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ABSTRACT 
While there is abundant literature on Himalayan glaciations and glaciers, including glacier retreat, there is 

limited information on soil development and plant succession in deglaciated Himalayan terrain.  This paper 

reviews current knowledge on soil development and plant succession in deglaciated environments around 

the world.  Implications of plant succession in deglaciated environments, particularly as Himalayan glaciers 

shrink due to climate change, are discussed.  Understanding the effects of climate change on Himalayan soil 

and vegetation dynamics is crucial for assessing impacts on mountain livelihoods, as well as for 

implementing effective conservation strategies. 
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INTRODUCTION 

Glaciers are sensitive and 'high-confident' indicators of climate change [1, 2].  They 

respond to changes in temperature and snowfall: glacial length change indicates an 

indirect and delayed response to climate change, while glacier mass balance indicates a 

direct and un-delayed response to the climate [3].  In the Himalaya, glaciers have been 

generally retreating since 1850 AD at the end of the Little Ice Age [4].  This has 

corresponded with an increase in air temperature [5].  In Nepal, between 1975 and 2005, 

mean annual temperature increased at a rate of 0.04ºC/year with a higher rate of increase 

at high altitudes [6]. 

 

When glaciers retreat, they expose new sites for soil development and plant succession 

[7].  A retreating glacier presents a temporal sequence (chronosequence) in ecosystem 

development: the further the distance from the retreating glacier, the older the site and 

hence the longer the period for plant succession to occur [8].  Thus, retreating glaciers in 

the Himalayas present new sites for soil development and plant succession to occur.  In 

turn, this is likely to affect conservation ecology, as well as livelihoods of local people. 

 

HIMALAYA: A HISTORY OF GLACIATION 

The Himalayas are the high ranges that stretch 2,400 km between Nanga Parbat (elevation 

8,126m) and Namcha Barwa (elevation 7,755m) as its western and eastern boundaries, 

respectively, with a north-south extent of 180km [9]. According to the geotectonic model 

of mountain formation, the Himalaya was formed as a result of the collision of India with 

Eurasia 15-20 million years ago [10]. The actual process occurred over a series of events 

that formed several overthrusts and faults.  The Nepal Himalaya has been inventoried 

under various classifications (Table 1). 
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Table 1.  Classification of the Nepal Himalaya. 

Geographic 

Component 

Physical 

Feature 

Native 

Term
[11]

 

Natural 

Regions
[10]

 

Ecological 

Units
[12]

 

Physiographic 

Regions
[13]

 

Mountain 

Trans-

Himalaya 

Bhot Inner Himalaya 

High Himalaya High Himal 

Himalaya Himal Himalayas 

Hill 

High Spurs Lekh 
Midlands 

Transition Zone High Mountain 

Hills Pahar 
Middle 

Mountain 
Middle Mountain High Range Mahabharat 

Lekh 

Mahabharat 

Lekh 

Inner Tarai 

Longitudinal 

Valley 

Bhitri Madhes 

Siwaliks Siwaliks Siwaliks 

Low Range Chure Danda 

Tarai Plain Tarai Terai Terai Terai 

 

Glacial advances, i.e. glaciations, occur in cycles with interglacial periods when glacial 

ice retreats due to global warming; the interglacial typically occurs for about 10,000 years 

before the next glaciation [14].  These cycles recur at approximately 100,000 years due to 

changes in solar radiation reaching the earth's surface resulting from changes in the earth's 

rotation, tilt and orbit around the sun [15 in 16].  There have been at least 17 major 

glaciations in the last 1.6 million years, with the most recent – the Last Glacial Maximum 

(LGM) – reaching its peak 20,000 to 18,000 years ago and ending about 10,000 years ago 

[14].  Glacial cycles are interspersed with short periods of glacial advance and retreat 

caused by localized cooling and warming.  During the last interglacial, there was a period 

of cooling commonly referred to as the Little Ice Age (LIA) which occurred 

approximately from 1650 to 1850 AD [17]. 

