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Factors governing the spatiotemporal soil development
on a deglaciated area of Pindari Glacier in the Indian
Central Himalaya were investigated over a timespan of
170 years. Glacier retreat exposed sediments to weathering, decarbonation, illuviation, acidification and melanisation. The spatiotemporal scales of soil transformation
in this proglacial environment are significantly greater
than in other chronosequences in the alpine environment.
The accumulation of SOC and N in the oldest moraine is
reflected in high accumulation rates of 52.6 g C m–2 year–1
and 4.8 g N m–2 year–1 in the 20-cm deep soil layer. Reference data from the topsoil of the rhododendron woodlands indicate that the oldest moraine topsoil is close to
reaching some sort of a steady state. At least 100 years was
required to stabilise the soil cover in most of the proglacial
area. The results highlight the importance of rapid glacier
retreat as well as inhibited weathering due to plant succession in soil formation, under impact of local climate characterized by high precipitation, temperatures and moisture
delivery.

Introduction

et al., 2014, 2015) and the Norwegian island of Spitsbergen (Kabala
and Zapart, 2012; Wietrzyk et al., 2018). In Asia, only two studies
have been conducted, both of the same glacier in the Gongga Mountains of China (He and Tang, 2008; Zhou et al., 2016).
These studies analysed soil development from a chronosequence
viewpoint, with investigations being made of time and vegetation succession on stable landforms. However, proglacial areas in mountain
valleys are dynamic and heterogenous environments where landforms, in
conjunction with hillslope processes and fluvial erosion, may enhance
or reduce soil development (Burga et al., 2010; Temme and Lange,
2014; Klaar et al., 2015; Eichel et al., 2018). As a result, chronosequence studies cannot demonstrate the important relations between
topography and soil development (Carrivick and Heckmann, 2017).
Moreover, large spatiotemporal variations in the timing of the onset
and rates of glacier recession exist at the global scale, which complicates any generalising of proglacial area responses to deglaciation
(Zemp et al., 2009).
Such observations also apply to the Himalaya, which contains the
largest collection of glaciers outside the polar regions (Bolch et al.,
2012; Rowan, 2017) with great variability in regional glacier response
to modern climate change being exhibited (Kääb et al., 2012; Salerno
et al., 2017). The Central Himalaya, covering western India, SW Tibet
and western Nepal, has the highest regional glacier retreat rates, varying from a few to 49 m year (Kulkarni and Karyakarte, 2014), whereas
the glacier area has reduced at a rate of 0.02 to 0.48 km year since
the 1960s (Bhambri et al., 2011). Located in the Indian Central Himalaya, the Pindari Glacier has one of the oldest histories of glaciological
investigation extending back to the mid-19th century (Strachey, 1847)
and continuing into the 21st century (Bali et al., 2013). In that time,
this glacier has undergone the greatest retreat of any glacier in the
Himalaya (Garg et al., 2017). Therefore, its proglacial area – spanning
3,200 m – provides a novel opportunity in the Himalaya to investigate an example of a young soil-development chronosequence as well
as its short-term geomorphological evolution.
The aim of this study was to elucidate the crucial factors governing
spatiotemporal soil development on a recently deglaciated area. More
specifically, the study’s objectives were to: i) quantify the changes in
soil properties that developed after the deglaciation; ii) determine the
stocks and accumulation rates of soil organic carbon (SOC) and nitro−1
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The recession of glaciers since the end of the Little Ice Age, associated with climate change, has been reported worldwide (Dyurgerov,
2001; Oerlemans, 2005). The on- and off-site environmental responses
to deglaciation encompass water resources, local climate, timberline
position, and biogeochemical cycling through the exposure of new
land surfaces to weathering, vegetation succession and soil formation
(Egli et al., 2006; Immerzeel et al., 2010; Heckman et al., 2016; Milner et
al., 2017).
In recent decades, several studies have concentrated on the initial
stages (up to 200 years ago) of soil development in proglacial areas.
These have mostly been conducted in the European Alps (Egli et al.,
2006; Mavris et al., 2010; Dümig et al., 2011; D’Amico et al., 2015)
and in the sub-Arctic environment of North America (Crocker and
Dickson, 1957; Jacobson and Birks, 1980), Iceland (Vilmundardóttir
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gen in the proglacial area; and iii) investigate the spatiotemporal variability of soil cover development in a proglacial area, in relation to
landforms and geomorphic processes.

