the future of proglacial land-
scapes, the people who will inhabit them, and their socio-environmental resilience.

4 | TOWARD STEWARDSHIP OF PROGLACIAL LANDSCAPES

4.1 | Existing governance arrangements, tools, and strategies

In 1992 The Earth Summit at Rio de Janeiro recognized the importance of mountains in sustainable development in
Agenda 21 (UNCED, 1992), which continued in subsequent summits (UNCSD, 2012; WSSD, 2002). Thus, mountains
became a mainstay of international protection, achieving such recognition as the International Year of Mountains, cele-
brated in 2002. Most initiatives with regard to the cryosphere and emerging ice-free land occur at the national scale;
yet, only a few of the 44 countries with glaciers have started to regulate activities on glaciers and glacierized surround-
ings, and the scarce initiatives are generally weakly enforced. Over the last decade, nations have developed Glacier Pro-
tection Laws (GPLs) to specifically protect mountain glaciers within Argentina, Kyrgyzstan, and Chile. The Argentine
National Glacier Act (2010) was the first legislation in the world to recognize glaciers as a public good, establish the
National Glacier Inventory, and prohibit development, specifically harmful activities (e.g., extractive industries), from
occurring in glacial or proglacial regions. In 2014, the Kyrgyz Parliament passed the Glacier Law, though their presi-
dent vetoed it (Cox, 2016). In Chile, the third version of such a law has been under discussion in parliament since 2016
(Anacona et al., 2018). These cases demonstrate the desire, but difficulty, of passing national environmental policy after
industries or intensive economic activities have been established.

Regional or international mountain proglacial legal instruments are rare. In the Himalayan region no proglacial
protection initiatives have been registered, but transboundary cooperation does occur (e.g., ICIMOD; Molden
et al., 2017). In the Alps and Andes, the Alpine Convention and the Andean Community are the two major interna-
tional conventions, but they have economic and development purposes rather than the establishment of adaptation
strategies, local community involvement or protection goals, or conservation incentives (Church, 2012). Various other
regional groups are discussing the need for glacier protection laws, such as in Alberta, Canada (Cox, 2016) and the
French Mont Blanc massif in the Alps. Recently the French government has established the Mont Blanc Natural Habi-
tat Protected Area. Although the Prefectural Decree is part of a range of new biodiversity and environmental policies, it
includes little mentions of the emergence of proglacial habitats and the changing cryosphere. The Mont Blanc Natural
Habitat Protected Area disregards the surrounding proglacial habitats, is restricted to the French tourist area, and does
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not refer to transboundary governance opportunities (Prefectural Decree DDT-2020-1132). While a protection frame-
work dedicated to the receding cryosphere that protects the rights of local communities and indigenous people is neces-
sary, the existing initiatives are not suitable for this purpose. The key for developing climate change adaptation
measures in current glacier-covered alpine landscapes is to develop a framework that considers the remaining
cryosphere, the emerging proglacial terrains, and the surrounding activities integratively.

Climate change adaptation is a deeply nested process and requires a comprehensive approach. A useful starting
point is improved communication between academic scholars, conservation professionals, decision makers, and local
and indigenous communities. Glacial territories are transitioning from uninhabitable ecosystems to postglacial inhabit-
able, intervened, and managed ecosystems. What would glacial and postglacial governance look like? Below we make
some suggestions for first steps, although we recognize this needs to be a highly collaborative, co-developed process.

As a starting point, local actors play a critical role in currently managing their systems and therefore must be at the
front line of governance processes (Ostrom, 2010; Tucker et al., 2021). People in the highest elevations are the ones los-
ing their lands since agroecological systems, economic activities, and conservation incentives are migrating upward.
Therefore, equity issues need to be considered in governance arrangements. An equity-centered framework coupled
with monitoring systems would allow for vulnerability assessments focusing on casualties and enhance resilience to the
vanishing cryosphere.

Second, we must include local perspectives to initiate dialogue between differing knowledge systems about risks
and hazards (Huggel et al., 2020), conservation, and economic development, inter alia, rather than a hierarchical
knowledge exchange (IPCC, 2019; Thompson et al., 2021). We believe the key characteristic is to build dialogue mecha-
nisms that integrate global and local bottom-up and top-down approaches that provide shared goals and ways to meet
and assess these goals.

Third, the increasing rate of change within the new proglacial landscapes, as compared with the time involved with
decision making and implementation, make adaptation a moving target and urgent task: a task that requires transdisci-
plinary and participative planning with respect to applying future-oriented systems knowledge, harmonizing possibly
diverging targets, and looking for optimal in-time transformation in practice of corresponding findings (Haeberli, 2017;
IPBES, 2019; Klein et al., 2019; Knapp et al., 2019; Wise et al., 2014).

