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Abstract
Biodiversity losses can lead to global environmental crisis. Humans utilize biodiversity for 
a variety of ecosystem services. However, what drives biodiversity losses have become a 
critical question during the 21st century. Lately, the Hindu Kush Himalayan (HKH) region 
in Asia, one of the world’s pristine habitats with the origin of majestic river systems in-
cluding Brahmaputra, Indus, Mekong, and Yangtze, has witnessed rapid climatic warming. 
The unprecedented rates of climate warming in HKH has threatened biodiversity losses, 
ecosystem functioning and ecosystem services, and consequently the existence of mankind 
in the region. The Intergovernmental Panel on Climate Change (IPCC) and the Intergov-
ernmental Science and Policy Platform on Biodiversity and Ecosystem Services (IPBES) 
highlight the risks to humanity arising from unsustainable use of natural resources and 
loss of biodiversity worldwide under rapid climate warming condition. In addition, the 
growing economic transformation in HKH can have high environmental costs and biodi-
versity losses. By realizing this fact, the Convention on Biological Diversity addresses the 
key issues of biodiversity and ecosystem services in the HKH by liaising with the United 
Nations Framework Convention on Climate Change, Paris Agreement, and the Sustain-
able Development Goals (SDGs). Hence, the challenges of biodiversity losses, poor eco-
system functioning followed by reduced ecosystem services posed by climate warming 
and anthropogenic impacts needs to be addressed urgently by countries and multilateral 
agencies in HKH by identifying threatened ecosystem services and by providing better 
sustainability solutions. Here, I have outlined the current state of Himalayan biodiversity 
and ecosystem function and developed a framework for resilience management with an 
integrated approach of science and society to advance knowledge through learning. The 
resilience framework offers practical solutions comprising a robust and harmonized moni-
toring of climatic data, the use of multi-indicator approaches and modelling, and to make 
collaborated efforts among policy makers, implementers, and analysts to tackle evolving 
losses of biological diversity and reduction in ecosystem services in the HKH region.
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Introduction

Biodiversity losses can lead to critical environmental crisis. About 9 million types of plants, 
animals, protists, and fungi, which inhabit the Earth have been influenced directly or indi-
rectly by humans (Cardinale et al. 2012). However, a key question today is, how rapid 
climate warming intensifying the global biodiversity losses, and why the efforts to protect 
biodiversity have not been able to address properly (Betts et al. 2017). While the anthro-
pogenic disturbances are thought to be the cause of habitat fragmentation and biodiversity 
losses worldwide, the decline of biodiversity in one of the world’s least-disturbed habitats 
such as the Hindu Kush Himalayan (HKH) region has raised a question of the potential 
threat of climate warming in regional biodiversity during the 21st century.

The HKH region hosts 4 of 36 global biodiversity hotspots, 60 of the 200 global ecore-
gions, and 330 Important Bird and Biodiversity Areas (Kotru et al. 2020). The region is also 
a major source of some of the Asia’s largest river systems and is regarded as the ‘global 
biodiversity hotspot’ (Fig. 1). The large glacier-fed river systems including the Indus, Gan-
ges, Brahmaputra, Salween, Yangtze, Yellow, and Mekong originated from the Himalayan 
mountains support vast amount of ecosystem goods and services to more than one billion 
inhabitants residing in the downstream river basins (Chaudhari et al. 2018). However, the 

Fig. 1 The Hindu-Kush Himalayan (HKH) region in Asia.
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Himalayas have been experiencing unprecedented warming at a rate greater than any time 
in the past (Shrestha et al. 2012). While the global mean temperature of the Himalayas over 
the past 100 years has increased at a rate of 0.74 °C, the regional temperature alone rose to 
an average 0.6 °C in every 25 years (Lamsal et al. 2017). Accelerated atmospheric aerosol 
thickness and black carbon emissions in the region during the 21st century have enhanced 
temperature rise further (Lau et al. 2010) leading to rapid snow melts (Ballesteros-Canovas 
et al. 2018). The snow shrinking not only has caused west-east and north-south gradients 
of climate variability, such as more from colder to drier, and wetter (monsoon-dominated) 
to warmer conditions (Bajracharya et al. 2015), but also has led to catastrophic snow ava-
lanches, flash floods, landslides and erosions (Arora et al. 2016) causing significant natural 
and socioeconomic losses (Ballesteros-Canovas et al. 2018).

Today, the effects of climate warming in HKH have been observed as umbrella crisis 
causing all aspects of social, economic, political, and ecological and biodiversity impacts. 
While it is hard to distinguish natural and anthropogenic impacts of climate warming on 
biological diversity, but with rapidly changing life cycles and developing new physical traits 
and shifting habitat ranges and species distribution, changes in abundance, migration pat-
terns, and frequency and severity of pest and disease outbreaks have become critical impli-
cations for biodiversity losses in HKH. Climate change and biodiversity losses together can 
have profound effects on ecosystem function. Biodiversity losses can erode the ability of 
ecosystems to withstand the effects of climate change. However, biodiversity has ability to 
stabilize ecosystems against climatic stressors (Pires et al. 2018). One of the unsolved ques-
tions today is therefore how climatic warming contributes to biodiversity losses, thereby to 
ecosystem function and, ecosystem services in HKH. As the interaction between climate 
warming and biodiversity losses is increasingly complex, at what condition climate warm-
ing can cause extreme damages to the Himalayan biodiversity is crucial to understand. Cli-
mate warming is suggested to alter mechanisms by which biodiversity affects ecosystem, 
and thereby influence the rates of functions (Pires et al. 2018). For instance, acute syn-
chronous climate impacts can harm biodiversity. Timing and synchrony of climate impacts 
tested on approximately 30,000 species worldwide show that damages were observed to 
those species which were exposed to higher annual average temperature for an extended 
period (Sunday 2020). The rise of temperature and carbon dioxide levels together further 
changes hydrologic cycles (precipitation and evaporation) and an increased magnitude and 
frequency of extreme weather such as floods, cyclones, and droughts all have a profound 
negative impact on biodiversity (Habibullah et al. 2022). Direct response of individual 
organisms and populations to temperature and precipitation has shown that more tempera-
ture-sensitive functional groups such as dwarf shrubs, herbs, grasses, and bryophytes and 
lichens in the Himalayas have migrated northwards to cooler climate. Climate warming has 
also induced changes in the phenology, including the start of the growing season and spring 
greening of grasses and vegetation directly with the upward movement by 0.79 days a year 
in HKH (Shrestha et al. 2012). Higher plant diversity means the system has more energy 
stored, greater energy flow and higher community-energy-use efficiency across the trophic 
network. Hence, the effects of biodiversity on energy dynamics are crucial for different eco-
systems (Buzhdygan et al. 2020). Climate warming also affect biodiversity indirectly weak-
ening the ecosystem functioning by reducing the potential of biodiversity values (Benkwitt 
et al. 2020). Biodiversity losses affect ecosystem processes, reduced ecosystem productiv-
ity and performance (Balvanera et al. 2006). As ecosystem properties relate to ecosystem 
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services, biodiversity acts as a bridge between the two. Hence, the ecosystem services such 
as water quantity and quality, pollination, regulation of pests and human diseases, carbon 
storage and climate regulation, waste management all are the outcomes of the stability of 
ecosystem function and properties (Balvanera et al. 2006). However, with projected climate 
warming, and intensive anthropogenic impacts with increased land use change, extraction 
of resources including the harvest of organisms, wood, and agricultural commodities can 
result in significant loss of biodiversity and weaker ecosystem functioning together with 
reduced ecosystem services (Arneth et al. 2020). Climate warming across the elevational 
gradients has amplified land use effects, and the interplay between climate change and land 
use have further constrained biodiversity and ecosystem function and consequently low-
ered ecological resilience in the region (Peters et al. 2019). There also has been issues of 
mountain heterogeneity, observational data gap, model-based climate predictions and the 
uncertainties in HKH which profoundly influence the assessment of the impact of climate 
warming on biodiversity losses.