Material and Methods
Study Area
Geologically, the upper Pindari Valley belongs to the Vaikrita Group,
which consists of psammitic schists interbedded with calcareous gneisses,
as well as intrusions of pegmatite and granite (Valdiya and Goel,
1983). Due to the glacial mixing of these rocks, the soil’s parent material is polymineralic and relatively homogenous in the proglacial area.
The upper Pindari Valley forms a basin, oriented N–S, which is surrounded on three sides by high mountain peaks, exceeding 6,000 m
a.s.l. (Fig. 1). The glacier has been retreating since at least the mid19 century, so that by 1958 it had split into two tributaries creating
the Pindari and Changuch Glaciers (Mayewski and Jeschke, 1979).
The present-day Pindari glacier is 6.0 km long, and covers an area of
9.6 km (Garg et al., 2017).
th
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Climate is the primary driver of the retreat of the Pindari Glacier
(Garg et al., 2017). The mean annual air temperature is 4.5°C (Singh
et al., 2019). The mean monthly temperature fluctuates between 2.8°C in winter (January) and 9.7°C in summer (June). Precipitation
data from a weather station near the Pindari snout at 3,750 m a.s.l.
(Singh et al., 2019), along with measurements from the Tropical Rainfall Mission, indicate that the mean annual rainfall varies from 750–
1,000 mm above the snout to 1,300–1,400 mm in the proglacial area
(Bookhagen and Burbank, 2006; Banerjee and Azam, 2016). About
75% of the annual precipitation occurs during the SW monsoon, between
June and September. Winter snowfall generally occurs between December and March, caused by the Western Disturbance. The interannual
variability in precipitation can reach 300% in the investigated region.
Extreme daily rainfall of about 200 mm promotes regional flash floods
and geomorphic processes which significantly affect topography
(Dobhal et al., 2013).
A distinct transition in vegetation cover and species composition,
from pioneer assemblages to quasi-climax vegetation communities,
can be observed in the Pindari proglacial area. The succession of vegetation starts a few years after deglaciation, and mainly involves Saxifraga sp., Ranunculus spp., Asteraceae spp. and the saxicolous lichens

Figure 1. Location of the study area with sample moraines from 2013, 1966, 1906, 1845 and a reference area with rhododendron woodlands.
The thick black continuous line indicates the watershed of the Pindari basin, the dashed line indicates the proglacial area of the Pindari Glacier between 1845 and 1966. Contours every 500 m a.s.l.
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Table 1. Characteristics of sampled sites, vegetation and landforms

Distance to
glacier (m)
2013/1
50
1966/48
400
1906/108
1,600
1845/169
3,200
Reference area
3,250
Year/Age

Elevation
(m a.s.l.)
3,750
3,670
3,620
3,525
3,550

Slope Aspect Vegetation cover
Vegetation type
Landform
()
()
(%)
8
200
0
Marginal moraine
7
190
10
Alpine pioneer meadow
Marginal moraine
5
230
80
Alpine meadows with dwarf scrub and shrub
Frontal moraine
2
180
100
Alpine meadows with dwarf scrub and shrub Frontal-lateral moraine
25
270
100
Subalpine rhododendron forest
Slope
o

o

o

o

o

o

o

Figure 2. Overview of the sample sites showing the different stages of vegetation succession (a) 2013 with the Pindari glacier front, (b) 1966,
(c) 1906, (d) 1845 and the reference area with rhododendron woodlands (Photos by Z. Rączkowska).
Lecanora muralis, Aspicilia sp. and Caloplaca sp. (Joshi et al., 2011).
These grow in succession over up to 10% of the land surface within
48 years (Table 1; Fig. 2). The vegetation cover rate rapidly increases
with time elapsed since deglaciation, eventually developing into alpine
meadows with dwarf scrub and shrubs on the 108- and 169-year-old
moraines. The alpine meadows include Anemone spp., Primula spp.,
Polygonum spp., Saussurea spp., etc., and the dwarf scrub and shrubs
include Gaultheria trichophylla, Cassiope fastigiata, Salix lindleyana, Salix flabellaris, Lonicera webbiana and different rhododendron
and juniper species (Rawat and Pangtey, 1987). The upper treeline reaches
3,500 m a.s.l., the assemblages consisting of broadleaved evergreen
trees, mainly of Rhododendron campanulatum and Rhododendron barbatum, with shrub species of Berberis umbellata, Cotoneaster bacillaris,
Rosa sericea and Lonicera webbiana (Garkoti and Singh, 1992).
The soils in the Pindari proglacial area changed from being Skeletic Leptosols on the youngest moraines (1 to 48 years old) to Skel-
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etic Umbrisols on the older moraines (108 to 169 years old) and in the
reference rhododendron woodlands (FAO, 2014). According to the
soil taxonomy, the soils belong to the Typic Cryothents (Soil Survey
Staff, 2014). The soil temperature at 5 cm depth varies from 2.5°C in
December to 13.0°C in July (Arya, 2012).

Soil Sampling
The soil sample sites in the proglacial area were located within four
moraine ridges and in one reference area. The estimated ages of the
moraines, assessed based on numerous previous delineations of the
position of the glacier snout, were 1845 (Strahey, 1847; SchlagintweitSakunlunski, 1880; Vohra, 1981), 1906 (Cotter and Brown, 1925), 1966
(Tewari, 1972) and 2013 (own measurements). The reference area, for
comparing the younger soils with those from mature forest vegetation,
was located within rhododendron woodland upslope of the 1845

118

moraine.
We selected six sites for digging soil pits distributed over each of
the four moraines as well as over one reference area (i.e., 30 sites in
total). The soil pits were located on stable, relatively well-drained terrain. Areas visibly disturbed by erosion or deposition were excluded
to minimise the effects of soil-forming factors other than time. All the
study sites were located within a direct distance of 3,200 m from the
present-day front of the Pindari Glacier. The difference in altitude
between the sites did not exceed 200 m.
Soil samples were collected from each of the 30 sites (soil pits) at
depths of 0–10 cm (topsoil) and 10–20 cm (subsoil). Six soil samples
were collected from each of these two soil layers on every moraine
ridge studied and on a reference area, giving 60 soil samples from 30
sites in total. The topography and vegetation characteristics were documented for each site that was sampled.

