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This article enumerates the findings of a team re-
search on the Indian Himalayan timberline ecotone,
with focus on three sites (located in Kashmir, Utta-
rakhand and Sikkim). Timberline elevation increased
from west to east, was higher in the warmer south
aspect than the cooler north aspect, and was generally
depressed. Betula, Abies, Rhododendron and Juniperus
were important treeline genera. The Himalaya has not
only the highest treelines (Juniperus tibetica, at
4900 m), but also the widest elevational range
(>1700 m). Remotely sensed data revealed that the
timberline is a long, twisting and turning ecotone,
traversing a length of 8—10 km per km horizontal dis-
tance. Surface temperature lapse rate in the monsoonal
regions was lower (—0.53°C/100 m elevation) than gen-
erally perceived and varied considerably with season,
being the lowest in December. The Himalayan treeline
species are not water-stressed at least in monsoonal
regions, predawn tree water potential seldom getting
below —1 MPa. The upward advance of Rhododendron
campanulatum (a Kkrummholz species) may deplete
alpine meadows with climatic warming. Tree-ring
chronology indicated that winter warming may be
favouring Abies spectabilis. Early snowmelt increased
growth period and species richness. Treelines generally
are stable in spite of decades of warming. Dependence
of people on timberline was still high; so economic
interventions are required to reduce the same.
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Introduction

UNDER the influence of global climate change, the Hima-
laya is warming at a higher rate than the global average
rate'>. The rapid glacier melt is its major consequence,
and a component of monitoring and research. At the lower
edge of snowfields, there occurs the upper elevation lim-
its of forests called timberlines, which too are highly sen-
sitive to climatic warming, but somehow are among the
least studied in the Himalaya. In contrast, timberlines and
treelines are among the most intensively studied systems
in Europe and USA. The remoteness of timberlines and
treelines (they are located at higher elevations in the
Himalaya than most other mountains, up to 4900 m)*
could be one of the reasons for their being scantly re-
searched. Changes in the cryosphere under the influence
of global warming are likely to affect treeline areas and
alpine meadows at community and ecosystem levels”.
Heat deficiency with increase in elevation is considered
to be the main cause of plants not attaining tree form
beyond a certain elevation in mountains, and the forma-
tion of treeline. The treelines are linked to a growing
season mean temperature of 6.7°C + 0.85°C in the moun-
tains®. Due to this critical temperature linkage, treelines
are likely to show upslope rise under the influence of
global warming’ '’
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According to Holtmeier'', timberline in mountains is
generally regarded as the upper elevational limit of
forests with crown cover, at least between 20% and 40%.
Above this occurs the treeline, which is identified as a
line connecting the uppermost trees at a site''. According
to this definition, a tree is generally an upright individual
of a tree species with minimum height of 2 m or more'.
The elevation width between timberline and treeline is
often referred to as timberline or treeline ecotone. Indi-
vidual trees may grow still higher, but their form is no
longer tree-like; they become stunted and contorted, with
several stems, and with twisted and gnarled branches.
This could be termed as tree species line.

Studies on the Himalayan treelines are scarce and iso-
lated. To address this shortcoming, the present study on
the Himalayan treeline has taken a multi-site, multi-
partner and multidisciplinary approach (under the
National Mission on Himalayan Studies of the Ministry
of Environment, Forest and Climate Change, Government
of India). Our objectives were: to map timberline at a re-
gional level using remote-sensing techniques, estimate
surface temperature lapse rate (TLR) based on observed
data along elevation transects, analyse altitudinal pattern
of vegetation leading to the treeline ecotone, document
and analyse plant phenological responses to climate
change, examine whether timberline trees are affected by
water stress, study the relationship between tree ring
growth and climate change, understand the impact of early
snowmelt on species composition and plant community
characters and growth, and to examine the scope of
livelihood interventions at local community level in con-
servation and management of timberline resources.

