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Abstract

Mountain glaciers are crucial sources of fresh water, contributing directly and indirectly to water,
energy and food supplies for hundreds of millions of people. Assessing the impact of diminishing
glacial meltwater contributions to the security of this resource is critical as we seek to manage and
adapt to changing freshwater dynamics in a warming world. Both water quantity and quality
influence water (in)security, so understanding the fluxes of water, sediment and contaminants
through glacial and proglacial systems is required for holistic assessment of meltwater contribu-
tion to downstream resource security. In this paper we consider the socio-environmental role of
and pressures on glacier-fed waters, discuss key research priorities for the assessment of both the
quantity and quality of meltwater and reflect on the importance of situating our understanding
within a transdisciplinary and inclusive research landscape.

Introduction

Glaciers are a key component of many of the world’s mountain ‘water towers’, which support
~1.9 billion people living in or downstream of mountain areas (Immerzeel and others, 2020).
Recent studies using satellite records show high rates of glacial mass loss, which have acceler-
ated over the last few decades (Hugonnet and others, 2021). While this is a global phenom-
enon, there are strong regional variations, reflecting local atmospheric and topographic
conditions. Importantly, these spatial variations mean that there are also regional differences
in downstream impacts, with some of the most populated areas and vulnerable ecosystems
most at risk, including parts of Arctic Canada and Russia, Asia, Europe and North and
South America. In many of these areas, both ecosystem functions and the livelihoods of
local peoples are reliant on a consistent supply of meltwater and the delivery of associated sedi-
ment and nutrients. Thus, glacial meltwater can be viewed as a source of vital ecosystem ser-
vices, underpinning resource security, wellbeing and environmental function (Fig. 1; Cook and
others, 2021). Numerous species of fish are reliant on the timely flow of cold and clean water,
while in the case of human populations, many regions of the planet are reliant on glacier melt-
water for hydropower, drinking water and irrigation, among other requirements (Milner and
others, 2017). While humans may be able to adapt to the rate of downstream change associated
with glacial melt, in many situations ecosystem response is unlikely to be able to match this,
and there are predictions of declining and shifting populations of both terrestrial and aquatic
fauna particularly species specifically adapted to glacial conditions (Cauvy-Fraunié and
Dangles, 2019). Similarly, decreases in glacier meltwater production, which is a transboundary
challenge, may contribute to geopolitical instability (e.g. Karthe and others, 2015; Molden and
others, 2017), particularly when twinned with water use and abstraction pressures from popu-
lation and economic growth, and unsustainable land-use practices. This paper summarises the
role of meltwater for downstream resources, the challenges of changing water quantity and
quality, and key future research priorities in this field.

Quantity and quality of glacier-fed waters

Water security means having sustainable access to water of sufficient quantity and quality in
order to support socio-economic development and human and ecosystem wellbeing. A key
concept for assessing long-term water security is peak water, which in the context of glaciers
describes the point in time where meltwater-derived runoff reaches its maximum under con-
ditions of negative mass balance, resulting in a subsequent reduction of glacier contribution to
streamflow. Huss and Hock (2018) conducted a global-scale modelling assessment of peak
water in 56 large, glaciated catchments, estimating that peak water had already passed in
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Fig. 1. Examples of the cultural, provisioning, regulating, and supporting ecosystem services provided by glacial meltwater in mountain regions.

45% of the catchments by 2017. The study found that while in
many smaller catchments in areas like the Andes and European
Alps peak water has either already passed or is predicted to in
the next decade, some catchments in High Mountain Asia may
see an increase in glacier runoff contribution until the middle
of the century. Although a current problem for areas where
peak water has passed, this difference in the timing of peak
water may allow for the design of management and adaptation
strategies before it is reached in other regions. Peak water can
be estimated based on modelling or on observations of river dis-
charge, but precisely where discharge is measured can impact esti-
mations. For example, using a discharge record at a location distal
(e.g. 10 km) to a glacier will decrease the proportion of meltwater
contribution to discharge in comparison to other sources, and
reflect any human abstraction before that point. Similarly, the
temporal extent of discharge observations (e.g. a few years vs dec-
ades; continuous vs seasonal) can also influence the timing of
when peak water is predicted.