Analysis
The grain-size composition of the soil samples was determined
using a combined sieving method and a Malvern laser particle-sizer
(<2 mm) after pretreatment with H O (3%). The soil bulk density was
calculated by drying the soil at 105°C before weighing. The values of pH
in H O were measured electrometrically using a soil to solution ratio
of 1:2.5. Calcium carbonate was measured by the gas volumetric
method. The colour of the wet soil was described according to the Munsell
system. The C and N contents were determined by combustion in a
CHNS vario EL III element analyser. The calcareous soil samples were
treated with 10% HCl and therefore the measured C was assumed to
be the SOC.
The SOC and N stocks were estimated using the following equations (Mavris et al., 2010):
2

2

2

SOC = BD · T · C · (1−RM)
N = BD · T · N · (1−RM)
−2

−3

where SOC and N are in kg m , BD is the bulk density (t m ), SOC
is the organic carbon concentration (kg t ), T is the thickness (m) and
RM is the mass proportion of rock fragments. The rate of change of
SOC and N was determined by dividing the stock by the time since
exposure.
−1

The data were assessed for normal distribution using the Shapiro–
Wilk test. One-way analysis of variance and parametric t tests were
then performed. If the analysis of variance showed significant differences in soil properties between land-use types, the means were compared with post-hoc Tukey’s Honest Significant Difference tests at
p<0.05.
Soil observation and analysis was supplemented by visual landcover interpretation of a satellite image, and geomorphological field
survey data from the Pindari proglacial area. The land-cover map of
the proglacial area was prepared using a Google Earth (DigitalGlobe)
satellite image, at a spatial resolution of 0.5 m from 19 September
2014, digitised at a scale of 1:5,000 and verified during a field survey
in 2014. Two land-cover types were defined – with and without vegetation. Detailed geomorphological mapping (scale ~1:5,000) was conducted during field research in 2012–2014. The dates of acquisition of
the satellite image and the field survey coincided with the regional
extreme rainfall, flash flooding and intensive geomorphic processes
that affected the Pindari proglacial area in 2013 (Dobhal et al., 2013;
Rączkowska and Joshi, 2016). This allowed us to determine the maximum extent of sediment and soil cover disturbance occurring in the
proglacial area caused by extreme fluvial and hillslope processes.
Subsequently, two land-cover types were associated with two soilcover categories. We assumed that areas with vegetation indicated stable
soil cover that was not affected by extreme geomorphic processes, while
areas devoid of vegetation indicated undeveloped or unstable soil cover
(i.e., removed or buried by extreme geomorphic processes).
Further GIS spatial analysis included part of the proglacial area
with distinct geomorphological boundaries formed by the lateral moraine
ridges and frontal moraines from 1966 and 1845. The ALOS Global
Digital Surface Model, with its 27 m spatial resolution, was used to
calculate the slope inclinations (Takaku et al., 2016). Then the slopes
were divided into intervals relating to the dominance of geomorphological processes (Klimaszewski et al., 1968). The GIS-generated slope
and landcover maps of the proglacial area were divided into zones
each 100 m wide lying parallel to the baseline drawn along the 1966
moraine. Then, the percentage of basic slope inclinations and land
cover with associated stable and unstable soil cover was calculated for
each zone.

Table 2. Selected soil characteristics for 0–10 and 10–20 cm depths presented as average values with standard deviations in parentheses

Depth
(cm)
0-10
0-10
0-10
0-10
0-10
10-20
10-20
10-20
10-20
10-20

Age
(years)
1
48
108
169

Color
(moist)
2.5Y6/2
2.5Y4/2
2.5Y3/2
10YR3/2

Rhododendron 10YR1.7/1
woodlands
1
2.5Y6/2
48
2.5Y4.3
108
2.5Y4/2
169
10YR2/2
Rhododendron 10YR2/2
woodlands

Skeleton
Sand
Silt
Clay
>2 mm (%) 2-0.05 mm (%) 0.05-0.002 mm (%) <0.002 (%)
63.8 (4.8)
73.0 (3.9)
26.3 (3.8)
0.8 (0.1)
49.9 (9.2)
64.1 (4.2)
34.6 (3.6)
1.3 (0.8)
28.8 (9.2)
52.2 (6.7)
45.8 (6.2)
2.1 (0.7)
1.1 (1.0)
35.5 (2.9)
60.2 (2.3)
4.3 (0.8)

BD
(g cm )
1.72 (0.02)
1.51 (0.14)
0.68 (0.16)
0.55 (0.04)

CaCO
(%)
3.4 (0.44)
2.8 (1.41)
-

7.37 (0.32)
6.84 (0.25)
6.20 (0.54)
4.63 (0.18)

-3

3

pH

3.3 (3.3)

35.4 (6.0)

60.5 (5.5)

4.1 (0.9)

0.49 (0.14)

-

4.80 (0.35)

71.2 (7.6)
51.0 (3.4)
43.3 (11.7)
23.0 (12.6)

73.8 (3.2)
67.4 (5.8)
60.1 (4.7)
61.1 (5.0)

25.3 (0.1)
31.1 (5.6)
38.5 (4.8)
36.5 (4.4)

0.9 (0.2)
1.5 (0.2)
1.4 (0.4)
2.3 (0.7)

1.74 (0.01)
1.63 (0.12)
1.16 (0.07)
1.08 (0.04)

3.7 (0.36)
3.5 (0.51)
0.9 (0.99)
-

7.55 (0.20)
7.44 (0.06)
6.85 (0.42)
5.32 (0.08)