The Himalayas provides significant ecosystem services such as carbon sequestration, 
water storage, biodiversity maintenance, and food security to pastoral communities for over 
the millennia. For example, the Sikkim Himalaya alone contains 60% of global alpine plant 
families and 10% of global alpine genera (Ingty 2021). The presence of such diverse plant 
communities facilitates better utilization of resources with increased biomass use, as well as 
promote establishment and survival of other co-occurring species (Ingty 2021). Similarly, 
the oak forests in Bhutan Himalaya when managed under community-based forestry; agri-
culture; and a combination of forests and shrub land approach have become significant to 
generate a high-value socio-culturally based ecosystem services (Dorji et al. 2019). How-
ever, significant loss of ecosystem services in the Himalayas have been caused by reduction 
in habitats and biodiversity. The Shivapuri-Nagarjun National Park in the Nepal Himalaya 
has lost some of the important ecosystem services over the recent past with 74% reduction 
in the value of green-house gas sequestration, 60% reduction in the carbon storage, 94% 
reduction in the nature-based recreation, and 88% reduction in the water quality respec-
tively (Peh et al. 2016).

In an effort to avoid the impact of climate warming on biodiversity and ecosystem func-
tion, in the 1990s, at the first Earth Summit in Brazil, vast majority of the world’s nations 
declared a dismantle to the unsustainable actions of the Earth’s ecosystems (Cardinale et al. 
2012). The Intergovernmental Panel on Climate Change (IPCC) and the Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) have highlighted 
risks to humanity arising from the unsustainable use of natural resources in the planet Earth. 
The discussions on how to define, design and implement long-term sustainability goals have 
become a central theme among the member countries of the United Nations. The Convention 
on Biological Diversity’s post-2020 framework offers the important opportunity to address 
the interactions between climate change and biodiversity and assist in aligning these with 
the United Nations Framework Convention on Climate Change Paris Agreement and the 
Sustainable Development Goals (Arneth et al. 2020). Today, the framework for SDGs has 
become a universal agenda applicable to all countries, addressing poverty eradication and 
sustainable development, and integration of social, environmental, and economic dimen-
sions of sustainability (Lucas et al. 2013). Lately, the idea of the ‘safe operating space’ for 
humanity in the planet Earth has taken a greater momentum in tackling the range of issues 
that prevent to meet the SDGs by 2030s. The safe operating space for humanity has reached 
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the critical level of the boundary where the three of the Earth-system processes: climate 
change, rate of biodiversity loss and interference with the nitrogen cycle have already trans-
gressed their boundaries (Rockström et al. 2009). The threshold-based ecosystem services 
approach has been used to test the safe operating space for the humanity as part of the SDGs 
through the protection of global biodiversity and ecosystem functioning (Oliver et al. 2015). 
Given the global call from the international governing councils on loss and fragmentation 
of the Himalayan mountain habitats and upward movement of the plant and animal species 
over the recent century due to the rapid rate of climate warming, understanding of the struc-
tural, compositional, and functional dimensions of biodiversity and ecosystem functioning 
as well as ecosystem services are placed as the top priority (Arneth et al. 2020). How-
ever, the HKH region receives limited attention in climate warming and biodiversity losses 
assessment. An international workshop on Biodiversity and Climate Change (BDCC-2018) 
held in Kharagpur, India was the first of its kind to focus on biodiversity losses in the HKH 
region and to recommend new strategies for adaptation and mitigation towards sustain-
able developments (Behera et al. 2019). Resilience management is the tenet of sustainable 
development with increased biodiversity, where ecosystem is able to maintain ecological 
stability, functioning and services following disturbances (Van Schmidt et al. 2021). With 
these perspectives, this study makes a comprehensive assessment of the current state of 
biodiversity, ecosystem function and ecosystem services in the HKH region, and develops 
a framework for resilience management, which offers a practical solution to tackle the sus-
tainability of ecosystem services threatened by current climate warming in the HKH region.

Climatic warming and biodiversity losses in HKH region

Climate warming is likely to become one of the most substantial drivers of biodiversity 
losses in HKH in the 21st century. There are limited studies being available on climate 
related impacts on biodiversity losses in the region. Natural variability of climate change 
such as decreasing precipitation and increasing temperature have been reflected by the 
retreat of Himalayan glaciers in response to warming over the recent decades and posing 
severe threats to terrestrial diversity. For instance, advancement of vegetation phenology 
and greening have occurred under rapid climatic warming, while moisture stress causing 
plant growth, seedling survival, and vegetation browning (Sigdel et al. 2021). Montane 
floras are found highly sensitive to climate change, thus the species’ response to warm-
ing in the high-altitude Himalayas is threatened by temperature rise. Greater temperature 
increases are expected at higher altitudes with anticipated impacts of climate warming on 
structure and functions of ecosystem in future (Behera et al. 2019). Ongoing warming has 
transformed plant assemblages. As high as 87% of 124 endemic species have experienced 
warming-driven geographical range shifts in the plant assemblages in the Sikkim Hima-
laya with species extinction (Telwala et al. 2013). Changes in species richness and beta 
diversity have strongly responded to climatic warming (Bhattacharjee et al. 2017), where 
the treeline ecotone species is highly sensitive to losses. Vegetation species such as Betula 
utilis (Himalayan birch) has shown tendency of shifts towards the Eastern Himalayas with 
declining trends towards the west (Hamid et al. 2018). Combined and interactive effects 
of photosynthetically active radiation (PAR) and CO2 increase in the treeline ecotone have 
caused species redundancy, with a shift in dominance from deciduous Betula utilis (birch) 
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to evergreen Rhododendrons (Behera et al. 2019). Net ecosystem exchange (NEE) of sal 
forests in the lesser Himalayas has been reported due to the increased exposure to climate-
induced wildfires (Behera et al. 2019). The impact of climate warming on aquatic biodi-
versity losses in HKH is reported even severe. For instance, changes to local (alpha) and 
regional (gamma) fish diversity across 38 sites of the Nepal’s Kaligandaki-Narayani River 
(KNR) have showed a significant contraction in the mean abundance and species richness 
between the 1990 and 2010 s (Gillette et al. 2022). The cascading impacts of changes of 
water resources, farming systems and increasing prosperity of the Himalayan people under 
climatic warming trend have intensified biodiversity losses further (Dolezal et al. 2020). 
While there is an ongoing high risk of anthropogenic threats on Himalayan flora and fauna, 
climatic warming is projected to make the most severe and direct effects on biodiversity 
losses and reduced ecosystem services in HKH in future (Behera et al. 2019). Evidence 
suggests that biodiversity loss can affect ecosystem functions and services (Hector and Bag-
chi 2007). In an intermediate (21–40%) levels of species loss where about 5–10% plant 
productivity has been found lost (Hooper et al. 2012). Hence, climate warming in HKH 
has become inevitable phenomenon for biodiversity losses in HKH during the 21st century.

