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Abstract. Treeline shifting in tandem with climate change average temperature. The growth of Beutilis was mainly

has widely been reported from various parts of the world. Inlimited by moisture stress during the pre-monsoon season.
Nepal, several impacts of climate change on the physical enAs these two species presented species-specific responses to
vironment have been observed, but study on the biologicatlimate change with differential pattern in regeneration con-
impacts is lacking. This dendrochronological study was car-dition, much wider differences are anticipated in their pop-
ried out at the treeline in the high mountain slope of Kalchu- ulation status as climate continues to change throughout the
man Lake (3750-4003 msdl.) area of Manaslu Conserva- century.

tion Area in the central Nepal Himalaya to explore the impact
of climate change on the treeline dynamic. Two belt transect

plots (size: 20 m wide> 250 m long) were laid which in-

cluded treeline as well as tree species limit. Ecological mapl Introduction

ping of all individuals of dominant treésbies spectabiliand

Betula utiliswas done and their tree cores were collected.During the past 100 years the global average surface temper-
Stand character and age distribution revealed an occurrencdure has increased by/@°C+0.2°C, and it is projected to

of more matured. utilis (max. age 198 years) compared to fise by 1.4-5.8C by AD 2100 (IPCC, 2007), with the most

A. spectabiligmax. age 160 yearsh. spectabiliscontained pronounced and rapid changes at high altitudes and latitudes.
an overwhelmingly high population (89 %) of younger plants However, recent studies have shown spatial and temporal he-
(< 50years) indicating its high recruitment rate. Population t€rogeneity in the past long-term temperature trend (Marcott
age structure along the elevation gradient revealed an upwar@t al., 2013; PAGES 2k Consortium, 2013). Rapid climate
shifting of A. spectabilisat the rate of 2.61 myeat since ~ change has many biophysical impacts (IPCC, 2007) and al-
AD 1850. The upper distribution limit d8. utilis was found ready left several biological fingerprints including change in
to be stagnant in the past few decades. An increment in plantPecies composition of ecological communities, range and
density as well as upward shifting in the studied treeline eco-distribution shift of species as well as changes in phenology
tones was observed. The temporal growthrofspectabilis ~ Of the organisms (Parmesan and Yohe, 2003; Root et al.,
was correlated negatively with the monthly mean and min-2003; Parolo and Rossi, 2008; Chen et al., 2011; Gottfried
imum temperature of June to September of the current angt al., 2012; Kirdyanov et al., 2012; Pauli et al., 2012; Webb
previous year. The regenerationfafspectabilison the other et al., 2012).

hand, was positively correlated with August precipitationand ~ The high-altitude limit of forests, commonly known as
monthly maximum temperature of the month of the currentireeline, timberline or forest line, represents one of the
year. The growth and regenerationfofspectabilisvas more ~ MOSt conspicuous vegetation boundaries (Korner, 1998;

