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Abstract
The study aimed to assess dry matter dynamics of forests along treeline ecotone concerning environmental variability, and 
four representative forests, birch, kharsu oak, Himalayan fir and mixed forest along treeline ecotone (3250–3400 m asl) were 
selected in Kedarnath Wildlife Sanctuary, Western Himalaya. Temperature, precipitation and humidity data were recorded for 
complete 3 years (2008–2010). Field inventory for assessment of forest structure and dry matter was carried out in a 200 m 
transect in each forest along treeline using quadrats of different sizes for tree, shrub and herb layers. The biomass and net pri-
mary productivity (NPP) of woody vegetation was estimated using region-specific allometric equations and of the herb layer, 
by harvesting. Litter quantity and decomposition rates were assessed using litter traps and litter bags, respectively. The dry 
matter budget of treeline ecotone was represented using a compartment model. The mean annual temperature at treeline was 
recorded 6.6 ± 0.68 °C with warmest month average temperature of 12.6 ± 1.2 °C. The average forest biomass at ecotone was 
33.27 ± 16.97 Mg/0.1 ha, ranged between 8.87 Mg/0.1 ha in open and early successional birch forest to 44.98 Mg/0.1 ha in 
dense canopy mixed forest. NPP ranged from 1.49 to 2.11 Mg/0.1 ha year−1. The birch forest exhibited the highest efficiency 
in annual dry matter accumulation in the canopy layer among all forests. The leaf litter decomposition rates (% weight loss) 
was highest for kharsu oak (74%) after 3 years. The study revealed that Western Himalayan treeline exhibit warmer summer 
and higher amounts of dry matter storage, production and decomposition rates. These treeline forests showed a higher dry 
matter assimilation rate and so the potential for carbon sequestration under a warming climate.
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Introduction

The alpine treeline ecotone represents the most prominent 
ecological transition zone in the high mountains. Beyond 
treeline ecotone, tree species cease to attain their ordinary 
growth due to unfavorable climatic conditions and only 
meadows comprising shrubs and herbs species occur. The 
alpine treeline ecotone exhibit decreased atmospheric pres-
sure, reduced partial pressure of carbon dioxide, increased 
solar energy flux and increased ultraviolet radiation lead-
ing to low primary productivity (Stevens and Fox 1991). 
During the past few decades, the treeline ecotone has been 
of considerable ecological interest to researchers owing to 
their sensitivity to biotic and abiotic factors, particularly 
climate change (Holtmeier 2009; Körner 2012a). Climate 
change studies on Himalayan region (IPCC 2007) and par-
ticularly on Western Himalaya revealed substantial changes 
on climatic patterns, glacial dynamics, hydrology and for-
est ecosystems in recent past (Shekhar et al. 2010; Negi 

International Society
for Tropical Ecology

Electronic supplementary material The online version of this 
article (https ://doi.org/10.1007/s4296 5-020-00067 -9) contains 
supplementary material, which is available to authorized users.

 * Ishwari Datt Rai 
 ishwari.rai@gmail.com

1 Forestry and Ecology Department, Indian Institute 
of Remote Sensing, 4, Kalidas Road, Dehradun 248001, 
India

2 Forestry and Climate Change Division, Uttarakhand Space 
Application Centre, Upper Aamwala, Tapowan-Nalapani, 
Dehradun 248001, India

3 Department of Habitat Ecology, Wildlife Institute of India, 
Chandrabani, Dehradun, Uttarakhand 248002, India

4 Wildlife Institute of India, Chandrabani, Dehradun, 
Uttarakhand 248002, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s42965-020-00067-9&domain=pdf
https://doi.org/10.1007/s42965-020-00067-9


117Tropical Ecology (2020) 61:116–127 

1 3

et al. 2012; Tewari et al. 2017) which reflects this region as 
highly susceptible to climate change impacts. Therefore, 
systematic ecological studies on diverse aspects of treeline, 
a sensitive vegetation transition zone, of this understudied 
region are of vital importance.