9.5 (3.6)

56.4 (9.6)

41.2 (8.5)

2.4 (1.5)

0.90 (0.07)

-

5.37 (0.34)
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Results
Selected Morphological and Physicochemical Properties
of the Soils
The soil colours darkened and decreased in chroma, from 2.5Y6/2
to 2.5Y3/2 and 2.5Y4/2, for the topsoil and subsoil, respectively, within
100 years (Table 2). The oldest (169 years) and reference rhododendron woodland soils already had a brownish black or black colour with a
10YR hue. Except for the youngest (1 year) soil profile, the dark colour
of the topsoil gradually became lighter as it approached the lower
(10–20 cm) subsoil layer.
The soil texture changed with age from a loamy sand to a sandy

loam and silty loam. In contrast to the silt and clay fractions, the content of the skeletal and sand fractions tended to decrease in the topsoil
and subsoil layers (Fig. 3). Such variation showed a linear pattern.
Depth trends were also evident. The skeletal and sand content was
always lower in the topsoil than in the subsoil layers in all profiles.
The downward translocation of clay from the upper horizons took
place in the youngest (1 to 48 year-old) soils. Differences in grain-size
composition between the oldest and reference rhododendron woodland soils were usually not statistically significant.
The soil bulk density showed a general decrease in both soil layers
with age. The change in bulk density was more pronounced in the topsoil than the subsoil. The subsoil layer always had the highest bulk
density. The bulk density of the 169-year-old soil did not differ statistically from that of the rhododendron woodlands when viewing the

Figure 3. Changes in selected soil properties for topsoil (0–10 cm) and subsoil (10–20 cm) of moraines exposed for 1, 48, 108 and 169 years.
Soil properties for the reference area with rhododendron woodlands are also shown. Means with different letters are significantly different
(p < 0.05) between soil properties.
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Table 3. SOC and N characteristics for 0–10 and 10–20 cm depths presented as average values with standard deviations in parentheses

Depth
(cm)
0–10
0–10
0–10
0–10
0–10
10–20
10–20
10–20
10–20
10–20

Age
(years)
1
48
108
169
Rhododendron
woodlands
1
48
108
169
Rhododendron
woodlands

SOC
(g kg )
5.82 (1.20)
47.80 (16.64)
113.35 (14.51)

SOC
(kg m )
0.43 (0.10)
2.06 (0.36)
6.12 (0.80)

SOC rate
(g m year )
9.0
19.1
36.2

N
(g kg )
0.37 (0.12)
3.43 (1.27)
10.00 (0.90)

N
(kg m )
0.03 (0.01)
0.15 (0.02)
0.54 (0.07)

N rate
(g m year )
0.6
1.4
3.2

16 (3)
14 (2)
11 (1)

157.10 (24.64)

7.21 (1.85)

-

12.95 (1.14)

0.60 (0.15)

-

12 (1)

2.95 (0.44)
9.42 (3.55)
33.22 (2.80)

0.24 (0.05)
0.61 (0.24)
2.76 (0.52)

5.0
5.6
16.3

0.18 (0.04)
0.53 (0.23)
3.17 (0.34)

0.01 (0.01)
0.03 (0.01)
0.27 (0.06)

0.2
0.3
1.6

17 (3)
18 (4)
11 (1)

55.00 (25.15)

4.42 (1.80)

-

5.30 (0.24)

0.43 (0.15)

-

10 (1)

-1

-2

-2

-1

-1

-2

-2

-1

C/N

whole profile.
Carbonate was rapidly dissolved and leached from the soils as
development progressed. The youngest (1 year) sediments contained
up to 5% CaCO . Significant variation in CaCO content was observed in
the 108-year-old soil, in which only the subsoil horizon contained less
than 1% CaCO . The older and reference soils no longer contained
carbonates.
Consequently, the soil pH decreased nonlinearly with time, from
near neutral pH in the vicinity of the glacier margin to strongly acidic
(pH 4–5) in the 169-year-old soil and reference rhododendron woodlands. The acidification was slower in the less than 108-year-old soils
due to the presence of carbonates. In almost all the profiles, the pH
values were significantly higher in the subsoil than the topsoil. The
pH of the 169-year-old soil had stabilised in comparison to the reference rhododendron woodland soil.
3

3

3

Soil Organic Carbon and Nitrogen
The average organic carbon content increased from near zero in the
newly deglaciated soil to 113 and 32 g kg in the oldest topsoil and
subsoil layers, respectively (Table 3). Except for in the youngest (1
and 48 year-old) soils, there were significant differences in the SOC
content between the three older soil samples (Fig. 4). The SOC accumulation under the rhododendron woodlands was 28% and 40%
higher in the 0–10 cm and 10–20 cm soil layers, respectively, than in the
169-year-old soil samples.
The accumulation pattern of N in the soil was generally similar to
that for the SOC, but lower in magnitude. The average N content
increased with increase in soil age, from 0 g kg in the freshly deglaciated material to 10 and 3 g kg in the topsoil and subsoil of the oldest soils, respectively. Except for the youngest and 48 year-old soils,
there were marked differences in N content between the different time
stages. N accumulation under the reference rhododendron woodlands
was, respectively, 23 and 40% higher in the 0–10 cm and 10–20 cm
soil layers than in the oldest moraine soils.
The SOC stocks increased with soil age, more slowly during the
first 48 years after deglaciation than in the later time periods. After
169 years of exposure of the moraine topsoil, it contained only 15%
and 10% less SOC and N stock, respectively, than in the reference
–1