Conceptual framework of ecosystem function and ecosystem services

Ecosystem services are generated by ecosystem functions, which, in turn, are underpinned 
by biophysical structures and processes as classified by the Millennium Ecosystem Assess-

Fig. 2 Conceptual framework for Ecological Resilience Boundary from which biodiversity supports ecosys-
tem structure, processes and consequently generate a range of ecosystem services.
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ment (MA 2005). A resilient ecosystem has strong ecological boundary, where the natu-
rally available soil, foliage, water, and sediment act as habitats or substrates for survival of 
variety of organisms and play a vital role for ecosystem functioning and generate services 
through ecosystem structure and processes (Fig. 2). The concept of resilient ecological 
boundary is complex, and often based on evolution of species interactions and dispersal 
within resourceful habitats. Any population loss from the boundary arises the question of 
persistent ecosystem. For example, resilient ecological boundary in lakes and rivers is based 
on healthy flow regime, physical habitat structure to act as refugia for species, sufficient 
thermal and light environments to regulate organismal metabolism, and ecosystem produc-
tivity, regulated chemicals and nutrients for better water quality and the biotic assemblage 
dynamics for ecosystem process and community structure (Baron et al. 2002). Biophysical 
processes determine the provision of ecosystem services which eventually be benefitted 
by humans (Fig. 2). The specific nature of interdependencies between the structure and 
diversity of biotic communities, the processes and the functioning of ecosystems remains 
however one of the most challenging and unresolved questions in ecology (Bastian 2013). 
A coherent and integrated approach for practical application of the concept of biodiversity, 
ecosystem structure and function in planning, management and decision making of regional 
and global ecosystems is still limited (Trabucchi et al. 2012).

Biodiversity plays a greater role in the ecological boundary concept, which was initially 
proposed as a ‘safe operating space’ for humanity with respect to the Earth system and are 
associated with the planet’s biophysical subsystems or processes (Rockström 2009). Bio-
diversity underpins ecosystem function and that the provisioning of ecosystem services is 
essential for human well-being. When poverty and economic development have reciprocal 
relationships with biodiversity and the provision of important ecosystem goods and ser-
vices, there is a growing demand of food, water, and biomass to sustain on-going population 
growth worldwide. Hence, research and policies in the sustainability of natural capital is 
vital for preservation of biodiversity and ecosystem services (Lucas et al. 2013). For exam-
ple, in a coastal environment, a dynamic hydrologic cycle link terrestrial, freshwater and 
marine ecosystems, where humans get ecosystem services such as food and water security, 
flood protection, biodiversity maintenance and recreational activities (Apitz 2012).

The freshwater ecosystems in the Himalaya contributes as significant supporting ser-
vices to terrestrial ecosystems, fisheries dynamics, pollution control, and to several other 
provisioning and cultural services including water supplies and tourism. Although, there 
are limited studies being carried out on ecosystem functioning and ecosystem services in 
the Himalayas, a long-term bio-geochemical assessment of lakes located as high as 5400 m 
a.s.l. at the Mt. Everest region suggests a persistent increase in the ionic content of water, 
a trend which appears to be closely linked to increasing temperature (Lami et al. 2010). 
In the lesser Himalayas, the water quality of lakes and reservoirs have reduced due to the 
disruption in phosphorus and nitrogen cycling caused by excessive inputs of nitrogen (TN) 
and phosphorous (TP) fertilizers and prolonged eutrophication (Walsh et al. 2016). Recent, 
climate warming has intensified harmful cyanobacterial blooms in the Himalayan lakes, 
which has led to loss of recreational and aesthetic values, negatively impacting on fisheries 
production, and in some cases lakeshore tourism. Daphnia, the cladoceran zooplankton (or 
water flea), is one of the key freshwater species in the Himalayan lakes, which are found to 
be highly sensitive to climate change. Daphnia such as D. tibetana has already been extinct 
in Nepal Himalaya since the 1980s possibly due to climate warming (Manca and Comoli 
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2004). Daphnia plays an important role in water recycling by removing the algae (Jeppesen 
et al. 2001; Kattel et al. 2018). Maintenance of strong interactions (regulating services) 
among fish, Daphnia, and algae (Fig. 3) is essential not only for high recreational fisheries, 
but also for intact Himalayan ecosystems for tourism development (cultural services). When 
Daphnia regulates algae by grazing water clarity is maintained and the ecosystem is well 
functioned. Hence, the maintenance of diversity of Daphnia populations in the Himalayan 
freshwater systems is crucial.

Ecosystem function and ecosystem services in Himalayas

The Himalayan ecosystem functioning is largely mediated by natural variability of tempera-
ture, soil type, nutrients, substrate quality, altitude, pH, light, water transparency, and min-
erals and conductivity. For example, soil-microbial interactions contribute to sustainability 
of agriculture by enhancing Oak leaf litter decomposition, nutrient release, and soil quality 
in rainfed wheat-paddy cropping system in the high altitude Himalayas in south Asia (Pant 
et al. 2017). Plant-soil interactions that include soil organic carbon, soil microbial carbon, 
soil microbial nitrogen, soil microbial phosphorous, and soil respiration, Leaf N, P, and leaf 
N/P ratios all are found to increase forest ecosystem processes and functioning where leaf 
traits and soil characteristics are strongly related to above- and below-ground ecosystem 
processes and biomass productivity (Rawat et al. 2020). The biodiversity and biomass of 
the forests of the Dachigam National Park (DNP) in the Indian Kashmir Himalaya suggest 
that pine forests (Pinus wallichiana) are the highest value forest type reported as an above 

Fig. 3 Role of Daphnia in maintaining ecosystem services (regulating services) such as water purification/
clarity (quality) and fisheries productivity in a lake system by controlling (reducing) cyanobacterial bloom 
or by being the fish diet. Within the dotted rectangle, an interaction between, Daphnia-cyanobacteria-and-
water-clarity, has been shown. When Daphnia supports fish as a diet, there is an increase in fisheries produc-
tion. When Daphnia reduces algae by grazing, water clarity increases. However, climate change and human 
disturbances including nutrient inputs in lake and river enhance cyanobacterial bloom.
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ground, below ground and total biomass forest type, while scrub is the lowest value forest 
type in the region (Haq et al. 2020). Pinus wallichiana and Quercus robur tree species also 
stock the largest amounts of biomass for carbon sink, a significant ecosystem service prod-
uct from ecosystem functioning in the region (Haq et al. 2020). Similarly, during the func-
tioning of the lake ecosystem, the atmospheric temperature, lake surface area, suspended 
solids, bicarbonate and dissolved phosphorus all variables found strongly interacted with 
submerged macrophyte community to produce the important biomass as a part of lake eco-
system services in the Himalayan mountains (Lacoul and Freedman 2006). However, eco-
system functioning in the Himalayas is constantly threatened by climate change and other 
human disturbances causing alteration of ecosystem services. Under climatic warming, spe-
cies adapted to or preferring relatively high temperatures are found to be distributed gradu-
ally toward higher altitudinal gradient, while the species adapted to or preferring relatively 
low temperatures are experiencing difficult to maintain ecological functioning (Li et al. 
2016). For example, the baseline vegetation dynamics monitored in the Kashmir Himalayas 
from 1960 to 1990 showed considerable shifts in the ecosystem functioning and subsequent 
ecosystem services. The grasslands and tropical deciduous forests are found to be severely 
affected by recent climate warming. As a result, savannah, shrubland, temperate evergreen 
broadleaf forests, boreal evergreen forests and mixed forests mostly are found to be colo-
nized across the cold desert/rock/ice land cover type areas in the region (Rashid et al. 2015).