An important consideration for both peak water estimation
and water security assessment more broadly is whether we look
at discharge on an annual, seasonal, or event-scale basis. The
extent to which meltwater contributes to river discharge can
vary considerably throughout the year, and meltwater can be a
significant buffer to water supplies during periods of low rainfall
in regions with a dry season or during drought (Ultee and others,
2022). Regional climate events such as the El Nifio Southern
Oscillation can place further pressure on water security through
drought intensification, or conversely lead to extreme precipita-
tion events (Cai and others, 2020). Extreme El Nifo Events
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(EENE) have also been demonstrated to lead to an increase in sus-
pended sediment yields in rivers of the Peruvian Andes, with sedi-
ment accumulated in mountain areas during normal, drier years
rapidly mobilised by high rainfall and river capacity during
EENE (Morera and others, 2017). Understanding overall glacier
contribution to streamflow in comparison to contributions from
snowmelt, precipitation, and groundwater, and how this changes
over time, is also crucial for assessing the capacity of glaciers to
buffer water supplies (Van Tiel and others, 2021).

In addition to assessing water quantity, recent research on the
accumulation of anthropogenic contaminants on glaciers, and
within downstream proglacial waters and sediments, has high-
lighted a need for renewed focus on the environmental quality
of glacier-fed catchments (e.g. Ferrario and others, 2017).
Glaciers act as temporary repositories for natural and anthropo-
genic atmospherically transported materials, in addition to mate-
rials from more local sources. This includes contaminants such as
metals and trace elements, persistent organic pollutants (POPs),
fallout radionuclides (FRNs), and black carbon (Beard and others,
2022), with a number of volatile organic compounds, including
POPs, preferentially accumulated in polar and alpine regions
through cold condensation (Pawlak and others, 2021). Some of
these contaminant classes have been shown to pose a threat to
ecosystem health in other settings, for example FRNs, which
have now been reported in multiple regions of the mountain cryo-
sphere including Scandinavia and the Alps (e.g. Baccolo and
others, 2020; Clason and others, 2021). Mercury (Hg) is a con-
taminant of concern as it can be found in higher trophic levels
of the food web, with Arctic rivers shown to be a significant Hg
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source to ocean waters, posing potential health risks for commu-
nities that rely on marine fauna as a food source (Hawkings and
others, 2021). Mountain regions such as the Tibetan Plateau have
also been identified as sources of Hg to downstream ecosystems
(e.g. Sun and others, 2017), highlighting a need for improved
understanding of Hg biogeochemical cycling and bioavailability.

Sediment plays a central role in governing water quality and
availability, and can in its own right be viewed as a contaminant
via physical issues such as increased turbidity and clogging of
fish-spawning habitats. Sediment provides an important ecosys-
tem service for aquatic species and for the cycling of nutrients,
but it can also transport and accumulate contaminant elements,
in addition to posing a threat to hydropower and ecosystems
through excess sediment generation and transport (Owens,
2020). Glaciers are a significant contributor to the production
of new sediment, and studies have demonstrated that glaciated
high-alpine areas can be responsible for disproportionately higher
sediment fluxes than lower-lying regions (Schmidt and others,
2022). Glacier retreat and erosion can also foster chemical and
physical weathering of local rock, promoting oxidation and in
some cases acid rock drainage which can impact downstream
water acidity and toxicity in regions such as Peru’s Cordillera
Blanca (Santofimia and others, 2017). Furthermore, changes in
glacial meltwater production also impact water temperature, a
key water quality indicator, resulting in increased vulnerability
of alpine river ecosystems for which even small changes in
water temperature can be a major stressor (Michel and others,
2020).

Resource security and sustainability in mountain glacier
regions

Water is perhaps the most exploited of natural resources, yet plays
a crucial role in the security of other resources central to human
wellbeing. The water—-energy-food (WEF) security nexus
describes the interdependence of three key resources, and the
nexus approach promotes synergy in policy and management
implementation across sectors (Heal and others, 2021). The
WEF nexus is an important concept for mountain regions,
where meltwater can be a major annual or seasonal contributor
not only to domestic water supplies but also for agricultural
and hydropower production. However, both the mountain envir-
onment and the social dynamics of the regions within which gla-
ciers sit can pose considerable challenges for WEF security,
through environmental and climatic change, loco-regional
hazards, and socio-economic pressures including overconsump-
tion (Fig. 2). Meanwhile, the global population living under
water scarcity has increased sixteenfold over the last 100 years
(Kummu and others, 2016).