Studies conducted at treeline ecotone have described spe-
cies composition, physiognomies, or climate responses in 
the Himalayan region (Schickhoff 2005; Li et al. 2008; Rai 
et al. 2012; Shi and Wu 2013; Gaire et al. 2014). Along 
treeline, low ambient temperature limits tree growth by pre-
venting the utilization of stored non-structural carbohydrates 
to biomass (Hoch and Körner 2009). The biomass, net pri-
mary productivity and decomposition rates vary with spe-
cies composition, land-use history, terrain complexity and 
snow deposition pattern (Speed et al. 2015; Liu et al. 2016). 
A large amount of carbon also remains on the litter layer 
at high altitudes due to low decomposition rates (Grafius 
and Malanson 2015). Increased regeneration of woody spe-
cies along treeline, densification (Bharti et al. 2012) and 
upward shift in treeline position (Dubey et al. 2003; Li et al. 
2008; Shi et al. 2008; Liang et al. 2011; Gaire et al. 2014; 
Suwal et al. 2016) has been observed in recent times in 
the Himalaya.

The carbon sink and source limitations have been of 
particular interest to the ecologists dealing with impacts of 
climate change on high altitude forests. At treeline, climate 
growth limitation by low temperature is more sensitive than 
the carbon fixation by photosynthesis (Körner 2012b) while 
carbon loss due to respiration is relatively less under preva-
lent low temperatures. The study of dry matter production 

and recycling of treeline ecotone is essential concerning pre-
vailing environmental conditions at intra- and inter-annual 
scales. In-situ meteorological observations are therefore 
critical to develop linkages between treeline ecotone vegeta-
tion characteristics and environment to predict undesirable 
consequences of climate alteration.

In this study, we assessed the diversity, biomass, NPP, lit-
terfall, litter decomposition and overall patterns of dry mat-
ter dynamics across treeline forests in the Western Himalaya 
concerning environmental conditions.

Methods

Study area

The study was conducted at Tungnath area in Kedarnath 
Wildlife Sanctuary (lat: 30° 29′ N–30° 30′ N, long: 79° 12′ 
E–79° 13′ E) in Uttarakhand. It represents treeline ecotone 
between 3250 and 3400 m asl in the Greater Himalayan 
range (Fig. 1). Topographically, the mountain ridges were 
east–west oriented having a predominance of south–west 
facing slopes. Geologically, the weathering bedrocks that 
provide the bulk of the loose material in these mountains are 
crystalline and metamorphic having sedimentary deposits. 
The soil was sandy loam in texture, with a high propor-
tion of sand and silt, and generally acidic (pH 4–5). The 
mean annual temperature at the treeline (3300  m) was 
6.65 ± 0.68 °C, while daily temperature ranged between 
− 8.9 and 25.6 °C. The mean temperature of the warmest 

Fig. 1  Location map of the study area inside Kedarnath Wildlife Sanctuary (KWS), Western Himalaya, India
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month was 12.6 ± 1.2 °C (July). Annual precipitation was 
2410 ± 432 mm, of which about 90% was received during 
June–September. The area remains under snow-cover for 
85 ± 24 days in a year. Heavy snowfall and episodic severe 
hailstorms during November–April is a characteristic feature 
of the area.

The vegetation in the study area includes subalpine oak 
forest, fir forest, birch-Rhododendron forest and alpine scrub 
(Champion and Seth 1968). The dominant species at subal-
pine-treeline ecotones are birch (Betula utilis), Himalayan 
fir (hereafter fir, Abies spectabilis), kharsu oak (Quercus 
semecarpifolia) and mixed stands of Abies-Quercus-Bet-
ula. The tree layer was comprised of Betula utilis, Sorbus 
foliolosa and Abies spectabilis in the cool moist slopes 
whereas Q. semecarpifolia and Rhododendron arboreum 
on warm slopes. The shrub layer formed by Rhododendron 
campanulatum, Viburnum grandiflorum, Salix denticulata 
and Lonicera myrtillus of which R. campanulatum forms 
Krummholz vegetation. Along the forest edges Rhododen-
dron anthopogon and R. lepidotum represented the moist 
alpine scrub vegetation. The herbaceous vegetation along 
the treeline formed by a variety of herbs and graminoid spe-
cies. Danthonia cachemyriana is dominant in graminoids 
whereas herbaceous vegetation was formed by one or more 

species of Ranunculus, Bistorta, Polygonum, Potentilla, 
Geum, Primula, Cyananthus, Geranium etc. distributed 
along suitable micro-habitats. Study area forms habitat of 
endangered fauna species viz., Musk deer and Himalayan 
tahr. The Krummholz of Rhododendron campanulatum is a 
habitat of Himalayan monal pheasant. The area visited by 
local pastoral communities for livestock grazing during the 
summers.