It has been widely accepted that changes in temperature and precipitation including sea-
sonal variations and intensity, have affected long-term water availability, and variability 
in cryosphere and evapotranspiration consequently influencing the Himalayan ecosystem 
functioning and ecosystem services. The monsoon (July–September) and the main snow-
pack (Nepal et al. 2014) accumulation or melt seasons (March-June) have altered timing 
of the contrasting hydrological regimes that collectively reflect on changes in the overall 
hydrology of the Himalayan watersheds (Hasson et al. 2019). The hydropower projects in 
Bhutan, China, India, Nepal, and Pakistan for example are some of the most important eco-
system services generated by the Himalayan river systems. Today, the reduction in the fresh-
water ecosystem functioning as a result of the reduced discharge, the region’s hydropower 
potential is at extreme threat (Khatiwada et al. 2016). Highly dependent runoff patterns and 
unreliable seasonal flows with drier winter and shorter but intense monsoon pose potentially 
higher risks to water supplies to drinking water and hydropower reservoirs as well as crop 
irrigation in the region (Gautam et al. 2014).

Air pollution is also in rise in the Himalayas. No reliable documents are available in rela-
tion to air pollution and ecosystem functioning and ecosystem services, but persistent organic 
pollutants (POPs) transports across the south-north altitudinal transect (100 − 5200 m) in the 
central Himalayas show that more than 90% of POPs are trapped along the way due to 
gaseous deposition to soil/foliage and rainfall scavenging (Gong et al. 2019). Persistent 
Organic Pollutants and Polycyclic Aromatic Hydrocarbons (PAHs) are also found in waters, 
sediments, and soils of the high-altitude sites in the Sagarmatha National Park of the Nepal 
Himalaya (Guzzella et al. 2011) indicating its influence in the both aquatic and terrestrial 
ecosystem functioning and ecosystem services in the region. For example, the ecosystem of 
the Lesser Himalayan lake, Begnas Lake, in the Pokhara Valley, a dominant touristic district 
of Nepal, has shown a shift in trophic state and water quality due to inherent changes in the 
biogeochemical processes over the recent decades (Khadka and Ramanathan 2012), pos-
sibly altering ecosystem services generated by tourism industry.
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The Himalayan cryosphere borders global hotspots for emissions of black carbon (BC), 
a carbonaceous aerosol with a short atmospheric life span and potentially impacts on gla-
ciers and snow cover thereby ecosystem function and ecosystem services through the mix 
of organic carbon and water quality change (Gertler et al. 2016). Atmospheric BC absorbs 
radiation efficiently, leading to localized positive climate forcing, and in the meantime, the 
ultra-violet (UV) radiation can have direct consequences on both terrestrial and aquatic 
ecosystems (Bornman et al. 2019; Williamson et al. 2008). Solar UV-B radiation is known 
to affect the growth and performance of terrestrial plants and animals. The shorter wave-
lengths of the UV radiation (mostly in the UV-B range) may cause cellular damage, which 
can lead to changes in the morphology, physiology, and biochemistry of the organism. The 
structure, function, and diversity of terrestrial ecosystems in the HKH region are expected to 
being modified by the UV-B radiation causing massive forest dieback (Bornman et al. 2019; 
Xu et al. 2013) and possible loss of ecosystem services in the region. The BC may also be 
deposited on to snow and ice surfaces, thereby changing their albedo effects (Gertler et al. 
2016). The high concentration of dissolved organic carbon caused by black carbon during 
the snowmelt absorbs potentially damaging UV-B radiation, resulting in photobleaching 
and release of more biologically available carbon in the freshwater system altering metabo-
lism and ecosystem functioning (Williamson et al. 2008), and subsequently ecosystem ser-
vices such as water quality in the region.

When ecosystems become sensitive to around threshold levels of certain key variables 
such as temperature, nutrients and light in the Himalayas, and if these thresholds are crossed, 
the ecosystems move into a new state, often with deleterious or potentially even disastrous 
consequences for the humanity in the long run (Rockström 2009; Szabó et al. 2020). Hence, 
knowing the state of biodiversity and ecosystem functioning and services and their con-
tributions to human well-being is crucial (Balvanera et al. 2014). In the Himalayas, land, 
and water degradations due to climate change and human disturbances have consistently 
threatened the risk of threshold crossing, identifying the key ecosystem services that are 
threatened by climate change is urgently needed.

Key himalayan ecosystem services exposed to climate warming

Governments across the world are tasked with developing pathways to achieve nationally 
prioritized targets that incorporate social, economic, and environmental dimensions of sus-
tainability. Building on progress made under the UN Millennium Development Goals, the 
Sustainable Development Goals (SDGs) are a globally agreed upon set of 17 goals, 169 
nested targets, and over 200 associated indicators that set the agenda for addressing sustain-
able development challenges by 2030 (Wood et al. 2018). By sticking with these goals, the 
global community, more importantly the governments of Himalayan nations and the multi-
lateral agencies working in the region should take an initiative and responsibility to assess 
and protect different ecosystem services that are threatened by climate change for the sake 
of future generations.
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Provisioning services

The 2005 Millennium Ecosystem Assessment (MEA) identifies that water is an important 
provisioning ecosystem service (Carpenter et al. 2009). Water is exposed to severe climate 
change in the Himalayas and needs urgent management action plan. The sixth Sustainable 
Development Goal (SDG-6) for equal access to water and sanitation for all by 2030 have 
been adopted by some countries in the Himalayas. For example, the Melamchi Water Sup-
ply Project of the Government of Nepal has delivered water to the Kathmandu Valley to 
meet the SDG-6 (Bhattarai et al. 2020). Beside water, forests, other significant provisioning 
services, are becoming critical for resource-poor communities in the Himalayas. Forests 
provide woods, which are the main source of household energy (97%) in the region (Thorn 
et al. 2020). In Nepal alone, the community forest based ecosystem services supports more 
than 20% of the income of rural households (Acharya et al. 2020a) in which more than 65% 
of use sal tree (Shorea robusta) for trading as timber (Thorn et al. 2020) with an average 
USD 35 per cubic feet in Siwalik forests of northern India and southern Nepal (Acharya et 
al. 2020b). Forests and water in the HKH region collectively generate food, and incomes. 
The Koshi Tappu Wildlife Reserve of the Nepal Himalaya for example generates food 
equivalent to USD 16 million per year with the share of USD 982 per household (Sharma 
et al. 2015). Medicinal plants are an integral part of indigenous medical systems and liveli-
hoods, and have long been collected, consumed, and conserved by indigenous populations 
in the Himalayan region (Khan et al. 2014; Kuniyal et al. 2014). Medicinal plants provide 
healthcare for up to 80% of the population (Saslis-Lagoudakis et al. 2014). In two of the 
far western high Himalayan districts, Baitadi and Dadeldhura, of Nepal alone, 74 ethnome-
dicinal plant species have been recorded with important provisioning services in which 43 
herbs, 15 trees, 10 shrubs and 6 climbers are potentially used for medical purposes (Kunwar 
et al. 2016). These plants are used for curing digestive, respiratory, urinary, blood circula-
tory and reproductive systems and skin related illnesses (Khan 2013).