–1

–1

Figure 4. Changes in SOC and N for topsoil (0–10 cm) and subsoil
(10–20 cm) of moraines exposed for 1, 48, 108 and 169 years. Soil
properties for a reference area with rhododendron woodlands are
also shown. Means with different letters are significantly different
(p < 0.05) with respect to soil properties.
rhododendron woodland. The increase in the SOC and N stock in the
subsoil was slower. The oldest moraine soil contained 38–40% less
SOC and N stock in the subsoil than that measured in the reference
rhododendron woodlands. In effect, both the SOC and N stock of the
169-year-old soil were statistically different from that of the reference rhododendron woodlands only in the subsoil layer.
The mean annual rates of SOC and N accumulation in the topsoil
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Figure 5. Geomorphological map of the upper Pindari valley (modified from Rączkowska and Joshi, 2016).

during 169 years of soil development were in the range of 9.0–36.2 g
C m year and 0.6–3.2 g N m year . The distinct concentrations of
SOC and N in the oldest moraine correspond to high SOC and N mean
accumulation rates in the whole 20-cm thickness of the soil layer analysed of 52.6 g C m year and 4.8 g N m year .
–2

–1

–2

–2

–1

–1

–2

–1

Landform Characteristics and Variability in Soil Cover
in the Proglacial Area
The proglacial area is located at the bottom of a glacial trough in the
upper Pindari Valley between the glacial front and the 1845 moraine
(Fig. 5). The upper edges of the glacial trough are at 4,300–4,200 m
a.s.l., with hanging glacial cirques completely or partially filled with
glaciers above. The trough is flanked by near-vertical rocky walls and
slopes, dissected by chutes or gullies, that transport water and sediments from the hanging valleys. The proglacial area is built from glacial, fluvioglacial, fluvial and gravitational sediments that form a
spatially diverse topography.
The proglacial area analysed between the 1845 and 1966 glacier
limits covers 1.42 km (Fig. 6). About 10% of the surface comprises a
channel zone affected by fluvial processes in the centre of the valley.
The channel, with an inclination of ~5°, is braided in the upper part
and incised in its lower course. The remaining proglacial area consists of
slopes with stable soil cover (48%) and slopes without soil (42%). The
slopes of the lateral moraine ridges delimiting the proglacial area reach
55°, with the slopes predominantly in the range of 16–35°.
2
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The proglacial environment, however, exhibits extreme spatial variability in terms of the pattern of slope inclination, and the geomorphic
processes that have affected vegetation and soil-cover development.
Three sections, with different landforms, dominant processes and
vegetation with related soil cover are clearly visible in the deglaciated
area analysed. The first section is bounded by the moraines from
1966–1906 (upper section), then there is a section between approximately 0.3 km above and below the 1906 moraine (middle section)
and finally between moraines from 1906–1845 (lower section).
The upper section of the proglacial area is unstable, both in terms of
its landform and soil cover. Around 33% of this area is covered with
36–55° slopes, which favours active geomorphic processes. There is a
thin, elongated zone where soil formation seems be impossible because
of steep slopes and the intensive activity of geomorphic processes,
mainly erosional, gravitational and cryogenic. This section of the proglacial area is delimited by distinct lateral moraine ridges of 100–250 m
relative height that emerge almost directly from the glacial snout, on
both sides of the valley. The upper parts of the slopes of the lateral
moraine ridges are almost vertical due to erosion, and are free of vegetation. Gullying dominates here, although debris flows, slopewash,
cryogenic processes and deflation are also in operation. The lower
parts of these slopes are less steep (up to 15–25°), and are moist and
covered by sparse dwarf scrub and shrubs. Mass movements, including free solifluction and erosional processes, are dominant there. The
valley bottom in the upper section of the proglacial area is occupied
by the fluvioglacial channel and floodplain of the Pindari River. The
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Figure 6. Landforms and land cover with associated soil cover in the Pindari proglacial area 1966–1984. Transition from active to stable
slopes of Alpine moraines with stages: I, II, III (after Eichel et al., 2018) (a) Slope inclinations, (b) Land cover with associated soil cover,
(c) Percentage share of slopes in 100 m wide zones along the proglacial area, (d) Percentage share of land cover with associated soil cover in
100 m wide zones along the proglacial area.
steep slopes of these moraine ridges, and the highly active geomorphic processes, have resulted in only 20% of the area in the upper section being covered with vegetation, and thus stable soil cover, from
1966–1906.
The middle section of the proglacial area is a transition zone with a
more stable landform and soil cover. Slopes with 36–55° inclinations
occupy less than 10% of this area. Slopes are covered here by discontinuous alpine meadows and dwarf scrub. Cryogenic processes are active,
including bound solifluction supported by erosional processes. This
section is delimited by ridges of the lateral moraine of 100 m relative
height. The ridges of a number of frontal moraines (up to 20 m high),
formed by several consecutive glacier advances, are located close to
the 1906 frontal moraine ridge in the valley bottom.
The lower section starts at around 0.3 km below the 1906 frontal
moraine ridge. Slopes with 36–55° gradients disappear here, resulting
in a reduced activity of geomorphic processes. The lateral moraine
ridges bounding this section are lower (10–20 m) and less well preserved than in the upper section. On the left side of the valley, the

moraines are almost completely buried under fluvioglacial, alluvial
and talus cone deposits, which are dissected by rare debris flow gullies with their own debris cones. This section of the proglacial area
has a relatively compact vegetation cover, consisting of alpine meadows with dwarf scrub and shrubs. Only the fragments affected by fluvial processes and debris flows are free of vegetation. In effect, 80%
of the proglacial area between the 1906 and 1845 moraine ridges is
occupied by vegetation, indicating landform and soil-cover stability.

