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Abstract Climate change (CC) threatens ecosystems in

both developed and developing countries. As the impacts

of CC are pervasive, global, and mostly irreversible, it is

gaining worldwide attention. Here we review vulnerability

and impacts of CC on forest and freshwater wetland

ecosystems. We particularly look at investigations

undertaken at different geographic regions in order to

identify existing knowledge gaps and possible implications

from such vulnerability in the context of Nepal along with

available adaptation programs and national-level policy

supports. Different categories of impacts which are

attributed to disrupting structure, function, and habitat of

both forest and wetland ecosystems are identified and

discussed. We show that though still unaccounted, many

facets of forest and freshwater wetland ecosystems of

Nepal are vulnerable and likely to be impacted by CC in

the near future. Provisioning ecosystem services and

landscape-level ecosystem conservation are anticipated to

be highly threatened with future CC. Finally, the need for

prioritizing CC research in Nepal is highlighted to close the

existing knowledge gap along with the implementation of

adaptation measures based on existing location specific

traditional socio-ecological system.
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INTRODUCTION

Climate change (CC) is an emerging problem with per-

vasive potential consequences not yet fully understood.

Both the developed and developing countries are wit-

nessing serious impacts of CC on their natural ecosystems

and resource base. CC is gaining worldwide attention

among researchers and policy makers due to its irre-

versible detrimental consequences on ecosystems and their

biota. There is widespread consensus that the greenhouse

effect will lead to a global rise in air temperature, with

mean surface temperatures increasing 1.5–5.8 �C by the

year 2100 (Houghton et al. 2001). A recent statement from

World Meteorological Organization (WMO 2015) states

that atmospheric concentration of carbon dioxide (CO2),

methane (CH4), and nitrous oxide (N2O) reached new

highs in 2013, and the year 2016 was the hottest year on

record (LeComte 2017). CC affects distribution, diversity,

and abundance of species in all types of ecosystems

(Williams et al. 2012), and global CC is ongoing and will

continue (Hansen et al. 2001; Harris et al. 2006; Nogues-

Bravo et al. 2007). Diverse speculations are made in lit-

erature regarding CC impacts on ecosystems and biodi-

versity. For instance, IPCC (2007) forecasted an increased

extinction risk of 20–30% of global plant and animal

species if an increase in global average temperature

exceeds 1.5–2.5 �C. Similarly, up to 43% of the world’s

endemic biota, mainly flora and vertebrate fauna, would

face extinction risk by the end of the twenty-first century

(Malcom et al. 2006). Novel climates could emerge that

may have profound impacts on flora, fauna, and the

ecosystems they inhabit (Pearson 2006; Williams et al.

2007; Loarie et al. 2009). Thus, CC poses considerable

threats to ecosystems and their biota.

Being rich in biodiversity and harboring 35 vegetation

types and 118 ecosystems (NBS 2002), Nepal sits in the

Southern Himalayas which are considered as one of the

most vulnerable regions of the globe to climate-related

hazards like drought, flood, and heat stress. Highly varied

topography and a large elevation gradient over a short

latitudinal distance in Nepal have given rise to a distinct
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climate over a small area, producing several physiographic

zones (Fig. 1), with larger variation in precipitation pattern

(Tamrakar and Alfredsen 2013). Southeasterly monsoon

arriving from the Bay of Bengal dominates overall climate

of Nepal, providing 80% of annual precipitation during

summer months from June to September (Shrestha and

Aryal 2011). The summer monsoon is more active in the

east and middle regions of the country, while winter rain

originating from the Arabian Sea is active during winter in

the western region, especially on the leeward side of the

northern highland (Shrestha 2000; Sigdel and Ikeda 2012).

The biota in such distinct climates has special survival

requirements, and therefore, a slight climatic alteration

could be detrimental to their survival, as Sigdel and Ma

(2015) recently projected an increase of mean annual

rainfall by 14% by 2050.

Variability in temperature, rainfall, and retreat of gla-

ciers has already been observed in Nepal. A 30-year study

(1976–2005) revealed a general increasing trend in tem-

perature all over Nepal, with maximum temperature

increasing at a faster rate (0.05 �C/annum) than minimum

temperature (0.03 �C/annum) (Practical Action 2009).

Sharma et al. (2009) reported an annual temperature

increase of 0.01–0.04 �C in the second half of the twentieth

century, while Agrawala et al. (2003) and Rupa Kumar

et al. (2006) projected it to increase by 3 and 4 �C,
respectively, at the end of the twenty-first century. Changes

in local climate system have a relevance to regions as the

effect of such national change could have severe impact at

regional level. For instance, snow melt and glacier retreat

in Nepal Himalaya have been observed unexpectedly faster

than the past from recent warming (Chaulagain 2009;

Shrestha and Aryal 2011). This could alter hydrology and

flow regime of the catchment of Nepal (Bharati et al. 2014)

as well as other large river basins within Asia such as

Ganges and Brahmaputra (Xu et al. 2009; Immerzeel et al.

2010), affecting agro-production systems and food security

of millions of downstream population in India and Ban-

gladesh. Range shift of both biome and species (MoPE

2004; Zomer et al. 2014; Thapa et al. 2016) is feared in

Nepal Himalaya with future warming and unpre-

dictable rainfall that could lead to noble climatic eco-re-

gions with overhaul of species composition, giving rise to

new biotic interactions. Considering habitat loss and con-

sequent risk to its endangered species from CC, Nepal is

identified as a highly vulnerable country (Giam et al.