sensitive to maximum and minimum temperature rather tharfioltmeier, 2009). The position of a treeline is mainly due
to strong growth limitation by low-temperature conditions
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(Kérner and Paulsen, 2004; Holtmeier, 2009). Worldwide, in Nepal have identified several promising species for den-
high-altitude climatic treelines are associated with a seasonalrochronological study, includingbies spectabilignd Be-
mean ground temperature a76C+0.8 SD during the grow-  tula utilis (Bhattacharyya et al., 1992; Cook et al., 2003; Sano
ing period (Kérner and Paulsen, 2004). So, natural treelinest al., 2005; Dawadi et al., 2013), which can grow up to the
ecotones are sensitive biomonitors of past and recent climatFeeline ecotone (Schickhoff, 2005; Ghimire et al., 2008). Re-
change and variability (Kullman, 1998), and are well suited cently, researchers from Nepal have initiated dendroecolog-
for monitoring climate change impact (Becker et al., 2007).ical studies covering various treeline sites of the Nepal Hi-
The high-elevation treeline is assumed to represent an ideahalaya (Bhuju et al., 2010; Suwal, 2010; Gaire et al., 2011).
early-warning feature that responds to climate change poHowever, concrete results on the treeline shifting due to cli-
sitionally, structurally and compositionally (Kullman, 1998, mate change are yet to be explored.
2001, 2007; Kirdyanov et al., 2012). Many dendroecologi- The present study was carried out to (i) ascertain the
cal studies have documented that trees at the treeline oftepresent position of upper forest, treeline and species limits,
respond to climatic warming with an increase in recruitment(ii) characterize the stand structure and dynamics at the forest
or tree density as well as upward advances in the treelindine and treeline, and (iii) analyse the response of tree growth
position (Bradley and Jones, 1993; Camarero and Gutiérrezand regeneration with climate change using both dendroeco-
2004; Danby and Hik, 2007; Kullman, 2002, 2007; Batllori logical and dendroclimatological techniques. For this study,
and Gutiérrez, 2008; Kullman and Oberg, 2009; Leonellithe treeline is defined as the ecotone up to where 2 m tall trees
et al., 2011; Kirdyanov et al., 2012). A meta-analysis of acan be found, and the species limit is defined as the highest
global data set, including 166 sites for which treeline dynam-position to which seedlings or saplings of the tree species are
ics had been recorded since AD 1900, showed that the tregaresent. Treeline dynamics describe changes in the regenera-
line either advanced (52 % of sites) or remained unchangedjon and population dynamics as well as positional change of
while only few treelines (1 %) declined under heavy anthro-the tree species in the treeline ecotone.
pogenic disturbance (Harsch et al., 2009). Treelines that ex-
perienced strong winter warming and treelines with a diffuse
form are more likely to advance (Harsch et al., 2009). 2 Materials and methods
Himalayan ecosystems are facing the impacts of climate
change. However, uncertainties about our knowledge on th@.1  Site and species selection
relationships of Hindu Kush—Karakoram—Himalaya (HKH)
treelines to other ecological conditions and processes suciihe study was carried out at Manaslu Conservation Area
as carbon balance, freezing and frost, drought, soil tempertMCA, area: 1663 krf), a high mountain protected site in
ature, wind, snow cover, soils, regeneration, etc. are yet tdhe central Nepal Himalaya, established in AD 1998. MCA
be explored (Schickhoff, 2005). Treelines from Tibet and ad-has a diverse natural resource base with sparse human pop-
jacent mountainous regions have shifted very little with cli- ulation and is relatively inaccessible. The area includes nine
mate change (Liang et al., 2011; Gou et al., 2012; Lv andbioclimatic zones ranging from the lower subtropics to the
Zhang, 2012). However, a previous study reported an upwarahival zone with only marginal infrastructure, such as roads.
movement of the tree species limit due to climate change int is the least explored protected area of the country. Local
the Himalayas (Dubey et al., 2003). High-altitude regions inpeople depend on agriculture, animal husbandry and utiliza-
the interior of the Nepal Himalaya are little affected by an- tion of natural resources for their sustenance. Buddhism has
thropogenic activities and may therefore provide valuable in-positively contributed in protecting the forest and biodiver-
formation to evaluate the isolated consequences of climatsity (Chhetri, 2009).
change (Cook et al., 2003). The study site is a mountain slope adjacent to Kalchuman
The atmospheric temperature of Nepal has been incread-ake situated at 3690 m above mean sea level (a.m.s.l.). With
ing consistently after the mid-1970s with higher rate than thehuman settlements located not more than 2500msd.,
global average (Shrestha et al., 1999; IPCC, 2007), and théhe study site is little disturbed anthropogenically. There is
warming has been found to be even more pronounced in tha dense forest in between the settlement and study sites.
high altitudes of the Nepal Himalaya (Shrestha et al., 1999;Sail is rich in humus, dark in colour, and its depth varies
Shrestha, 2008). However, no specific trend in precipitationlocally with the steepness of the slope. The tree canopy
has been observed (Shrestha, 2008). The effect of warmingf the treeline ecotone is formed b&. spectabilisand
temperature in the Nepal Himalaya is reflected by shrink-B. utilis with aRhododendron campanulatumderstory and
ing permafrost areas (Fukui et al., 2007) and rapidly retreatsome scattere@orbus microphyllaAbove the treeline oc-
ing glaciers (Fujita et al., 1998; Bajaracharya et al., 2007;cur scrubs ofRhododendron anthopogand some herba-
Bolch et al., 2012; Yao et al., 2012), among other phenom-ceous species. The Himalayan silver At, spectabilisis a
ena. Impacts on biological processes including range shiftingall evergreen tree endemic to the Himalaya and found be-
of species are also expected but scientific studies on these atween the lower temperate and lower alpine zone (2400-
pects are scarce (Schickhoff, 2005). Past works on tree ringd400 m) from Afghanistan to Bhutan (Ghimire et al., 2008).
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Similarly, B. utilis is a medium-sized deciduous tree which 2o — 16
forms monospecific as well as mixed forests at the upper || == frecbiaton | . ) [
limit of the treeline (Ghimire et al., 2008). e > . P

The climate of the study area is monsoon dominated. TheE | @
mean annual rainfall over the past 30years (1980—2009j§
at nearby meteorological station at Chame was 967 mn§
(SD = 280). The monthly average temperature was founc™ s - .
to be highest in July and lowest in November (Fig. 1a). B H H H ﬂ - B
The highest recorded temperatures were 23.during June
1998, the lowest-4.5°C during January of 1999 and 2000.

Over the past 30years, the station experienced a decrea **]
ing trend in rainfall by 3.9 mmyeat (» = 30, R? = 0.014,

p < 0.52) (Fig. 1b) and an increasing trend in mean an-
nual temperature by 0.02T year! (Fig. 1c). In this station
monthly mean minimum temperature was decreasing while
monthly mean maximum temperature was increasing signifi-
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cantly (Supplementary Fig. S1). Similarly, mean annual rain-< ** R = 0,014, p<0.52
fall at Larke, Gorkha, was 1252 mm (SD = 535). In Larke, 0
during the past 30 years (1980-2009) there was a significar 1980 1989 1990 199 2000 2008 200

(n =30, R?=0.26, p < 0.003) decreasing trend of rainfall
by 28 mmyear?® (Fig. 1b). This decreasing trend is more
pronounced and significant (< 0.0003,R? = 0.46,n = 23)
after 1987 with a decrease in annual rainfall by 55 mmy&ar
between 1987 and 2009.
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Field work was carried out in three expeditions: two in 05
2010 (May—June and September—October) and one in 2012
(October). After careful observation in transect walk at the Figure 1. Climatic trend in the local stations: mean monthly (1980
treeline ecotone, the upper species limitsfofspectabilis ~ 2009) precipitation and temperature at Chame, Manang st)pn
andB. utilis were ascertained. Two altitudinal transect plots annual trend of precipitation at Larke, Gorkha and Chgbjeand

(20 m wide and> 250 m long), named Transect 1 (T1) and end of mean annual temperature at Chc)e

