
ESDD
5, 1407–1461, 2014

Do Himalayan
treelines respond to

recent climate
change?

U. Schickhoff et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Earth Syst. Dynam. Discuss., 5, 1407–1461, 2014
www.earth-syst-dynam-discuss.net/5/1407/2014/
doi:10.5194/esdd-5-1407-2014
© Author(s) 2014. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal Earth System
Dynamics (ESD). Please refer to the corresponding final paper in ESD if available.

Do Himalayan treelines respond to recent
climate change? An evaluation of
sensitivity indicators

U. Schickhoff1, M. Bobrowski1, J. Böhner1, B. Bürzle1, R. P. Chaudhary2,
L. Gerlitz1, H. Heyken1, J. Lange3, M. Müller4, T. Scholten4, N. Schwab1, and
R. Wedegärtner4

1CEN Center for Earth System Research and Sustainability, Institute of Geography,
University of Hamburg, Hamburg, Germany
2Research Centre for Applied Science and Technology, Tribhuvan University,
Kathmandu, Nepal
3Institute of Botany and Landscape Ecology, University of Greifswald, Greifswald, Germany
4Institute of Physical Geography and Soil Science, University of Tübingen, Tübingen, Germany

Received: 5 September 2014 – Accepted: 12 September 2014 – Published: 23 October 2014

Correspondence to: U. Schickhoff (schickhoff@geowiss.uni-hamburg.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

1407

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/5/1407/2014/esdd-5-1407-2014-print.pdf
http://www.earth-syst-dynam-discuss.net/5/1407/2014/esdd-5-1407-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
5, 1407–1461, 2014

Do Himalayan
treelines respond to

recent climate
change?

U. Schickhoff et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Climate warming is expected to induce treelines to advance to higher elevations. Em-
pirical studies in diverse mountain ranges, however, give evidence of both advancing
alpine treelines as well as rather insignificant responses. The inconsistency of find-
ings suggests distinct differences in the sensitivity of global treelines to recent climate5

change. It is still unclear where Himalayan treeline ecotones are located along the
response gradient from rapid dynamics to apparently complete inertia. This paper re-
views the current state of knowledge regarding sensitivity and response of Himalayan
treelines to climate warming, based on extensive field observations, published results
in the widely scattered literature, and novel data from ongoing research of the present10

authors.
Several sensitivity indicators such as treeline type, treeline form, seed-based regen-

eration, and growth patterns are evaluated. Since most Himalayan treelines are anthro-
pogenically depressed, observed advances are largely the result of land use change.
Near-natural treelines are usually krummholz treelines which are relatively unrespon-15

sive. Nevertheless, intense recruitment of treeline trees suggests a great potential for
future treeline advance. Competitive abilities of seedlings within krummholz thickets
and dwarf scrub heaths will be a major source of variation in treeline dynamics. Tree
growth-climate relationships show mature treeline trees to be responsive to temper-
ature change, in particular in winter and pre-monsoon seasons. High pre-monsoon20

temperature trends will most likely drive tree growth performance in W and central Hi-
malaya. Ecological niche modelling suggests that bioclimatic conditions for a range
expansion of treeline trees will be created during coming decades.
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1 Introduction

Since treeline advance to higher elevation results in substantial physiognomic, struc-
tural and functional changes of mountain landscapes and ecosystems, sensitivity and
response of alpine treelines to climate change has recently seen considerable re-
search (Holtmeier, 2009). Strong general links between climate parameters and tree-5

line position and repeated climatically caused treeline fluctuations during the Holocene
(MacDonald et al., 2000; Tinner and Theurillat, 2003; Reasoner and Tinner, 2009) sug-
gest treelines to be sensitive to and useful indicators of climatic changes (cf. Slatyer
and Noble, 1992; Kullman, 1998; Theurillat and Guisan, 2001; Grace et al., 2002;
Fagre, 2009; Kullman and Öberg, 2009; Smith et al., 2009). Generally, global warming10

is expected to cause upper treelines to advance to higher elevations since, at a global
scale, the position of natural alpine treelines is controlled mainly by heat deficiency,
i.e. insufficient air and soil temperatures during growing season (Körner and Paulsen,
2004; Holtmeier and Broll, 2005, 2009; Holtmeier, 2009; Körner, 2012a; Paulsen and
Körner, 2014). The general agreement of the thermal limitation of treeline positions15

may not, however, hide the fact that there is an ongoing controversial debate on the
relevance of various specific abiotic and biotic drivers (e.g. carbon and nitrogen uptake
and investment, nutrient availability, soil moisture, species dispersal and recruitment,
plant morphology, self-organization) influencing tree growth at its upper limit (e.g. Hoch
et al., 2002; Smith et al., 2003; Dullinger et al., 2004; Holtmeier and Broll, 2007; Wieser,20

2007, 2012; Bansal et al., 2011; Hoch and Körner, 2012; Körner, 2012a, b).
The current state of knowledge on treelines has been acquired by a wealth of re-

search efforts that can be differentiated into two major conceptual approaches operat-
ing at different spatial scales (cf. Malanson et al., 2011). Studies exploring fundamental,
global-scale causes of treelines, often characterized by a strong focus on limitations to25

tree growth from an ecophysiological perspective, can be referred to as the “global ap-
proach”. Other studies attempt to understand finer-scale (landscape-scale, local-scale)
causes of treelines and variations in spatial and temporal patterns. The focus here is
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on landscape patterns, in particular on the effects of topography and other site condi-
tions and on treeline history. Such studies can be subsumed under the term “landscape
approach”. Both research lines have contributed significantly in recent years to answer-
ing the key question of treeline response to recent climate change. This response will
not linearly follow altitudinal shifts of isotherms, but vary according to the interaction of5

broad-scale controls (global/regional temperature) and fine-scale modulators of tree-
line patterns (Holtmeier and Broll, 2005, 2007, 2009; Holtmeier, 2009; Malanson et al.,
2011). It has thus become routine to take the scale-dependency of drivers controlling
treeline patterns into account (Malanson et al., 2007; Danby, 2011). As treeline het-
erogeneity increases from global/regional to landscape and local scales, an increasing10

number of factors and their interactions have to be considered. Effects of varying to-
pography on local site conditions, spatially and temporally variable soil physical and
chemical properties, after-effects of historical disturbances (extreme events, fire, insect
pests, human impact, etc.), demographic processes, species-specific traits and/or bi-
otic interactions and feedback systems may override or overcompensate the impact15

of higher average temperatures. It has also to be emphasized that various treeline-
forming species will have different growth and regeneration responses to a changing
climate. In the long-term, treelines will advance under continued global warming, but
not in a closed front parallel to the shift of an isotherm (Holtmeier and Broll, 2005, 2007;
Malanson et al., 2011; Körner, 2012a).20

The response of treelines to observed climate warming is indeed inconsistent. A re-
cent meta-analysis of treeline response to climate warming, based on a global dataset
of 166 sites for which treeline dynamics had been reported since AD 1900, showed
advancing treelines at 52 % of the sites, while 47 % did not show any elevational shifts,
and only 1 % showed treeline recession (Harsch et al., 2009). Treelines with higher25

rates of winter warming were more likely to show advance. At many treeline sites in
old-settled mountain regions, however, effects of climate warming interfere with those
of land use changes (e.g. Bolli et al., 2006; Vittoz et al., 2008; Rössler et al., 2008).
Gehrig-Fasel et al. (2007) found land abandonment to be the most dominant driver for

1410

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/5/1407/2014/esdd-5-1407-2014-print.pdf
http://www.earth-syst-dynam-discuss.net/5/1407/2014/esdd-5-1407-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
5, 1407–1461, 2014

Do Himalayan
treelines respond to

recent climate
change?