2010); however, it lacks required social, economic, scien-

tific, and institutional resource base to cope with such

Fig. 1 Physiographic zones and elevation gradient of Nepal Himalaya with inset showing its location in South Asia
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vulnerability (Agrawala et al. 2003; Regmi and Bhandari

2013). Thus, CC is a serious and pressing issue for Nepal in

the context of its fragile Himalayan ecosystems and that

demands to have appropriate adaptive mechanisms.

Vulnerability to CC comprises of exposure, sensitivity,

and weak adaptive capacity (Kelly and Adger 2000;

McCarty 2001). Vulnerability and impacts of CC on

ecosystems and biota have been investigated extensively

across different geographic regions, mostly in developed

countries. The magnitude of climate-related threats are

more severe in least developed countries (Turner et al.

2010), such as Nepal, where scientific studies are very

limited and fragmented. Here we review existing knowl-

edge base on CC vulnerability and impacts on forest and

freshwater wetland ecosystems and their biota across

regional and national scales and then identify research gaps

and likely implications of resulting threats for Nepal, fol-

lowed by recommendations emphasizing on the socio-

ecological adaptive measures. This paper first briefly

introduces the broader regional themes before delving into

Nepal’s case incorporating existing adaptation response to

CC.

BRIEF OVERVIEW OF CC VULNERABILITY

AND IMPACTS ACROSS REGIONS

Global CC is the primary driver of ecosystem degradation

(MEA 2005), and three decades of increased temperature at

the end of last century has changed the way ecosystems

used to exist before (Walther et al. 2002). Response of

ecosystems to CC has many dimensions (Walther 2010).

Through extensive reviewing of published literature, we

found changes in the forest and freshwater wetland

ecosystem in terms of structure, function, and habitat

(Fig. 2) across different geographic regions viz. Asia, Eur-

ope, Africa, North America, South America, and Australia.

In the forest ecosystems, we found changes in

• plant and animal phenology (Both et al. 2006; Clausen

and Clausen 2013; Klaus and Lougheed 2013; Thack-

eray et al. 2016),

• species migration and population range shift (Kaplan

and New 2006; Peh 2007; Feehan et al. 2009; Dolezal

et al. 2016),

• new assemblages of plant species (Halloy and Mark

2003; Thuiller et al. 2005; Lawler et al. 2009; Nogues-

Bravo et al. 2016),

• expansion and contraction of habitat and population

(Gomez-Mendoza and Arriaga 2007; Coetzee et al.

2009; Dullinger et al. 2012; Gottfried et al. 2012;

Schloss et al. 2012; Songer et al. 2012; Tuanmu et al.

2013; Zhang et al. 2014; Alamgir et al. 2015),

• species invasion (Early et al. 2016; Kuebbing and

Nunez 2016), and

• extinction (Thuiller et al. 2005; Molur 2008; Feehan

et al. 2009; Nogue et al. 2009; Alamgir et al. 2015).

Likewise, in the freshwater wetland ecosystems, we

found changes in

• thermal stratification and water level fluctuation (Win-

der and Schindler 2004; Mooij et al. 2005; Verburg and

Hecky 2009),

• areal extent of wetlands (Chu and Fischer 2012;

Ouyang et al. 2013),

• alteration in aquatic vegetation composition and range

shift (Lou et al. 2015),

• habitat degradation (Simmons et al. 2004; Thompson

et al. 2005; An et al. 2013; Dubey et al. 2013; Froyd

et al. 2014),

• bird migratory patterns (Walther et al. 2002; Lehikoi-

nen et al. 2013), and

• biota extinction (Thuiller et al. 2006; Heino et al. 2009;

Traill et al. 2010; Werner et al. 2013).

These studies suggest that climatic threats exist over

different geographic regions of the world and have affected

forest and freshwater wetland ecosystems in all climatic

conditions ranging from tropical and sub-tropical to

temperate and alpine.

CC VULNERABILITY AND IMPACTS IN NEPAL

High altitudinal variations in Himalayan terrain within a

small latitudinal extent characterize Nepal (Fig. 1) with

diversity in physiographic, elevation, and climatic zones

(Table 1). Nepal represents 0.1% area of the global terres-

trial surface, however hosts up to 3.2 and 1.2% of world’s

flora and fauna, respectively, including 5.2% of world’s

known mammals, 9.5% of birds, 5.1% of gymnosperm, and

8.2% of bryophytes (GoN 2014a). The reason for such a

high biodiversity level is its location within two bio-geo-

graphical realms, the Indo-Malayan and the Palaearctic

realms, and existing diverse climates such as hot monsoon

and tropical in lowlands to alpine and tundra in high

mountains (CEPF 2005). Despite high diversity, CC could

have increased the ecosystem vulnerability and has impacted

the flora and fauna therein; however, literature is very scant.

CC impacts in forest ecosystem

Change in plant phenology

Plant phenological changes are the earliest visible response

to global CC (Corlett and Lafrankie 1998; Xu et al. 2009).
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In Nepal, Gurung and Bhandari (2009) found early

flowering of Ficus religiosa and Bombax ceiba across the

tropical lowlands. Likewise, Chaudhary and Bawa (2011)

reported phenological changes for mid-hill trees such as

Magnolia sp., Michelia champaca, Chrysanthemum indi-

cum, Tagetes sp., Prunus persica, and Prunus cerasoides.

Alamgir et al. (2014) mentioned that increased winter

temperature in the mid-hills of Nepal has led to advance

fruit ripening by two weeks along with decrease in fruit

size of Myrica esculenta. Chettri (2008), Xu et al. (2009),

and Chaudhary and Bawa (2011) also reported advance-

ment of flowering season of Rhododendron sp. by around

one month in mid-hills and middle mountains across

Nepal from mid-April and May to mid-March and April.