Transect 2 (T2) were marked at two sites of the treeline eco-

tone. The plots were oriented with their longer side parallel

to the maximum slope and covered the current species limitar of saplings and seedlings & 34). The age estimates by
and treeline ecotone (Fig. 2). T1 was above the continuougvhorl count and ring count correlated positive%(= 0.91,
forest, while T2 was situated above the middle part of the” < 0.0001), but the internodes or whorl count ages are
lake. It was also assumed that the lake might hinder the dissystematically lower by 574 0.33years (max. 4years) in
persal of seedlings in the area. Individual plants were categosaplings and 1.27 years in seedlings. These suggest that the
rized and enumerated into three height classes: tre@sf), ~ whorl count method can give a fairly accurate indication
saplings (0.5-2 m) and seedlings 0.5 m), following Wang  of the age of saplings and seedlings of conifer species like

1980 1985 1990 1995 2000 2005 2010

et al. (2006) and Kullman (2007). A. spectabilis
Census counts were carried out inside each plot for
A. spectabilisandB. utilis. For everyA. spectabilisndivid- 2.3 Tree core and cut-stump collection and analysis

ual, their geographic location in the plot (latitude, longitude,

and altitude); size (diameter at breast height (DBH), height);Tree cores were collected using the increment borer (Hagl6f,
growth form and internodes interval of all individuals less Sweden) following the standard technique suggested by
than 2 m were recorded. The age of trees was calculated bkritts (1976) and Speer (2010). The cores were collected
tree core analysis, while that of seedlings and saplings werérom the base of each and breast (1.3 m) height of some indi-
estimated by counting the branch whorls and scars left alongiduals ofA. spectabilisandB. utilisin the plots. Cores were
the main stem (Camarero and Gutiérrez, 2004; Wang et al.also collected from the largéx. spectabiliandB. utilistrees
2006; Liang et al., 2011). This age estimation was also val-outside of the plots. A total of 249 cores and cut-stump sam-
idated by comparing it with the age obtained by the numberples (172A. spectabiliand 77B. utilis) were collected (Sup-

of tree rings in the basal sections collected from the root col-plementary Table S1). Collected core and cut-stump samples

www.clim-past.net/10/1277/2014/ Clim. Past, 10, 1277290 2014



1280 N. P. Gaire et al.: Treeline dynamics with climate change at the Himalaya

The corrected ring-width data were standardized using
the computer program ARSTAN (Cook, 1985). The ring-
width series were standardized using conventional detrend-
ing methods with appropriate options of a negative expo-
nential, linear or cubic spline curve to each series. Each
ring-width-index series was then pre-whitened using autore-
gressive modelling to remove any autocorrelation effects
(Cook, 1987). Finally, three chronologies — nhamely standard,
residual and ARSTAN — were prepared using the corrected
sample. Various chronology statistics like mean sensitivity,
standard deviation, autocorrelation, mean series correlation,
signal-to-noise ratio, expressed population signal (EPS) and
variance explained were calculated to assess the quality of
the site chronologies. Temporal changes in the mean ra-
dial growth were assessed by doing regime shift (significant
changes in mean radial growth) analysis (Rodionov, 2004).
Regime shift was detected based on a statistical test whereby
data are processed in time sequence and the hypothesis of
a regime shift or discontinuity is tested for each new obser-
vation (Rodionov, 2004, 2006). We set the cutoff parameter
at 10 years in order to detect changes in mean radial growth
driven by high-frequency events and used a 95 % level of sig-
nificance.
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2.4 Population demography, regeneration and treeline
dynamics

The age obtained from cross-dated samples was used for de-
mographic analysis after the necessary correction for years to
Figure 2. Location map of the study area showing the position of core height and years to centre of missed pith. Such correc-
the study plots and local meteorological stati¢as and a photo of  tjon was made using age—height regression and age—diameter
the study site showing treeline, species limit and some portion Ofregression combined with the fitting of a circle template to
Kalchuman Lakeb). the ring curvature so as to estimate the distance of the core
to the centre (Camarero and Gutiérrez, 2004; Speer, 2010).
For B. utilis cores from representative sample trees cover-
were taken to the Dendro-lab of the Nepal Academy of Sci-ing different diameter at breast height (DBH) classes were
ence and Technology for laboratory analysis. collected. Based on the ages of Betulatrees, a regres-
Collected cores were air dried, mounted, sanded and polsion analysis model between DBH and age was established
ished using successively finer grades of sand paper (100¢ig. 3), and the relationship was used to estimate the age of
1000 grits size) until optimal surface resolution allowed an- all B. utilis trees from which tree cores were not taken.
nual rings to be visible under the microscope. Each ring The regeneration rate was determined by age histogram
was counted under the stereo zoom microscope and assigneding the number of seedlings, saplings and tree individuals.
a calendar year. The width of each ring was measured t@he treeline dynamics was analysed by density distribution
the nearest 0.01mm precision with the LINTAB mea-  of tree, sapling and seedling as well as the elevation-wise age
suring system attached to a PC with the TSAP Win soft-distribution of the studied species. The upper species limit
ware package (Rinn, 1996). All the tree cores were crossexpansion was studied by observing the age of each indi-
dated by matching patterns of relatively wide and narrowvidual in the entire plot following Camarero and Gutiérrez
rings to account for the possibility of ring-growth anomalies (2004) and Liang et al. (2011). In order to calculate the rate
such as missing or false rings or measurement error. Cros®f species limit shift, the maximum elevation of live indi-
dating was done using the alignment plotting technique andriduals and the position of the oldest individual within each
also looking the math graphs. The quality of cross-datingtransect was determined. Then, the species limit shift rate
of each sample was checked using the computer progrartmyear 1) was calculated by dividing the change in species
COFECHA (Holmes, 1983). limit elevation (position) by the time elapsed.
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300 uncertainties in age estimates and compared with monthly
S climate records compiled into 5-year averages over the same

250 1 time period (Camarero and Gutiérrez, 1999; Wang et al.,
200 4 2006). To describe the climate—recruitment relationships,

w monthly climatic data (mean, maximum and minimum tem-
§ 150 1 peratures, and total precipitation) from Chame, Jagat and
Py Larke stations were used. Climatic factors limiting regenera-