Regulating services

Pollination, the mechanism behind the transfer of pollens from male flowers to the female 
flowers that lead to fertilization and reproduction, is an important regulating services of the 
Himalayan ecosystems. Pollinators are inextricably linked to human well-being through 
the maintenance of ecosystem health and function, wild vegetation reproduction, crop pro-
duction and food (Potts et al. 2016). Wind, water, and invertebrate (bees, flies, butterflies, 
moths, wasps, beetles, and thrips), and vertebrate (birds, bats and other mammals and liz-
ards) facilitate pollination and maintain ecosystem functioning in the region. Exposure to 
climate change and large-scale land-use intensifications such as monocultures with high 
use of chemicals have reduced the connectivity, abundance, and diversity of pollinators 
(Kovacs-Hostyanszki et al. 2017). Today, the flowering plants in the Himalaya have under-
gone severe pollen limitation (Jiang and Xie 2020) as a result of the reduction in the popula-
tions of eastern honeybee (Apis cerana) threatening regulating services (Potts et al. 2016). 
The Himalayan lakes and rivers have capacity to regulate surface and ground water through 
natural purification, where Daphnia sp. plays an important role (Fig. 3). But climate change 
in the high mountain system and wastewater pollution in the downstream river basins have 
reduced self-purification capacity of lakes and rivers (Rashid and Romshoo 2013). The 
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interconnected lake and river system in the region provides potentially significant flood 
and climate regulating services (Kummu et al. 2014). Wetlands, and river channels not only 
enhance retention of large amount of flood water in the lowland floodplains but also act as 
ecological nexus in the glaciated landscapes (Camargo and Cortesi 2019; Hauer et al. 2016; 
Jiang et al. 2020). However extreme variability of monsoonal patterns has threatened water 
storage and flood regulation capacities of lakes and rivers during the 21st century (Hira-
bayashi et al. 2013). Lakes and wetlands together with community and agro-forest ecosys-
tems sequester carbon, alleviation poverty, and conserve biodiversity (Stringer et al. 2012). 
In the central Kashmir Himalaya of India, an integrated cropping of legumes, cereals and 
apple can mitigate climate impact by sequestering as high as 46 t ha− 1 soil carbon (Zahoor 
et al. 2021). Many wetlands in the HKH region have been placed under national greenhouse 
gas (GHG) emissions assessment program due to their higher potential in carbon sequestra-
tion (Villa and Bernal 2018).

Supporting services

Biodiversity can indicate the ecosystem services (e.g. the capacity or the service to pro-
vide suitable living conditions for plants and animals), hence the effects of species loss 
or changes in species composition determine maintenance of ecosystem services (Bastian 

Fig. 4 Framework for supporting ecosystem services (nutrient recycling) of benthic macroinvertebrates in 
the Himalayan stream ecosystem. Under the sunlight, the ecosystem functions. Primarily the temperature 
and light influence macrophyte and phytoplankton growth, which then support benthos and fish. The benthos 
transforms organic detritus from sedimentary storage into dissolved nutrients that can be mixed into open 
waters and used again by macrophytes and phytoplankton to enhance primary productivity in the system. 
Meantime, several other drivers involve such as the dynamics of carbon-di-oxide (CO2), hydrogen sulphide 
(H2S), methane (CH4) and nitrogen (N2).
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2013). The terrestrial and aquatic ecosystems of the Himalayas provide many important 
supporting services including nutrient recycling, soil respiration and stream metabolism 
while maintaining the biodiversity (Li et al. 2020).The benthic invertebrates in the region 
are estimated to provide more than 50% supporting services by processing riparian leaf-
litter inputs to headwater streams. Benthic invertebrates release bound nutrients into solu-
tion by their feeding activities, excretion, and burrowing into sediments. Bacteria, fungi, 
algae, and aquatic angiosperms utilize dissolved nutrients and speed up microbial activity 
and growth. Benthic microbes, algae, and rooted macrophytes are utilized by herbivorous 
and omnivorous benthic invertebrates. Predatory benthic invertebrates control prey size and 
numbers, as well as they themselves supply food for both aquatic and terrestrial consumers 
(e.g., fishes, turtles, and birds) as well as transferring nutrients to open water and adjacent 
riparian zones (Covich et al. 1999) (Fig. 4). However, climate change and riparian defores-
tation cause stream channel narrowing, increases water velocity, and lowers bed roughness 
and alters nitrogen and phosphorus processing, dissolved organic matter processing and net 
stream metabolism ultimately reducing benthic stream ecosystem functioning and support-
ing services (Sweeney et al. 2004) in the region.

Cultural services

Mountain regions meet an increasing demand for pleasant landscapes, offering many cul-
tural ecosystem services to both their residents and tourists (Schirpke et al. 2016). Many 
national parks and conservation areas of the Himalayas are protected that not only pro-
tects biodiversity but also provides important cultural services through recreation and envi-
ronmental education for visitors, promotes sustainable livelihood for local communities. 
National parks can well address the relationship between protection and rational utilization 
of natural resources and consider the demands of the local community for fundamental live-
lihood. Cultural ecosystem services in the Himalaya are estimated in a ‘bundle’ of biodiver-
sity and natural history-type services for knowledge such as bird watching, religious such 
as pilgrimage, aesthetic or recreational such as boating, rafting, swimming, hiking, fishing, 
off-road driving, skiing and paragliding (Ament et al. 2017). Most importantly, the region 
is regarded as sacred, spiritual place for Hinduism, Buddhism, Jainism, and Sikhism. For 
example, the Mt Kailash (6714 m) and the Lake Mansarovar are worshipped by devotees of 
different religions such as Hindu, Buddhist, Bon, and Jain, who travel to the site from across 
the globe. The Kailash Sacred Landscape (KSL) program of the International Center for 
Integrated Mountain Development (ICIMOD) estimates USD 2.9 million per year average 
use value of its cultural services to the visitors and the households of the KSL area (Nepal 
et al. 2018). The nature-based tourism industry in the HKH supports people in the region, as 
a complement of this, the mountain people actively design and protect landscapes, as well 
as circulate, and consume resources, create a social space for themselves through various 
means by making a place of attraction for tourists.

Critically threatened himalayan ecosystem services

The vast storage of water as a form of ice or snow in highly extended geographical terrain 
of the HKH region regulates flow of ten large river systems that secure food and water 
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directly to the 200 million people in the HKH and indirectly to the 1.3 billion people living 
downstream river basins (Xu et al. 2009). Some of the historically important regions, for 
instance, the Gangetic Plain, the Indus Delta, the Bangladesh floodplains, the Yangtze, the 
Yellow and the Mekong Delta, for global and regional food and water security, however are 
severely impacted by climate warming over the past 100 years (Zomer and Sharma 2009). 
The rise in temperatures has caused rapid glacier melts in the upstream HKH with reduction 
in the 50% of total runoff in the eastern Karakoram, and the western Himalayas (Zomer and 
Sharma 2009) and 70% less runoff in the Ganges, Indus, Tarim, and Kabul river basins alone 
(Xu et al. 2009) during the dry seasons. However, during the summer-monsoon seasons, 
glacier melts in the Himalaya–Karakoram mountain ranges temporarily increasing summer 
meltwater run- off but continuously reducing the ice- storage volume causing severe water 
resources and water- related hazards as well as streamflow patterns in the region (Nie et 
al. 2021). As a result, there is uncertainty in future runoff due to variations in precipitation 
(Immerzeel et al. 2020). It is likely that future glacier runoff increases in early summer but 
decreases in late summer. By the end of 2100 one-third of glaciers might experience runoff 
decreases greater than 10% due to glacier mass loss in at least one month of the melt season 
(Huss and Hock 2018). Lately, the food security of the Indus River in Pakistan that depend 
on snowmelt has been profoundly affected by the poorly managed irrigation system (Xu et 
al. 2009). Humans have modified natural landscapes in a way the most river basins cannot 
sustain under the pressure of growing populations and water use (Green et al. 2015). With-
drawal of groundwater has expanded agricultural and domestic use wide across the HKH 
region and subsequently exceeded recharge capacity limiting the water availability for the 
groundwater dependent ecosystems (Glazer and Likens 2012).