Likewise, Lamsal et al. (2017b) reported changes in

flowering time of R. arboreum advanced by 2–3 weeks in

the central sub-alpine middle mountains; and delayed by

3–6 weeks in the western sub-alpine middle mountains.

Similarly, Mohandass et al. (2015) observed phenological

changes of three specialized perennial alpine herbaceous

flora due to warming temperature: late flowering of

Roscoea alpinia and R. capitata by 8–30 days, while early

flowering of R. purpurea by 22 days. Such early shifting

of flowering time of native alpine plants has also been

observed in Canada where Beaubien and Hamann (2011)

reported that plants such as Populus tremuloides and

Anemone patens flowers two weeks earlier than past.

Therefore, climate change could have paramount influ-

ence on seasonality, causing extensive phenological

desynchronization (Thackeray et al. 2016), that has

overall effect on ecosystem functioning and productivity

(Feehan et al. 2009), mainly through creating temporal

and spatial mismatches in plant–pollinator interactions

(Hegland et al. 2009).

Upward ecological range shift

High-altitude species such as Rhododendron arboreum

could shift its existing range with future warming in

Eastern Himalayan region because of its better coping

mechanism in such extreme climates (Ranjitkar et al.

2013). Gaire et al. (2014) and Chhetri and Cairns (2015)

reported upslope migration of alpine tree Abies spectabilis

by 0.17 m and 2.6 m per year at eastern and central Nepal,

respectively, while Aryal et al. (2014) and Lamsal et al.

(2017b) in addition to Abies sp., also reported Betula utilis,

Juniperus indica, Rhododendron sp., Berberies sp., and

Alnus nepalensis to upslope migration in central and

western sub-alpine middle mountain of Nepal. Similar

migration phenomena of Abies sp. has also been reported in

Arunanchal State of India (Bharali and Khan 2011).

Likewise, Telwala et al. (2013) found that 87% out of 124

endemic montane flora of Sikkim Himalaya bordering

eastern Nepal have shifted their natural habitat further

upward at a rate of 28 ± 22 m per decade. Dolezal et al.

(2016) also reported similar phenomena of some vascular

plants in arid north-west Himalaya of India. Such alpine

flora migration has also been documented in the European

Alps (Pauli et al. 1996; Gottfried et al. 2012). An increase

in temperature in the mountain regions could result in an

upward shift of the snowline as well as the biota it holds, as

there is a widespread assumption that an average of 1 �C
rise in temperature may cause most species to extend their

distribution upwards by 300 meters (Gopal 2013). This is a

concern for Nepal, which has 23% of land mass in the high-

altitude mountain region, spanning from east to west at the

northern border, and containing many endangered and

endemic montane flora (MFSC 2014). The resultant chan-

ges in diversity from such shift could alter the abundance

of other species found in such regions that helps to control

ecosystem processes such as modification of pathways of

energy and material flow, leading to further changes in

community composition and vulnerability to invasion

(Chapin et al. 2000). The mid-hills of Nepal, which possess

moist deciduous and temperate forest, has also witnessed

an upward shift of species such as Castanopsis hystrix,

Schima wallichii, Eurya acuminata, Ficus roxburghii, Al-

nus nepalensis, Saurauia nepaulensis, and Albizia lebbeck

(Chaudhary and Bawa 2011).

Table 1 Physiographic zones of Nepal. Source MFSC (2014) (with modifications)

Physiographic zones Surface area (%) Elevation (m) Climate

High Mountain 23 Above 5000 Tundra type and Arctic

Middle Mountain 20 4000–5000 Alpine

3000–4000 Sub-alpine

Mid-Hill 30 2000–3000 Cold temperate monsoon

1000–2000 Warm temperate monsoon

Lowland (Terai and Siwalik) 27 500–1000 Hot monsoon and Sub-tropical

Below 500 Hot monsoon and tropical
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Increased vulnerability of avifauna and megafauna

Of the 867 bird species recorded in Nepal, 17% are under

the nationally threatened, of which 53 species are critically

endangered, 48 species are endangered, and 47 species are

vulnerable (Inskipp et al. 2013). Based on the projected

changes of the climate and forest vegetation in central and

western lowland Nepal, Thapa et al. (2016) predicted that

around 20 bird species from lowland and 10 species from

mid-hills that also contain many important bird areas

(IBAs) are at greater risk through human-induced habitat

fragmentation and likely altered climatic condition. A

similar situation has been found in the Southern belt of

Africa where Coetzee et al. (2009) reported that 62% of the

50 endemic bird species could lose climatically suit-

able areas while 77% of the existing IBAs would likely

observe 50% species turnover by 2100. CC could have

even more threats through range contraction where Jetz

et al. (2007) predicted 20% of world’s 8750 terrestrial birds

to be directly affected. In Nepal, there are only a handful of

researches investigating on possible disturbance of climatic

impact on avifauna habitat as the country harbors many

endangered and nationally threatened bird species.

Many fauna in forest ecosystems are reported to be

vulnerable to CC in Nepal. For example, a cold-loving

species snow leopard (Uncia uncia) that survives in the

high mountains (Jackson and Ahlborn 1989; Ale et al.

2007) is vulnerable to ecological changes in its habitat

through warming. A habitat suitability index model and

cross verification of predator–prey relationship suggests an

estimated population of the snow leopard to be around

195–416 in the middle and high mountains of Nepal (Snow

Leopard Network 2014). Forrest et al. (2012) predicted

northward shift due to 40% loss in the habitat of the snow

leopard in Nepal by 2050 as a result of tree line shift which

is supposed to be occupied by other mammals such as

common leopard (Panthera pardus) and Asiatic wild dog

(Cuon alpinus). Lovari et al. (2013) also reported similar

findings of upward tree line shift in central Asia that restrict

habitat range of snow leopard while expansion of common

leopard habitat, causing the former to become vulnerable

due to reduction in habitat range and wild prey availability.