Material and methods

Occupying about 11° of latitudinal range and 31° of
longitudinal range (Figure 1), the Himalayan region (plus
Hindu Kush) is not only massive, but also highly hetero-
geneous. Precipitation generally varies from less than
300 mm in some of the rainshadow areas in the north of
the main Himalayan range to more than 4000 mm in
monsoon-drenched southern slopes of the Eastern Hima-
laya. Generally, monsoon weakens from the east to west;
however, conditions also vary locally in each part area
because of topographic factors. In the areas shielded by
high mountains, the monsoon months (June—September)
account for less than 40% of annual rainfall, the Kashmir
valley surrounded by the high Pir Panjal ranges being a
typical example of this. However, in much of the outer
ranges the monsoon months (June—September) account
for 70-80% of annual rainfall. The Himalaya is warming
at a rate significantly higher than global average rate, and
the warming rate is increasing with altitude™'*'*. For
detailed observations, we selected three sites located in
Kashmir (dry with weak monsoon), Uttarakhand (UK;
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moist with strong monsoon) and Sikkim (wet with strong
monsoon) (Figure 1).

Remote sensing method for regional timberline
mapping

Satellite images of Landsat 8 (multispectral, spatial reso-
lution of 30 m) were used to generate regional-scale tim-
berline maps. For a fine-resolution mapping of watershed,
two different high-resolution satellite images were used
(see Latwal ef al.'” for details).

Surface temperature lapse rate

To estimate TLR, ten portable ONSET HOBO Pro-V2
microbloggers and six RG-200 tipping bucket rain gauges
(Global Water make; 8” dia.) were installed along an
elevation gradient from 1500 to 3680 m at N-W and S-E
of Tungnath, Uttarakhand (see Joshi ez al.'® for details).

Vegetation along elevation gradient leading to
timberline

The selected altitudinal transects (e.g. 2200-3800 m in
Kashmir) were divided into 100 m elevation bands (e.g.
17 in Kashmir). Three plots of 50 X 50 m area each were
established in each of these altitudinal bands. In each
such plot ten (10 x 10 m) quadrats for trees, 20 (5 X 5 m)
for shrubs and 40 (1 X 1 m) for herbs were laid randomly
for vegetation sampling'’ .

Phenology

Phenological observations on various phenophases were
made on five species (Abies spectabilis, Betula utilis,
Quercus semecarpifolia, Rhododendron arboreum, and
Rhododendron campanulatum) at a monthly interval®.

37°N —T

72°E

Jammu &
Kashmir

Indian Himalayan States
with Timberline

Daksum-Santhan Top (DST,
Jammu & Kashmir)
Non-monsoonal with low
annual precipitation and moist
pre-monsoon

State Average 900 mm

Chopta-Tungnath (CTS),
Uttarakhand

Monsoonal with dry pre-
monsoon season

State Average 1549 mm

Yaksum_Dzongri (YD),
Sikkim

Moist pre-monsoon and dry
winter

-State Average 2684 mm

Figure 1. The three timberline study sites covering much of the range
of variation across the Himalayan Arc, and representing three preci-
pitation regimes (courtesy: Subrat Sharma, GBPNIHESD, Almora).

CURRENT SCIENCE, VOL. 120, NO. 5, 10 MARCH 2021



NATIONAL MISSION ON HIMALAYAN STUDIES

88°30'0"E

SIKKIM

Timberline derived from Landsat 8

28°0'0"N

27°300'N

28°0'0"N

27°300'N

Timberline length (Km)
Jammu & Kashmir Himachal Uttarakhand Sikkim

States

Ul 3297.33

3255155

2834.50  730.42

0 5
- .

10 20 30 40

Km

88°00°E
Figure 2.

Tree water relation

Tree water potential (), pressure volume curves and leaf
conductance were measured on five representative
individuals of each of the selected tree species across the
seasons” .

Tree ring width chronology

This was based on about 300 tree core samples from 153
silver fir trees at Tungnath. Apart from this, 125 fir trees
were measured for GBH to assess the girth class distribu-
tion™”.

Early snowmelt effect

To determine the effect of snow on vegetation, we
selected two slopes with different snow cover: (i) 70—
80% cover, referred to as high snow cover (HSC), and (ii)
30—-40% cover, referred to as low snow cover (LSC). The
snow cover lasted for at least 20-25 days longer in the
HSC site than the LSC site™.