U. Schickhoff et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

recent tree line shifts in the Swiss Alps, and attributed only a small fraction of upward
shifts to climate change. Some studies documented substantial treeline advances dur-
ing the twentieth century. Most authors trace it back to climate warming, not always
disentangling the effects of land use and climate change. Treeline advances of up to
70–100 m (altitudinal meters) were reported from several mountain ranges in the North-5

ern Hemisphere and attributed to climate changes (e.g. Danby and Hik, 2007; Kharuk
et al., 2010; Moiseev et al., 2010). Kullman and Öberg (2009) quantified a maximum
treeline advance of 200 m in the southern Swedish Scandes. Other recent empirical
studies reported enhanced tree growth, tree establishment and infilling of gaps within
the treeline ecotone during recent decades (e.g. Rolland et al., 1998; Camarero and10

Gutiérrez, 2004; Daniels and Veblen, 2004; Dalen and Hofgaard, 2005; Wang et al.,
2006; Kullman, 2007; Roush et al., 2007; Akatov, 2009; Liang et al., 2011). Locally in-
creasing numbers of tree seedlings above the current upper tree limit, occasionally far
above, are reported from many mountain ranges (e.g. Kullman, 2008; Hofgaard et al.,
2009).15

The above cited treeline studies give evidence of both advancing alpine treelines and
rather insignificant treeline responses to climate warming. The inconsistency of find-
ings suggests significantly differing sensitivities of global treelines to climate changes.
It is known that climate operates at a broad spatial scale and typically exerts a top-
down control on local ecological patterns and processes at the treeline (Batllori and20

Gutiérrez, 2008; Elliott, 2011). It is widely unknown, however, how local-scale site con-
ditions (abiotic site factors, plant interactions associated with facilitation, competition,
feedback systems) can modify the treeline response to region-wide climate warming
inputs. Thus, it remains unclear how abiotic and biotic factors and processes interact
to govern sensitivity and response of the treeline at landscape and local scales (cf.25

Holtmeier and Broll, 2007; Malanson et al., 2007; Batllori et al., 2009; Smith et al.,
2009). Recent studies based on a global treeline dataset suggest a close link be-
tween treeline form (spatial pattern) and dynamics. Harsch et al. (2009) and Harsch
and Bader (2011) consider treeline form (diffuse, abrupt, island, krummholz) to be an
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indicator of controlling mechanisms and response to climate change. They found the
majority of diffuse treelines and about one third of krummholz treelines to be advanc-
ing, and abrupt and island treelines to be rather stable. The disjunction of mechanisms
and environmental conditions primarily associated with different treeline forms seems
to explain this pattern. However, given the nonlinear responses to climate warming5

caused by various local-scale modulators and their interactions, numerous limitations
remain to use treeline form to predict treeline dynamics. In order to analyse the role
of local-scale processes in mediating the broader-scale climate inputs, and to improve
the model-based prediction ability regarding changing spatial treeline patterns, com-
plex research approaches at local and landscape scales and in different treeline en-10

vironments are required, focusing on treelines where human impact is negligible and
has not resulted in treeline depressions.

Identified research deficits regarding the sensitivity and response of alpine treelines
to climate change apply in particular to the Himalaya. While numerous treeline research
programs have been carried out in European and North American mountains, related15

research is still in its infancy in the Himalaya. A recent review of geographical and
ecological aspects of the treeline ecotone in the Himalayan mountain system revealed
considerable research deficits, in particular with regard to responses to climate change
(Schickhoff, 2005). Considering the sensitivity of mountain biota and ecosystems to
environmental change on a global scale (e.g. Grabherr et al., 2010; Schickhoff, 2011;20

Engler et al., 2011; Laurance et al., 2011; Gottfried et al., 2012) and on a Himalayan
scale (Xu et al., 2009; Shrestha et al., 2012; Telwala et al., 2013; Aryal et al., 2014),
substantial effects on Himalayan treeline ecotones are to be expected. This paper re-
views the current state of knowledge regarding sensitivity and response of Himalayan
treelines to climate warming, presents novel data from ongoing studies, provides ex-25

planations for present findings, and conducts a globally comparative evaluation of Hi-
malayan response patterns.
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2 Geography and ecology of Himalayan treeline ecotones

The Himalayan mountain system occupies a vast territory, extending from Afghanistan
in the NW (c. 36◦ N and 70◦ E) to Yunnan in the SE (c. 26◦ N and 100◦ E). It encom-
passes a geographic relief of enormous dimensions, including the Tibetan Plateau in
the north, all fourteen of earth’s summits above 8000 m, and the outer foothills of the5

Indo-Gangetic Plain in the south. As indicated by the vegetation of its immediate fore-
lands, the Himalaya crosses several horizontal climatic zones. Subtropical semi-desert
and thorn steppe formations in the NW are replaced by tropical evergreen rainforests
in the SE along a pronounced gradient of increasing humidity. A steep gradient of de-
creasing humidity is developed across the mountain system from S to N. The staggered10

mountain ranges act as climatic barrier for moisture-bearing monsoonal air masses,
and cause a sharp decline in precipitation in peripheral–central direction. Along this
gradient the densely forested Himalayan south slope strongly contrasts with steppe
lands on the Tibetan Plateau.

According to the complex three-dimensional geoecological differentiation with a high15

diversity of hygric, thermal, edaphic and biotic conditions, Himalayan treeline ecotones
show considerable differences in altitudinal position as well as in physiognomy and
species composition (Schickhoff, 2005). Along the two gradients described above, tree-
line elevations increase in accordance with increasing higher mean annual tempera-
tures at same altitudes (Fig. 1). Along the mountain arc from NW to SE, the latitude-20

related temperature increase causes an upward shift of treelines of about 1000 m. At
the northwestern range limit of monsoon-dependent Himalayan forests (Central Hindu
Kush), treeline elevations reach 3400–3600 m (north-facing slopes). In the northern
mountain ranges of Yunnan and in SE Tibet in the SE, the upper limit of tree growth at-
tains elevations of c. 4600 m in northern aspects. The more or less linear ascent of tree-25

line elevations along the peripheral–central gradient from the Himalayan south slope to
the Tibetan highlands, which can be up to 600 m, is modified at single high-mountain
massifs (e.g. Dhaulagiri and Annapurna Himal) with treelines located at higher altitudes
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than further north. Like in other subtropical high-mountains, treelines considerably vary
in their altitudinal position according to aspect and related topoclimatic differences. Un-
der natural conditions, treelines are usually developed at significantly higher elevations
on south-facing slopes. Anthropogenic disturbances have blurred this general pattern
to a locally different extent since utilisation pressure in southern aspects is dispropor-5

tionately higher (Schickhoff, 2005).
Interestingly, mean summer temperatures are significantly higher in the more con-

tinental NW, the treeline, however, is developed at distinctly lower elevations (Fig. 1).
Extremely low winter temperatures with a long snow cover duration and shorter grow-
ing seasons obviously overcompensate the effects of favourable summer tempera-10

tures. Moreover, the internal preparedness of the predominantly deciduous treeline
tree species in the far NW such as Betula utilis, Salix spp. and of hardy conifers to
build new tissue and accumulate dry matter is delayed compared to the evergreen
Rhododendron species at treelines in the more maritime SE. Increasing treeline eleva-
tions along the peripheral–central gradient (Fig. 1) are related to the combined effects15

of mass-elevation and continentality. As in other extensive mountain massifs, the in-
ner Himalayan highlands provide elevated heating surfaces leading to positive thermal
anomalies compared to marginal ranges or free air, and causes altitudinal vegetation
limits to rise (cf. Flohn, 1968; Yao and Zhang, 2014). The continentality effect exerts an
even stronger influence on treeline elevations (Schickhoff, 2005). Decreasing cloudi-20

ness and precipitation, coupled with higher irradiation and sunshine duration, earlier
snow melt and higher soil temperatures, results in higher temperature sums and a pro-
longed growing season. The peripheral–central gradient culminates in SE Tibet, where
Juniperus tibetica forms the most elevated treeline in the Northern Hemisphere at an
altitude of 4900 m (Miehe et al., 2007).25

The physiognomy of Himalayan treeline ecotones greatly varies depending on slope
aspect. North-facing slopes exhibit a more or less homogeneous physiognomic pat-
tern with closed high coniferous forests giving way to medium-sized broadleaved tree
stands and finally to a krummholz belt, interspersed with single small upright trees.
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Remnant forest stands on south-facing slopes are usually open coniferous forests
that dissolve into isolated patches or single crippled trees over a broad altitudinal
zone. North- and south-facing slopes also show pronounced differences with regard
to treeline-forming tree species. In the NW and W Himalaya, montane and subalpine
vegetation in northern aspects primarily consists of coniferous forests (Abies pindrow,5

Pinus wallichiana, Picea smithiana, Cedrus deodara) which show an increasing pro-
portion of birch (Betula utilis) in the upper subalpine belt and finally turn into a nar-
row band of more or less pure birch stands. Rhododendron campanulatum, Sorbus
spp., and Salix spp. are principal understory species. Further upslope, Betula utilis
and Sorbus spp. grow scattered in a crippled growth form and merge into a Rhodo-10

dendron and/or Salix krummholz belt, which delimits the treeline ecotone and marks
the transition to the alpine belt. Along the NW–SE gradient, increasingly more mar-
itime climatic conditions with strongly decreasing winter cold and higher monsoonal
humidity levels increase the competitiveness of evergreen trees and large shrubs of
the genus Rhododendron (Rh. campanulatum, Rh. barbatum, Rh. wightii, Rh. fulgens,15

Rh. lanatum, Rh. bhutanense, a.o.) which replace the deciduous birch belt in the E Hi-
malaya. Concomitantly, the hardy fir, spruce and pine species give way to other conif-
erous trees in high-altitude forests in Nepal, Sikkim and further to the east. Species
such as Abies spectabilis, Abies densa, Picea spinulosa, Larix griffithiana a.o. ascend
from closed forests in the upper montane and lower subalpine belt into the Rhododen-20

dron-dominated treeline ecotone with uppermost Rhododendron stands turning into
krummholz and Rhododendron dwarf shrubs further upslope (Miehe and Miehe, 2000;
Miehe, 2004; Schickhoff, 2005).