Meltwater from both glaciers and snow is a crucial source for
irrigation in regions including the Andes and South Asia. For
example, in the Indus River basin, which supports a large popu-
lation and produces food supplies for many more, meltwater
accounts for 40% of water abstracted for irrigation each year
(Lutz and others, 2022). Many mountain regions are seeing a
transition from snow-dominant to rain-dominant precipitation,
which can lead to short-term increases in discharge, especially
in winter or monsoon periods, but lower storage capacity to buffer
reduced discharge in drier periods (Laurent and others, 2020).
Furthermore, shifts in the timing of melt onset and peaks are
not always in-step with peak demand (Lutz and others, 2022).
Hydropower provides most of the world’s renewable energy,
and in many regions it is the main source of electricity. In the
case of British Columbia, Canada, hydropower is responsible for
nearly 90% of the province’s electricity, much of which is supplied
by glacial meltwater (Canada Energy Regulator, 2022). The
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European Alps and High Mountain Asia are also reliant on melt-
water as a contributor to hydropower generation, however in areas
like Switzerland that contribution is projected to decrease by the
mid-century (Schaefli and others, 2019), while lakes used for
hydropower are also at risk from natural hazards. Glacial lakes
are a common feature of glaciated mountain environments, yet
they can be prone to glacial lake outburst floods (GLOFs), often
triggered by mass movements and landscape destabilisation (Li
and others, 2022). GLOFs pose a threat to both human life and
infrastructure, including hydropower generation, but in regions
like the Himalayas hydropower projects are being pushed into
catchment headwaters where GLOF peak discharge may be
greater and uncertainties around flood risk are higher
(Schwanghart and others, 2016).

While ultimately there is an urgent need for global mitigation of
climate change to reduce impacts felt at the local scale, there is also
an important role for loco-regional solutions to both water quantity
and quality issues. The use of tech solutions as local strategies for
glacier conservation can be applied where financially viable, often
when glaciers are used as an economic service such as for skiing.
However, these strategies, such as ice surface albedo modification
and snow generation, are costly in terms of money and time, and
are limited both spatially and temporally in the impact they have
for loco-regional mass balance (Carver and Tweed, 2021).
Strategies for adapting to changing meltwater supplies at
catchment-scale are also being trialled, including the construction
of ice stupas, first introduced in Ladakh, which provide a source
of water at times when discharge is otherwise low. The eco-
hydrological function of wetlands in mountain regions is another
potential solution, as wetlands can act as natural reservoirs to buffer
downstream water supplies, while also providing a water purifica-
tion service (Santofimia and others, 2017; Valois and others,
2020). At management level, market-based instruments such as
payment for ecosystem services (PES) schemes can be used, so
that beneficiaries of water services financially reward landowners
for taking actions that ensure the conservation of mountain ecosys-
tems. However, the implementation of PES in certain Andean ter-
ritories, for example, can face highly disruptive social processes, and
inclusion of key stakeholders is paramount to ensuring that PES
schemes are legitimate and sustainable (Dextre and others, 2022).

Future research priorities

The current nature of water (in)security in glacier-fed catchments
means that improved understanding of meltwater contribution to
downstream resources must be a priority for future research
(Fig. 3). As discussed above, research design for how we measure
or model meltwater contribution to river runoff can include a
range of spatial and temporal scales, thus, being clear in our com-
munication of how we assess meltwater contribution is crucial if
we are to successfully feed into water policy and management
strategies. The quality of glacial meltwater and the proglacial
environment have been somewhat neglected in comparison to
studies of melt generation, yet both contaminant accumulation
and sediment flux can play a crucial role in the availability of
that water for domestic supplies, energy generation, and food pro-
duction. Future research may look to integrate both quantity and
quality for overall assessment of water security in mountain gla-
cier catchments, including monitoring of meltwater for legacy
and emerging contaminants, such as microplastics and perfluor-
oalkyl substances (e.g. MacInnis and others, 2021; Beard and
others, 2022). Advances in remote sensing, particularly the tem-
poral resolution of imagery and increased use of active sensors,
may offer an avenue for improved spatio-temporal water monitor-
ing and assessment, as we have seen for other areas of glacio-
logical research (Taylor and others, 2021). Glacier mass balance
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Fig. 3. Research priorities for assessment of water security in mountain glacier catchments.
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has seen considerable advances in spatio-temporal coverage over
the last ~20 years thanks to remote sensing (e.g. Hugonnet and
others, 2021), while freshwater bodies are now routinely moni-
tored for water quality, water temperature and spatial extent
(e.g. European Space Agency Lakes Climate Change Initiative;
Carrea and others, 2022).