Livelihood interventions

We conducted interviews at the household level, Focus
Group Discussions (FGDs), individual interviews, meetings
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A view of highly curving and twisting timberline in the Himalaya derived from LISS IV (5.8 m spatial resolution).

and discussions with village representatives to collect
information regarding the dependence of people on forest
resources. Compact areca approach was adopted for
implementation of livelihood interventions, and to gear
up activities for entrepreneur development and ensuring
market access’*. Based on PRA, FGDs and discussions
with allied stakeholders, the main options were catego-
rized.

The cost-benefit analysis of each intervention (at a
demonstration scale) was worked out®’. The interventions
were: off-season vegetable cultivation under polyhouses,
vermin-composting, floriculture, rainwater harvesting,
mushroom cultivation, training for making modern ringal
handicraft, etc.

Results and discussion
Timberline mapping

As revealed by mapping with remote sensing techniques,
a timberline at the regional scale is a long, highly
curved line, full of turns and twists. However, much of
the total length occurred within the mid-elevation
ranges: 80.2% and 74.9% within 3200-3800 m in HP and
UK respectively, and 82.7% within 3600—4200 m in
Sikkim.
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Table 1.

Various frontline species of timberline of Tungnath, Uttarakhand

Elevation (m)

Treeline type Mean SD Minimum  Maximum Length of treeline segment (km)
Quercus semecarpifolia dominance 3137 49 3068 3226 0.52
Abies pindrow dominance 3252 62 3068 3320 2.62
Quercus semecarpifolia and mixed broadleaf 3255 24 3205 3310 1.46
Birch and mixed broadleaf 3306 25 3257 3350 1.62
Rhododendron arboreum and birch 3340 65 3185 3460 1.69

There was a tendency of increase in timberline eleva-
tion from the west to east. For example, the proportion of
the total timberline length occurring in a relatively higher
elevation band (3800—4000 m) was 4.1% in HP, 15.8% in
UK and 31.6% in Sikkim.

Micro-level species distribution at Tungnath,
Uttarakhand

In Tungnath timberline—treeline ecotone the tree species
were Abies pindrow, Abies spectabilis, Quercus semecar-
pifolia, Betula utilis, Rhododendron arboreum, R. cam-
panulatum, Sorbus foliolosa, Prunus cornuta, Acer
caesium and Viburnum grandiflorum. Each of them be-
came frontline tree species at some sites. The upper limit
of B. utilis—R. arboreum community was 3503 m (Table
1). Sorbus foliolosa (3286-3507 m), a small tree (3—5 m
high) and R. camapnulatum, a krummholz species seem
to take advantage of the warming as their seedlings and
saplings often occurred beyond timberlines and treelines.

The length of timberline segment (tls) varied from
0.52 km for Q. semecarpifolia to 2.62 for A. pindrow
(Table 1). These segments were zig-zag, running across
352 km (3068-3460 m) within a small area of a few
square kilometres. The mean elevation range of timber-
line varied from 3137 m for Q. semecarpifolia to 3340 m
for mixed R. arboreum—B. utilis ecotone. Above the tim-
berlines, trees occurred over varying elevation, ranging
between 94 and 221 m; these can be denoted as the eleva-
tion widths of treeline ecotone. In Sikkim, the elevation
width of treeline (4. densa-dominated) was from 0 to
155 m (ref. 26).

Surface temperature lapse rate

Detailed analysis of observed data from Tungnath shows
that mean annual TLR was distinctly lower (—0.53°C/
100 m) than the commonly used value (—0.65°C/100 m)'¢.
It is likely that TLR has decreased recently because of
global warming, which causes enhanced -elevation-
dependent warming (EDW; according to this, the warm-
ing rate is greater in higher elevation areas than lower
elevation areas). TLR varies significantly with season,
being much lower in December (-0.24°C/100 m) than
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during pre-monsoon (March—-May, —0.64°C/100 m) and
other months. TLR also changes with aspect, being lower
in the warmer south aspect than cooler north aspect, and
higher for maximum than minimum temperature (Figure
3). The lower TLR for minimum temperature could
be related to more EDW. The low TLR might have
accounted for high treelines in the Himalaya.