The Himalayas have experienced numerous glaciations during the late Quaternary (Table 

2) [18, 19].  These glaciations have occurred during different time periods, and as many 

as eight glacial advances in the Hunza Valley in Pakistan have been identified.  The LGM 

in the Himalayas generally occurred between approximately 25 and 21ka but also 

occurred as recently as 16-10ka in Zanskar.  During the LGM, the glaciers advanced as 

much as 40km (in the Garhwal Himalaya) from their present extent and could be found 

occurring at elevations as low as 1,200m (in the Nanga Parbat Himalaya) (Table 2). 
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Table 2.  Glaciations in the Himalaya [18, 19]. 
Direction West     East 
Location within 

Himalaya 
Middle Indus Valley & 

Nanga Parbat Himalaya 

Hunza Valley Zanskar Garhwal Himalaya Khumbu Himal Kangchenjunga 

Himal 
Glacial Stages* 1. 23-21ka 

2. 15ka 

1. Shanoz 

2. Yunz (139ka) 

3. Borit Jheel (52-42ka) 

4. Ghulkin I (25-21ka) 

5. Ghulkin II (18-15ka) 

6. Batura (11-9ka) 

7. Pasu I 

8. Pasu II 

1. Chandra 

2. Batal (78-40ka) 

3. Kulti (16-10ka) 

1. Bhagirathi (63ka) 

2. Shivling (5ka) 

3. Bhujbas (300-200 yr BP) 

1. Thyangboche 

2. Pheriche (25-18ka) 

3. Thuklha 

4. Lobuche I-III (2-1ka) 

1. 23-22ka 

2. 9ka 

3. 6ka 

LGM (ka) 23-21 25-21 16-10 63 25-18 23-22 
LGM ice limit (km) 

[relative to present ice 

margins] 

12  

and >40 

6 10 40 10  10-15 

Lowest elevation (m) 

that glacier advanced 
1,270 

1,200 

2,450 4,140 3,000 3,500 2,730 

* Glacial stages are not formally named for Middle Indus Valley and Nanga Parbat Himalaya, and Kangchenjunga Himal. 

ka = kilo annum 

yr BP = years Before Present 

LGM = Last Glacial Maximum 
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SHRINKING HIMALAYAN GLACIERS 

Glaciers in the Himalaya cover an area of 33,050 sq.km. [2].  This represents 28.8% of 

glaciers in Central Asia and 4.8% of glaciers and ice-caps in the world (Table 3).  Present 

glacier terminus in the Himalaya occurs at approximately 3,500m to 4,500m [1]. Most 

glaciers in the Himalaya have retreated since the Little Ice Age [4, 2], while many glaciers 

less than 0.2 sq.km. have already disappeared [20].  The rate of glacier retreat in the 

Himalaya varies from 10m to 60m per year [20]. 

 

Table 3.  Summary of world-wide glaciers and ice-caps [2]. 

Region LIA Maximum Current Area 

(sq.km.) 
New Guinea mid-1800s 3 

Africa late 1800s 6 

New Zealand end of 1700s 1,160 

Scandinavia mid-1700s 2,940 

Central Europe mid-1800s 3,785 

South America late 1600s to early 1800s 25,500 

Northern Asia 1550-1850 59,600 

Antarctica na 77,000 

Central Asia* 1600 to mid-1800s 114,800 

North America early 1700s to late 1800s 124,000 

Arctic Islands mid-1700s to end 1800s 275,500 

Total area 684,294 
* Includes Himalaya, Karakoram, Tien Shan, Kunlun Shan and Pamir mountain ranges. 

 

SOIL AND PLANT DEVELOPMENT IN DEGLACIATED ENVIRONMENTS 

Pedogenesis 

The history of glacial advance and retreat has been well documented in North America (e.g. 

Glacier Bay in Alaska, USA and Athabasca Glacier in Alberta, Canada), Scandinavia (e.g. 

Storbreen Glacier in Norway), and the European Alps (e.g. Grand Glacier d'Aletsch in the 

Swiss Alps) [8].  Moreover, the process of soil development (i.e. pedogenesis) and 

subsequent plant succession in deglaciated environments has also been well researched in 

these areas. 