Fourth, cross-level governance and cooperation, which includes a flexible supra-national strategy can enhance
national commitments and contribute to the sustainability of local initiatives. It should integrate (a) local and medium
scale co-operative efforts among local actors, local–regional-or-national governments, and/or private sector actions with
(b) collaborative multilevel efforts—participative planning—involving multiple actors from local to global (state, private
and civil society, and intergovernmental organizations), as a multinational effort (e.g., Antarctic Treaty, Alpine Conven-
tion, Montreal Protocol).

Finally, a key point is to essentially focus on the diminishing cryosphere and emerging lands, as novel socio-
environmental systems. Focusing exclusively on proglacial landscapes, their specific issues, and their connections
within the changing mountain environment, is the “sweet spot” to mobilize attention to sustainable and inclusive
development in broader mountain regions; this must be, however, nested within broader mountain agendas and inte-
grated with other initiatives across scales.

4.2 | An opportunity for HiCALL—High Mountain Call to Action for Landscapes and
Livelihoods

In view of promoting adaptation to glacier retreat and transformations toward sustainable and just futures, we propose
an integrated strategy based on voluntary partnership agreements between local communities and indigenous peoples,
state organizations, international actors, and the private sector (Figure 2). The main actors of the strategy are Alliances
of Indigenous Peoples and Local Communities, Business Groups and Civil Society, Government Agencies, and Moun-
tain Conservation Organizations, to ensure the broadest possible ownership of the process (Figure 2).

The instrument, based on a cooperative governance model, could be facilitated by the intergovernmental organiza-
tions organized under a council representing all actors involved. The main objective would be to promote the adapta-
tion and sustainable management of all types of proglacial alpine landscapes, and to strengthen long-term political and
financial commitments to this end, although the specific goals and vision would be co-produced. The strategy will help
coordinate local, regional, and global governance entities to provide an overarching framework for research, action,
and allocation of necessary resources, as fit to local contexts (Klein et al., 2019; Ostrom, 2010; Tucker et al., 2021).
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We propose a non-binding structure to facilitate multi sector participation. Binding governance has been shown to
foster weaker state engagement and less willingness for states to join because of national and international special inter-
ests (Maguire, 2013). Under the auspices of a Proglacial Landscapes Council, however, States and sovereign territories
might negotiate binding agreements, creating their own collaborations. The Council would provide a way for the States
to meet and address issues in detail as they arise. It could act as an innovation and monitoring hub for compliance,
communication, collaboration, and financing.

The multistakeholder Council would have the task to develop a coordinated Global Strategy, as an international tool
(e.g., Declaration or Protocol) to promote climate justice, equitable solutions, management and sustainable adaptation
of the emerging proglacial landscapes. As a starting point, we call this the HiCALL. Potential international organiza-
tions that might work closely with the Council to secure access to specialized climate science, policy incidence, and rep-
resentation of local communities and indigenous people groups and local actors include the United Nations, through
the United Nations Environment Programme (UNEP) and the Local Communities and Indigenous Peoples Platform
(LCIP-UNFCCC), the Intergovernmental Panel on Climate Change (IPCC), the Intergovernmental Science-Policy Plat-
form on Biodiversity and Ecosystem Services (IPBES), the International Union for Conservation of Nature (IUCN), and
the FAO Secretariat of the Mountain Alliance. The international organizations, called here umbrella platforms, might
help HiCALL to align with larger scope agendas, agreements, and frameworks such as the Paris Agreement, UN 2030
agenda and SGGs, Warsaw International Mechanism for Loss and Damage (WIM), Sendai Framework for Disaster Risk
Reduction (UNDRR), and the UN Declaration on the Rights of Indigenous Peoples (UNDRIP). The umbrella platforms
and programs might contribute to six major areas of the strategy: guidelines formulation, international science assess-
ment, indigenous and local knowledge and rights, decision making, financial support, and education and advocacy.
HiCALL will reinforce existing legislative mechanisms already dealing regionally with mountain conservation, develop-
ment, and regulation (e.g., Alpine Convention, Andean Community, GLPs, and National Decrees) and provide assur-
ances that ethical and collaborative processes take place.