Direct discharge of solid waste and liquid wastewater into the river systems beyond 
the capacity of waste assimilation of the river themselves has intensified water insecurity 
further under climate warming in the region (Bhattarai et al. 2020). The reduction in the 
environmental flow and water pollution together have triggered basin wide food and water 
insecurity in a variety of ways. For example, moisture availability in the atmosphere of the 
HKH that governs physiology, metabolic and reproductive processes, phenology, and the 
geographic distribution of wild native plants and cultivated crops all have been significantly 
altered (Sigdel et al. 2020; Xu et al. 2009) causing major regional food insecurity.

Constant warming in the central Himalayas for example, has been reported to a threshold 
crossing of the moisture regime followed by the shift in treelines (Sigdel et al. 2018) affect-
ing the biomass production of grasslands and tropical deciduous forests in the region. Most 
savannah, shrubland, temperate evergreen broadleaf, boreal evergreen and mixed forests 
are found to be colonized under cold high-altitude environments of the HKH due to the 
rapid warming (Rashid et al. 2015). The other biodiversity and ecosystems, critically threat-
ened, but less investigated in the HKH region under climate warming, are the functional 
characteristics of species (i.e., their traits) in agroecosystems. Functional traits of plants, 
such as (morphology, phenology, physiology) influence ecosystem functioning directly by 
mediating changes in biotic controls (e.g., competition) and indirectly through responses to 
changes in local environment (e.g., microclimates or disturbance regimes). Functional traits 
indicate the response of species to the environment and their fitness or capacity to generate 
ecosystem services (Wood et al. 2015). When climate warming is making profound implica-
tions for food and water securities in the HKH region, management of the key ecosystem 
services with consideration of functional traits on time is utmost necessity.
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From the perspective of the symbiotic relationship between tourism and the environment, 
people in the HKH region are greatly benefitted from the cultural ecosystem services over 
many years (Waitt et al. 2003) and has become crucial for socio-economic development 
(Godwin 1996). Protection of biodiversity in the HKH region therefore offers sustainability 
of livelihoods in the region through promotion of cultural services. However, a constant 
exposure to both direct and indirect impacts of climate change such as the nature and qual-
ity of natural environments on which mountain tourism depends (i.e., climate-induced bio-
physical change) has constantly threatened nature-based tourism industry by reducing the 
perceived cultural ecosystem services such as attractiveness of the protected areas (Scott et 
al. 2007). Hence, how the environment is perceived that influences the use of environment 
as a resource, and how a person perceives the environment as a consequential effect for 
sustainable development, holds considerable significance of critical ecosystem services in 
the HKH region (Xu and Fox 2014).

Is there a better solution?

When the ecosystems provide necessary structure and processes that underpin ecosystem 
functions, and it potentially have the capacity to deliver services, but in the meantime, the 
society constantly face management challenges of ecosystems for the delivery of services 
sustainably. The integration of ecosystems and associated variables and management actions 

Fig. 5 A framework for impacts of climate change and anthropogenic disturbances on biodiversity (upper 
half) and resilience management (lower half) of diagram shaping ecosystem goods and services in the HKH 
region. Impact and management usually have trade-off, biodiversity generates key ecosystem services (ES), 
while climate warming and anthropogenic impacts cause changes in biodiversity through various ways 
such as snowmelt and land use. Resilience management plays a significant role to maintain the condition of 
biodiversity in the region, as resilience management maximizes ecosystem services including the goal set-
ting, learning through building knowledge of science, and better policy implementation. Scientists identify 
change, and stakeholders involve resolve in decision making.
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can frame spatially explicit, quantitative assessments of impacts that influences changes in 
biodiversity and ecosystems, ecosystem services and benefits. Such integrated framework 
connects biodiversity and ecosystems with ecosystem services values and benefits human 
wellbeing by making a sustainable flow of goods and services. However, the complex inter-
actions of biological diversity and ecosystems and their exposure to both climate change 
and human disturbances can lead to the series of cascading impacts altering the delivery of 
ecosystem goods and services to the society.

How biodiversity plays a central role in the maintenance of ecosystem goods and ser-
vices in the HKH region when it is exposed to increased climate warming and human distur-
bances can be observed through a complexity of climate change and anthropogenic impacts 
as well as the efforts being made by humans to overcome problems in biodiversity loss in 
the mountains. There are already inevitable consequences being made by climate change on 
variable water resources, plant phenology, soil moisture, invasive species, and habitat range. 
Increased water extraction, agriculture cultivation, and tourism development have further 
made serious threats to Himalayan biodiversity. For example, snow melt has altered the 
pattern of downstream water volume causing inundation during summer, and dehydration 
during dry season consequently affecting irrigation and agriculture productivity as well as 
performance of wetland ecosystems. The proposed resilience management framework in the 
HKH (Fig. 5) identifies the cause and effects, and shows the linkages between biodiversity 
and ecosystem services, and utilizes the knowledge that has been gained through learning 
and to set up goals and implement the agenda. The ecosystem of the HKH region urgently 
needs resilience management.

Today, resilience management has become one of the important agenda for global sus-
tainability and development programs including the Himalayas (Boltz et al. 2019; Jones et 
al. 2021). Thus, the way how ecosystem functions and responds to disturbance in the HKH 
region (ecological resilience) needs to be well understood to achieve sustainable goals of 
regional supply and demand of ecosystem goods and services. Resilience is the buffer-
ing capacity or the ability of an ecosystem to absorb perturbations, or the magnitude of 
disturbance that can be absorbed before an ecosystem changes its structure and function 
by changing the variables and processes that control behaviour (Holling 2001). Resilience 
is also two-dimensional metric systems, in which the resistance of ecological changes in 
response to a disturbance and the recovery after a disturbance (Calder and Shuman 2019). 
Following exposure to climate change if biodiversity can return to an equilibrium state or a 
recovery or ‘engineering resilience’. However, biodiversity can also resist climate change 
and maintains ecosystem functions, potentially through internal reorganization or ‘adaptive 
capacity’ and be able to generate services sustainably. Both mechanisms have a trade-off. 
Hence, resilience management defends the system being changed as well as speeds up the 
system recovery from a disturbance (Adger 2000). Resilience is also the process of develop-
ing a broader management plan that protects biodiversity (Oliver et al. 2015) while deliver-
ing ecosystem services to the society (Ma et al. 2019). Active maintenance of diversity for 
ecological functioning by keeping homeostatic feedbacks and avoiding threshold crossings, 
and increasing the capacity of the system to cope with change through learning and adapta-
tion is significant during resilience management (Allen et al. 2011).