Using —0.53°C TLR rate we estimate that treeline can
go approximately up to 4000 m which is higher than the
summit height. Thus, the entire alpine meadow at Tung-
nath will be converted into forest if climatic timberline
could be attained.

Vegetation along elevation gradients leading to
timberline ecotone

Kashmir: The vegetation of the entire elevation transect
(2200-3700 m) consisted of 441 plant species, with eight
tree species, one liana, 20 shrubs, and sub-shrubs and 218
herbs (Table 2). Among lower plants there were 33 pteri-
dophytes, four liverworts, 35 mosses and 155 lichens (70
crustose, 71 foliose, 7 fruticose and 7 leprose). The total
plant species richness (per 100 m elevation band) as well
as of various groups tended to show a wavy pattern, and a
marginal decline with altitude (Figure 4 a). Lichens
formed a sloping broad plateau from 2400 to 3600 m; in
this most species had broad elevational range, resulting in
a constantly high species richness (from 38 to 52 spe-
cies). In contrast, there were 46 herb species confined to
a single 100 m elevation band; they are likely to be most
threatened by climate change.

The total species number as well as the species number
of various taxonomical groups declined monotonically
from closed forest to alpine meadow (Figure 4 b). The
total species count was 294, 232 and 170 in closed forest,
timberline ecotone and alpine meadow sections respec-
tively (Figure 4 a).

Uttarakhand: There were 1471 species with 106 trees,
233 shrubs and 1132 herbs in the three study elevation
transects (2000-3500 m). A majority of these species
(203, 52.5%) were Himalayan natives of which 39.1% are
near-endemics to the Himalaya. Nativity across life-forms
was 47.4% for herbs, 59.3% for trees and 68.2% for
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Figure 3. Annual cycle of maximum, minimum and mean temperature lapse rate (TLR) on NW aspect.

Table 2.

Species richness and total tree basal area in high-elevation regions approaching treeline at the three study sites. Site-specific features

and species counts in elevation transects are also mentioned

Kashmir

Uttarakhand

Sikkim

Daksum-Sinthon top
transect, 33°36"43”N,
75°26’6"E; 2200-3800 m
(within 40 km); 12.8°C,

Elevational transect-name,
elevation, latitude,
longitude, mean annual
temperature, and annual

Tungnath—Chopta Tungnath (CT)
transect, 30°30776”-30°27'59”N,
79°05°59”-79°16"55”E; 2000~
3500 m. At 3300 m (timberline

Yuksum—Dzongri transect, 3000-4000 m

Khangechendzonga National Park (KNP),
Sikkim, 27°03'41”-28°7'34"N,
88°0340”-88°57"19”E; 5.68° £ 1.79°C

precipitation

Total species

and 1035 mm

A sloping, wavy plateau

ecotone); 6.7 £ 0.7°C, and
2410 mm

and 1021 + 157.01 mm

Overall, a declining pattern with elevation

with peaks and three
troughs; the highest
peak of 139 species at
2500 m

8; hump-shaped, wavy
curve, peak at 2400 m;
then sharp decline

20; tends to increase with
elevation, with three
troughs and four peaks

218 (including meadows);
wavy with four peaks
and three troughs, a mild
increase with elevation

Total tree basal area -

Tree

Shrub

Herb

24-29; a little hump at 2500 m in
a declining species richness

26; increases with elevation
almost monotonically

138; increases with elevation,
but with more scatter

67.0-74.8 m*ha' between 2400
and 2800 m; 43 m® ha! at
3200 m elevation

(R?=0.74)

23; a sloping plateau from 3000-3800 m,
which it declines rapidly; overall pattern is
declining

22; peaks at 3200 m; thereafter declines
up to 3400 m, followed by a plateau

64; concave curve with at least two troughs
in the middle (at 3300 and 3500 m)

Peak 52.5 m* at 3200 m, with mean of
19 m?ha™' for the entire elevation range,
3000-4000 m

shrubs. While the number of woody species declined
sharply with increasing elevation, the number of herb
species was relatively stable along the elevation gradient.
The altitudinal decrease of species/genera ratio (S/G) in
case of trees in the study area may imply their phylo-
genetic over-dispersion towards higher altitude. On the
contrary, the increasing S/G ratio of shrubs and herbs
towards higher altitude implies phylogenetic clumping,
indicating that diversification within the genera is more
intense.