£ 100 tion were identified from linear correlation analysis between

o Age = 3.765 * DBH + 23.34 regeneration and climatic data.
» R? = 0.847, p < 0.0005
01, ' ' ' ' ' ' 3 Results
0 10 20 30 40 50 60 ) "
3.1 Treeline position and structural parameters
DBH (cm)

The species limit ofA. spectabiliswas recorded at 3984 m
Fi_g_ure 3. Diameter at breast height (DBH) versus ageB(fdtula (GPS e-Trex) in Transect 1 (T1) and 3955 m in Transect 2
utilis from the Kalchuman Lake area, Manaslu Conservation Area. (T2) and its treeline at 3907 m in T1 and 3830 m in T2. In the
case ofB. utilis the treeline and species limit were recorded
at the same elevation in both transects, i.e. at 3996 m in T1
2.5 Climatic influence on radial growth and and 4003 m in T2.
regeneration Structural parameters (age, DBH, and basal area) revealed
, . that both of the species were more matured in T1 than
Before proceeding to the response analysis of tree growth ang, 15 (Supplementary Table S2). The maximum age of
climate, the seasonality of tree growth was defined. Field ob-p spectabilisand B. utilis was higher in T1 than in T2.
servation and tree ring data have shown that radial growth ofy spectabiligree density ranged from 50 to 280 treesha
A. spectabilisat treeline sites ceases in September-Octobeirpg tota| hasal area &. utilis in both plots was higher than
(Sano et al., 2005). Because climate in the preceding growa gpectabilisThe DBH distribution ofA. spectabilishowed
ing season often influences tree growth in the following yearyimodal distribution in T1 with peaks at 0-10cm and 35—
(Fritts, 1976), we analysed the influence of temperature angyqy -m DBH class (Supplementary Fig. S2). In T2, the DBH
precipitation since June of the previous growth year until Oc-gigtihution of the same species had an inverse-J-shaped dis-
tober of the current growth year. Simple Pearson correlationyjy, o indicating continuous regeneration in the area. DBH
coefficients were used to quantify relationships between treegisyribytion ofB. utilisin T1 presents a unimodal bell shape,
ring chronologies and climate variables, i.e. monthly averag&gicating poor regeneration in recent years. However, DBH
(Tmean, maximum (may) and minimum {min) temperature  gisribution of the same species in T2 indicates better recruit-
and total monthly precipitation. Similarly, influence of s€a- ment of individuals. Similar trends were observed in height
sonal climate on radial growth was also assessed for fougisiripytion. Age class distribution of the species was het-
seasons — namely winter (December—February, DJF), présrogeneous with an inverse-J-shaped and unimodal to multi-
monsoon (March-May, MAM), monsoon (June-September,,q4a| hell-shaped distribution (Supplementary Fig. S3).
JJAS) and post-monsoon (October—November, ON). In ad-
dition to this, influence of annual average temperature and3 2  Age structure, regeneration and treeline dynamics
total precipitation was also calculated. One of the major dif-
ficulties in undertaking dendroclimatic research in Nepal re-The demographic distribution @&. spectabilisandB. utilis
lates to the paucity of long meteorological records for statis-revealed the recruitment and mortality pattern over time
tically calibrating the tree rings because most of the weathe{Supplementary Fig. S3 and Fig. 4). The age distribution of
stations in Nepal were only established after 1960 for pre-A. spectabilisndicated that the species was established in the
cipitation and 1970 for temperature (Bhattacharyya et al.,early 1850s in T1 (Fig. 4a) and in the 1950s in T2 (Fig. 4b).
1992; Cook et al., 2003). Available climatic data (1980— The population ofA. spectabilisvas dominated by young in-
2009) of the nearest stations at Chame®838N, 8414 E dividuals comprising 89 % of the population below 50 years
and 2680 ma.l.) of Manang and Larke Samdo (28 N, age. The recruitment &. spectabilisvas slow in the 1850s,
84°37 E and 3650 ma.l.) of Gorkha were used (Fig. 2). accelerating after 1950, and again after 1980. This could be
Missing values were replaced by average value of the sameelated to increased temperature in the area. The recruitment
month’s data. of B. utilis started from the 1820s in T1, then reached T2 in
To investigate the relationship between regeneration andhe 1840s (Fig. 4a, b). The proportion of young population
climate change, recruitment or age data were summed acrosg B. utilis was low (13 % of the populatior: 50 years old)
5-year intervals as the finest resolution to take into accountis compared to middle-aged trees (42 % being 50—100 years
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old) and older ones (45 % over 100 years old). Recruitment
of B. utilis was lower at the beginning in both transects, but
increased slowly to peak in the 1880s in T1 and the 1930¢ 4004 (a) Transect1 o o
in T2. Regeneration oscillated between the 1880s and 194C P
and declined steadily since then. 3950 - o © o O@O o o B
The comparative age of the two tree species shows tha °© ©
the regeneration of thB. utiliswas higher before the recruit- 3900 1
ment of A. spectabilisin the treeline community. Spatial— R o
temporal assessment of the upper species limit distributiorg %1 o 8¢ o %
of A. spectabilisand B. utilis revealed that the position of ? o§° °o o 0O
B. utiliswas higher than the position 8f spectabilisn both 07 o ° o 0 o9 OOO K.
transects (Fig. 4a, b). Similarlf3. utilis colonized the area 0i0 ® gQoc V.0,
earlier thanA. spectabilis Seedlings of theA. spectabilis 37507
species were found about 80 m higher than trees indicat
ing upward migration (Fig. 4c). Matured trees and young
seedlings were mostly dominant at lower elevation indicat- o ©
ing stand densification as well. T2 had a lower number of 07 & o O
seedlings than T1. Seedlings®futiliswere not recordedin g
both transects, but some were observed just outside the plot €