Field sampling design

Four forest types (birch, fir, kharsu and mixed forests) 
were identified and selected based on species composition 
(Fig. 2). A 200 m belt transect in each forest type along tree-
line ecotone was identified in the different forest types. Ten 
quadrats of 10 × 10 m were laid at a fixed distance for tree 
sampling. A 5 × 5 m centre plot within each 10 × 10 m plot 
was laid out for the shrub layer. Besides, 25 plots of 1 × 1 m 
were randomly laid out in 200 m belt transect for the herb 
layer in each forest type (Fig. 3). The individuals with a cir-
cumference at breast height (cbh) > 20 cm and > 3 m height 
were considered as tree and cbh measured to estimate the 
basal cover. Individuals with < 20 cm girth were considered 

Fig. 2  Forest types at treeline: a birch along NE facing slopes, b Himalayan fir with Krummholz of Rhododendron campanulatum along North-
ern aspects, c kharsu oak in S–SW facing slopes, and d mixed forest (Abies–Quercus–Betula) in heterogeneous and mesic slopes
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as tree saplings. For the shrub layer, all the individuals 
were counted and individuals with > 5 cm circumference at 
ground level were measured. All individuals of the herbs and 
tussocks of the grasses was counted. Tree diversity, density, 
basal area, and importance value index (IVI) were computed 
using standard methods. 

Forest biomass estimation

The tree and shrub layer biomass was estimated using 
allometric equations developed for the subalpine-treeline 
zones of Western Himalaya (Singh et al. 1992; Singh and 
Singh 1992; Adhikari et al. 1995; Garkoti and Singh 1995) 
(Supplementary Table S1). These equations are based on 
a linear relationship between cbh and biomass of different 
components (bole, bark, branch, twig, foliage, stump root, 
lateral root and fine root) of individual tree species. These 
allometric equations are used to compute biomass of all the 
components of the species. For herb and seedling layer bio-
mass estimation, ten 50 × 50 cm quadrats were harvested 
at monthly interval from April to September, and peak bio-
mass was added to total forest biomass. The biomass of tree, 
sapling, seedling, shrub and herb was summed to get the 
total forest biomass. The results are presented in the units 
of sampled area and also computed to standard scales (per 
hectare) for system analysis and discussion and comparison 
with other studies.

Forest litter fall and standing litter mass estimation

To assess the litterfall patterns, ten wooden litter traps 
(50 cm × 50 cm × 15 cm size) were placed at different loca-
tions viz., under the canopy and in between the canopies 
of the trees in each forest. The fallen litter was collected 
monthly from May to October and in April of the subsequent 
year. The litter was categorized into five components: fresh 
leaf, wood, reproductive, moss and lichens and miscellane-
ous litter. The litter samples were oven-dried at 60 °C till 
constant weight to obtain dry litter mass from direct fall.

The litter accumulated on the forest floor was collected 
within three 50 × 50 cm plots and categorized into fresh leaf 
(intact leaves), wood, partially decomposed (with identifi-
able leaves of different species), more decomposed (uniden-
tifiable) and miscellaneous litter (reproductive parts, epi-
phytes, mosses and bark) following Adhikari et al. (1995). 
The litter was oven-dried at 60 °C to obtain dry litter mass. 
Heavy snow cover limited the litter collection during winter 
months.

Net primary productivity estimation

Trees of different girth classes were marked for recording 
girth increment in each forest type at 1.37 m height above 
the ground level and measured for two consecutive years 
(B1) and (B2). The circumference of shrub species was esti-
mated at ground level. The biomass of different components 
(aboveground: bole, bark, branch, twig and foliage; below-
ground: stump root, lateral root and fine root) was computed 
using the allometric equations. The net change in biomass 

Fig. 3  Pictorial representation 
of the sample plot layout used 
for the study. The box repre-
sents a 200 m long stretch of a 
forest type at treeline
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(B = B2 − B1) yielded annual biomass accumulation. The 
annual litterfall (e.g., leaf, twig, branches) were added to 
respective components. The tree and shrub fine root (< 5 mm 
in diameter) production rate were estimated at monthly inter-
vals using soil cores. In each forest type, three steel core 
of 10 cm diameter were used to dig the soil up to 30 cm 
depth (Gower et al. 1992) and fine roots were extracted. For 
the herbaceous layer, the peak biomass (above and below-
ground) corresponds to the net herb layer production. The 
sum of the net production values of tree, shrub and herb 
layers yielded the total net primary productivity of differ-
ent forest types. For the system analysis, vegetation layers 
of each forest were divided into three components viz, tree 
(including saplings), shrub and herbs (including seedlings).