Discussion
Changes in Soil Properties Due to Pedogenic Processes
in the Proglacial Area
Analysis of the soil properties indicated that the retreat of the Pindari Glacier successively exposed the rock substrates to pedogenic
processes, such as the weathering of the parent material, decarbon-
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ation, illuviation, acidification and melanisation. In effect, there was a
general trend of decreasing mean particle size, bulk density, CaCO
and soil pH, but increasing trends in depth of soil organic matter, %SOC
and %N over time. The increase in organic carbon and nitrogen was
greatly intensified after the establishment of a continuous vegetation
cover.
The increases in the clay and silt fractions, and decreases in the
sand and skeletal content, indicate intense physical weathering in the
Pindari proglacial area. Physical weathering is also confirmed by a
dominance of the silt fraction in sediments suspended in the glacier
meltwaters (Pandey et al., 2002). A similar, intense formation of silt by
glacial abrasion at the ice/bedrock interface has been observed in the
Hailuogou Glacier in China, which has the same lithology (Zhou et al.,
2016). In addition, a reduction in particle size can be effect of strong
freeze/thaw cycles, which are facilitated by large daily air temperature differences reaching 15°C, and which fall below 0°C in winter
(Singh et al., 2019). At the same time, the wind and water erosion
observed has likely either removed the finest particles from the surface or translocated them deeper into the soil profile.
The effects of physical weathering are the basis of subsequent
chemical and biogeochemical weathering. The pH of freshly exposed
Pindari moraine material is almost neutral. This is mainly due to the
types of rocks represented in the Vaikrita Group, which include highly
reactive carbonate minerals (Valdiya and Goel, 1983). The dissolution
rate of calcite is quite high, even at almost neutral pH values (Plummer et al., 1978) and low temperatures (Egli et al., 2008; Stumm and
Morgan, 2012). Thus, the depletion of carbonates dominates the
weathering in the younger (up to 48 years old) soils, where the pH
levels are not low enough to dissolve silicates. A high contribution of
Ca and Mg (90–95%) to the total cations, as well as high (Ca+Mg)/
HCO and (Ca+Mg)/(Na+K) ratios in the Pindari Glacier meltwater,
confirms the prevalence of carbonate over silicate weathering in the
proglacial area investigated (Singh, 2001).
Studies have shown that carbonate minerals disappear from soil
parent materials in humid regions within a timescale of a few 100
years (Alexander and Burt, 1996; Egli et al., 2008; He and Tang,
2008), and that the leaching of soils may initially be rapid (Crocker
and Dickson, 1957). Our results indicate a total dissolution of carbonates in the topsoil, with only 0.9% CaCO found in the subsoil, about
108 years after deglaciation. Rapid decarbonisation is probably the
result of a high moisture influx during the SW monsoon season when
humidity is high, as well as thawing of snow cover (Singh et al., 2019). In
the older soils, the weathering of silicate minerals may be more significant because of their lower pH values (below 5) and more intense
biogeochemical weathering under vegetation cover.
The intensity of soil development is greater under continuous vegetation cover, and significantly accelerates as forest becomes established (Alexander and Burt, 1996; He and Tang, 2008; Mavris et al.,
2010). In the Pindari proglacial area, a period of 100 years was required
for the establishment of 80% groundcover by vegetation (Table 1). A
time span over 169 years was necessary for the establishment of a
quasi-climax rhododendron woodland vegetation. This is relatively
late, compared to Egli et al. (2010), who reported the establishment of
Larici–Pinetum cembrae forests after only 77 years in the Swiss Alps,
or Crocker and Dickson (1957), who reported a spruce forest on
moraine after 100–120 years of soil exposure in Alaska, but similar to
3

3

3
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He and Tang (2008), who described the development of a coniferous
forest over a 150-year span in the Gongga Mountains in China.
The succession of vegetation increases the concentration of organic
acids in the soil, from decaying plant debris, roots, associated fungi
and microorganism activity (Burga et al., 2010; Wietrzyk et al., 2018).
Following the onset of vegetation colonisation, melanisation processes associated with the incorporation of organic matter into minerals proceeded quickly in the Pindari proglacial area. The soil colour
difference between the youngest and oldest soils indicated more progressive soil formation in the 169-year-old soil, where the parent material was altered to a greater depth (Table 2).