On the basis of the temporal and spatial distribution of the‘§ s &
© o0
[e)
o

Abies spectabilis O  Betula utilis

Elevation (masl)
o (o]
o)
Se)
@

4000 - (b) Transect 2 o o o
o

3900 -

ages ofB. utilis at an elevation gradient, we calculated that 66 o
the seedlings of the species were established at 3860 m bt 4, |
tween the 1810s and 1820s and at 3990 m during the 189C

(Fig. 4a). TheA. spectabilison the other hand made a tree- 3750 -
line community around 1850 at 3765 m and reached 3907 n . . ; .
(presentA. spectabiligreeline) during the 1950s. Seedlings 1600 150 100 1590 2000
of this species are now established at 3984 m, which is Recruitment year

close to the upper limit oB. utilis. The average upward (©

movement of the upper distribution limit &. spectabilis

at the study sites was calculated to be 2.61 mykét.56—
3.66 myear?). The upward shifting ofA. spectabiliswas
more pronounced in T2 with migration rate of 3.66 m y&ar
while it was 1.56 myeart in T1.

The densities of saplings and seedlingsfofspectabilis
(Supplementary Table S3) indicated that its regeneration wa
higher in T1 than in T2 and also higher than thaBoiutilis
in both transects. As there was a presence of a large numbx
of saplings and seedlings &f spectabilign the site but no
seedlings oB. utilis, it is anticipated that the structure and
composition of this treeline community will change in the
future. ; — — T
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3.3 Tree-ring chronology

Figure 4. (a, b) Spatial and temporal variation in the recruitment
A 229-year-long (AD 1782-2010) standard tree ring chronol-of tree species in T1 and T&) Temporal upward shifting oAbies
ogy of A. spectabiliswas prepared using 46 cores from spectabilisalong an elevation gradient in the study site.
29 trees (Fig. 5). The chronology revealed that there was no
constant increment in the growth of trees but it fluctuated
through time. The years 1818, 1819, 1974 and 1999 weréng in 1854 and 63 years starting in 1940. The period cen-
characterized by particularly poor growth, whereas the yearsred on 1905 is one of the shortest with below-average radial
1789, 1814 and 2009 resulted in particularly wide rings. Re-growth. In the recent period (after 2000) the radial growth
sults of the regime shift analysis suggest that there have beeis increased. Several statistics that were calculated for the
constant changes in mean radial growth which are domitime span of AD 1782-2010 and for the period of overlap
nated by short periods of above-average radial growth. TwqAD 1920-2005) of all tree-ring series indicated a high den-
major periods with low radial growth were 36 years start- drochronological potential (Supplementary Table S4). The
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Figure 5. Tree-ring standard chronology ébies spectabilifrom
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Figure 6. Relationship between thbies spectabiligadial growth
with climate data (monthly mean, maximum, minimum, seasonal
average temperature, and monthly and seasonal sum of precipita-

) ) . . tion) (a), and relationship between regeneratharspectabiliswith
The radial growth of thé\bies spectabiliat the studied tree-  monthly climate(b); the black horizontal line indicates a signifi-

line was limited by the low temperature with a positive corre- cant correlation at the 95% confidence limit for a two-tailed test
lation between the ring width chronology and monthly max- and dashed horizontal line indicates a significant correlation at the
imum temperature in most of the month and a negative re-99 % confidence limit for a two-tailed tegt) shows the response
lationship with minimum temperature (Fig. 6a). The radial of radial growth to the monthly climate of June in the previous
growth inA. spectabiliccorrelated negatively with the mean Year to October of the current year as well as seasonal averages.

and minimum monthly temperature of June—September ( PI-PD signify June-December of the previous year; MAM, JJAS,

—0.45, P <0.01) months of the current year (Fig. 6a). ON and DJF are the mean temperature and the sum of prempnta_\tlon

However, above-average monthly mean and minimum tem—Of March—May, June—September, October—November.and previous

. . . . . year December to the current year February, respectively. For cli-

perature in t.he previous yef’;\r growing period (i.e. ‘]une_matic influence on the regeneration of thespectabilisa climatic

September) influence negatively the current year grOWthWindow of 12 months of current years as well as annual average of

Looking at the influence of seasonal climate on the growth,iemperature or annual sum of precipitation are used.

effect of monsoon season (JJAS) temperature on the growth

was stronger than individual counterpart months with a sig-

nificant negative correlation with seasonal meaa:-(—0.58,

P <0.01) and minimum { = —0.66, P < 0.01) tempera-

ture. Regeneration of theA. spectabiliswas favoured posi-
Though weak, radial growth was negatively correlatedtively by the above-average monthly maximum tempera-

with monthly precipitation of most months of the current ture during most of the months and above-average precipi-

year (Fig. 6a). The relationship between ring width and pre-tation during dry warm summer months (Fig. 6b). The rela-

cipitation of February of the current year was slightly nega-tionship between regeneration and monthly maximum tem-

tive (r = —0.38, P < 0.05). The precipitation during the pre- perature of the most of the months of the current year

vious year June correlated positively=£ 0.45, P < 0.05) was positive and statistically significant$ 0.8, P < 0.05)

with current year growth. The correlation between the radialwhile the relationship was negative but significant with the

growth and seasonal sum of precipitation was weak and nomonthly minimum temperature of June-September of the

significant statistically. current year { > —0.7, P < 0.05) (Fig. 6b). The relation