Litter decomposition and turnover rates

The litter bag method was used to study litter decomposi-
tion and mineralization process (Witkamp and Olsen 1963). 
The mature and senesced leaves were plucked from the sig-
nificant tree and shrub branches. About 120 nylon bags of 
10 × 10 cm size (with 1 mm mesh size) containing 5 g air-
dried mature and senesced leaf litter were placed randomly 
at different forest sites for each species. Three replicates of 
litterbags were retrieved monthly for consecutive 3 years 
except for winter months. The degradation rates of leaf lit-
ter and nutrient dynamics for N, P, K, Na, Ca and Mg in 
the decomposing leaves and soil at different depths were 
analysed in the laboratory. The turnover rate and turnover 
time of the litter on the forest floor were estimated following 
Olson (1963).

Meteorological data

The ambient air and soil temperature data was recorded 
through automatic  HOBO® data loggers (Onset Inc., USA) 
at hourly intervals and daily readings averaged to get the 
mean daily temperature. The soil temperature was recorded 
at 10 cm depth. Humidity was measured using hygrome-
ter and rainfall through rain gauge stationed near treeline 
(3300 m asl.).

Results

Treeline structure, diversity and dry biomass 
patterns

A total of eight tree species and 14 shrub species were 
recorded across four forest types. The tree species rich-
ness across the forest types varied from three (birch) to five 
(mixed forest) and shrub species richness ranged between 
5 (fir) and 12 (birch). Total basal area (TBA,  m2 0.1 ha−1) 

was found between 0.64 (birch) to (5.5) fir and tree densi-
ties (individuals 0.1 ha−1) between 34 and 78. Importance 
value index (IVI) computation revealed single tree species 
dominance in treeline forests except for mixed forest. Sap-
ling density (individuals 0.1 ha−1) was between 1 (fir) to 110 
(birch) and similar trends for shrub density in these forests.

The tree layer biomass [Megagram (Mg)] for the sampled 
area (0.1 ha) in birch, fir, kharsu and mixed forest estimated 
3.2, 36.5, 31.4 and 38.7, respectively. Dominant species 
contributed 73–96% to total tree layer biomass except in the 
mixed forest. The shrub layer biomass ranged between 0.14 
and 0.30 Mg/25 m2. The herb layer biomass was fractional 
of the total forest biomass. The total forest biomass (Mg 
0.1 ha−1) of treeline forests was 8.8, 44.9, 34.8 and 44.5 for 
birch, fir, kharsu and mixed forests, respectively.

The annual average standing litter mass in the treeline 
forests was between 0.61 and 0.82 kg m−2 and seasonally it 
varied across the forest types. The highest litter mass was 
recorded in the rainy season for birch, kharsu and mixed for-
est (0.74, 1.02, 0.69 kg m−2, respectively) and during sum-
mer for fir forest (0.82 kg m−2). A significant proportion of 
litter was under partially and more decomposed categories 
throughout the year. The annual turnover rate of litter on the 
forest floor was 31%, 40%, 48% and 52% for the birch, fir, 
kharsu and mixed forests with a turnover time of 3.2, 2.5, 
2.1 and 1.9 years, respectively.

Forest NPP, litter fall and decomposition patterns

NPP of treeline forests was 1.9 ± 0.24 Mg/0.1 ha year−1 
which was lowest in birch and highest in mixed stands. The 
tree layer NPP was 0.8–1.5 Mg/0.1 ha year−1. A significant 
proportion of tree aboveground NPP was formed by foliage 
(34–51%). The fine roots contributed significantly (77–86%) 
in total belowground production. The sapling layer produc-
tion was minimum in fir (0.02 Mg/0.1 ha year−1) and max-
imum in birch forest (0.17 Mg/0.1 ha year−1). The shrub 
layer production across the forests was 0.45–0.80 Mg/25 m2 
 year−1 and R. campanulatum contributed 15.7–99.5% in 
shrub layer productivity of all the forests whereas Viburnum 
grandiflorum dominated in birch forest (67.3%). The herb 
layer production (kg  m−2  year−1) varied from 0.23 to 0.34, of 
which the aboveground part was accounted for 46.5–83.8%.