At the local level, 55 taxa with recorded low abun-
dance and narrow ecological amplitude deserve greater
attention for conservation®’.
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Sikkim: The widest elevation range was observed for
A. densa (3000-3900 m) and S. microphylla (3100-
3989 m)'®. In contrast, R. fulgens was confined to the up-
per end of the forest range. Tree species richness declined
monotonically along the elevation gradient, with a small
hump at 3400 m (Figure 5).

In Sikkim, treeline ecotone was studied in detail by
sampling nine contiguous sites. It indicated that 4. densa,
S. microphylla and R. lanatum occurred at all the sites
(Figure 6). In total, ten tree species occurred in the eleva-
tional transect, of which six were of rhododendrons.
Compared to this, Kashmir and UK sites, with four and five
tree species respectively, were much less species-rich.
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Figure 5. Elevational range of tree species across the subalpine forest of Khangchendzonga National Park (KNP), Sikkim.

Interestingly, birch was absent in the KNP site of Sikkim, 218 species), while trees followed an opposite trend
and R. campanulatum occurred only occasionally. (Table 2).

Across the three study regions, shrub species number In Sikkim, Ericaceae with 19 species was the most
ranged between 18 and 26. The herb species number in- common family, while in the western Himalaya Composi-
creased from east (Sikkim, 64 species) to west (Kashmir, tae was the most important™,
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A.densa, S.microphylla, R.lanatum occurs on all 9 sites; Prunus rufa on 8 sites; R.wightii on 6 sites;
R.hodgsonii, R.fulgens on 2 sites and R.thomsonii, R.arboreum, P.villosa on 1 site.

Figure 6. Average tree species importance value index (sum of relative frequency, density and basal area)
across nine contiguous sites in KNP located within a distance of 20 km (ref. 26). Abies densa (up to 40 m) is a tall
canopy species and the remaining species are short, viz. <10 m.
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Figure 7. Distribution of tree basal area (TBA) across an altitudinal
transect from mid-elevation forest to timberline in Uttarakhand, India.

Tree density and distribution of seedlings and
saplings

The average tree density (1504 ha') in treeline site of
Sikkim of the present study was similar to that reported
for another Sikkim site, 2800-3800 m transect (1634 ha )
by Acharya et al”’, and was much higher than in the
Western Himalaya (546728 ha')***'. The high tree den-
sity in Sikkim could be largely due to the abundance of
rhododendrons and other species with small trees. This is
also indicated by much lower tree basal area in Sikkim
(average 19.02 m®ha') than in the Western Himalaya
(43 m” ha ' up to 3200 m). In Tungnath transect of Utta-
rakhand where there were several old-growth oak and fir
forest stands, the tree basal area ranged between 67 and
75 m* ha ' at 2400-2800 m elevation (Figure 7).

At Sikkim site seedling density decreased rapidly
above 3800 m, and at 4000 m elevation it was merely
331.3 ha ' compared to the average of 3036 ha ' for the
entire elevation transect. The difference was similar for
saplings (360.0 ha' at 4000 m and 1601 ha ' average of
the elevation transect) and trees (306.7 ha' at 4000 m
and 1504 ha' average of the elevation transect). In
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Uttarakhand, seedling density was relatively lower
(generally below 2000/ha), and it declined rapidly with
elevation.

Sampling of saplings and seedlings indicated a ten-fold
decline in their numbers above 3800 m. The lack of rege-
neration due to grazing seems to be a limiting factor for
the upward march of treeline.