Accumulation and Stocks of Soil Organic Carbon and
Nitrogen
The rates of SOC and N accumulation in the soils of proglacial
areas varies considerably due to local factors – mainly climate and lithology in different regions. In addition, differences in concentrations of
SOC and N between soil horizons can result from different soil sampling protocols (e.g., sampling at fixed depth intervals or by soil horizon), as well as from soil age (i.e., concentration increasing with
increasing time) (Dümig et al., 2011; Vilmundardóttir et al., 2015).
The nature of the changes in SOC and N content in the Pindari
proglacial area was similar, with slow increases in the young moraine
material followed by more rapid increases beginning after 48 years of
glacier retreat (Table 3). In effect, the SOC values (113.4 g kg ) for
the 169-year-old Pindari topsoil contained much more SOC than the
11.0 g kg (0–7 cm) in the 180-year-old soils reported from the Hailogou Glacier in China (He and Tang, 2008) or the 34.3 g kg (0–7 cm)
for the 140-year-old moraines from the Morteratsch Glacier in the
Swiss Alps (Mavris et al., 2010). However, Mavris et al. (2010) reported
a value of 176.1 g kg for a 120-year-old A-horizon (0–3 cm) in the
Swiss Alps.
Similarly, the concentrations of N (10 g kg ) from the Pindari topsoil, after 169 years, were higher than the 3 g kg N (0–7 cm) in soils
formed on the 180-year moraines reported by He and Tang (2008) and
the 2.5 g kg (0–7 cm) in soils formed on 140-year moraines found by
Mavris et al. (2010). However, Mavris et al. (2010) reported quite a high
value – 7.6 g kg – for a 120-year-old A-horizon (0–3 cm).
The SOC stock in the Pindari proglacial area, 169 years after the
glacial retreat, reached 6.12 kg m , which is high when compared to
other chronosequences in alpine or sub-Arctic mountain environments.
Our findings are closest to those of Mavris et al. (2010), who reported
up to 5.5 kg C m (0–15 cm) after 150 years in the Morteratsch proglacial
area in the Swiss Alps, whilst He and Tang (2008) found the accumulation reaching ~3.5 kg C m (0–7 cm) after 180 years on the moraines
of the Hailogou Glacier in China.
The N stock in the Pindari proglacial area, 169 years after the glacial retreat, reached 0.54 kg N m . Our measurements are consistent
with those of He and Tang (2008), who reported N accumulations
reaching ~0.5 kg m after 180 years on the moraines of the Hailogou
Glacier in China.
The mean annual rates of SOC and N accumulation during 169
years of topsoil (0–10 cm) development reached 36.2 g C m year
and 3.2 g N m year , respectively. These values are high, but consistent with rates of SOC and N accumulation of 28 g C m year and
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3.5 g N m year (0–7 cm), respectively, after 180 years at the Hailuogou Glacier in China (He and Tang, 2008), and up to 36 g C m
year (0–15 cm) after 150 years at the Morteratsch Glacier in the Swiss
Alps (Mavris et al., 2010).
In general, high rates of SOC and N accumulation in the topsoil, but
also in the entire upper 20 cm of the soil layer, may indicate a climate
favourable to the rapid accumulation of organic matter in the Pindari
proglacial area (Table 3). Rühland et al. (2006), in analysing high-resolution pollen and diatom data from a peat deposit in the lower Pindari Valley, found an abrupt ecosystem turnover that indicated a wetter
state in the last two centuries that exceeded changes recorded over the
last three millennia. Apart from summer monsoon precipitation, which
plays a major role in the hydrology of this valley (Singh et al., 2019),
other sources of water may also be significant contributors to the moisture
regime of the Pindari proglacial area. These may have been associated with very high rates of ice retreat (26 m annually) in the early phase
of glacier melting, between 1845 and 1906 (Vohra, 1981), as well as with
winter snow melt. Both may have increased humidity and impacted
seasonal runoff patterns in the valley. A recent study has argued that it
is predominantly water availability that determines weathering and the
accumulation of organic matter in the soil of alpine regions (Egli et
al., 2015).
SOC and N accumulation rates as well as their stock in the reference area can help in estimating how much time is needed to reach their
steady state in the Pindari valley. The power increase of SOC and N
stock with time, visible on Fig. 4, was also reported in several studies
in proglacial areas (Crocker and Dickson, 1957; He and Tang, 2008;
Egli et al., 2010). High rates of organic carbon and nitrogen accumulation along with the expansion of vegetation cover on young moraines
however, were followed by the slowdown of this process on the oldest moraines (He and Tang, 2008; D’Amico et al., 2014). Thus, they
tend to an asymptotic approaching a steady state (Mavris et al., 2010).
Under a similar monsoonal climate and lithological conditions, He
and Tang (2008) observed that soil ‘maturity’ slowed SOC accumulation, to the point where it fits a logistic model 180 years after the Hailogou Glacier retreat. Such a function is in better accordance with the
theoretical value of organic C and N expected in soil when it reaches
quasi steady state. Vilmundardóttir et al. (2014) presented a conceptual model of Andisol development including sigmoidal changes in
SOC and N concentrations during 120 years and their forecast on the
basis of soil properties in the proglacial reference area of SE Iceland.
When comparing the SOC stock under the reference rhododendron
woodlands with that of the oldest (169 year) moraine in the Pindari
proglacial area, the unused C-sink capacity of the topsoil layer (0–10 cm)
was estimated at ~1.1 kg C m . With the observed accumulation rate
of 36.2 g C m year in the moraine soils, it may take an additional
~30 years to reach a SOC stock comparable to that pertaining under
the rhododendron woodlands. A similar amount of time was needed
in the case of the topsoil N stock. For the subsoil layer (10–20 cm),
however, a longer time was needed to reach SOC and N stock of ~100
years. Therefore, a total of about 200–300 years may be needed following deglaciation to reach a SOC and N content similar to that of
the quasi-climax woodlands in the Pindari proglacial area. However,
it is not possible to accurately determine the time needed to reach soil
‘maturity’.
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Soil development in the Pindari proglacial area generally follows
time, in conjunction with vegetation succession and topography. Sequences