The biomass accumulation ratio (BAR, the proportion of 
aboveground biomass to net annual production) expresses 
accumulation of persistent and particularly woody tissues in 
terrestrial forests (Whittaker 1975). In the treeline forests, 
BAR were 5.8, 25.9, 18.1 and 21.1 for birch, fir, kharsu and 
mixed forests. The lowest BAR in birch forest depicts the 
young growth with high efficiency of biomass accumulation 
as compared to fir, kharsu and mixed forests.

The annual litterfall was 2.2 ± 0.2 kg m−2  year−1 hav-
ing the highest in kharsu (0.75) and lowest in birch forests 
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(0.28). The seasonal pattern of the litterfall was highly vari-
able across the forest types. In birch forest peak wood lit-
terfall was recorded during winter (October to April) which 
contributed 44% to the annual litterfall followed by leaf 
fall (33.5%). Leaf fall was maximum during rainy season 
(July–September) for birch and during summer for kharsu 
and mixed forests. In mixed forest leaf litterfall was about 
50% of the total litterfall. The proportion of leaf and wood 
fall in fir forest was 43.4% and 29.6%, respectively, where 
peak leaf and wood fall was recorded during winter months.

Leaf litter decomposition rate was highest for Q. seme-
carpifolia (24.5%) and lowest for R. arboreum (3.8%) after 
first 4 months of leaf fall. Decomposition in foliage litter of 
A. spectabilis was accelerated after 4 months and reached 
26.2% after 8 months. In other species highest rate of deg-
radation (11–33%) was observed after 8 months of incuba-
tion. The 50% degradation in the leaf litter of B. utilis, R. 
arboreum, A. spectabilis, Q. semecarpifolia and R. campan-
ulatum occurred after 30, 28, 27, 25 and 24 months. After 
nearly 3 years, the rate of degradation (%  day−1) was 0.07% 
(after 942 days), 0.06% (823 days), 0.07% (943 days), 0.07 
(976 days) and 0.08% (884 days) for these species, respec-
tively (Fig. 4).

The rate of nutrient fluxes (release and accumulation) var-
ied significantly across the species. The initial concentration 
of N in the leaf litter ranged between 0.5% (R. arboreum) 
to 1.7% (B. utilis). During decomposition, accumulation of 
N and P on the leaf litter was more than the loss of these 
nutrients whereas K showed maximum release and negli-
gible accumulation in any stage of decomposition in all the 
species. Except small amount of releases, N accumulation 
reached up to 47% higher of the initial concentration in R. 
campanulatum. No release of P was recorded in the leaf lit-
ter of A. spectabilis and R. arboreum at any stage of decom-
position and it reached up to 2.4 times higher concentration 
at later stages. K showed continuous release in all the spe-
cies after initial accumulation in some species. The initial 
level of Ca was between 0.87 and 1.88% and it showed least 
changes in strength during any stages of decomposition but 

few higher peaks in B. utilis and A. spectabilis observed. 
Initially, Mg concentration was ranged between 0.09 and 
0.15% and its high accumulation (3.7 fold) was found in 
B. utilis in later stages. The most top release of Mg was 
recorded in both the species of Rhododendron. All the spe-
cies showed accumulation of Na which was highest for A. 
spectabilis with 71% higher, followed by B. utilis (46%). The 
release of Na was highest in Q. semecarpifolia. In both the 
Rhododendron species high accumulation and no release of 
Na was observed. The patterns of nutrient dynamics with 
litter decomposition are presented in Fig. 5.