Patterns in timberline vegetation along the
Himalayan Arc

From data collected for 145 timberline/treeline sites, the
following features are apparent: (i) The compilation of
data from various sources indicates the presence of 10
genera and 58 tree species in the Himalayan timberline
ecotone. However, there is confusion about synonyms
and species identification; so this number needs more
authentication. (ii) The most commonly occurring genera
are Juniperus (at 77 sites), Rhododendron (at 62 sites),
Betula (at 53 sites) and Abies (at 48 sites). Occurring at
53 sites, Betula utilis (Himalayan birch) emerged as the
characteristic tree species of the Himalayan treeline in
much of the western and central regions. (iii) The Hima-
layan treeline is not only very high (Juniperus tibetica at
4900 m, the highest in the Northern Himalaya), but
also widely ranging in elevation (>1700 m), indicating
that at many sites it is depressed possibly because of
livestock grazing, and other anthropogenic and topo-
graphical factors. (iv) Timberline elevation tends to
increase from NW to SE along the Himalayan Arc for
most species. (v) Himalayan timberline is generally high-
er in the warmer south aspect than cooler north aspect.
(vi) Himalayan timberline is higher in the central part of
ranges than towards peripheral areas. All treeline forms
described in the literature, abrupt, diffuse, finger and
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Figure 8.
Kashmir, Uttarakhand and Sikkim).

island types occur in the Himalaya. However, a form may
change within a treeline segment. For example, in Sikkim
an A. densa-dominated treeline was abrupt type in one
part and diffuse type in another part.

In Kashmir site, the treeline was 100 m higher in the
south aspect than the north aspect. Here, the effect of
aspect could also be seen on the ecotone species. In the
moist northern aspect from lower to higher elevation,
species pattern was as follows: fir alone, fir and birch
mixed, and birch alone, while the drier southern aspect
had fir and blue pine (Pinus wallichiana) (Figure 8). The
number of tree species in the timberline ecotone
increased from NW to SE end of the Himalaya.

Phenology

At Tungnath study site, mean atmospheric temperature
for the growing period (July—September) has increased by
about 1°C (@ 0.11°C/yr) during the last two decades
(between 1990-97 and 2017). The mean growing season
temperature at treeline (11.2°C) was much higher than
that ascribed to climatic treeline (6.7°C). Soils were cooler
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Representation of timberline and treeline species and their elevations in three study sites of Himalayas (Jammu and

than air temperature, and the difference between their
temperatures increased during autumn from the lowest in
August (Figure 9).

Comparison with mod-elevation sites

At Tungnath, maximum temperature occurred in August,
compared to June in mid-elevation forests. The effect of
delay in the time of maximum temperature can be seen in
the delayed leaf initiation in treeline ecotone. A compari-
son of leaf and shoot growth of Quercus spp. and R. ar-
boreum between the mid-altitude forests of this region
and Tungnath site shows that bud-break and leafing take
place about 4—6 weeks earlier at the mid-altitude site®*.
The leaf expansion within the first month of leafing in
these species was conspicuously greater at the mid-
altitude site (83% versus 43% in Quercus spp., and 76%
versus 49% in R. arboreum). A shorter shoot extension
period (2—5 months versus 4—6 months) and lower shoot
growth at the treeline ecotone for Quercus spp. and R.
arboreum than at the mid-altitude site (mean shoot
length = 5.6 cm versus 9.5 cm) were the other striking
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Figure 9. Air and soil temperature across the study period in 2017 in a Betula utilis (birch) forest stand.

features of shoot growth phenology. Leaves were more
densely packed along shoot length at treeline species (0.8
versus 1.2 leaves/cm shoot length).

Treeline species at Tungnath were relatively poor in
leaf N at mature stage than the mid-altitude forest trees
(2.5 versus 1.7%)*. Studies conducted elsewhere have
shown that nutrient concentration in the soil and trees de-
creases with increasing elevation in treeline ecotone™,
and this might explain why treeline shift and global
warming are decoupled”. Our data also show that both
soil nutrients (total N, R*>=0.30; and organic carbon
(OC), R*=0.223) and foliar N decreased with increasing
elevation though the relation was weak, indicating
nutrient conservation strategy of R. campanulatum in
poor site conditions. The treeline soil OC concentration
was much higher than that reported for mid-altitude
forests of this region (range =0.8-3.3%). Soil organic
carbon stock has been reported to be the highest for B.
utilis across a variety of temperate forests of the Kashmir
Himalaya™.