This range shift and invasion of non-territorial species

could affect predator–prey relationships and could disrupt

the functioning of such fragile high-altitude ecosystems.

Change in bio-climate and community assemblage

Based on the Canadian Climate Center Model (CCCM) and

Geophysical Fluid Dynamics Laboratory (GFD3) global

circulation models, and Holdridge model, MoPE (2004)

projected that tropical wet forests and warm temperate rain

forests of mid-hill Nepal would completely disappear,

while cool temperate vegetation of the same region would

turn into warm temperate vegetation by 2100. Rain forests

that currently do not exist will emerge in the tropical and

sub-tropical regions of lowlands under double CO2 emis-

sion conditions. The same study further revealed that sub-

alpine and alpine regions of middle mountains might face

more intense warming compared to the lowlands and the

existing vegetation in those regions could ascend 500-m

upwards. Such high-altitude regions support many threat-

ened and endemic biota. Therefore, considerable overhaul

of forest ecosystem in Nepal extending from lowland to

highland could be anticipated with future warming climate.

However, existing biota responses to such overhaul

remains largely unknown. Thapa et al. (2016) modeled and

predicted temperate broadleaved and sub-alpine conifer

forest representing montane ecosystem of Eastern Hima-

layan region to become more resilient to climate impact in

the future. They further reported the vulnerability of low-

land forests to climatic impact that includes vegetation

such as sub-tropical broadleaved and Shorea robusta forest

that currently support the habitat of many megafauna of

Nepal. Zomer et al. (2014) projected significant shift in the

bio-climate of Kailash Sacred Landscape (KSL) of western

Himalaya lying within middle and high mountain where

Nepal shares about 43% of its area that represents diverse

eco-regions and contains two montane protected areas

(PAs) viz. Khaptad National Park and Api Nampa Con-

servation Area. The likely alteration in such bio-climates is

worrisome as these eco-regions and the PAs therein harbor

numerous endangered flora such as Rauvolfia serpentina,

Neopicrorhiza scrophulariiflora, Dactylorhiza hatagirea,

and Nardostachys grandiflora; and fauna such as snow

leopard, Tibetan antelope (Pantholops hodgsonii), Asiatic

wild dog, and Red Panda (Ailurus fulgens) (Chaudhary

et al. 2010). This is comparable with the finding of Rashid

et al. (2015) who also projected significant overhaul of

adjacent Kashmir Himalaya eco-region with substantial

alteration in temperate and sub-alpine forest ecosystem by

2100. Such changes in bio-climatic conditions and reor-

ganization of plant communities could disturb the existing

ecological integrity within the country, making the

ecosystems lying both within and outside of the nature

reserves more vulnerable to warming and leading to

uncertain future of their biota.

Increased species invasion

CC and invasive species are two key drivers of ecosystem

degradation and biodiversity loss (Burgiel and Muir 2010),

and with combined interaction, climatic stress further

compounds the devastating effect of invasive species on

the ecosystems through its adaptability to disturbance in

wide bio-geographic and environmental conditions
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(Mainka and Howard 2010). Global Invasive Species

Program (GISP), with secretariat office currently head-

quartered in Nairobi, Kenya, describes invasive alien spe-

cies as ‘‘organisms that have been moved from their native

habitat to a new location where they cause significant harm

to the environment, economic systems and/or human

health.’’ All the species that appear outside of its territorial

range are considered as alien species. However, those

species become invasive and emerge as a new dominant

one once they increase their abundance at the expense of

native species of the region (Davis 2003) and displace them

through competition for limited resources, prey upon native

species to the point of extinction, or alter the habitat and

make persistence for natives impossible (Richardson and

Rejmanek 2011). Many globally endangered megafauna

such as Panthera tigris, Rhinoceros unicornis, Bubalus

arnee, and Elephas maximus roam around the lowland

tropical and sub-tropical forest and savannah grassland in

Nepal, mostly within protected area systems (Paudel and

Heinen 2015). Though warming in this region has not been

fully established yet, the recent infestation of invasive

species and extended drought are linked to the warming

phenomena (Rai and Scarborough 2012). Alamgir et al.

(2015) predicted the loss of substantial habitat range of

Asian elephants in Bangladesh by 2070 due to CC and its

associated stresses such as forest fragmentation. Invasive

species such as Parthenium hysterophorus, Mikania

micrantha, Lantana camara, Chromolaena odorata, and

Ageratina adenophora are invading forest ecosystems. The

menace of an invasive weed P. hysterophorus has been

reported in lowlands such as Chitwan National Park

(Shrestha 2012; Adkins and Shabbir 2014) and other parts

of the country, causing alteration in soil nutrients and

species composition of plants (Shrestha et al. 2015). One

sixth of global land surface is highly alien species invaded,

mostly in areas having biodiversity hotspots (Early et al.

2016). The invasion in Chitwan National Park could have

negative effects on the habitat of some endangered species

such as one-horned rhinoceros, Asian elephant, and Bengal

tiger. For example, Rhinoceros prefers alluvial grassland

habitats in the natural riparian vegetation of lowlands in

Nepal; however, invasion of M. micrantha and L. camara

could have negative impacts on the habitat of this mega

herbivore (Amin et al. 2006) as both of these invasive

species could suppress and dominate grasslands with future

warming climate, causing direct risk to the survival of

Rhinoceros. Similarly, of the less than 3600 remaining

adult tigers within 13 countries in the world, around 2000

are thought to be surviving in the forests of the Indian sub-

continent (Seidensticker 2010), of which Nepal shares

around 200 individuals in its lowland tropical forests. As

discussed above, the likely invasion of P. hysterophorus,

M. micrantha, and L. camara in the lowland of Nepal could

degrade and fragment the habitat of the tiger, and this may

disrupt predator prey relationships and overall food in the

existing lowland forest ecosystems.