3.4 Response of tree growth and regeneration to climate
change
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between regeneration and precipitation in August (.96, the T2 from downside seed source. The DBH class dis-
P < 0.01) was positive and statistically significant (Fig. 6b). tribution of A. spectabilisshows a bimodal distribution in
Itis also evident from Fig. 6a and b that the growth and re-T1 with peaks in lower and intermediate DBH classes. The
generation ofA. spectabilids more sensitive to minimum or peak in low DBH class indicates that regeneration in re-
maximum temperature rather than average temperature b&ent years is good. The DBH distribution Bf utilis indi-
cause correlation with these is more positive or negative thartated poor regeneration during recent years. The age dis-
average. tribution was an inverse-J-shaped to multimodal bell-shaped
with intra and inter-species differences. Such kind of differ-
ences in the age and DBH class distributiorhospectabilis

4 Discussion and B. utilis have been observed in the other treeline eco-
tones of Nepal (Shrestha et al., 2007; Bhuju et al., 2010;
4.1 Position, structure and dynamics of treeline Suwal, 2010; Gaire et al., 2011), indicating site- and species-

specific regeneration condition in the Nepal Himalaya. Sim-

The position and dynamics of the treeline are the result ofilarly at the A. spectabilistreeline near the Everest region
the interaction of several factors including topoclimate (ra-on the Tibetan side, Lv and Zhang (2012) observed a mul-
diation, temperature, precipitation, length of growing sea-timodal age distribution with peaks during 1840-1860 and
son, and snow cover), topography (slope inclination, reliefin recent years. The differential spatio-temporal regeneration
forms), ecology of tree species (regeneration, seed dispepattern reflected in the multimodal size (age and/or DBH)
sal, successional stage), site history (climate oscillationsclass distributions were also observed in various treeline
fire, human impact, insect attacks), current biotic (browsing,sites of different mountains: for exampgkcea schrenkiana
trampling, diseases and insect pests) and anthropogenic iR central Tianshan mountains, NW China (Wang et al.,
fluences (burning, logging, grazing, recreation and tourism)2006), Juniperus przewalskiin the Qilian Mountains, NE
(Holtmeier, 2009). The position of the treeline, species lineTibetan Plateau (Gou et al., 201Binus uncinatain the
and species composition varies across the globe as well as &yrenees Mountains, NE Spain (Camarero and Gutiérrez,
sites within the region (Kérner, 1998; Miehe et al., 2007).  2007; Batllori and Gutiérrez, 2008Ricea glaucain SW

In Nepal, the position of the treeline varies between theYukon, Canada (Danby and Hik, 200Darix gmelinii in
eastern, central and western region (Schickhoff, 2005). Rethe Putorana Mountains, northern Siberia (Kirdyanov et al.,
gardless of the plots, th&. spectabiligreeline in the present 2012), Picea glauca Picea marianaand Larix laricina,
study was found at 3907 msd. and theB. utilis treeline  Abies lasiocarpanear Churchill, Manitoba, Canada (Mamet
at 4003 mas.l., which is comparable to the other studies and Kershaw, 2012).
(Korner and Paulsen, 2004; Bhuju et al., 2010; Liang et Recruitment, critical determinant of the rate of forest or
al., 2014). However, along the western slope of Mt An- treeline shift (Camarero and Gutiérrez, 2007), has been found
napurna, the upper timberlin®.(utilis, R. campanulatuin  to be more sensitive to climate than adult mortality in harsh
at north-facing slopes ascends to 4000-4100shand to  environments where competition is low, because recruitment
even 4400 ma.l. on the Nilgiri northern slope (Schickhoff, has lower climatic thresholds than adult mortality (Lloyd,
2005). Bhuju et al. (2010) found the treeline at 4050s1a  1997). The recruitment k. spectabilisvas high during the
in Pangboche of Sagarmatha (Everest) region in easterti940—-1950s and after the 1980s which might have been facil-
Nepal, while at the Lauribina of Langtang in central Nepal itated by the warm winter temperature in the area and in the
it was observed at about 3900 8. (Gaire et al., 2011). country (Cook et al., 2003; Sano et al., 2005). In the present
Generally, the upper treeline elevations in the Hindu Kush—study, the establishment éf. spectabilisvas high in recent
Karakoram—Himalaya (HKH) region increases along two decades as compared to the previous decades, which is con-
gradients: a NW-SE gradient (corresponding to higher temsistent to the findings of other studies in the treeline in the Hi-
perature sums at the same elevations along the mountaimalaya and other mountains (e.g. Gaire et al., 2011; Batllori
arc) and a peripheral—central gradient from the Himalayanand Gutiérrez, 2008; Liang et al., 2011; Lv and Zhang, 2012).
southern slope to the Great Himalayan range and the Tibetahv and Zhang (2012) found a significant tree recruitment in
highlands (related to the combined effects of continentalitythe recent three decades and sporadic recruitment in earlier
and mass elevation both leading to higher temperature sumgjeriods AD 1760-1960 in the treeline of the Tibetan side
(Schickhoff, 2005). of the Everest region. Liang et al. (2011) also found an in-