Along the entire mountain arc, Juniperus spp. are the principal treeline tree species
on south-facing slopes. Below the treeline ecotone, coniferous forests (mostly Pinus25

wallichiana forests, in more humid areas even Abies forests) cover southern aspects if
they have not been transformed into grazing lands. Several juniper species (Juniperus
excelsa, J. semiglobosa, J. turkestanica, J. recurva, J. wallichiana, J. indica, J. tibetica
a.o.) are able to grow as upright trees in the subalpine belt, forming stands of varying
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density. Most common are very open woodlands, in particular in the NW Himalaya. In
pasture areas junipers often occur as single isolated individuals. South-facing slopes
often lack a distinct and easily recognizable altitudinal zonation of vegetation mainly
due to excessive human impact. Scattered junipers may change their growth form
from tree to (dwarf) shrub with increasing altitude (e.g. J. indica, J. recurva), and are5

generally less suitable for the delimitation of treeline ecotones. The potential natural
stand structure of juniper groves is hard to reconstruct since south-facing slopes are
strongly modified by human impact for centuries, if not millennia (Miehe, 1990; Miehe
and Miehe, 2000; Schickhoff, 2005).

3 Regional climate change10

The climate of the Himalayan Arc is triggered by the seasonal shift of the major pres-
sure cells over Asia and the adjacent oceans and the accompanying change of large
scale circulation patterns, which lead to a distinct hygric seasonality, referred to as
“monsoon”. Due to the strong establishment of the Asian Heat Low, the summer sea-
son is characterized by a south-westerly flow, originating over the Bay of Bengal, which15

advects moist air masses into the eastern Himalayas and leads to summer precipita-
tion amounts of up to 5000 mm at the windward Himalayan slopes. A minor monsoonal
current from the Arabian Sea transports moist air masses into the western part of the
Himalaya. In contrast the winter climate is determined by a uniform westerly flow. The
upper tropospheric jetstream at the 200 hPa level determines the trajectories of extrat-20

ropical western disturbances, which lead to occasional precipitation events, particularly
in the western Himalaya (Böhner, 2006; Maussion et al., 2013). While the eastern Hi-
malaya receives more than 80 % of the annual precipitation during summer season,
the winter precipitation over the far western parts reaches up to 50 % of the annual
amount. The transition seasons are characterized by mainly dry conditions throughout25

the Himalaya, although infrequent convective precipitation events occur at south facing
slopes (Romatschke et al., 2010).
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On regional and local scales the climate of the Himalaya is distinctly modified by
the vast topography. While the climate of the lowlands and foothills is characterized
by warm conditions throughout the year, the very high elevations stand out due to ex-
tremely cold conditions with temperatures below 0 ◦C even during summer season. The
distinct topographic characteristics lead to varying solar insolation rates and the devel-5

opment of autochthonous local-scale circulation systems, resulting in a rather complex
near surface temperature distribution. The local-scale distribution of precipitation rates
is mainly influenced by wind- and leeward positions and again by topographically in-
duced local scale circulation patterns (Gerlitz, 2014).

Many studies show that high mountain regions are particularly sensitive to climatic10

changes. The enhanced radiative forcing due to anthropogenic greenhouse gas emis-
sions and the albedo-feedback due to shrinking glaciers and reduced snow cover rates
during winter and spring result in an accelerated response to recent global warm-
ing. Observations show that temperature trends over the Himalaya by far exceed the
global mean trend of 0.74 ◦C during the previous century. For high elevations, tem-15

perature trends between 0.6 and 1 ◦C decade−1 were detected (Shrestha et al., 1999;
Liu and Chen, 2000). Based on elevation- and bias-adjusted ERA-Interim reanalysis
data, Gerlitz et al. (2014) analyzed spatial high resolution temperature trends over the
Himalaya for the period since 1989. During winter season, high temperature trends
of up to +0.8 ◦C decade−1 were detected over the eastern Himalaya. In pre-monsoon20

season, high temperature trends were found for the entire Himalayan Arc. Estimated
temperature trends show a clear elevational gradient with maximum values of up to
1 ◦C decade−1 at higher altitudes (Fig. 2). During monsoon season, temperature trends
were found to be reduced throughout the target area. High temperature trends during
post-monsoon season were detected only over the eastern Indus-Ganges lowlands.25

The study further indicates a decrease of frost days (up to −17 days decade−1) in the
Nepal Himalaya at elevations between 3000 and 3500 m. A significant positive trend of
growing degree days was detected for the southern slopes of the Himalaya at eleva-
tions between 2000 and 3500 m (cf. Fig. 2).
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Based on rain gauge observations, negative trends of annual precipitation (up to
20 % for the previous century) over the western Himalaya were identified by Duan
et al. (2006), Bhutiyani et al. (2010) and Jain et al. (2013). This trend mainly results
from decreasing summer precipitation rates after the 1960s, and is associated with
a weakening of the Southern Oscillation and a decrease of temperature gradients over5

southern Asia due to high warming rates over the Indian Ocean during recent decades
(Basistha et al., 2009; Naidu et al., 2009). Long-term trends of winter precipitation rates
are slightly negative, but not statistically significant (Bhutiyani et al., 2010). Particularly
for western Nepal, an enhanced frequency of winter and pre-monsoon drought events
has been reported by Wang et al. (2013). No statistically significant trends of annual10

precipitation rates could be detected for the eastern Himalaya (Jain et al., 2013). In
combination with rising temperatures and accompanying increase of evapotranspira-
tion rates, the decrease of precipitation over the Himalaya very likely leads to enhanced
drought stress, particularly in the pre-monsoon season. Thus, recent climatic changes
will inevitably affect growth patterns and seedling performance at Himalayan treelines,15

albeit to a regionally differentiated extent.

4 Assessing sensitivity of Himalayan treelines

4.1 Susceptibility of treeline types and treeline forms

The occurrence of certain treeline types and treeline forms in a mountainous region
indicates to some extent the susceptibility to respond to changing climatic conditions.20

Treeline types (climatic, orographic/edaphic, anthropogenic) are distinguished in this
paper according to the environmental factors which control their altitudinal position (cf.
Holtmeier and Broll, 2005). Climatic treelines are caused mainly by heat deficiency
and, in extratropical regions, the duration of the growing season. It is the common
alpine treeline type in zonal habitats under natural undisturbed conditions. By contrast,25

orographic treelines are always located below the climatically caused altitudinal limit,
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and are prevented from reaching their potential upper limit by factors such as steep
topography, rock walls, talus cones, slope debris, or avalanche chutes. Edaphic tree-
lines are often difficult to distinguish from orographic treelines, in particular when the
steepness of slopes or the substrate on precipitous slopes prevents the accumulation
of sufficient fine material and pedogenesis. On volcanic substrates, lack of soil mois-5

ture may also prevent the treelines from reaching their upper climatic limit (Gieger and
Leuschner, 2004). Anthropogenic treelines have been lowered from their natural posi-
tion, often by several hundred meters, through a variety of human uses such as pastoral
use, fire clearing, logging, collecting firewood, charcoal production, mining, salt works,
etc. They are particularly common in old-settled mountain regions in Europe and Asia10

where the average treeline depression is 150–300 m (Holtmeier, 2009).
The predisposition to respond to recent climate change varies considerably among

the different treeline types. Climatic treelines show a comparatively high susceptibility
and are more likely to reflect climate tracking since increases in temperature sums and
growing season length will be inevitably reflected by growth patterns, regeneration, and15