The warming trend in Nepal’s Himalayan region has

been faster compared to any equivalent period in the last

century (Diodato et al. 2012), and as a result, many

restricted habitat fauna could be vulnerable from habitat

degradation due to invasion by exotic invasive plants. For

instance, Neofelis nebulosa and Ursus thibetanus in the

mid-hill temperate forests, and Ursus arctos, A. fulgens,

Bos mutus, andMustela altaica in the sub-alpine and alpine

forests of middle mountains are just a few examples of

restricted habitat fauna and thus could be vulnerable to CC.

Bourdot et al. (2012) forecasted likely invasion of Nassella

neesiana in Nepal, which is a temperate grassland weed,

and has potential to harm pasture and grassland biodiver-

sity by outcompeting native flora in middle mountain

ecosystems (Csurhes 2008). Shrestha et al. (2015) pro-

jected that high-altitude regions of Nepal could be cli-

matically suitable habitat for the expansion of invasive

species Parthenium hysterophorus with the increased

warming of ?3 �C, and is obvious as Rangwala and Miller

(2012) reported increased future warming with altitude.

This risks the habitat of other fauna of middle mountains,

such as Canis lupus, Moschus spp., Equus kiang, and Ovis

ammon through altering existing ecosystems either by

directly reducing abundances of useful species via preda-

tion and competition or by altering controls on critical

ecosystem processes. Alamgir et al. (2014) reported that

the impact of recent warming increased the abundance of

invasive plant species such as A. adenophora and Mimosa

rubicaulis in the mid-hill forest of Nepal. Similarly, Chettri

(2008) reported the invasion of grazing pasture land by

low-altitude exotic species such as Circium sp. in the high-

altitude regions. The rapid upward shift and colonization of

invasive A. adenophora with the advent of accelerated

warming in recent time in the temperate and sub-alpine

forest of mid-hills and middle mountain of central Nepal

has been reported (Lamsal et al. 2017b), threatening the

habitat of A. fulgens and Moschus chrysogaster, the two

endangered fauna. This suggests that serious habitat

degradation from invasive species is inevitable with future

warming climate in Nepal as this species colonize an area

rapidly and forms a dense thicket thereby outcompeting the

native species through capturing soil nutrients and sunlight.

Kuebbing and Nunez (2016) reported that the performance

of non-native invasive species is five times higher to

adjacent native than other non-native species. As the

warming is more visible and increases with altitude

(Shrestha and Aryal 2011), it is obvious that the fauna

habitats in the temperate, sub-alpine, and alpine regions are

at risk of substantial changes. Potential threat of invasive

plant species, around 160 species recorded so far, to the
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biodiversity and ecosystem function in Nepal is poorly

understood (Bhattarai et al. 2014).

CC impacts in freshwater wetland ecosystem

Freshwater habitats occupy 0.8% of the earth’s surface, and

supports high species diversity per unit area (MEA 2005),

nurturing around 6% of the earth’s species (Dudgeon et al.

2006). Global CC is one of the primary direct drivers for

global wetland biodiversity loss (MEA 2005) that acts

along with other anthropogenic stressors. The systematic

study of wetlands in Nepal is very recent with their exact

distribution, number, and supporting biota still unac-

counted. Wetlands cover 5.6% of the total area in Nepal

and ten freshwater wetlands have been listed in the Ramsar

sites of international importance (Lamsal et al. 2017a).

Apart from these Ramsar sites, there are numerous other

freshwater wetlands supporting habitat of many endan-

gered biota. For instance, Bhuju et al. (2010) compiled a

total of 5358 freshwater wetlands in Nepal of which 52%

are located in the lowland, 7% in mid-hill, and 42% in

high-altitude Himalayan region. Impact assessment on

climatically and geographically differed wetlands is almost

non-existent in South Asia (Gopal et al. 2010). Glaciers are

a perennial source of water for most of the wetlands in

lowlands, mid-hills, and middle mountains and play a

major role in their existence (MoEnv 2012). A total of

3252 glaciers and 2323 glacial lakes have been identified in

the country. However, the volume of glaciers has been

rapidly decreasing and consequently affecting the extent of

such glacial lakes (Xu et al. 2009; Shrestha and Aryal

2011). The retreat of glaciers, less snowfall, and rapid snow

melt from increased warming have degraded the habitat of

alpine medicinal flora such as N. scrophulariiflora

(Shrestha and Jha 2009) and Ophiocordyceps sinensis

(Shrestha and Bawa 2015). Chaulagain (2009) predicted

that water availability in the rivers and streams of Nepal

would increase by 2030, then decrease by 2100 due to rapid

glacier retreat in the highlands. As most of the Ramsar and

non-Ramsar wetlands in lowlands and mid-hills of Nepal

are fed by or depend upon either glacier melt or riverine

flood, these changes in water flow and availability could

affect those wetlands through changes in water level. The

fluctuation in water level triggers changes, such as new

planktonic and hydrophyte assemblages (Lou et al. 2015),

as well as shrinkage in wetland area (Ouyang et al. 2013),

which together could degrade numerous wetland-depen-

dent micro- and macro-fauna. Shrinkage of wetland area

coverage could endanger many freshwater wetland-de-

pendent endangered fauna in the lowland and mid-hill

regions. Some species such as Crocodylus palustris,

Kachuga kachuga, and Gavialis gangeticus are only a few

examples which have very poor dispersal capacity and

nowhere to go as most of the wetlands in lowlands and

mid-hills of Nepal are in isolated locations. Further, these

wetlands support breeding ground for many endangered

and threatened migratory and resident avifauna; as Carey

(2009) reported that both migratory and resident avifauna

could be drastically restructured through extinction and

habitat range shift in wetland ecosystems. The changes in

trophic and planktonic community structures as discussed

here could threaten the ecology of micro- and macroin-

vertebrates on which higher trophic wetland fauna depend.