For example, when climate warming triggers alien species in the HKH region, removing 
invasive plants could be an important agenda for resilience management. However, while 
rooting out invasive plants, the action may also degrade soil property as well as endan-
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gers native wildlife habitats. Hence, resilience management is the use of better strategy 
and application of policies together with educating local community forest users, forest 
ecologists and resource managers as a part of broader Himalayan biodiversity conservation 
and management program for sustainability of ecosystem services in the region. When the 
demand for sustainable food security and ecosystem services in the face of rapid climate 
change and biodiversity losses increases, an advanced thinking of resilience management is 
urgently needed in the HKH region.

With the implementation of new technologies in resilience management, it is also impor-
tant to have a framework that clearly characterizes the effect on resilience by assessing a 
range of disruptions affecting the system (Marchese et al. 2020). For instance, diversifying 
cropping systems in the HKH region can improve resilience of agriculture management 
practices which has the potential to reduce risk from being collapsed due to climate change 
related threats and ultimately increases food security in the region (Bowles et al. 2020). 
However, potentially other impacts of this approach should also be considered at a time 
of resilience management. Crop choice can have a significant effect on when the HKH 
region experiences prolonged drought hazard. Crops such as wheat, soybean, and rice are 
‘C3 plants’ which fix CO2 through 3-carbon compound, phosphoglyceric acid, need to be 
carefully chosen at a time of drought so that their resilience can be maximized positively. 
As wheat, soybean and rice have lower water use efficiencies compared to typical dryland 
crops such as millet or sorghum, any failures to choose a right crop for plantation would 
lead to reduced resilience (Agnew and Woodhouse 2010). While doing this, the scientific 
bodies, policy makers and local stakeholders including the farmers groups should work 
collaboratively.

Similarly, lately the frequency and magnitude of flash floods, debris flow and land slide 
episodes have increased in many Himalayan countries like India, Pakistan, Afghanistan, 
Bhutan, and Nepal (Mohanty et al. 2019). Providing sound adaptive flood management 
strategies to communities and lake and river systems with the ability to anticipate and 
withstand short-lived extremes (i.e., flood and drought) as well as being able to adapt to 
long-term shifts in flow patterns is significant (Quincey et al. 2018). Adaptive manage-
ment is particularly an important part of resilience management in the Himalayas, because 
it focuses on learning, reducing uncertainty and monitoring of the environmental change 
(Allen et al. 2011). Ethnic communities in the Himalayas are adapted to severe environ-
mental change over the millennia. Their life experiences, spiritual considerations, family, 
kinship, and oral history are significant for learning while working for resilience manage-
ment (Ford et al. 2020). For instance, a resilient flood management approach would not only 
include structural measures, such as building better levees and dams in the river to achieve 
stability and predictability of the system but also incorporating local people’s knowledge 
and participation in decision making for sustainability of regulating services of the river 
and lake ecosystems in the HKH region is important (Sung et al. 2018). Increased climate 
warming and flood episodes has also elevated river runoff when the biodiversity and eco-
system services are threatened by increased water brownification in the region. Lowland 
lakes are impacted by exacerbated cyanobacterial growth and increased toxin levels. Food 
web management can be an important resilience management approach to control harm-
ful cyanobacteria (Urrutia-Cordero et al. 2016). Community participation through research 
and management of freshwater systems such as the removal of non-native fish that feed 
on native planktivorous fish would improve water clarity by increasing large zooplankton 
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populations (Jeppesen et al. 2001) and secure supply of drinking water resources against the 
negative impacts of climate warming on the lake and river systems in the region.

As the temperature has risen together with changes in precipitation and extreme weather 
patterns, the biodiversity and ecosystem composition and dynamics, particularly the species 
with small, but highly specialized population size in the Himalayas are shifting upward, and 
those cannot shift or adapt to a new environment are threatened to be extinct (Montoya and 
Raffaelli 2010). For instance, with climate warming cold-adapted species are expected to 
decline in the lower altitudes, while warm-adapted species increase through upward habitat 
shifts (Oliver et al. 2015). Resilience management in the Himalayan biodiversity and eco-
system services is potentially significant for limiting the decline of cold-adapted species 
through identifying the species-specific habitat preference and range shifts. For instance, 
species not making a range-shift are found more endangered while those shifts along with 
climate warming are found least vulnerable (Bernardo 2014). Climate warming has affected 
phenology and functional traits with shift in the start of the growing season and spring green-
ing of grasses and vegetation (Shrestha et al. 2012) as well as fitness or capacity of plants 
to generate ecosystem services (Wood et al. 2015). Reduced moisture availability in the 
atmosphere has also affected metabolic and reproductive processes (Sigdel et al. 2020; Xu et 
al. 2009). Rapid expansion of invasive alien plant species such as Ageratina Adenophora L., 
Ageratum conyzoides L., Ageratum houstonianum Mill., Amaranthus spinosus L., Bidens 
pilosa L., Erigeron karvinskianus DC., Lantana camara L., Parthenium hysterophorus L., 
Senna occidentalis (L.) Link., Senna tora L. Roxb. and Xanthium strumarium L.) in Nepal 
and Indian Himalaya has posed severe threats to the biodiversity and stability (resilience) 
of native ecosystems mainly scrublands and subtropical needle-leaved forests (Thapa et al. 
2018). Hence, resilience management should be placed as an utmost priority for species 
preferring to cold temperature by securing their habitats in the HKH region (McVittie and 
Faccioli 2020).

Countries across the Himalayas have begun to address issues associated with climate 
warming, biodiversity losses and resilience management. National and local governments 
have been working closely with non-governmental organizations such as International Cen-
tre for Integrated Mountain Development (ICIMOD), International Union for Nature Con-
servation (IUCN) and World Bank on transboundary ecological resilience issues. Several 
biodiversity conservation and management issues, such as wildlife trade, forest fires, migra-
tion of animals, watershed restoration, corridor and connectivity development, and trans-
boundary protected area management, are transnational in nature, and have been widely 
discussed for resilience management. For instance, ICIMOD has conceptualized and opera-
tionalized the Kailash Sacred Landscape Initiative (KSLCDI) to its 8 member Himalayan 
nations between 2011 and 2017 to strengthen relationships between governments of China, 
India, and Nepal and to mainstream sustainable biodiversity and ecosystem management 
practices into local and national policies and plans for inclusive socioeconomic develop-
ment. The initiative has greatly benefitted biodiversity conservation through successful 
adoption of innovative livelihoods; ecosystem management; access and benefit sharing; 
long-term environmental and socioecological monitoring; and regional cooperation, and 
knowledge management (Kotru et al. 2020). Rapid increase of impoundments under intensi-
fied climate warming in the Himalayan river systems has threatened aquatic and terrestrial 
diversity. Watershed-scale planning for hydroelectricity and fish passage development in 
the region are considered significant (Gillette et al. 2022). In lesser Himalayas such as, 
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Chitwan National Park, Bardiya National Park, and Koshi Tappu Wildlife Reserve of Nepal, 
and Jaldapara and Manas national parks of India are refuges for many endemic fish species 
such as trout barb (Raiamus bola) and Hamilton’s baril (Opsarius bendelesis). Local gov-
ernments together with stakeholders should require put extra efforts in minimizing water 
pollution, mining, and sustainable resource harvests in such protected areas (Gillette et al. 
2022). On spot sustainability efforts are thought to minimize external inputs to the systems 
and channelization of internal resources including human, social, and ecological capacity. 
Strengthening communities’ skills and capacities through participatory and collaborative 
research approaches and co-learning mechanisms together with stakeholders is considered 
significant for agrobiodiversity conservation-oriented policies and future sustainability in 
the HKH (Shakya et al. 2019). It appears that there have been positive outcomes of the 
regional vegetation conservation efforts from GOs and NGOs in the HKH. As the com-
munity participation plays a central role for forest management and conservation in HKH, 
but sometimes, active management can lead to unsustainable biodiversity conservation. For 
instance, monoculture of Shorea robusta, an important timber species in Nepal, through 
active community management has reduced biodiversity and sustainability. While encour-
aging community participation in forest management, maintenance of multiple species dur-
ing thinning and pruning processes and awareness programs should also be placed, which 
would provide a regeneration ground for a multiple-species and improve sustainability 
(Paudel and Sah 2015). For effective biodiversity conservation program in the HKH, a sim-
plified cost-benefit analysis is thought to be important to maximize ecosystem services. For 
instance, a continued biodiversity protection measures placed in government policies can 
preserve carbon stock, and its high value ecosystem services in mitigating climatic warming 
in the region (Peh et al. 2016).