Rate of Rhododendron campanulatum upward
movement

In the studied elevation transect of Tungnath site (3511—
3665 m amsl), a total of 17 adult individuals and 36
seedlings of R. campanulatum were found growing in
2017. About half of the R. campanulatum adult individu-
als had seedlings around their canopies. Taking the mean
distance of seedlings from the mother tree (average
2.8 m; ranges = 0.50—4.72 m) and mean age of the seedl-
ings (from 2 to 9 yrs; mean = 3.9 yr; determined by the
number of internodes) the rate of upward advancement of
R. campanulatum population was computed at 1.4 m/yr.
The interspaces between the krummbholz patches are gen-
erally being filled by regenerating individuals, which
may lead to the densification of ecotone in future. How-
ever, treeline has not moved up in spite of decades of
warming.
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Tree water relation

The timberline (TL) forest soils were more moist than
soils of mid-elevation sites (MES). The pre-dawn water
potential (‘Wpq) in the TL sites generally remained above
—1.0 MPa, while values below —1.0 MPa were common in
MES. At TL sites, snowmelt keeps the soil moist during
pre-monsoon season (April and May), while it is generally
stressful in MES because of warm temperature and scanty
rainfall (less than 10% of annual rainfall).

At TL the magnitude of daily change in ¥ of trees was
significantly higher (from 1.07 to 1.22 MPa) than at low
elevation sites (from 0.41 to 0.75 MPa). This indicates
that TL species tend to keep their stomata more open and
conduct leaf water more freely than ME species.

The TL species differed from ME species also in sea-
sonal pattern of daily change of water potential. In all TL
species, AY was maximum during the rainy season which
is the time when ME species have little AY,, (average
across four species, 0.16 MPa). This is reflected in the
rainy season soil water potential, which was 0.37 MPa for
ME sites, and between —1.28 and —1.60 for TL sites. AY
generally peaked when ¥, was above —-0.5 MPa and
tended to decline with decreasing ¥,q. However, 4. spec-
tabilis could maintain a A¥ of 1.19 MPa when ¥4 was
—1.12 MPa at TL sites. In a study in Nepal on Q. seme-
carpifolia, the daily change in AY was reported to be
0.77 MPa at ¥,q —0.40 MPa. Fotelli et al.’” have reported
AY values up to —1.5 MPa in Mediterranean oaks during
drought. The TL species differed from each another in the
extent and timing of osmotic adjustment.

Interestingly, TL species maintained a relatively higher
level of leaf conductance during the rainy season. The
morning leaf conductance across all seasons and species
of the treeline areas ranged between 28.75+ 1.45 and
329.2 + 8.98 mmol m *sec .

Among oaks, maximum conductance for Q. semecarpi-
folia was lower than that reported for Q. leucotricho-
phora and Q. floribunda, the mid-elevation oaks®™*’ and
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much lower than for the deciduous oak Q. rubra
(400 mmol m~sec )*. Some other oaks maintain high
conductance with low water potential. For example, Q.
dumosa (L.) has a conductance of 80 mmol m?sec™' at
—3.34 MPa (ref. 41), Q. coccifera (L.) has a conductance
of 150 mmol m*sec™' at —=3.0 MPa, and O douglasii has a
conductance of >200 mmol m*sec”' at —3.6 MPa (ref.
42). B. utilis appears to make maximum use of the late
spring and summer season, and maintains a high morning
leaf conductance. In R. arboreum the morning conduc-
tance ranges between 44.43+1.15 and 216.0x
3.79 mmol m*sec”' which is comparable with the range
28-219 mmol msec”' reported by Poudyal et al.*’ and
Tewari** from the lower Himalayan sites.