Though this review has highlighted a few regional studies

of altered trophic impacts on phytoplankton, wetland birds

and other fauna, information for wetlands of the Nepal

Himalaya is very limited, as illustrated in Fig. 2.

EXISTING POLICIES AND ADAPTATION

RESPONSE TO CC IMPACT

As a signatory to the UNFCCC, Kyoto Protocol and

Nagoya Protocol, Nepal has identified immediate adapta-

tion needs through National Adaptation Program of Action

(NAPA), in 2010, which assesses the climate-induced

vulnerability and impacts on six thematic areas and on the

livelihood of people. The thematic areas include agricul-

ture and food security, forest and biodiversity, climate-in-

duced disasters, water resources and energy, public health,

and urban settlements and infrastructures. The NAPA

emphasizes on community-based adaptation planning and

utilization of traditional skill, knowledge, and practices of

local communities for climate change adaptation to enable

the country to respond strategically to the challenges and

opportunities posed by CC. It is a comprehensive document

prepared after rigorous consultation with multiple stake-

holders and is under implementation through formulation

of Local Adaptation Plan for Actions (LAPA) at local

government level. Formulation of LAPA is guided by the

National Framework for LAPA 2011. The LAPA follows

bottom-up approach of planning with active involvement

of communities and local-level actors who are potential

victims of CC impacts. NAPA framework has identified

broad sectors as its priority areas for climate assessment

among which biodiversity and ecosystem management is

one of the major components. The formulation of NAPA

and LAPA should be viewed as a significant step for Nepal

that has the objective of integrating CC vulnerability and

impacts into the national- and local-level development

planning. NAPA and LAPA are strong frameworks in

Nepal, in addition to Climate Change Policy 2011, Envi-

ronmental Protection Act 1996, and Environmental Pro-

tection Rules 1997 as well as many different inter sectoral

acts and policies which have direct connections to envi-

ronment, and have therefore opened up future research
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opportunities to look at climate impact on ecosystems in

Nepal. Recently, the Nepal Government, through the Cli-

mate Change Policy 2011, mandates 80% of the resources

to be channeled to local level for CC response/adaptation

so that vulnerable communities are able to build adaptive

capacity from climatic impact (NAST and OPML 2016).

Here we argue that, given the diverse nature of demo-

graphic, geographic, cultural, and economic factors,

strengthening socio-ecological system as a location-speci-

fic mechanism for adaptation could be a best fit for Nepal

to ensure long-term sustainability of the resource base and

the dependent vulnerable community.

Based on diverse culture and way of life, promotion of

non-timber forest products and ecotourism to save flora and

fauna, biological flood control measures to reduce flood

and landslide risks, social fencing for effective forest

protection, and rotational grazing management as well as

existing Kipat system,1 Nawa system,2 and Mukhiya sys-

tem3 are some of the common indigenous knowledge and

practices found in Nepal (GoN 2014b). Although adapta-

tion measures are integrated using such traditional coping

strategies against CC impact on forest and wetland

ecosystems, they are becoming less effective in the context

of complex and unpredictable climate change scenario

(Regmi et al. 2015). In Nepal, low income people,

accounting almost 1.9 million that depend on natural

resources to sustain their livelihood, are in a highly vul-

nerable state while another 10 million are increasingly at

risk to climate change (GoN 2010). For instance, Gentle

and Maraseni (2012) reported that drought together with

limited winter rain and snowfall affected forest- and pas-

ture-based ecosystem services in the remote region of

Jumla district that has in turn impacted livestock rearing

and non-timber forest product (NTFPs) collection, which

are the major sources of income to sustain livelihood. A

study in Kali Gandaki river basin (Pandey and Bardsley

2015) found that the households with agro-based livelihood

system that depend on pasture- and forest-based resource

across three geographical regions viz. lowland, mid-hill,

and mountain are climate sensitive and subjected to CC

vulnerability. Likewise, Regmi and Bhandari (2013) and

Gentle et al. (2014) reported that CC vulnerability in the

mid-hill Nepal varies according to wellbeing status of

household, with low income household suffering the most

because of the least adaptive capacity in terms of poor

socio-demographic status, limited livelihood diversification

strategies, and a weak social network. In the Koshi Tappu

floodplain basin of the southern lowland, Sharma et al.

(2015) calculated ecosystem services worth US$16 million

per year, equivalent to US$982 per household where pro-

visioning services accounted almost 85%. CC could have

long-term consequences in the absence of adaptive mech-

anisms. However, Dulal et al. (2010) found very weak

adaptive capacity of local community people who depend

on Koshi Tappu floodplain for agri-livestock production

and natural resources, mainly due to lack of capital assets

and required institutional support that make them resilient

against climatic hazards such as floods and droughts.

Similarly, Gurung and Bhandari (2009) reported that local

communities in Chitwan district have adopted few adap-

tation measures to tackle CC impact on ecosystem and

biodiversity, for example reforestation and afforestation in

the upstream watershed. Lack of climate knowledge and

essential financial resources are the hurdles for them to

develop long-term adaptation strategies against CC

impacts. As per Berkes et al. (2000), scientific ecology and

traditional ecological knowledge are complementary to

each other, and therefore could be used for effective

ecosystem management against diverse natural threats.