of soil types and properties, with increasing distance from the ice
front, represent temporal developments in selected stable landforms
(Egli et al., 2001, 2006). However, recent studies in the European
Alps have shown a complex interplay of landform morphodynamics
and soil-cover formation in proglacial areas (Burga et al., 2010;
Temme and Lange, 2015; Eichel et al., 2018; Temme, 2019).
Distinct sections of spatiotemporal patterns in soil cover can also be
found in the Pindari proglacial area (Fig. 6). These vary internally due
to the differential activity of geomorphic processes and landform features. The upper section comprises an area approximately 1.2–1.5 km
below the present glacier front (i.e., 0.5 km below the 1906 moraines;
Fig. 5). The instability of the slopes of the lateral moraine ridges is
related to their relative heights and inclinations (Fig. 6), which are about
one-third greater than those in the European Alps (Egli, 2006; Eichel
et al., 2018). Soils do not develop on steep slopes with highly active,
destructive, geomorphic processes. It is likely that soil cover will not
develop on these slopes in the near future either because of their landform energies. According to Eichel et al.’s (2018) model of the transition from active to stable, alpine lateral moraine slopes in proglacial
areas are slopes that fit Stage I, where gullying dominates.
The slopes of the middle section in proximity to the 1906 moraines
fit Stage II, where solifluction dominates (Eichel et al., 2018). The
development of soil-cover is mainly disturbed by cryogenic and erosional processes, which result in discontinuous soil cover as indicated
by patchy vegetation.
In the lower section of the proglacial area, extended to the 1845
moraine ridge, the current influence of geomorphic processes is limited to relatively small areas of debris flow gullies and a narrow zone
of the valley bottom along the Pindari channel. Almost continuous
vegetation cover indicates that at least 100 years has been required to
stabilise the soil in most of the proglacial area. It can be assumed,
however, that in the past, just after the most recent deglaciation, the
activity of geomorphic processes, especially hillslope erosion, was
significant because the landforms were not protected by vegetation
cover. This is indicated by the burial of the left side of the ridge of the
lateral moraine by debris cones with different origins. According to
Eichel et al.’s (2018) model of the transition from active to stable slopes
of alpine lateral moraines in proglacial areas, these slopes fit with
Stage III, at which point stabilisation is dominant.
Temme et al. (2015) detected significant variation in soil properties
between soils on moraines of the same age in four proglacial valleys
which are mainly built of crystalline rocks. They proposed a division
between geomorphically undisturbed locations experiencing a divergence (i.e., increase of the variation in soil properties with age) and
disturbed locations experiencing convergence (i.e., a decrease of the
variation in soil properties with age). Divergence was observed in
wide proglacial valleys in which moraines were unaffected by outside (hillslope) processes. It was associated with vegetation differences and small-scale redistribution of the fine earth fraction resulting
from subtle spatial differences in topography. Convergence was
observed in narrow proglacial valleys where soil formation on the
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moraines was disturbed by external influences such as the contribution of material from adjacent slopes. In the Pindari valley, the variation in soil properties between soils of the same age was complex.
Clear divergence was observed only in the skeletal content of the topsoil where the coefficient of variation (the sample standard deviation
divided by the sample mean) continuously increases from 0.08 in the
1-year-old moraine to 0.92 in the 169-year-old moraine. Divergence
can be associated with faster selective weathering of carbonate rocks.
In addition, the redistribution of fine soil particles due to water and
wind erosion was observed locally in sites that had less protection
from vegetation cover. The rainfall impact is significant during the
monsoon season while the wind influence can be noted during relatively dry pre-monsoon and post-monsoon seasons without snow
cover. For all other soil properties, there was no apparent divergence
or convergence with age. This is probably the result of local overlapping of outside hillslope processes (debris flows, dirty avalanches) in
different parts of the Pindari valley, which is very long and varies
greatly in width (Fig. 5), on selective weathering, and on subtle erosional processes active throughout the proglacial area.
Our analysis shows that the impacts of landform and the activity of
geomorphic processes on soil cover in the Pindari proglacial area
changed spatially over time. However, the type of complex interaction between landforms and soil development in this proglacial area is
generally similar to that developed from studies in the European Alps
(Temme, 2019).

Conclusions
The spatiotemporal scales of the soil transformations were significantly greater in the Pindari area as compared to glacier foreland chronosequences in the alpine environment worldwide. The soil properties
analysed developed at different rates. Reference data from the topsoil
of rhododendron woodlands indicated that the pH, CaCO , clay content, bulk density, SOC and N of the oldest moraine topsoil were close
to reaching some sort of a steady state. The results highlight the importance of rapid glacier retreat as well as inhibited weathering due to
plant succession in soil formation, under impact of local climate characterized by high precipitation, temperatures and moisture delivery.
Time, in combination with vegetation succession and topography,
plays an essential role in the soil-forming process. However, local disturbances initiated by extreme rainfall, including flooding, rockfalls,
snow avalanches and erosion, are crucial in the development and destruction of both vegetation and soil. Considering soil formation and degradation processes, much more time is needed to develop a stable soil
cover in most proglacial areas than is assumed from the SOC accretion
times calculated on the basis of stable landform chronosequences.
This should be taken into account in future greenhouse gas emissions
models in relation to a soil’s potential for C and N fixation.
3
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