treeline position, at least in the long-term (Holtmeier and Broll, 2007; Körner, 2012a).
However, the direct influence of climate warming is variegated in complex ways by
local-scale abiotic and biotic site factors and their manifold interactions that act as ther-
mal modifiers. For instance, broad-scale climatic inputs are mediated at local scales
by the varying microtopography in treeline ecotones and will exert a modified influence20

on soil temperatures, soil moisture, or the distribution of trees (Holtmeier and Broll,
2005, 2012; Case and Duncan, 2014). Thus, the sensitivity of climatic treelines varies
with a considerable scope in the medium-term (several years to a few decades). The
long-term response in terms of treeline shifts might be more homogeneous, but the
treeline position will adjust to present climatic conditions only after a time lag of several25

decades to hundreds of years.
Unlike climatic treelines, orographic treelines are resistant to the effects of cli-

mate warming. As long as orographic factors such as debris slides, rockfalls, snow
avalanches, etc. prevent the establishment of trees, the fragmented spatial pattern of
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orographic treelines will not change significantly. Edaphic treelines will become more
sensitive to a warming climate once pedogenetic processes accelerate and favour the
establishment of tree seedlings and tree invasion. Anthropogenic treelines show con-
siderable dynamics in recent decades with prolific regeneration, increased tree estab-
lishment within the treeline ecotone, and invasion into treeless areas above the an-5

thropogenic forest limit. These directional changes are readily attributed to effects of
global warming, they result, however, in most cases from the cessation of pastoral use
or other human impact (Holtmeier, 2009; Schickhoff, 2011). It is imperative to disen-
tangle the effects of decreasing land use and climate warming (cf. Gehrig-Fasel et al.,
2007; Vittoz et al., 2008) in order to assess the potential for treeline advance beyond10

the current climatically determined upper limit. Nevertheless, anthropogenic treelines
do not basically differ from climatic treelines in terms of sensitivity to climate warm-
ing, the potential effects of which, however, may be reduced due to radically altered
site conditions and other after-effects of historical forest removal (Holtmeier and Broll,
2005).15

The various treeline types occur in different frequencies in the vast Himalayan moun-
tain system. According to our extensive field experience along the entire mountain arc,
we estimate 85–90 % of treelines to be anthropogenic, and only 10–15 % to be oro-
graphic/edaphic and climatically determined. Since the beginning of human occupa-
tion that started in many subregions thousands of years ago, yet in some valleys only20

a few centuries ago, animal husbandry, timber logging, fuelwood collection and the like
are integral parts of village economies. Thus, treeline ecotones have been transformed
to a locally and regionally varying extent, and present landscape patterns at treeline
elevations are cultural landscape patterns. Overgrazing and fire have been the main
agents for lowering treelines (Beug and Miehe, 1999). Treelines at north- and south-25

facing slopes reflect contrasting utilization intensity. As land use pressure is unevenly
higher at south-facing slopes, in particular with regard to pastoral use, downslope ex-
tension of alpine pastures, depression of treelines, or even complete removal of for-
est cover are widespread phenomena at southern aspects throughout the mountain
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system (Miehe and Miehe, 2000; Schickhoff, 2005). Treeline depressions may be up
to 500–1000 m (Miehe, 1997), in particular in localities where extensive alpine graz-
ing grounds are not available. Treelines on south slopes are thus almost exclusively
anthropogenic.

North-facing slopes have a lower utilization potential for pastoral use. Nevertheless,5

a considerable depression of alpine treelines can be observed on shaded slopes as
well, resulting from the extension of alpine grazing grounds and the over-utilization of
subalpine forests (Schmidt-Vogt, 1990; Schickhoff, 2002). A representative example
for the western Himalaya is Kaghan Valley, Pakistan, where the birch belt has been
largely decimated, and uppermost coniferous forests depleted, resulting in a difference10

between current and potential treeline of up to 300 m (Schickhoff, 1995). In most Hi-
malayan regions we still witness a growing importance of the primary sector with land
use intensification by local mountain farmers as a consequence of internally (popula-
tion growth) and externally (lowland markets) generated pressure. Cessation of land
use and subsequent landscape change in treeline ecotones has been observed to15

date only to a limited extent. Respective changes are largely confined to protected
areas such as national parks and biosphere reserves.

The percentage of anthropogenic treelines on north-facing slopes is slightly lower
than on sunny slopes, i.e. some near-natural treeline ecotones, more or less undis-
turbed by human impact, still persist in remote valleys which are sparsely populated,20

not connected to the road network, and/or where plants and animals are protected
for religious reasons. These climatic treelines have to be considered unique research
opportunities for detecting a clear climate change signal as a driver for treeline dynam-
ics. Examples include treeline ecotones in the Black Mountains of Bhutan (Miehe and
Miehe, 2000), in the Sygera Mountains in SE Tibet (Liang et al., 2011), and in the Rol-25

waling Valley, Nepal. The latter is the location of a new treeline research programme
from which first data are presented below. Due to the widespread steep and rugged
terrain in the Himalaya, orographic/edaphic treelines are not uncommon, but make up
only a small percentage of all treelines. Summing up, the proportional distribution of
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treeline types in the Himalaya suggests that sensitivity and response to climate warm-
ing must be assessed cautiously. The vast majority are anthropogenic treelines which,
in addition, will be subjected to continued intensive land use in the foreseeable future.
Thus, a substantial medium-term response is to be expected only from the tiny frac-
tion of climatic treelines and from those anthropogenic treelines which are no longer5

exposed to important human disturbance.
Recently, Harsch and Bader (2011) discussed how treeline spatial patterns (treeline

forms) are controlled by different mechanisms (at the levels of direct tree performance,
causative stresses, and modifying neighbour interactions), and how the varying domi-
nance of these controlling mechanisms modulate climate change responses of different10

treeline forms. They distinguished four primary treeline forms with a wide geographic
distribution: (i) diffuse, with a gradual decrease in tree height and density along the
treeline ecotone, (ii) abrupt, with forest stands directly bordering low alpine vegeta-
tion, (iii) island, with clumped patches or linear strips of krummholz or trees above
closed forests, (iv) Krummholz, with a dispersed or contiguous belt of severely stunted15

or deformed trees above the upright forest. Applying this framework to alpine tree-
lines globally, Harsch and Bader (2011) found diffuse treelines, formed and maintained
primarily by growth limitation, to exhibit an earlier, stronger response signal, whereas
abrupt, island, and krummholz treelines, controlled by seedling mortality and dieback,
are comparatively unresponsive. They confirmed the link between treeline form and20

dynamics established earlier (Lloyd, 2005; Harsch et al., 2009), and supported the
general suitability of treeline form for explaining the variability of response to climate
warming.

Although the present understanding of treeline pattern-process relationships is not
sufficiently advanced to use treeline form to predict dynamics, and although land use25

effects on treelines are not explicitly addressed in Harsch and Bader’s approach, trans-
ferring their conclusions to Himalayan treelines (not included in their dataset of 195
treeline sites with one or two exceptions) may give an additional indication of sensitivity
and response. As indicated above, treeline forms in the Himalaya are predominantly
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controlled by anthropogenic disturbances, and cannot easily be classified into discrete
classes. However, according to our field experience the occurrence of abrupt and is-
land treelines under natural conditions can be virtually excluded. Abrupt treelines do
occur (e.g. Betula treelines in Manang Valley, Nepal), they are however caused by
land use (Shrestha et al., 2007). The far majority of less disturbed or near-natural Hi-5

malayan treelines, mainly confined to north-facing slopes, has to be categorized as
krummholz treelines (cf. Sect. 2). Diffuse treelines are largely limited to less disturbed
or near-natural sites in southern aspects which have become very rare. As treeline
advances have been less commonly observed in krummholz treelines (Harsch and
Bader, 2011), and responsive diffuse treelines are rare, sensitivity and response of10

Himalayan treelines need to be assessed with reluctance again, at least in terms of
treeline shifts. In addition, near-natural Himalayan krummholz treelines give way at
their upper limit to a very dense alpine dwarf scrub heath so that tree seedlings are
subjected to a strong competition. Nevertheless, increased vertical stem growth and
enhanced recruitment of seedlings have been reported from many krummholz tree-15

lines worldwide (cf. Lescop-Sinclair and Payette, 1995; Harsch et al., 2009), presum-
ably more related to a change in snow and winter climate conditions, and can also be
expected at Himalayan treelines.