Such traditional knowledge results in effective and sus-

tainable adaptation strategies if incorporated into CC

policies (Robinson and Herbert 2001). Strengthening of

traditional socio-ecological system as a mechanism for

adaptation therefore could be an ideal practice in a data-

deficient developing country such as Nepal, which is also

strongly encouraged by the relevant policies such as NAPA

and LAPA. For instance, NAPA already listed out broad-

scale priority adaptation options required for the forest and

biodiversity sectors of Nepal through identification of areas

of CC impact and their possible adaptation response (GoN

2010, p 74).

Socio-ecological adaptation measures are mostly docu-

mented for agro-ecosystems compared to forest and wet-

land ecosystems. Nepal has already established

community-based management system in the form com-

munity forestry user group (CFUG), which is a noble

example of socio-ecological management system that has

evolved through local knowledge-based initiatives. This

prevailing management system can be considered as a

strong grass root institutional and resource base, and an

opportunity for ongoing and future CC adaptation inter-

vention program, which is supported by Khatri et al. (2013)

and Niraula and Pokharel (2016) who found such man-

agement system to enhance adaptive capacity of local

1 Kipat is a system of land management under which the state

recognized the land owned by the ethnic Limbu people of eastern

Nepal; under this system, the right to use the land was given to a

member of a Kipat-owning ethnic group. Some CFUG in the eastern

regions are reported to use Kipat along with other traditional

practices.
2 Nawa system is a traditional institution of the ethnic Sherpa

community that controls the use of village land and forest for the

purpose of agriculture and animal husbandry.
3 Mukhiya system, also called village chief or headman, is practiced

mostly in the highland of central Nepal in ethnic Thakali people to

implement the indigenous system of forest and pasture land manage-

ment as per the rules framed by their community.
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community against the impact of CC. It should be noted

however that understanding the community perspective of

environmental change is crucial for planning future adap-

tation that ensures such approach being sustainable and in

accordance with community priorities (Ireland 2012). To

support NAPA and LAPA policies, three large-scale

adaptation programs have been recently implemented by

the Government of Nepal with support from international

development agencies, viz. Strategic Program for Climate

Resilience (SPCR), Nepal Climate Change Support Pro-

gram (NCCSP), Pilot Project for Climate Resilient (PPCR),

and Hariyo Ban (Fisher and Slaney 2013), where Hariyo

Ban program (2011–2016) especially focused on society,

ecosystem, and biodiversity—a concept of socio-ecological

system as a mechanism for adaptation. The same study

further reported that as of 2013, almost 70 LAPAs were

formulated, identifying 3000 activities to address climate

change impact in 14 districts of mid and far western region

of the country. In addition, a global initiative pilot program

on CC mitigation, viz. reducing emissions from defor-

estation and forest degradation (REDD?), is being

implemented and could strengthen adaptive capacity of the

society through providing direct financial benefit through

carbon trade. On the other hand, as most of the climate

change programs in Nepal and other developing countries

are run with technical and financial support from interna-

tional development agencies, the long-term success of CC

adaptation measure will be governed by the ability and

willingness of those external actors to evolve their prac-

tices by paying attention to the local communities who are

the most vulnerable (Ireland 2012). In this context, inte-

grated interventions based on the co-management principle

together with providing technological support to enhance

existing socio-ecological systems could be a good alter-

native for speeding up effective CC adaptation in Nepal

and other developing countries (Regmi et al. 2015). As

such, CC knowledge perceived by local people should be

collected and prioritized as it builds up a base for scientific

hypothesis to climate research, and also helps in the for-

mulation of mitigation and adaptation measures suited to

local context, especially for a data-deficient country

(Chaudhary and Bawa 2011) such as Nepal. Transboundary

cooperation is inevitable in some areas of riverine flood-

plain wetlands such as Koshi Tappu. Koshi basin is a part

of a larger river basin of South Asia called Ganges that is

shared by neighboring four countries—Nepal, India, China,

and Bangladesh. Dulal (2014) reported that even though

the Ganges basin supports several ecosystem services for

half a billion people in the region, effectiveness of existing

climate information systems, infrastructure, and institu-

tions—three pillars required for successful climate change

adaptation—is insufficient and thus necessitate close

regional cooperation at broader transboundary scale.

Similar cooperation for combined adaptation is needed in

KSL of western Himalayan region between Nepal, India,

and China to formulate effective adaptation measures to

offset ecological disaster as Zomer et al. (2014) projected.

CC RESEARCH GAPS AND IMPLICATIONS

FOR NEPAL

Considerable research gaps on CC impact on forest and

freshwater wetland ecosystems exist in Nepal. The out-

come of our current review (Fig. 2) shows different nature

of vulnerability and impacts that CC may cause on these

two types of ecosystems in Nepal and across selected

geographic regions around the world. The major impacts

are mostly on phenology, species migration and population

range shift, expansion and contraction of habitat and pop-

ulation in the forest ecosystem. Similarly, thermal stratifi-

cation and water level fluctuation; areal extent alteration,

vegetation composition and range shift; habitat degrada-

tion; change in migratory pattern and extinction are the

possible impacts on the freshwater wetland ecosystems.

Kappelle et al. (1999) also reported comparable impacts on

ecosystems that arise from recent CC. The regional studies

have investigated ecosystem vulnerability and resultant

impacts using various modeling techniques. In the context

of Nepal, little is known so far, though ecosystem vulner-

ability and impacts from climate variability, as we show in

Fig. 2, are either existing or equally likely to occur in the

future if we consider rapidity of ongoing climatic alteration

owing to the country’s exposed geography and climate. For

example, research gaps exist in Nepal on identifying rela-

tionship between CC, range expansion and new assem-

blage; however, few studies are available on range

restriction (Gaire et al. 2014; Chhetri and Cairns 2015),

habitat fragmentation (Thapa et al. 2016), and phenology

(Xu et al. 2009; Chaudhary and Bawa 2011). Here, it

should be noted that not only Nepal but as per IPCC

(2007), the whole Himalayan region is severely data defi-

cient in terms of CC vulnerability and impacts observation

on their ecosystems.