System analysis of dry matter dynamics

The patterns of dry matter distribution and flow in various 
vegetation layers of four treeline forests are represented in 
the compartment model (Fig. 6). Solar radiation, the source 
of energy for autotrophic systems, was to the tune of 5.04 
kWh m−2 day−1 as derived from Surface Meteorology and 
Solar Energy, NASA (http://eoswe b.larc.nasa.gov/sse/). The 
proportional contribution of tree layer to the total forest bio-
mass ranged between 35.6% (birch forest) to 90.4% (kharsu 
forest). Shrub layer had highest proportional contribution to 
the total biomass in birch forest (53.3%) where herb layer 
also had the highest proportion (6.1%) among all forests. 
The shrub layer and herb layer contributed lowest to the 
NPP in kharsu (3.5%) and fir forest (0.9%), respectively. 
Being a canopy layer, the maximum contribution to the NPP 
was due to trees, which were 54.6, 65.6, 68.5 and 71.9% in 
birch, fir, kharsu and mixed forest, respectively. The herba-
ceous layer had a second significant proportion to the NPP 
in birch, kharsu and mixed forests (22.8, 12.8 and 13.1%, 
respectively), whereas shrub layer was a second major con-
tributor to fir forest biomass (18.3%). In the aboveground 
production of tree layer, the foliage had the highest contribu-
tion for fir, kharsu and mixed forests (65.6, 68.5 and 71.9%, 
respectively), whereas in a birch forest twig contributed the 
most (36.9%). The annual dry matter return through the litter 
formation were 6.6, 8.0, 9.3 and 10.5 Mg ha−1 in birch, fir, 
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kharsu and mixed forests, respectively. In the birch forest, the 
herb layer had the highest proportion (43.9%) in the annual 
return of the biomass to the soil, whereas in other forests tree 
layer apportioned the maximum viz., 59.1% in fir, 80.6% in 
kharsu and 67.2% in mixed forests. The annual restitution 
of net biomass production by the tree layer ranged from 18 
to 40%, by shrub layer 1.6–12% and herb layer 8–19%. The 
turnover rate (Mg ha−1  year−1) of the forest floor litter due to 
decomposition were 2.1, 3.2, 4.5 and 5.5 for birch, fir, kharsu 
and mixed forests, respectively. In an annual cycle of litter 
degradation and decay, 4.5–4.9 Mg ha−1 litter was carried 
over to the next year in these forests.

Seasonality in herb layer and fine root productivity

Perennial and thick rhizome bearing herb species viz., Bis-
torta, Selinum, Tanacetum, as well as tall forbs (Polygo-
num, Hackelia, Impatiens, etc.) contributed significantly 
to the herb layer density and biomass at treeline. Due to 
winter snow cover, aboveground biomass production ini-
tiates after the snowmelt in April–May months. Perennial 
belowground parts constitutes a substantial proportion of the 
live biomass. The average monthly aboveground herb layer 
productivity (kg m−2) ranged from 0.03 (April) to 0.18 (Sep-
tember). Peak herb layer productivity across the forest types 
was varied between 0.11 and 0.29 kg m−2. The peak above-
ground biomass coincided with soil and air temperatures 
(Fig. 7). The productivity (kg  m−2) was highest in Septem-
ber for birch (0.29), kharsu (0.15) and mixed (0.19) forests 
whereas it has peaked during June in fir forest. Monthly root 
productivity across the forest types ranged between 0.05 and 
0.48 kg m−2 and the maximum was in the kharsu forest. The 
peak root productivity was in June to September for different 
forest types (Fig. 8). 

Seasonality in litter fall patterns

Litterfall patterns across the months varied across the forest 
types due to differences in the phenological cycle of the spe-
cies. The peak leaf falls in kharsu forest was in May coincid-
ing the rise in the air and soil temperature whereas in case 
of birch forest it was with drop in temperature at the end 
of growing season during September–October. Peak wood-
fall was occurred during the winter and monsoon months 
(Fig. 9).

Discussion

The mean annual ambient temperature at the treeline posi-
tion in the study area was recorded at 6.6 °C. This is within 
the global treeline limit of 6–8 °C (Körner and Paulsen 
2004). However, the warmest month temperature was 
recorded at 12.6 ± 1.2 °C, which is nearly 2 °C higher as 
compared to global treelines (10 °C). Similar observations 
were also made in Central Himalaya (Müller et al. 2016). 
The higher summer temperature of the growing season 
may lead to higher biomass accumulation. In general, the 
dominant forests in the study area stored a significantly 
high amount of standing dry matter except to the birch for-
est because of its sparse growth. Studies carried at treeline 
with similar elevations and temperature conditions have 
reported a lower quantity of biomass (Zhang et al. 2013; 
Rai et al. 2018). Higher biomass (521 ± 115 Mg ha−1) 
similar elevation range (3100–3400 m) is reported for oak 
treeline in western Himalaya (Sharma et al. 2018).