Both remote sensing and modelling are reliant on ground-
based observations to support robust predictions of future hydro-
logical dynamics. In some regions of the mountain cryosphere
there remains a dearth of observational data, particularly the
hydro-meteorological data required for peak water identification
and water security assessment. Thus, improved monetary and sci-
entific support for extending observational records should be a
priority. Furthermore, the integration of glaciers within common
hydrological models remains limited, with models like the soil
and water assessment tool, which is used regularly in catchment
science to simulate water and sediment flux response to changing
climate and land-use, often neglecting robust parameterisations of
glacier cover (Omani and others, 2017) and associated energy bal-
ance. Similarly, very few studies have coupled glacier models with
the variable infiltration capacity model, which simulates water and
energy balances and can be used to assess land-use practices and
reservoir management, among other applications (Zhao and
others, 2013). Recent research has made strides towards better
implementation of glacier mass balance and meltwater discharge
within hydrological models (e.g. Eidhammer and others, 2021),
but this coupling, particularly with regards to dynamical glacier
evolution, remains in its infancy. As discussed more below,
improved interdisciplinary collaboration within glacier-fed water
resources research would lead not only to improvements in
model integration, but also research outcomes and impact.

Mountain glaciers occupy dynamic environments, and the
retreat of those glaciers can translate to changes to downstream
hydrological configurations. For example, Shugar and others
(2017) observed river piracy of the Slims River following acceler-
ated retreat of Kaskawulsh Glacier, Yukon, Canada, whereby
meltwater previously feeding the river was redirected into the
Alsek River. The level of Kluane Lake also dropped following
this redirection, while sediment transfer to the lake halted com-
pletely, with as yet poorly understood consequences for local ecol-
ogy. This type of radical hydrological system reorganisation has
rarely been observed in proglacial environments (see also
Bjornsson and others, 2011), however continued retreat of glaciers
and evolution of dynamic proglacial systems should be a focus of
future research given potential consequences for abrupt changes
to local freshwater availability and management. Proglacial lake
evolution is another example of dynamic change in deglaciating
mountain environments, with the growth of existing lakes, and
appearance of new ones, offering both opportunities for water
supply and energy generation and risks relating to flooding and
cascading hazards (Haeberli and others, 2016). In managing
both the risk and resource potential of proglacial waters,
upstream-downstream relationships should be an important con-
sideration for future research and policy, recognising the impact
of storage and abstraction for stakeholders in the upper and
lower reaches of glaciated catchments (Drenkhan and others,
2022).

One of the most crucial priorities we identify for future
research in this field is improved integration of social science
and other physical sciences with glaciological research, so that
findings transcend disciplines and can more readily generate
impact. Water-related issues are complex, and we argue that
these issues are best tackled from an interdisciplinary and trans-
disciplinary perspective, including through the generation of data-
sets that cross traditional disciplinary boundaries and apply
methodologies that synthesise quantitative and qualitative data
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in a meaningful way (e.g. Richter and others, 2022).
Additionally, it is important to recognise both the opportunities
and barriers to collaborative interdisciplinary research to enable
research design and communication strategies that speak across
disciplines and between researchers and participants
(Rangecroft and others, 2020). While research design has the
potential to embed these considerations, interdisciplinarity
needs to be better supported by funders so that research outcomes
more often translate to impact. Without stepping out of disciplin-
ary silos we are unlikely to reach the full potential of research into
glacier-fed waters. Furthermore, data must be open and accessible
to other communities of researchers and stakeholders, not only in
terms of where that data are stored, but also in how data and
metadata are described.

Finally, there is a continued need to integrate Traditional
Ecological Knowledge (TEK) in assessment of glacier-fed water
availability, in order to understand the consequences of glacier
retreat on resource security, communities, and ecological systems
in a holistic way. Indigenous peoples are susceptible to the
impacts of a changing cryosphere due to the historical injustices
they have experienced, and the social, economic, and cultural con-
sequences of environmental change, but are also inherently resili-
ent to that change (Ford and others, 2020). By challenging and
expanding what we view as ‘knowledge’, and better listening to
indigenous accounts of natural events and change, TEK may
also be recognised and embedded more fully in the generation
of scientific knowledge and solutions to environmental challenges
(Cruikshank, 2012). Additionally, co-design and co-creation of
research with communities and stakeholders is a practice that
could be used more commonly, and not simply as a research
‘add-on’. The co-production of knowledge has the potential to
generate greater buy-in for water management schemes such as
PES, promote community empowerment, and contribute to
improved resilience of communities in mountain glacier regions.
The effects of glacier retreat and changing meltwater production
are already being felt for millions of people, so it is timely that col-
laborative understanding of mountain glacier change, and the
knock-on impacts for resource security, should be a central
focus of our future research efforts.
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