Least developed countries have contributed negligible

amounts of greenhouse gas (GHG) emission, but are at the

most vulnerable from its effect mostly due to their least

adaptive capacities, shortage in resources and funds for

undertaking climate research, and implementing the out-

comes (Huq et al. 2003). For example, Nepal is a least

emitter of GHG, accounting for only 32 MT CO2 in 2010,

which is less than 0.1% of global emission4; however,

warming impacts could be extensive on its ecosystem due

to the highly variable elevational range and climatic

4 http://climateactiontracker.org/countries/nepal.html.
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condition (Table 1) within a short latitudinal extent, and

therefore could be the worst victim of CC. Nepal ranks 4th

of the most vulnerable countries in the world (Maple Croft

2010). Further, IPCC (2007) stated that the living condition

of rural and low income population in least developed

countries are being affected by CC, which creates vari-

ability and uncertainty of the natural system, for instance

forest and freshwater wetlands, upon which they maintain

their livelihood.

We view likely impacts on ecosystem services as a

societal and landscape-level conservation as an ecological

consequence among others as a foremost concern for Nepal

arising from CC. Ecosystem functioning is linked with

ecological services that bear far-reaching effects on soci-

eties in the twenty-first century (Jentsch and Beierkuhnlein

2008). Impacts of CC on the forest ecosystem in the

country have been evidenced through decreasing trend of

forest area and density, biodiversity, potential for sustain-

ably harvesting products while increasing incidence of

pests and diseases, fire, and invasive species (MFSC 2014).

The country has agriculture-based economy, and 80% of

the population lives in rural and semi-urban settings and

are highly dependent on the provisioning services of forest

and freshwater wetland ecosystems to sustain livelihoods

(Maren et al. 2013; Lamsal et al. 2015, 2017a). Zomer et al.

(2014) reported that by 2050, there will be significant

biological overhaul in the montane climate throughout

KSL that risks both forest and wetland biodiversity and

threatens livelihood and survival of local communities.

Therefore, timely recognition of landscape-level ecosys-

tems that are vulnerable to climatic impact and at the same

time those that have high potential of delivering important

ecosystem services to communities are imperative for

proper management.

Similarly, climate impact could threaten the manage-

ment of protected area (PA) systems in the country. More

than 20 PAs have been established so far in Nepal, cov-

ering an area of 34 312 sq. km (23% of total land area)

(DNPWC 2015) with the aim of restoration and conser-

vation of diverse forest and freshwater wetland ecosystems

and their biota. These PAs represent all physiographic

zones (seven in lowland, three in mid-hill, and ten in

middle and High Mountain) and become pioneered land-

scape-level conservation strategies for the protection of

many endangered and vulnerable flora and fauna (Shrestha

et al. 2010). With the identified and unaccounted vulnera-

bility to the climatic impacts that we discussed here, the

future of these protected areas is uncertain, mainly because

these are static, having artificially designated boundaries

with criteria other than ecological whereas climate sys-

tems, ecosystems, and species ranges are dynamic, failing

to buffer species from ongoing climate impact (Monzon

et al. 2011). For instance, Araujo et al. (2004) predicted

disappearance of up to 11% of the flora from the current

European PAs by 2050 and suggested to look for a new

way of PA selection methods in the context of future CC.

Krupnick (2013) also agreed on non-effectiveness of cur-

rent conservation philosophy. Management of current or

establishment of future PAs for the conservation of cli-

mate-sensitive landscape of Nepal though seems costly but

is unavoidable. Hannah et al. (2007) suggested that these

PAs are and will remain important conservation strategies

for future climate scenarios and prompt action is more

effective and less costly than inaction or delayed action.

CONCLUSION, AND MANAGEMENT AND POLICY

RECOMMENDATION

CC has become a reality as vulnerability and impacts of

CC threatening forest and freshwater wetland ecosystems

and their biota are evident across different geographic

regions. Scientific studies in other parts of the world have

confirmed this. Nepal has also witnessed such threats in

recent time, however, due to the lack of extensive

empirical research on climate science, the extent of such

impacts is still largely unknown. However, as such eco-

logical impacts are global in nature, Nepal will not be

spared and thus it should prepare itself to guard against

detrimental consequences. Such threats will not only

degrade Nepal’s ecosystems but also affect livelihood of

dependent communities and threaten landscape conserva-

tion efforts due to insufficient capital assets that are

essential to develop strong adaptive capacity. As CC

research is very low despite having high vulnerability,

there is an urgent need to identify and verify the likeli-

hood of such impacts at the landscape ecosystem level,

and prioritize national-level research programs to mini-

mize existing knowledge gaps. Nonetheless, Nepal has

supportive climate-related acts and policies that encourage

research and development, and implementation of adap-

tation activities. We suggest that identification and veri-

fication of threats are important before commencing such

adaptation activities. Given the diverse nature of demo-

graphic, geographic, and economic factors, adaptation

measures based on existing traditional socio-ecological

systems that are also emphasized by existing policies will

be the best fit for Nepal, which truly reflects the need of

vulnerable communities and ensures sustainability in the

long term. To make this happen, proper coordination

among concerned stakeholders that range from local

community people to governmental and international non-

governmental organizations is crucial.
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