4.2 Seed-based regeneration

Any upward elevational shift of alpine treelines depends on the establishment of20

seedlings and their performance during early life stages (Germino et al., 2002;
Holtmeier, 2009; Smith et al., 2009; Zurbriggen et al., 2013). Hence, as an indica-
tor of treeline sensitivity, successful regeneration is considered to have higher signifi-
cance than morphological or physiological responses of mature trees (Holtmeier and
Broll, 2005). Interpreting tree recruitment as evidence of response to recent environ-25

mental change, however, has to take into account site, climate and species-specific
regeneration cycles and should be backed by robust cause and effect analysis (Körner,
2012a). To understand underlying mechanisms of treeline dynamics, a multitude of
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environmental factors and processes controlling seed-based regeneration have to be
included in respective analyses and correlated with seedling establishment, survival
and growth. In recent years, an increasing number of studies have investigated the
response of treeline seedlings to changing environmental factors such as soil tempera-
ture, soil moisture, soil nutrients, light conditions, herbivory, and competition/facilitation5

(e.g. Maher and Germino, 2006; Anschlag et al., 2008; Batllori et al., 2009; Hofgaard
et al., 2009; Kabeya, 2010; Munier et al., 2010), some studies explicitly addressed the
relative importance of multiple factors (Barbeito et al., 2012; Zurbriggen et al., 2013).

In the Himalaya, only very few studies on treeline seedlings have been conducted so
far, and tree recruitment in treeline ecotones is not well understood (Schickhoff, 2005;10

Dutta et al., 2014). However, some preliminary evidence with regard to using regen-
eration as indicator for treeline sensitivity can be inferred. The majority of studies on
seed-based regeneration were carried out in Nepal. Shrestha et al. (2007) found Be-
tula utilis treeline forests in Manang Valley, Annapurna Conservation Area, sufficiently
generating with a reverse J-shaped diameter distribution. Along vertical transects, Be-15

tula seedlings and saplings were common up to an altitudinal distance of 50 m above
the treeline. Seedlings could not establish, however, under their own canopy when tree
density and basal area exceeded certain threshold values. Canopy cover (light) and
soil moisture largely determined reproductive success. Seedlings of Abies spectabilis
were abundant up to 3900 m, but absent above 4000 m. Continuous regeneration as20

indicated by reverse J-shaped density-diameter curves and high densities of seedlings
and saplings was also assessed in other studies in treeline forests in Manang, focus-
ing on Abies spectabilis (Ghimire and Lekhak, 2007), and Pinus wallichiana (Ghimire
et al., 2010). Abies seedling abundance was positively correlated to soil moisture and
nutrients (phosphorus), whereas altitude was the only significant predictor of Pinus25

seedling density. Shrestha (2013) also observed continuous tree recruitment of Pi-
nus wallichiana in Ngawal/Manang (south-facing slope) and Abies spectabilis in Lau-
ribinayak/Langtang National Park (north-facing slope), with seedlings occurring up to
60 m above current treelines in 4120 m/3910 m. Corresponding results were obtained
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by Gaire et al. (2011) at treelines in southern Langtang National Park, who found high
levels of recruitment of Abies spectabilis in recent decades with seedlings and saplings
at much higher elevations than uppermost cone bearing tree individuals. Recent de-
tailed observations in Manaslu Conservation Area (Gaire et al., 2014) indicate a consid-
erable upward shift and excellent recruitment of Abies spectabilis, positively correlated5

with monthly maximum temperature in most of the months of the current year and with
May–August precipitation. Another study on treeline fir (Abies spectabilis) recruitment
in Mt. Everest Nature Reserve (S Tibet) achieved consistent results, with significant
tree recruitment in the recent three decades that showed a positive correlation with
mean summer air temperature (Lv and Zhang, 2012).10

Detailed information on treeline seed-produced regeneration from other Himalayan
subregions is hardly available. In the vast Indian Himalaya, some knowledge has
been accumulated on regeneration dynamics in lower altitude forests (e.g. Singh
and Singh, 1992), but only very scanty information from treeline ecotones has
been published. Treeline ecotones in Kumaon/Uttarakhand (Pindar, Sarju, and Ram-15

ganga Catchments), heavily influenced by grazing and browsing, showed a low
seedling/sapling density of Abies pindrow, but a much better regeneration status of
Betula utilis and Rhododendron campanulatum (Rawal and Pangtey, 1994). Gairola
et al. (2008) reported intense regeneration from less disturbed upper subalpine forests
in Garhwal/Uttarakhand. Dubey et al. (2003) observed increasing establishment of20

pine saplings (Pinus wallichiana) above the treeline zone in Parabati Valley, Himachal
Pradesh, India, and ascribed the recruitment pattern to climate warming. Intense re-
generation of Betula utilis at treelines in Uttarakhand and Himachal Pradesh and in-
vasion of alpine meadows by birch seedlings was highlighted in a recent study by Rai
et al. (2013). Information on regeneration at treelines from the Hindu Kush, Karako-25

ram, and W Himalayan ranges of Pakistan is even more meagre. A comprehensive
study of high-altitude forests including upper subalpine forest stands in the Karakoram
(Schickhoff, 2000) revealed retarded growth processes and slow stand development
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cycles with generally low regeneration rates, associated with low site productivity rather
than grazing impact.

Research on treeline seedlings performance in the eastern Himalaya is in its infancy
as well. Some detailed studies on Abies densa regeneration and its controlling fac-
tors near alpine treelines in Bhutan showed intense recruitment (Gratzer et al., 2002;5

Gratzer and Rai, 2004). Expanding treeline populations of Smith fir (Abies georgei var.
smithii) and infilling of treeline ecotones with intense, microsite-dependent clumping of
abundant seedlings were reported from the Sygera Mountains (SE Tibet) (Ren et al.,
2007; Wang et al., 2012), in accordance with observations from Liang et al. (2011), who
assessed considerably increased Smith fir recruitment in recent decades, significantly10

positively correlated with both summer and winter temperatures. First experimental
studies (transplant experiment) in an adjacent study area indicated early-season freez-
ing events to be the major limiting factor determining mortality of fir seedlings above
the current treeline (Shen et al., 2014). High rates of regeneration with the percentage
of seedlings/saplings increasing upslope across the treeline ecotone was assessed in15

the Hengduan Mountains (NW Yunnan) by Wong et al. (2010).
First results from ongoing research projects of the present authors in two study

areas in Nepal (Rolwaling Valley, Gaurishankar Conservation Area; Langtang Valley,
Langtang National Park) corroborate the emerging pattern of a generally intense re-
generation at Himalayan treeline sites, as long as pastoral use is not the major force20

determining seedling performance. The alpine treeline in Rolwaling Valley, located in
east-central Nepal (27◦52′ N; 86◦25′ E) and virtually undisturbed by human impact,
corresponds to the krummholz treeline form (north-facing slope). Upper subalpine
forests are primarily composed of Betula utilis and Abies spectabilis, with Rhodo-
dendron campanulatum and Sorbus microphylla forming a second tree layer. Closed25

forests give way to an extensive krummholz belt of Rh. campanulatum at 3900 m (NW-
exp.)/4000 m (NE-exp.), which turn into alpine Rhododendron dwarf scrub heaths at
c. 4000 m/4100 m. We analysed seedling density on NW and NE slopes in upper Rol-
waling across the treeline ecotone, divided into four altitudinal zones (Table 1). Within
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each zone, 12 plots (20m×20m) were randomly selected. We assessed largely prolific
regeneration with seedling establishment of Betula, Abies, and Sorbus to some extent
far above the upper limit of adult trees. Some individuals of more than 2 m height even
grow vigorously above the krummholz belt, a small birch tree of 2.4 m height was found
in 4140 m. Maximum seedling/sapling density occurs in elevational zone B (more than5

9000 N ha−1) where Rh. campanulatum has its most intense recruitment (cf. Table 1).
Young growth density sharply decreases towards the alpine tundra, in particular with
Abies and Betula, which also show considerably higher seedling/sapling abundance on
the NW slope. The average elevation a.s.l. of maximum seedling/sapling density is dis-
tinctly higher on the NE slope (Fig. 3), which experiences higher sunshine duration and10

heat sum. Rhododendron and Sorbus seedlings/saplings are distributed along the en-
tire treeline ecotone. We found a negative correlation between abundance and density
of Rh. campanulatum and recruitment of other tree species, the seedling establishment
of which is obviously impeded by the permanently dense foliation of evergreen Rhodo-
dendron and by potential allelopathic effects that have been shown for other species of15

this genus (Chou et al., 2010). Thus, the dense krummholz belt appears to be an effec-
tive barrier for upslope migration of other tree species. Reproductive success was also
found to be generally positively correlated with a finely structured microtopography.