The strategy is based on horizontal and open dialogue mechanisms that integrate local and global approaches to
provide shared goals and ways to meet and assess these goals. The HiCALL strategy, at the center of Figure 2, is applica-
ble to global, regional, national, and subnational processes. The HiCALL is the connection between all actors and
allows for the transmission of capacity building between actors, development of policies and actions, and monitoring

FIGURE 2 Some opportunities for the HiCALL include: Indigenous Peoples and Local Communities (IPLCs), Himalayan Climate

Change Adaptation Programme (HICAP), Center for International Climate Research (CICERO), International Commission for the

Protection of the Alps (CIPRA), Global Climate Observing System (GCOS), Global Observation Research Initiative in Alpine Environments

(GLORIA), Group on Earth Observations Initiative—Global Network for Observations and Information in Mountain Environments

(GEO-GNOME), United Nations environment Programme (UNEP), Local Communities and Indigenous Peoples Platform (LCIP-UNFCCC),

International Union for Conservation of Nature (IUCN), Intergovernmental Panel on Climate Change (IPCC), and Intergovernmental

Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES)
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and adaptive management. HiCALL would receive and share science knowledge (local and international) with National
Interest Groups and Agencies and participate in global decision-making processes at a global scale, interacting with the
umbrella platforms and programs.

A highly decentralized action-learning mechanism will be most effective. Local institutions, organizations and
actors will play a key role within the overall strategy and be represented at the Council level. The recurrent back and
forth between global, national, regional, and local actors would transmit local scale needs and innovations to the higher
state of governance, making sure local opportunities and challenges are taken into consideration and integrated into
governance processes. Concurrently, the global process will insure the sustainability in time of these local and regional
initiatives, as well as their propagation/replication regionally, as appropriate.

Research networks and programs, existing national or transnational initiatives, and large scope agreement will rein-
force and support HiCALL. The HiCALL umbrella platforms and programs will have reciprocal capacity building and
education with local communities and national interest groups. The HiCALL Umbrella will steer research networks to
produce usable knowledge relevant to the strategy and will support actions to process science knowledge in forms that
are accessible to decision makers at local, national, and regional levels (e.g., information provided by the Global Cli-
mate Observing System). The Research Network and Programs will have to answer socially informed questions to steer
capacity building and policy development. The Umbrella platforms and National Interest Groups and Agencies will
exchange knowledge to produce reports, share results, and participate in decision making. Similarly, HiCALL will sup-
port national and local efforts to capture monitoring and assessment of strategy goals at local and national levels, aggre-
gating lessons learned. The Capacity Building Programs will share and present necessary knowledge to favor an
informed decision making. The programs will originate a feedback flow of information directed to all actors to con-
stantly promote and actualize capacity building.

TABLE 1 Potential goals and objectives of HiCALL

Goal 1: Global recognition of proglacial biophysical systems with their hazard potential, and acknowledging their potential to contribute to
the future provision of mountain environmental services and climate change adaptation strategies

a. National inventories including register of glaciers lost and impacts and classification of proglacial systems.
b. Basic science to inventory soil risks and formation (e.g., Carrivick & Tweed, 2021; Wojcik et al., 2021).
c. Social–environmental modeling studies of new landscapes and environments to develop scenario-based planning of management

options (Aguiar et al., 2020; Colloff et al., 2021; Haeberli, 2017; Wise et al., 2014).
d. Pathways and participatory scenario development exploring desired futures and pathways to them (Aguiar et al., 2020).
e. Incorporation of proglacial landscapes in national resources management and conservation tools (e.g., land cover maps, national

adaptation or mitigation plans, national energy strategies, national strategy for agricultural development).
f. Integration of proglacial landscapes in global assessment and environmental policy mechanisms.

Goal 2: Conservation of biodiversity and affirmation of biocultural values, recognition of multiple ways of knowing, and recognition and
systematization of local and Indigenous knowledge and rights

a. Set target of high alpine adaptive biodiversity conservation to maintain viable populations of native and/or endemic species.
b. National identification and systematization of local innovations and ancestral knowledge in order to conserve and further the

development of cultural heritage, local traditions, and Indigenous innovations.
c. Ensure that indigenous and local knowledge holders and their organizations are equal participants in the HiCALL process, such as in

Goal 3.
d. Adopt as a guiding principle the UN Declaration of the Rights of Indigenous Peoples; identify and support local, site-specific local

communities and indigenous people's rights and initiatives and ensure they have a voice and power in HiCALL.

Goal 3: Establishment of a Transdisciplinary and Transboundary High Alpine Research and Action Agenda
a. Development of a global transdisciplinary research and action network or working group within an existing network.
b. Identification of remaining knowledge gaps and ongoing and future challenges, including risk and hazards evaluation, socio

economic potential through tourism development, hydroelectricity, resource extraction or agriculture development, and protection of
high alpine ecosystems and biodiversity (Gobbi et al., 2021; Williams et al., 2021).

c. Deliver co-developed solutions and recommendations for policy makers that fit local contexts and future changes.