Tree ring width chronology

The tree ring study on silver fir (4. spectabilis) indicates
the absence of recruitment during the past four decades
of rapid warming. Rai er al.** also reported the absence of
natural regeneration of silver fir community above the
forest limit. This is contrary to recent treeline advance-
ment reported from some Himalayan sites in India*®*’
and Nepal**%%

Grazing by herbivores has been taken as an important
determinant of treeline position and tree growth and pop-
ulation structure elsewhere’®”' and could be a potentially
important factor in the mesic area as young Abies indi-
viduals have some forage value and may be susceptible to
grazing by wild and domestic herbivores™. In a study in the
Swiss Alps, land abandonment was reported to be the
principal driver of treeline rise, and only a small fraction
of upward shift was reported to be due to climate
change™.

The tree-ring width in fir was positively correlated
with winter (December—February) temperature, and nega-
tively correlated with temperature of the pre-monsoon
month, i.e. May. However, pre-monsoon (April-May)
precipitation had a favourable effect on tree-ring growth,
indicating that pre-monsoon warming could favour
growth when it is accompanied by moisture. The positive
response of tree growth to winter temperature observed in
this study is similar to growth behaviour in some other
sites of the Himalaya, viz. Western Himalaya*"**, Nep-
al®>° Sikkim®’ and Tibet’®>®. Favourable influence of
winter temperature on growth of an evergreen species is
rather contrary to general understanding, which dismisses
any role of winter temperature as a factor controlling
treelines®. There are also data from several sites from
other mountain regions to indicate that winter warming is
a driver of the upslope advance of treeline®’. The
increased temperatures in winter and early spring might
favour photosynthesis and other physiological activities
that lead to early initiation of cambium formation and
division®*®. Observations of the present study on tree
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water relations indicate that the trees actively conduct
water, withdrawing soil water from deeper unfrozen soil
during relatively warm hours of sunny days.

Early snowmelt effect

Plant growth period (period from the beginning of growth
to the time when about 80% of plant shoots have
senesced) was about 5—-6 months from about mid-April to
mid-October. This is longer for a mountain region of
warm temperate latitudes. Even within 5-6 months
growing period, growth initiation in the species was stag-
gered.

The total species number in the study area of Tungnath
site increased as the growth period progressed from 44 in
May to 80 in September. The peak species richness in
early snowmelt microsites (average 21.8 + 0.4 species m )
was significantly higher than in the late snow melt micro-
sites (average 17.6 + 0.6 species m ), indicating the posi-
tive effect of longer and favourable growth period on
species diversity. The plant growth in treeline and alpine
areas is influenced by the timing of snowmelt, post
snowmelt temperature and soil moisture®®. In Tungnath,
temperature is becoming warmer due to global change
and soil moisture is constantly high during this
period'®?'. Sites where snowmelt occurs earlier, are more
productive and species-rich than those where snowmelt is
delayed®

Livelihood interventions

The timberline ecotones and their nearby areas in Central
Himalaya remain under anthropogenic pressure due to the
resource use by people, often resulting in an ecosystem
degradation. There is evidence to indicate the local
extinction of birch from a shrine. In the Chopta—Tungnath
treeline ecotone area, livelihood options for local com-
munities are limited, and largely based on natural biota.
Still the consumption of firewood is very high in the
study area, averaging 7-8 tonnes fuelwood per household
annually. In shops/restaurants serving tourists and local
people, consumption goes up-to 10-14 tonnes fuelwood
per year. The summertime religious tourism accounts for
about 47% of income of the studied households (882 nos)
of timberline-linked villages. Among the non-farm
sources, the second major share was of business/self-
employment (income of about 33.8% with engagement of
31.25% households) connected to tourism. Of the various
livelihood interventions carried out in two timberline
villages, off-season vegetable cultivation in polyhouses
was the most favoured (adopted by 120 families), fol-
lowed by mushroom cultivation. About 1600 kg of vege-
tables and 60 kg of Pleurotus mushroom worth INR
35,000 and 42,000 respectively, were produced. Cultiva-
tion in polyhouses gives protection against climate
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extremes, which are on an increase in the high and remote
Himalaya.

adversely affected by intensified pre-monsoon drought
under the influence of global warming®.

Conclusion and management implications

Though evidences for the upslope movement of
treeline at the study sites (Kashmir, Uttarakhand and
Sikkim) are lacking, densification of treeline ecotone and
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