A first evaluation of the importance of soil temperature and soil moisture for
seedling/sapling density of Abies, Betula, Rhododendron, and Sorbus has been con-20

ducted on the basis of 32 plots, on which these variables were recorded in 5 cm soil
depth from May 2013 to April 2014 (Fig. 4). The results show a significantly positive
correlation of seedling/sapling abundance with soil temperature for Abies, Betula, and
Sorbus over almost all size classes. In contrast, recruitment density of Rh. campan-
ulatum is negatively correlated with soil temperature except for germinants and large25

shrubs, i.e. lower soil temperatures indicate higher abundance of the majority of young
growth. The response of all four species along the soil moisture gradient is more or
less concordant. All Abies and Rhododendron size classes and nearly all Betula and
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Sorbus size classes show significantly negative correlations with soil moisture (Fig. 4).
Total soil moisture values did not differ much between NE and NW slopes.

The treeline physiognomy and vegetation zonation of the study sites in Langtang
Valley, c. 100 km to the west, is more or less in accordance with that of Rolwaling. The
Rh. campanulatum krummholz belt, however, is not as dense and often disintegrated5

so that uppermost birch forest stands are occasionally adjoining Rhododendron dwarf
scrub heaths that may have invaded downslope into former krummholz sites. Lang-
tang treeline ecotones and its vegetation patterns, though near-natural, have been and
still are affected to a much larger extent by pastoral and forest use compared to those
in Rolwaling. We studied regeneration dynamics on 70 plots along elevational tran-10

sects across the treeline ecotone with a stratified-random sampling. In accordance
with the observations in Rolwaling, the production of viable seeds and the supply
of treeline ecotones with fertile seeds are obviously sufficient to generate relatively
high rates of seedling establishment, even beyond the actual upper limit of contigu-
ous forests between 4000 and 4100 m. Maximum seedling/sapling density occurs at15

3900 and 3950 m with 10 665 and 10 075 N ha−1 respectively, before the recruit abun-
dance sharply decreases above 4100 m, slightly above the transition from cloud forests
to dwarf scrub heaths (Table 2). The far majority of all seedlings/saplings are Sorbus
microphylla (54 %) and Rh. campanulatum individuals (40 %), they occupy in particu-
lar the size class 0–19 cm (98 %) (Fig. 5). In contrast, recruitment of Abies spectabilis20

is relatively sparse, and obviously related to grazing impact and the removal of adult
trees as seed sources. Regeneration of Betula utilis is also less intense. However, Be-
tula seedlings/saplings are far more homogeneously distributed across the size classes
compared to the other species (cf. Fig. 5). Numerous saplings of greater size classes
became established at the treeline and above the upper limit of contiguous forests.25

The uppermost Betula tree individual was found at 4215 m, c. 150 m above the current
treeline, with a height of 4.5 m and a breast height diameter of 14.5 cm. Summing up,
seed-based regeneration within and beyond treeline ecotones of Rolwaling and Lang-
tang valleys does not appear to restrict the proneness to respond to climate warming.
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4.3 Tree physiognomy and growth patterns

Climatic changes affect tree physiognomy at treelines since height growth of trees
is very sensitive to decreasing temperatures as one approaches treeline, resulting in
climatically shaped growth forms that trees in this harsh environment usually display
(Holtmeier, 2009; Körner, 2012a). Varied other abiotic and biotic site factors such as5

wind, snow, nutrient supply, browsing, etc. also influence the development of growth
forms at treelines, but tree physiognomy at least partly reflects changing environmen-
tal conditions related to climatic warming. The phenotypical response does not neces-
sarily mirror long-term climatic trends, a few favourable years with undisturbed growth
can be sufficient to trigger a change in physiognomy (Holtmeier and Broll, 2005). On10

the other hand, deteriorating climatic conditions or extreme climatic events may lead
to physiognomic changes caused by dieback. While several studies reported accel-
erated height growth of previously low-growing tree individuals from different treeline
ecotones (e.g. Lescop-Sinclair and Payette, 1995; Kullman, 2000; Kullman and Öberg,
2009), no such information from Himalayan treelines is available to date. However,15

it can be inferred from remote sensing-based studies that the expansion of treeline
ecotones, subalpine forests and alpine scrub in recent decades is accompanied by
enhanced height growth of individual trees. Rai et al. (2013) detected a substantial
increase in fir and birch treeline forests in Himachal Pradesh and Uttarakhand during
1980–2010 that most likely has included positive changes in the physiognomy of single20

trees. Respective data from ongoing studies in Rolwaling are currently evaluated.
Better evidence can be ascertained for growth responses in the Himalaya in terms

of diameter growth. Generally, radial growth is less affected than height growth by de-
creasing temperatures when approaching the upper treeline, but shows a much more
pronounced response to climate warming (Körner, 2012a). It has been shown for Pi-25

nus cembra and Picea abies in the European Alps that the declining trend in tree
radial growth toward the treeline that prevailed in the nineteenth century has disap-
peared in the twentieth century due to rising temperatures, and that mature trees at
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treeline currently grow as fast as trees in the upper montane forest (Paulsen et al.,
2000). Other comparable growth enhancements at treelines have been assessed e.g.
for Picea, Pinus, and Larix in the Italian Alps (Rolland et al., 1998), for Pinus longaeva
in western North America (Salzer et al., 2009), for Nothofagus pumilio in southern Ar-
gentina (Villalba et al., 1997), for Picea schrenkiana in the Tianshan Mountains (Qi5

et al., 2014), or for Betula ermanii in Kamchatka (Dolezal et al., 2014). Growth re-
sponses to a warming climate, however, tend to be different where lack of available
moisture becomes a controlling factor, e.g. in arid or semiarid regions or in regions
with seasonal drought periods. Drought stress as a local factor impeding tree growth in
recent decades has been supposed for different treeline environments (e.g. Lloyd and10

Fastie, 2002; Daniels and Veblen, 2004; Dulamsuren et al., 2010; Zhang et al., 2011;
Fajardo and McIntire, 2012; Ohse et al., 2012).

In the Himalaya, only very few dendroclimatic studies have been conducted at
treeline elevations. However, there is increasing evidence suggesting that growth re-
sponse of treeline trees to climate change and variability is spatio-temporally differ-15

entiated, species-specific and not unidirectional. In general, tree-ring growth in E Hi-
malaya is less sensitive to climate variation compared to W Himalayan sites and trees
(Bhattacharyya and Shah, 2009), and most studies reported radial growth of treeline
conifers to be more responsive to temperature than precipitation change, with W and
central Himalayan conifers being more responsive to winter and pre-monsoon tempera-20

tures and E Himalayan conifers often being more responsive to summer temperatures.
Some studies reported consistent responses of tree growth to recent climate warm-

ing. Tree-ring width chronologies of Pinus wallichiana, Cedrus deodara and Picea
smithiana from high-altitude forests and treeline sites in Kinnaur (Himachal Pradesh)
and Gangotri (Uttarakhand) showed an unprecedented growth enhancement during25

recent decades and a strong positive relationship to the mean annual and winter (DJF)
temperatures, the anomalous higher growth was thus ascribed to the overall warm-
ing trend over the region (Singh and Yadav, 2000; Borgaonkar et al., 2009, 2011).
Ring width chronologies of Abies georgei var. smithii growing at treeline in the Sygera
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Mountains (SE Tibet) revealed accelerated growth in the past decades and significantly
positive correlations with monthly mean and minimum temperatures of most months,
particularly in summer (Liang et al., 2009, 2010). However, the significant extension of
the growing season at the same treeline by c. 21 days during the past 50 years has not
directly affected the radial growth of Smith fir to date (Liu et al., 2013). Zhu et al. (2011)5

reported a similar response to summer temperatures for Picea likiangensis var. bal-
fouriana at adjacent treelines.

Recent accelerated growth has not been confirmed in the Karakoram Mountains, but
it has been established for near-treeline sampling locations of Juniperus turkestanica,
Pinus wallichiana, and Picea smithiana that temperature variation predominantly lim-10

its tree growth (Esper et al., 2002, 2007). High-elevation junipers in semiarid Lahul
(Himachal Pradesh) are obviously more responsive to precipitation during winter and
spring months (Yadav et al., 2006, 2011). Gaire et al. (2014) found tree growth of
Abies spectabilis in Manaslu Conservation Area (Nepal) to be positively correlated with
higher winter temperatures prior to growing season, and stressed the positive effects15

of earlier snow melt and increased melt water supply for growth. Similarly, Bräuning
(2004) reported a strong positive relationship between Abies spectabilis ring width and
November–January temperature in Dolpo (W Nepal). The ring width of several tree-
line conifers in SE Tibet and NW Yunnan was also found to be sensitive to winter
season temperature, while their maximum latewood density was positively correlated20

with summer temperature (Bräuning and Mantwill, 2004; Bräuning, 2006; Bräuning and
Grießinger, 2006; Fan et al., 2009). Warmer conditions during winter season facilitate
the storage of higher levels of hydro-carbonates and are beneficial to root system activ-
ity and carbon absorption and transportation (He et al., 2013). A positive relationship to
winter temperatures was also ascertained for Abies densa near treelines in Sikkim and25

Arunachal Pradesh, while summer temperatures were inversely related to tree growth
(Bhattacharyya and Chaudhary, 2003).