Further, mapping and valuing of ecosystem services are becoming important in the HKH 
region for understanding and standardizing the outputs needed to meet the requirement of 
the specific policy and tackle the challenge of ecosystem services distribution posed by 
climate change and anthropogenic disturbances in the region. Incorporating the integrated 
model in resilience management framework has been found significant to overcome the 
challenge of sustainable use of ecosystems in Europe (Maes et al. 2012). For instance, map-
ping water purification services needs a series of maps that illustrate how ecosystem ser-
vices cascade and used as a frame to map water purification services at a regional scale. In 
the case of watershed resilience management, each HKH watershed should be regarded as 
a unit for resilience management with an aim to estimate contribution of biodiversity and 
ecosystem function to water purification over a certain timeframe. Using various indicator 
values together with numerical modeling, water purification services in the region can be 
estimated and mapped (Grizzetti et al. 2016; Karki et al. 2020).

The important aspect of the framework presented in Fig. 5 is to bring the local stake-
holders’ knowledge and skills in a decision-making process. Such stakeholders are usu-
ally the representatives of the scientific community, policy makers and end users of natural 
resources. A triple-loop learning framework (Pahl-Wostl 2009) of resilience management 
for a transformation of the entire structural system is suggested by stakeholders to bring 
a change in regulatory frameworks and practices of governance in risk management. In a 
triple-loop learning framework, usually three management components are practiced. After 
the primary learning loop, where the knowledge is advanced through scientific research, the 
outcomes are usually shared with various stakeholders in the final learning loop (Fig. 5). 
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The adoption of those outcomes in the management policy following the series of learning 
cycles can be significant for biodiversity and ecosystem services management in the HKH 
region. However, complex ecosystem interactions under ongoing environmental change, 
and institutional governance constrains the implementation of policies. Tackling those con-
straints through regular restructuring or reorganization, monitoring and evaluation and pol-
icy reassessment using an integrated approach of planning and implementation is essential, 
as this increases resilience and adaptive capacity of biodiversity and ecosystem, which are 
then being able to generate sustainable ecosystem services to the society of the HKH region.

Impact Biodiversity 
consequences

Practical solution

Direct impact:
Average rate 
(0.74 °C) of 
temperature rise 
in past 100 years, 
and average rate 
(0.6 °C) of region-
al temperature rise 
in past 25 years, 
together with 
changing pattern 
of precipitation 
directly causing 
biodiversity losses

Rapid retreat of glaciers, 
extreme floods and 
droughts and changing 
hydrological cycles
Northward migration 
of plant and animals; 
treeline shift of plant 
species such as dwarf 
shrubs, herbs, and 
grasses, bryophytes, and 
lichens; advancement of 
vegetation phenology 
and greening

Extensive collection, 
and robust and har-
monized monitoring 
of climate related 
data
Use of diversi-
fied methods to 
understand causal 
mechanisms species 
response to climate 
change

Indirect impact:
Climatic warm-
ing affecting 
biodiversity losses 
indirectly via 
mobilizing soil 
moisture, water 
nutrients, and pH

Variation in soil moisture 
regime; and stress on 
plant growth, seedling 
survival, and vegetation 
browning
Increased acidification, 
nutrients, and CO2 levels 
with highly productive, 
decomposed environ-
ments leading to poor 
biodiversity, and ecosys-
tem services including 
reduced water quality, 
altered pollination, pest 
regulation

Incorporation of 
integrated models 
to overcome the 
challenge; and use of 
multi-indicator value 
approach to identify 
the status of regional 
biodiversity
Development of 
numerical model-
ing approaches for 
predicting future 
biodiversity losses 
caused by direct and 
indirect impacts

Mixed impact:
Combined and 
modulated effects 
of climate warm-
ing and anthropo-
genic disturbances

Reduced biodiversity 
and poor ecosystem 
functioning
Lowering of both 
ecological resilience and 
ecological resistance

Collaboration among 
policy makers and 
scientists and to 
ensure that scientific 
evidence would speak 
to diverse needs of 
mountain people
Implementation of 
new technologies, 
such as diversification 
of cropping systems 
to improve agro-bio-
diversity resilience

Box 1 Climate warming and 
biodiversity losses in HKH: 
practical solutions for resilience 
management
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The development of a framework in Fig. 5 would offer some of the key practical solu-
tions for combating the challenges posed by the impact of climate warming on biodiversity 
and sustainability in the HKH region and is summarized in Box 1.

The direct impact of climate warming such as the retreat of Himalayan glaciers causing 
extreme flood, drought, and northward migration and phenology of biota, for which a robust 
and harmonized monitoring of climate data and the use of diversified approaches is essential 
for building ecological resilience (Jones et al. 2021). The indirect impact of climate warming 
on biodiversity losses in HKH is not well understood, but the consequences of reduced pH 
values, and enriched nutrients are intensified by climate change, which should be resolved 
through multi-indicator values (bio-geochemical indicators) and modelling approaches. 
More importantly, the combined effect of climate warming and anthropogenic disturbance 
including the land use change is thought to be severe on biodiversity losses, which strongly 
modulate ecosystem functioning, and lower ecological resilience and resistance. For this, 
strong collaboration among policy makers, implementers, and analysts is needed to ensure 
that evidence-based research would be the only, and best solution for ecological resilience 
management in the HKH region.

Conclusions

The Himalayan biodiversity generates some of the most essential ecosystem services 
including food production, water supply, pollination, climate regulation and intrinsic values 
to more than one billion people residing in the HKH region by maintaining the ecosystem 
functioning over the millennia. However, unprecedented climate warming during the 21st 
century has threatened the HKH biodiversity and ecosystem services and the regional pros-
perity for the mankind. Today, the endemic biota, their ability to adapt to change, and the 
role of indigenous knowledge of the local people in combating the climate change impacts 
over the millennia has become threatened. Resilience management offers practical solutions 
to tackle the rapidly evolving biodiversity and ecosystem services crises in the Himalayas. 
Resilience management, when implemented as a series of learning cycles, can have an abil-
ity to identify the crises and help prepare to defend, as well as reorganize the threats of 
biodiversity and ecosystem functioning through collaboration amongst various stakeholders 
including the scientists and decision makers. Evaluation of rapidly changing ecosystem ser-
vices using sophisticated models such as the integration of biodiversity response to climate 
change, benchmark of ecological thresholds and the stability of ecosystem functioning and 
incorporation of those models in resilience management framework is essential for meeting 
the SDGs of the HKH countries by 2030.
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