Goal 4: Formulation of guidelines for states to assist the sustainable management of proglacial socio-environmental systems and encourage
local adaptation initiatives. Examples are:

a. Local adaptation and transformation initiative empowerment
b. Loss and damage evaluation.
c. Formation or expansion of protected areas, while respecting local and Indigenous land tenure and rights.
d. Sustainable development of Proglacial Landscapes. Ensure preservation and support for local livelihoods, especially for groups whose

lands are lost to climate change and upward migration of downslope activities and ecosystems.
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Through its back-and-forth interactions with all actors, HiCALL will provide policy-relevant information related to
questions about processes, change detection, model validation, and environmental impacts in a trans-disciplinary
knowledge exchange to the scientific community as well as to policy makers, the media, and the public.

Figure 2 presents a potential structural framework for the Council, and the HiCALL, as a starting point for dialogue.
As a starting point for the dialogue, we identify four potential goals of the HiCALL: (a) the recognition of proglacial bio-

physical systems with their hazard potential, and, acknowledging their potential to contribute to the future provision of
mountain environmental services and climate change adaptation strategies; (b) the conservation of biocultural diversity
and values, recognition of multiple ways of knowing, and legitimizing local and indigenous rights; (c) the establishment of
a Transdisciplinary and Transboundary High Alpine Research and Action Agenda for Proglacial Landscapes, including but
not limited to: integrating ecosystem services science and local and indigenous knowledge; modeling and managing new
landscapes, risk and hazard assessment, economic potential for hydroelectricity, resources extraction, tourism and agricul-
ture, and ecosystem and biodiversity protection; participatory scenario development to understand desired futures and mul-
tiple pathways toward them; and (d) the formulation of global guidelines and strategies for States to adapt to local contexts
to assist the sustainable management of proglacial socio-environmental systems and support local adaptation and transfor-
mation initiatives. Table 1 lists the potential goals and objectives of the strategy as a starting point for further dialogue.

5 | CONCLUSION

The beneficial roles of glaciers for social, ecological, and hydrological systems are diminishing worldwide. While new
lands emerge from deglaciation, new socio-environmental interactions also arise and pose major challenges, but also
opportunities for the new proglacial landscape societies. A transdisciplinary and participative approach is required to
address these cross-scale, cross-level, and multiactor complexities that are unfolding.

Climate change inspires us to rethink what a sustainable and just future on Earth looks like and how to achieve
it. This challenges humans to think through the effectiveness and sustainability of adaptive strategies in a context of
constant adjustment of the environmental conditions. Today's adaptation strategies need to consider current challenges
and anticipate future ones; multilevel transformation, integrative modeling and monitoring of new landscapes and
environments are necessary. This reframing requires transformative, transdisciplinary action, wherein scientists, stake-
holders, local and indigenous populations, and policy makers collaborate to address these challenges using comprehen-
sive and integrative approaches that consider international science and local and indigenous knowledge, culture,
policy, and practices.

We propose an initiative, called the HiCALL, based on horizontal and inclusive dialogue mechanisms that integrate
local and global approaches for the establishment of a legal and practical framework for the sustainable adaptation and
management of emerging proglacial landscapes. Our intent is a call to encourage and empower the international com-
munity to (a) recognize proglacial ecosystems as full-fledged systems with their hazard potential, and acknowledging
their potential to contribute to the future provision of mountain environmental services and climate adaptation strate-
gies; (b) further the conservation of biocultural diversity and values, recognition of multiple ways of knowing, and rec-
ognition of local and indigenous rights; (c) work on a Transdisciplinary and Transboundary High Alpine Research and
Action Agenda for Proglacial Landscapes, and (d) formulate of global guidelines and strategies for states to assist the
sustainable management of proglacial socio-environmental systems and support local adaptation and transformation
initiatives. As next steps to move forward we propose, first, to set up a global survey to validate the challenges and
opportunities of emerging proglacial landscapes, by region and by country, and identify the most relevant governmental
and non-governmental organizations that could form national or regional committees of proglacial landscapes and be
part of a global council. Second, we propose the organization of an international science-policy workshop, with diverse
voices represented, to co-create a preliminary guideline for the establishment of an international platform (e.g., the pro-
posed HiCALL) to discuss the future sustainable adaptation and management of recently deglaciated alpine landscapes.
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2 The Warsaw International Mechanism for Loss and Damage (WIM) was established in 2013 at COP 19 as part of the
broader Cancun Adaptation Framework (CAF). WIM addresses loss and damage associated with impacts of climate
change, including extreme events and slow onset events, in developing countries that are particularly vulnerable to
the adverse effects of climate change.
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