An increasing number of studies in W and central Himalaya have revealed a strong
sensitivity of tree growth to pre-monsoon temperature and humidity conditions. Yadav
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et al. (2004) analysed ring width chronologies of Abies spectabilis from four treeline
sites in Himachal Pradesh and Uttarakhand and found significantly negative correla-
tions with long-term pre-monsoon temperature series. These findings are in accor-
dance with results from other high-elevation sites in Uttarakhand using Taxus bac-
cata tree-ring sequences (Yadav and Singh, 2002) and Cedrus deodara tree-ring5

data (Bhattacharyya and Yadav, 1990), and also correspond to Abies spectabilis tree
growth-climate relationships analysed near treeline in Humla District (Nepal) (Sano
et al., 2005) and at the treeline ecotone in Langtang National Park (Nepal) (Gaire
et al., 2011; Shrestha, 2013). Higher temperatures during the relatively dry spring
months lead to increased evapotranspiration and to soil moisture deficits, impeding10

tree growth in particular on sites which are prone to drought stress. A negative cor-
relation of pre-monsoon temperature with total ring width and a positive correlation
of pre-monsoon precipitation with ring width are apparently widespread patterns in W
and central Himalayan tree growth-climate relationships (cf. Borgaonkar et al., 1999;
Pant et al., 2000; Cook et al., 2003; Ram and Borgaonkar, 2013), and have been15

used accordingly for temperature and precipitation reconstruction (e.g. Yadav et al.,
1997, 1999; Singh and Yadav, 2005, 2014; Singh et al., 2006; Ram and Borgaonkar,
2014). A significant negative correlation with May temperature has also been detected
for Juniperus tibetica on the semiarid southern Tibetan Plateau (He et al., 2013; Liu
et al., 2013), a positive relationship, by contrast, for Larix griffithiana in humid Arunachal20

Pradesh (Chaudhary and Bhattacharyya, 2000).
Recently, the pre-monsoon period has been shown to be also critical for broad-

leaved treeline trees. After the dendroclimatological potential of the Himalayan birch
had been pointed out by Bräuning (2004), Bhattacharyya et al. (2006) reported in
a preliminary study of tree-ring data of Betula utilis, growing near the snout of Gangotri25

Glacier (Uttarakhand), that higher temperatures and less rainfall during pre-monsoon
months results in lower tree growth. Dawadi et al. (2013) corroborated this finding and
assessed for the growth of birch trees at treeline sampling sites in Langtang Valley
(Nepal) a positive correlation with March–May precipitation and an inverse relationship
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with pre-monsoon temperatures. Reduced pre-monsoon moisture availability being
a primary growth-limiting factor for Betula utilis at treeline and the coincidence of years
with high percentage of missing rings or narrow rings with dry and warm pre-monsoon
seasons was once again confirmed by Liang et al. (2014) for study sites in Sagarmatha
National Park, Langtang National Park, and Manaslu Conservation Area (Nepal) (for5

Manaslu see also Gaire et al., 2014). Recent research by the present authors inves-
tigated a ring-width chronology of Betula utilis from treeline sites in Langtang Valley
dating back to AD 1657, and found a negative correlation of tree-ring width with pre-
monsoon temperature and a positive correlation with pre-monsoon precipitation (in re-
view). Pre-monsoon climate definitely affects growth patterns of the Himalayan birch10

to a large extent, however, contrary to Liang et al. (2014, p. 16) we refrain from con-
cluding that this species is increasingly at risk of survival, and from qualifying respec-
tive treelines as “drought-induced alpine timberlines” (op. cit., p. 2) since co-dominant
conifer treeline species are more temperature-sensitive, and the altitudinal position of
Himalayan birch treelines corresponds more or less to global characteristics of growing15

season length, thermal sums and mean air and soil temperatures common at treelines
induced by heat deficiency (cf. Körner, 2012a). As a pioneer species with relatively
wide ecological amplitude, Betula utilis also thrives under distinctly drier conditions in
the NW Himalaya and Karakoram, and has survived severe drought periods in the past
(recently reconstructed by Cook et al., 2010).20

5 Treeline shifts

As evident from repeated climatically caused treeline fluctuations during the Holocene,
treeline shifts are to be expected in response to recent climate change. In most cases,
however, the response will be a long-term response, in the order of several decades
to hundred or more years. Most likely, treeline positions are always lagging behind25

climatic fluctuations, and the global treelines we observe today are each in a spe-
cific state of climate tracking. Thus, the globally heterogeneous response patterns with
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advancing and stagnating or rather unresponsive treelines come as no surprise. For
the Himalaya, stagnating treelines as well as treeline advances of partially significant
dimension, mostly attributed to climate warming, have been reported to date. A major
difficulty to evaluate currently available observations of treeline shifts in the literature
is that they are not based on a comparable treeline concept. E.g. the position of tree5

seedlings is often hastily taken to calculate treeline shifts without considering that the
mere presence of seedlings is not synonymous with an actual treeline advance. Only
the sustainable transition into subsequent sapling size classes would increase the po-
tential of a treeline shift (cf. Graumlich et al., 2005).

For the Himalaya, only very few studies on spatio-temporal treeline dynamics are10

available. Some are based on thorough dendroecological or forest-ecological fieldwork
and have been conducted at near-natural treelines. E.g. Liang et al. (2011) analysed
Smith fir stands at the treeline in the Sygera Mountains (SE Tibet) and found the tree-
line position to have moved upslope only slightly and insignificantly, whereas the pop-
ulation density of trees and the number of seedlings have considerably increased after15

the 1950s. These findings are in line with recent research of the present authors on
the treeline in Rolwaling Valley (Nepal) indicating increasing stand densities, but no
significant alteration in treeline position (in review). Gaire et al. (2014) have recently
investigated upward shifting of tree species limits in the treeline ecotone at Kalchuman
Lake (Manaslu, Nepal), and reported extraordinary migration rates of Abies spectabilis20

since AD 1850, while the upper distribution limit of Betula utilis remained stagnant in
the past decades. Migration rates were calculated on the basis of uppermost seedling
position. However, given the generally low survival rate of seedlings in treeline eco-
tones during the first years after germination, and considering critical later life stages
after projecting above the winter snow cover, it is rather unlikely that recorded upper25

species limits will be persistent ones. A more or less stationary treeline position over
recent decades in two study sites in Nepal (Manang, Langtang National Park) was
assessed by Gaire et al. (2011) and Shrestha (2013).
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Other studies on treeline shifts are based on remote sensing. Bharti et al. (2012)
used Landsat imagery and found an overall increase in the green biomass of tree-
line ecotone in Nanda Devi Biosphere Reserve (Uttarakhand) during 1980–2010, in
particular of the subalpine forest’s canopy, but no shift of the upper treeline. In con-
trast, two other studies in the same area reported globally exceptional and unprece-5

dented treeline advances of more than 300 m in recent decades (Panigrahy et al.,
2010; Singh et al., 2012), these results, however, have been criticized as unreliable
due to methodological shortcomings (cf. Bharti et al., 2011; Negi, 2012; Rawat, 2012).
Another Landsat-based change detection study of the treeline ecotone in Himachal
Pradesh and Uttarakhand indicated an expansion of fir and birch forests in recent10

decades (Rai et al., 2013). Based on repeat photography, Baker and Moseley (2007)
documented a significant infilling of the tree-limit ecocline and an upward shift of the
timberline of almost 70 m in elevation at a slope in the Hengduan Mountains (NW Yun-
nan) since AD 1923, and argued that climate warming contributed to the elevational
advance of the alpine treeline. However, the expansions and shifts, when detected at15

anthropogenically depressed treelines, are rather an effect of the cessation of land use
and other human disturbances than a result of climate change.