 

Retreating glaciers expose new sites for soil development through processes of chemical 

weathering, as well as vegetation and microbial colonization [7].  The pedogenic process in 

recently deglaciated terrain (generally known as glacier forelands) is a function of various 

variables including temperature and moisture regimes [21], time since exposure and 

topography [22]. 

 

Pedogenesis affects various soil physical properties including bulk density, texture, and soil 

depth.  In Glacier Bay, Alaska, bulk density decreased in older deglaciated soils and was 

associated with higher soil organic matter content [23].  Changes in soil texture occur as a 

result of pervection, and cryogenic and aeolian processes [8].  While recently deglaciated 

soils in Glacier Bay, Alaska, had higher fractions of sand, older soils had relatively higher 

fractions of clay and silt [23].  Deeper soil profiles with varied soil horizons were also found 

in older soils [24]. 

Soil organic matter is an important component of the soil system.  It influences several 

pedogenic processes including weathering of rocks and minerals, catalyzing reactions to 

synthesize secondary minerals [25], contributing to flocculation and transport of clay 

minerals that result in the genesis of argillic horizons [26], and facilitating the podzolization 

process by chelating with Fe and Al in the soil to form soluble organo-metal complexes that 
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migrate through soil horizons [27, 28]. Soil organic matter also performs numerous functions 

that determine soil productivity: soil aggregation is promoted by organic matter; 

decomposition of soil organic matter releases plant nutrients; functional groups in organic 

acids contribute significantly to soil cation exchange capacity and hence affects nutrient 

availability; and it enhances the availability of phosphorus in acidic or basic soils by 

chelating with iron and aluminum in acidic soils or with calcium in basic soils [29]. 

Soil organic matter in glacier forelands has been measured extensively as either organic 

carbon, loss-on-ignition, or both [8].  In the Swiss Alps, precipitation determined the organic 

carbon content in deglaciated soils: organic carbon content increased by six times at the 

wetter site and by 16 times at the drier site from the youngest to the oldest stratum since 

glacial retreat [30].  Organic matter concentrations in deglaciated soils have also been 

correlated with site productivity [31]. 

 

Plant Succession 

A retreating glacier presents a chronosequence for plant succession [8].  Plant succession 

following deglaciation has been well-documented in Glacier Bay, Alaska-USA starting with 

the initial work of Cooper [32, 33, 34, 35, 36].  Following glacial retreat, three major 

vegetation types were recorded at Glacier Bay: pioneer community, willow-alder thicket, and 

spruce forest.  These vegetation changes were linked to soil development which thereby 

provided the mechanism for plant succession: Sitka alder (Alnus crispa) resulted in soil 

acidification and nitrogen accumulation which then allowed the Sitka spruce (Picea 

sitchensis) to invade. 

Plant distribution in deglaciated soils is affected by the availability of nutrients, temperature, 

topography, and the length of growing season [37]. In a newly deglaciated moraine in East 

Brøgger Glacier in the high Arctic, scattered patches of bryophytes and vascular plants were 

found [38], while well developed patterns of vascular plants and some bryophytes were found 

in an older deglaciated area [39].  In the Alexandra Fiord region of Canada, plant succession 

included four main stages of dominance in at least 44 years: (1) mosses  (2) graminoid-ford 

 (3) deciduous shrub-moss  (4) evergreen dwarf-shrub-moss [40]. 

 

Soil Fauna 

An important modification following plant colonization of deglaciated soils is the resulting 

plant-faunal interactions in the soil.  The development of soil microbial communities is inter-

related with rhizo-deposits provided by plant roots to the soil, as well as from nutrient 

leaching and organic matter inputs from aboveground plant litterfall [41].  Soil fauna, 

particularly soil microbes, play an important role in soil development by accelerating 

ecosystem development and promoting decomposition and cycling of nutrients, and by 

facilitating mineral weathering and redox chemistry [42, 43]. 