The sapling density was low (1–26 individuals/0.1 ha) 
fir, oak and mixed forest while higher in the birch forests 
(110) owing to sparse growth. Among all shrub species 
Rhododendron campanulatum contributed the maximum 
to the total biomass of the treeline forests. Profuse growth 
of herbs including tall forbs (Bistorta, Selinum, Tanace-
tum, Polygonum, Hackelia, Impatiens, etc.), indicated 
suitable soil nutrients and moisture conditions. Increased 
herb layer production in open canopy conditions along the 
treeline as compared to dense forests is also reported from 
China in similar circumstances (Deng et al. 2006). The fine 
root production is high due to their high temporal turnover 
owing to a short life span and it recorded more soils rich in 
nutrients mainly N (Supplementary Table S2).

The biomass accumulation efficiency of trees is an 
essential functional character that exhibits the ability of 
the forests to accumulate persistent tissues annually. The 
biomass accumulation ratio in forests was in the range of 
10–50 (Whittaker 1966), where lower values reflect higher 
accumulation efficiencies. Birch, an early successional, 
deciduous species accumulated biomass more efficiently as 
compared to other forests. The initial response of birch in 
terms of an extended growing period is reported based on 
phenological studies (Rai et al. 2013) and studies said that 
future climate warming would be suitable for the expan-
sion of birch forests in the Himalayan region (Hamid et al. 
2019).

Treeline zone is known to have slow decomposition rates 
and high accumulation of soil organic matter on the forest 
floor (Prichard et al. 2000) and it plays an essential role in 
maintaining the nutrient balance of the soil. In the present 
study, a significant proportion of dry matter was recorded on 
the forest floor with high variability in nutrient concentration 

Fig. 6  Compartment model of dry matter distribution in the forests at 
treeline in western Himalaya. Rounded rectangles represent compart-
ments for standing state of dry matter, arrows represent net annual 
flux rate. Circles represents total solar insolation incident, rectangle 
represents total net production (kg ha−1  year−1) and heptagon repre-
sents total disappearance (kg ha−1  year−1). Compartment values area 
in kg ha−1 and flow rates kg ha−1  year−1 (a birch, b fir, c kharsu oak, 
and d mixed)

◂
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across species which likely to influenced the decomposition 
rates and turnover of the dry matter. The colonization of lit-
ter by decomposers (fungi, bacteria and nematodes) primarily 
regulates the litter degradation and release of nutrients to the 
soil (Tian et al. 1998; Jeong et al. 2015). A sharp rise in litter 
degradation rates was recorded during the summer months. 
Gelifluction and heavy monsoon fall is a unique feature of the 
subalpine-alpine region of the Himalaya which maintains the 
higher soil moisture, a condition favorable for the growth of 
decomposers. These conditions regulate and enhance the litter 
turnover rates in the Himalayan region as compared to high 
altitude treelines across the globe (Pinos et al. 2017).

The seasonality was observed to influence production as 
well as the decomposition processes of this transition zone. 
However, the marked changes were found in the herbs and fine 
root production. Except for fir forest, herb layer productivity 
was peaked in August–September whereas fine root production 
was more or less similar from June to September in all forests. 
The peak litter decomposition was also recorded during this 
period making higher availability of the nutrients for growth 
of herbs and fine roots. Open canopy conditions along ecotone 
favored the growth of herb layers which compensated low tree 
layer productivity along the treeline.

The system analysis demonstrated the flow and transfer of 
dry matter in the treeline forests. The treeline ecotone is rep-
resented by both old-growth and early successional forests. 
However, old-growth fir and oak forests contributed mostly 
to the dry matter storage and production of ecotone while the 
first successional birch forest, owing to their sparse growth 
contribute less to overall dry matter storage but showed higher 
efficiency in assimilation. Old-growth mixed forests contribute 
significantly to the forest floor dry mass and the dynamics vary 
with the composition and ages of forest (Norden et al. 2015; 
Schilling et al. 2016; Souza et al. 2019). This analysis depicts 
the potential in old-growth and climax forests for stability and 
equilibrium in dry matter during the assimilation potential of 
dry matter in early successional species in future scenarios.

Conclusion

The present study inventoried structural and functional charac-
teristics of alpine treeline ecotone vegetation of Western Hima-
laya with simultaneous observations on local climatology. The 
study observed that treeline ecotone experiences higher sum-
mer temperatures and exhibit higher efficiencies in dry matter 
production and nutrient cycling as compared to other treelines 
of the globe. The mature stands of hardwood species showed 
potential for higher storage and production of the dry matter 
while primary colonizer softwood forest showed rapid growth 
and higher efficiency in assimilation hence, higher ability in 
dry matter dynamics.
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