Recently, an increasing number of modelling approaches are applied to gain a better
understanding of treeline dynamics in response to climate and land use change and
of underlying process-pattern relationships (e.g. Dullinger et al., 2004; Wallentin et al.,20

2008; Paulsen and Körner, 2014). In the Himalaya, neither modelling approaches to
predict the response of individual treeline systems nor modelling studies to project
future geographic distribution of treeline tree species have been conducted so far.
Recently, initial modelling studies with regard to environmental niches of the genus
Rhododendron in Sikkim and of Betula utilis in Uttarakhand were published (Kumar,25

2012; Singh et al., 2013).
Ecological niche models have proven to be a valuable tool of linking the occurrence

or abundance of a species to environmental and/or geographical variables, provid-
ing predictions of species distribution ranges or potential habitat suitability (e.g. Elith
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et al., 2010). They are usually calibrated based on current environmental conditions
and extrapolated to future scenarios, based on the assumption of niche conservatism
(Wiens et al., 2010). We used ecological niche modelling to forecast the range shift
of Betula utilis under novel climate conditions in AD 2070 (Fig. 6). All models were
calculated using the maximum entropy algorithm (Phillips et al., 2006), implemented5

in the software Maxent, Version 3.3.3k. Presence-only occurrence data of Betula utilis
(D.Don) were accessed via the Global Biodiversity Information Facility (Gbif.org). The
database hosted 193 georeferenced records (1970–2014) with non-known coordinate
issues for the Himalayan region. 93 records were added compiled from the present au-
thor’s database. After filtering the occurrence points to reduce spatial autocorrelation,10

173 records were used for model analysis. We used bioclimatic raster data and a digital
elevation model (DEM) obtained from Worldclim (Worldclim.org; Hijmans et al., 2005).
For future climate scenario, 19 bioclimatic variables of MIROC5 rcp60 were used and
projected to 2070 (downscaled IPCC5 (CMIP5) data (Hijmans et al., 2005). Spatial res-
olution of all grids was 30 arc seconds (∼ 1 km). We used a geographically structured15

approach with 3 bins, accordingly occurrence data were split in 138 training data points
and evaluated with the remaining 35 data points. Models were fitted and projected to
both current and future climate using all features and different regularization parame-
ters. Models were evaluated using the Receiver Operating Characteristic (area under
the curve, ROC, AUC). Consistently with current scientific knowledge, the averaged20

models (AUC 0.922) mapped upslope distribution range shifts.
Driven by significant bioclimatic variables such as mean diurnal range (monthly tem-

perature: min–max), minimum temperature of coldest month, slope and annual precip-
itation, mean temp of wettest month and the like, the potential habitat of Betula utilis is
predicted to shift from lower to higher elevations and to expand into new habitats north25

of the Himalayan range (cf. Fig. 6). Significant upslope expansions are modelled for
Transhimalayan ranges in S Tibet. Range contractions are forecasted for the Lesser
W Indian Himalaya, the S Hindukush, and the Wakhan Corridor. Gaining a better un-
derstanding of potential range shifts of alpine treeline species under climate change
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scenarios is supported by such model results which also provide insights to decision
makers in climate change mitigation and biodiversity conservation.

6 Conclusions

Treeline environments in the Himalaya are very heterogeneous, implying limitations for
broad generalizations on treeline sensitivity and response to climate change. Neverthe-5

less, several key conclusions emerge from the present study. Anthropogenic treelines
are predominant in the Himalaya, i.e. expansions of treeline vegetation and treeline
shifts at those treelines are related to declining land use intensity and should not be
misunderstood as being primarily triggered by climate change. To distil the climate
change signal with high temperature trends over the Himalayan arc, one has to investi-10

gate near-natural or less disturbed treelines which have become very rare, and largely
confined to north-facing slopes, where they are usually developed as krummholz tree-
lines. Strong competition within the krummholz belt and dense dwarf scrub heaths
further upslope adversely affects upward migration of tree species and treeline shifts.
This prevailing environmental setting suggests a relatively low responsiveness of near-15

natural Himalayan treelines and a significant move in elevation only in the long-term.
On the other hand, the evaluation of seed-based regeneration showed that recruit-

ment is usually intense with huge amounts of seedling/sapling presence within and
beyond the treeline ecotone. These results suggest a high proneness to respond and
further suggest that a future treeline advance will be significantly controlled, once seeds20

have dispersed upslope and germinated, by the species-specific competitive abilities
during the recruitment phase or the effectiveness of recruitment suppression in the
krummholz and dwarf scrub belts. Tree growth-climate relationships, though species-
specific, revealed a high sensitivity of mature treeline trees to temperature. Growth
patterns in W and central Himalaya are particularly responsive to pre-monsoon temper-25

ature and humidity conditions. The future pre-monsoon climate change may, therefore,
be an important driver of physiological and morphological responses. Environmental
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niche modelling of Betula utilis indicates a probable range expansion in the coming
decades, suggesting that the bioclimatic preconditions for a future treeline advance
will be existent. Considering species-specific physiological responses and competi-
tive traits, complex and nonlinear responses of individual Himalayan treeline systems
to climate change can be anticipated. Treeline shifts are of substantial ecological rel-5

evance due to possible implications for regional biodiversity and ecological integrity.
A widespread upward encroachment of subalpine forests would displace regionally
unique alpine tundra habitats and possibly cause the loss of alpine species.
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Table 1. Number of seedlings/saplings (< 7 cm breast height diameter; N ha−1) of Betula utilis,
Abies spectabilis, Rhododendron campanulatum, and Sorbus microphylla in the treeline eco-
tone in Rolwaling Valley according to slope exposure and altitudinal zone.

Altitudinal Altitude Betula Abies Rhododendron Sorbus Total
Zone (m) utilis spectabilis campanulatum microphylla

NE A 3780–3880 754 100 517 1346 2717
slope B 3920–3980 108 1067 7854 233 9262

C 4020–4080 13 0 5908 500 6421
D 4120–4220 0 0 379 21 400

Total 875 1167 14 658 2100 18 800

NW A 3760–3780 3788 3488 1129 1133 9538
slope B 3820–3880 1067 613 6675 679 9034

C 3920–3980 58 58 4075 275 4466
D 4020–4240 8 13 1475 71 1567

Total 4921 4172 13 354 2158 24 605
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Table 2. Cumulative numbers of seedlings/saplings (N ha−1) of Betula utilis, Abies spectabilis,
Rhododendron campanulatum, and Sorbus microphylla in the treeline ecotone in Langtang
Valley according to altitude and size classes (dbh=diameter at breast height).

Size class (cm)
Altitude (m) 0–19 20–49 50–99 100–149 150–199 200–299 300–399 400–499 500–7 cm dbh Total

3850 5441 1134 522 631 603 131 69 69 78 8678
3900 6269 1834 909 628 719 172 59 41 34 10 665
3950 6778 1225 566 500 434 122 75 169 206 10 075
4000 4741 772 513 459 425 63 34 84 159 7250
4050 3694 403 231 213 253 97 75 78 75 5119
4100 3631 497 253 269 259 113 69 34 25 5150
4150 397 184 69 47 75 31 22 16 19 860
4200 19 28 16 13 9 3 0 0 0 88

Total 30 970 6077 3079 2760 2777 732 403 491 596 47 885
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Figure 1. Altitudinal position of alpine treeline in the Himalayan mountain system (north-facing
slopes) (after Schickhoff, 2005; modified).

1456

http://www.earth-syst-dynam-discuss.net
http://www.earth-syst-dynam-discuss.net/5/1407/2014/esdd-5-1407-2014-print.pdf
http://www.earth-syst-dynam-discuss.net/5/1407/2014/esdd-5-1407-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


ESDD
5, 1407–1461, 2014

Do Himalayan
treelines respond to

recent climate
change?

U. Schickhoff et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 2. Seasonal temperature trends [◦C decade−1] for different elevational belts (top panels)
and spatial distribution of trends for frost and growing degree days over the Himalaya (bottom
panels) (according to Gerlitz et al., 2014).
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Figure 3. Seedling/sapling density of treeline tree species in the treeline ecotone in Rolwaling
Valley according to altitude and slope exposure (black: NE slope; gray: NW slope).
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Figure 4. Spearman rank correlations between seedling/sapling abundance and soil tempera-
ture and soil moisture in the treeline ecotone in Rolwaling Valley.
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Figure 5. Seedling/sapling density in the treeline ecotone in Langtang Valley according to alti-
tude and size classes (x axis= size class; y axis=quantity; z axis=altitude).
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Figure 6. Potential range shift of Betula utilis under novel climate conditions in AD 2070, based
on ecological niche modelling.
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