 

IMPLICATIONS FOR THE HIMALAYA 
Research on Himalayan glaciers has largely been limited to glacier retreat and/or mass 

balance and subsequent impacts on river discharge [44], as well as the potential for glacier 

lakes outburst floods (GLOFs) [20, 45].  In the Nepal Himalaya, glacier retreat has been well 

documented in various regions from east to west: Kangchenjunga [46], Khumbu [47, 48, 49, 

50, 51], Shorong Himal [51, 52, 53, 54], Langtang [55, 56], and Dhaulagiri [57, 58, 59].  

Moreover, a comprehensive report inventorying glaciers, glacial lakes and GLOFs in the 

Himalaya has been developed by ICIMOD/UNEP [45].  Additional studies on select glacial 

lakes and GLOFs have also been conducted in the Khumbu region [20, 60, 61].  However, 

soil and plant research, particularly of glacial forelands, in the Himalaya is sparse. 
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The Himalaya are both biologically, as well as socio-economically significant.  With 21 

vegetation types [62] and 60 ecoregion types [63], the Himalaya is home to an estimated 

25,000 species of flora (equivalent to 10% of the world's total), 75,000 species of insects 

(10% of world's total), and 1,200 species of birds (13% of world's total) [63, 64].  Known 

numbers of floral and faunal diversity found in the Himalaya are presented in Table 4.  The 

Himalaya also has high endemism: in the Chinese Himalaya, there are 40 angiosperm genera 

and 28 fish genera endemic to Yunnan [65]; at least 3,165 species of flowering plants, 27 

species of birds and 17 species of mammals are reportedly endemic to the Indian Himalaya 

[66]; at least 500 plant species are endemic to Nepal and 750 to Bhutan [67]. 

 

Table 4.  Floral and faunal diversity in the Himalaya [64]. 

Country 

Area Flowering 

Plants & 

Ferns 

Birds Mammals Reptiles Amphibians Fish sq.km. % 

Bhutan 46,500 0.3 5,000 800 160 - - 197 

China 9,596,960 70.3 29,700 572 499 1,186 380 279 

India 2,387,590 17.5 17,000 1,200 350 453 182 - 

Myanmar 676,577 5.0 7,766 967 300 241 75 - 

Nepal 147,181 1.1 5,568 844 181 100 43 185 

 

The Himalaya is the most populated mountain chain in the world and is home to nearly 124 

million people [68].  They implement various livelihood strategies including subsistence 

agriculture, transhumance and pastoralism.  Transhumance is a system of grazing livestock 

away from home and is generally followed by communities living in extreme environments 

that are too cold and dry to support agriculture [19]. 

 

High mountain regions are extremely sensitive to climate change [69, 70, 71].  It has been 

estimated that temperatures in the Himalaya will rise by 0.04ºC–0.09ºC/year [63].  In 

response to the rising temperatures, it is likely that ecological zones, species ranges, and 

ecotones will also shift upwards [63].  Plants found in high mountain regions are generally 

long-lived species, but long-term changes in the climate are likely to affect their distribution 

and survival [71].  Thus, the formation of glacier forelands, along with increase in 

temperatures, present new scenarios for soil development and plant succession in the 

Himalaya.  In turn, this is likely to affect the livelihoods of mountain people who are highly 

dependent on natural resources for food, medicine, fiber, timber, fodder and fuel among 

others [63]. 

 

CONCLUSIONS 

While the effects of climate change on glacial retreat and its associated hazards (e.g. GLOFs) 

have been well assessed, there is paucity of information on its effects on Himalayan 

vegetation, as well as plant succession on recently deglaciated soils.  Mountain communities 

are highly dependent on natural resources for the ecosystem services that they perform: 

provisioning services (genetic resources, food, fiber, fresh water, etc.); regulating services 

(regulation of climate, water and human diseases); supporting services (productivity, soil 

fertility and nutrient cycling); and cultural services (spiritual enrichment, recreation, 

aesthetics, etc.) (ICIMOD 2009).  Therefore, understanding the effects of climate change on 

Himalayan soil and vegetation dynamics is important for assessing impacts on mountain 

livelihoods, as well as for implementing effective conservation strategies. 
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