The size class distribution of the tree species reflects itcreased recruitment of Smith fiAbies georggi after the
regeneration status (Lv and Zhang, 2012). In our study, thel950s with an abrupt increase in the 1970s in the Tibetan
structural parameters of the studied species not only varmountains. Batllori and Gutiérrez (2008) also observed past
ied between the plots but also between the species. Comand recent synchronous recruitment trendBiafis uncinata
pared to T1, the smaller maximum DBH and younger agewith climate change at the treelines in the Iberian eastern
of both theA. spectabilisandB. utilisin T2 indicated some range of the Pyrenees.
influence of the Kalchuman Lake in the seed dispersal in
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The regeneration at the treeline can be sporadic or episodic Average upward shifting of the upper distribution limit of
(Cuevas, 2002; Lv and Zhang, 2012). Patchy spatial distri-A. spectabilisat the treeline ecotone was about 2.61 m yéar
bution of A. spectabilis with gaps in some diameter and with some local variation in the area. This upward migra-
age classes observed in the present study, indicates episodion trend of A. spectabilisis consistent with the upward
regeneration. The dominance of multimodal age distribu-migration (34 m per decade) &. spectabilisin the tree-
tions also observed in other alpine or forest—-tundra ecotondéine of the Samagaun region of the MCA (Suwal, 2010),
studies suggested that recruitment in treeline forest ecosysnd ofPinus wallichiana(19 and 14 m per decade on south-
tems is episodic or sporadic rather than gradual (Szeicand north-facing slope) in the western Himalayas (Dubey et
and MacDonald, 1995; Cuevas, 2002; Batllori and Gutiér-al., 2003). Several other studies have reported treeline shift-
rez, 2008; Lv and Zhang, 2012). The spatial distribution ofing in different regions of the world (e.g. Camarero and
B. utiliswas more regular comparedAo spectabilisin this Gutiérrez, 2004; Danby and Hik, 2007; Gehrig-Fasel et al.,
study, establishment @. utilis in recent decades has been 2007; Harsch et al., 2009; Kullman 2001, 2002; Kullman and
very poor as compared to previous decades. A similar trendDberg, 2009; Chauchard et al., 2010; Leonelli et al., 2011;
has been reported from other treeline sites (e.g. Bhuju et alMamet and Kershaw, 2012; Kirdyanov et al., 2012). Kullman
2010). Recruitment of the species was slow in the beginningand Oberg (2009) presented a regional-scale treeline rise of
in both transects and increased gradually to reach at peaRetula pubescenssp.czerepanovijiPicea abiesand Pinus
in the 1880s in T1 and the 1930s in T2 with a slight oscil- sylvestridn the southern Swedish Scandes of 70—90 m on av-
lation between the 1880s and 1940s. Similarly, the regenerage with maximum up-shifts of about 200 m since around
eration of B. utilis before the arrival ofA. spectabiliswas  AD 1915. Danby and Hik (2007) found an increased tree den-
high. The maximum age d@. utilis was higher thaiRhodo-  sity as well as an advancement of Sprueieéa glaucatree-
dendron campanulatur(Prabina Rana, personal communi- line elevation by 65-85m on south-facing slopes in south-
cation, 2013) and the maximum ageRdfcampanulaturwas ~ west Yukon, Canada during the early to mid-20th century.
higher than that oA\.. spectabilisHence, this area might have Similarly, Kirdyanov et al. (2012) observed an upslope shift
been colonized by shade intolerdt utilis trees followed  of the Larix gmelinii treeline position by approximately 30—
by shade tolerant understory trBe campanulaturand was 50 m in altitude in the Putorana Mountains, northern Siberia
later invaded byA. spectabiligrees. during the last century. However, Liang et al. (2011) found

Seedling establishment is an important factor dictating theno significant upward movement in fir treelines in the Ti-
altitudinal limits of treeline species (Hughes et al., 2009). betan Plateau despite the warming in the region in the past
Evidently, treeline rise depends on seeds produced at the 1200 years.
cal treeline rather than propagulae from more distant sources
at lower elevations (Kullman, 2007). At and above the tree-4.2 Climatic factors affecting tree growth and
line in the study site in the Kalchuman Lake area, we ob- regeneration dynamics
served neither long-living krummbholz nor sub-fossil wood
of A. spectabilisandB. utilis. Matured and young seedlings Growth of a tree is associated with several abiotic fac-
of A. spectabilisand maturedBetula were mostly domi-  tors including climate (Fritts, 1976). The radial growth of
nant in the lower elevation. However, some seedlings ofA. spectabilifluctuated over time with changing climate and
A. spectabilis probably due to global warming, have been we did not observe constant increment or decrement in the
thriving at much higher elevation than tree individuals. This growth. However, a few studies have reported enhanced ra-
study indicated both stand densification and upward migradial growth of the western Himalayan conifer during recent
tion as recorded in many other areas (Camarero and Gutiérears (e.g. Borgaonkar et al., 2011).
rez, 2004; Danby and Hik, 2007; Gehrig-Fasel et al., 2007; The radial growth ofA. spectabilisn the treeline is more
Kullman, 2007; Vittoz et al., 2008; Batllori and Gutiérrez, responsive to temperature change. Tree growth was posi-
2008; Kullman and Oberg, 2009; Kirdyanov et al., 2012).  tively correlated with temperaturelifean Tmax and Tmin)

Consistent with the observed trend in the other treelinedrom October of the previous year to April of the current year
(Kullman, 2001, 2002; Wang et al., 2006; Kullman and which indicates that temperature before the growing season
Oberg, 2009; Gou et al., 2012), spatio-temporal age distri-has a main influence on the radial growth during the subse-
bution showed that there was regeneration as well as upwarduent growing period. High winter temperature may induce
migration of theB. utilis until the end of the 1960s though early melting of snow with the easy availability of melt water
the exact rate is not calculated. The peak in the tree estalfor growth in the growing season. Studies also have reported
lishment in the past corresponds to the warm episode in botlthat monthly and seasonal winter temperatures are more
winter and summer reconstructed temperature in the countrjimiting than growing-season temperatures to annual radial
(Cook et al., 2003). However, we observed a stagnant uppegrowth in many upper treeline sites with a positive relation-
distribution limit or treeline oB. utilisin the recent decades ship with winter temperature (Brauning, 2004; Pederson et
along with poor regeneration in spite of temperature warm-al., 2004; Borgaonkar et al., 2011). Brauning (2004) found a
ing in the area. strong positive relationship between tAe spectabilisring
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width chronology and temperature from November of the December of the current year was positive while the rela-
previous year to January of the current year in western Nepation was negative with the monthly minimum temperature of
Borgaonkar et al. (2011) found a strong positive relation-the current year, indicating that low temperature adversely
ship between the mean annual and winter (DJF) temperaturesffects seedling survival. Severe soil frosts during cold win-
of the concurrent year and growth of western Himalayanters were considered to be critical factors in the control of
conifers. The negative relationship, observed in the presenseedling survival by causing needle and shoot desiccation
study, with the pre-monsoon (MAM) and monsoon seasonor fine-root mortality (Kérner, 2003; Pederson et al., 2004;
(JJAS) temperature points towards some threshold tempeiKullman, 2007). Since extremely low cool-season temper-
ature or moisture stress because increase in temperature &tures facilitate the formation of abrasive ice crystals that
the pre-monsoon and monsoon season without adequate raiphysically damage trees and as a result often limit estab-
fall increases the evapotranspiration which leads to a soillishment at the treeline, this research also supports other re-
moisture deficit and limits tree growth (Fritts, 1976; Cook et cent studies documenting the critical impact of warmer win-
al., 2003; Yadav et al., 2004). Other studies from the Nepalter temperatures on increased tree establishment in the high-
Himalaya revealed that tree-ring width 8f spectabilisis elevation ecotones (Kullman, 2007; Kullman and Oberg,
controlled by pre-monsoon (March—May) climate with neg- 2009; Harsch et al., 2009). The regeneratioAo$pectabilis
ative correlation with temperature and positive correlationwas positively correlated with the precipitation of May—
with precipitation indicating that moisture availability in this August months. The positive relationship with the precipi-
season limits tree growth (Cook et al., 2003; Sano et al.tation of these summer months implies that as the temper-
2005; Chhetri and Thapa, 2010; Gaire et al., 2011). Mostature had already attained the minimum threshold required
of these studies were carried out in the areas much lowefor growth, high rainfall aids the survival and growth of
than treeline ecotone. Similarly, Yadav et al. (2004) ob- seedlings and saplings. During summer months the temper-
tained a negative as well as weakened relationship betweeature in the study area would often be high. So, low rainfall
the mean temperature of the summer months and growth ofay create a desiccation situation and will have a stronger
A. spectabilifrom treeline sites of the western Himalaya. In effect on recruitment because germinants are more sensitive
the present study, responses of radial growtA.cdfpectabilis  to drought stress (Hughes et al., 2009; Fajardo and Mcln-
to minimum and maximum temperatures in the current yeartire, 2012). Comparing with the past long-term reconstructed
were in the opposite direction. This indicated to the preva-climatic data (Cook et al., 2003), the regeneratiorAbfes
lence of threshold temperature above or below which theseems to be good during the episode of warm winter and cool
responses become less sensitive to temperature or nonlisummer. Hence, temperature plays a crucial role in growth
ear to inverted U-shaped relationship (Paulsen et al., 2000and regeneration &. spectabilisat the natural climatic tree-
D’Arrigo et al., 2004; Yadav et al., 2004; Kullman, 2007).  line of the Himalaya.

In this study, the radial growth A&. spectabilisvas less From a similar study at the timberline on the Tibetan
strongly correlated with precipitation, having significant neg- side of the Everest region, Lv and Zhang (2012) found that
ative correlation only with February precipitation. As pre- A. spectabiligecruitments in 5-year classes were positively
cipitation in these months falls in the form of snow, high correlated with their corresponding monthly mean air tem-
snow accumulation delays the growth initiation, shorten-peratures in June and September and with Palmer Drought
ing the growth period and ultimately resulting in the for- Severity Index in June. The relationship was inverse for re-
mation of a narrow ring. A deep snow pack in late win- generation and ring width. From a study in a treeline on the
ter has been shown to effectively reduce radial growth ratesoutheastern Tibetan Plateau, Liang et al. (2011) found a
by maintaining low soil temperatures and delaying initiation significant positive correlation between the Smith Abies
of cambial expansion (Fritts, 1976; Pederson et al., 2004)georgeivar. smithii) recruitment and both summer and winter
Above-average moisture during the June of the previous yearemperatures. Wang et al. (2006) reported that several con-
positively affects the current year’'s growth because abovesecutive years of high minimum summer temperature and
average moisture during summer and early autumn may prospring precipitation was the main factors favouring the estab-
mote storage of carbohydrates and bud formation, thus enishment ofPicea schrenkianéollowing germination within
hancing growth during the following year (D’Arrigo et al., the treeline ecotone in the central Tianshan mountains.
2001; Fritts, 1976). The weak correlationfafspectabilisa- Due to the lack of young seedlings and saplings as well
dial growth with the precipitation also might be due to its sen-as long climatic data, we could not calculate the climatic
sitivity to temperature compared to precipitation. Converselyvariables limiting growth and regeneration®futilis. How-
the weak correlation could be due to variation in the precip-ever, in a recent study in birch timberlines from the Nepal
itation between the sampling sites and the local stations beHimalaya including our study site, Liang et al. (2014) using
cause in the Himalaya precipitation fluctuates greatly, everCRU grid-based data found a significant positive relationship
within a small geographic area (Barros et al., 2004). between tree-ring width chronologies Bf utilis and pre-

The relationship between regeneration Aof spectabilis  cipitation in May and the pre-monsoon (MAM) season and
and the monthly maximum temperature of January—a less strong negative relationship with temperature. They
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concluded that Himalayan birch growth at the upper timber-warming. The climatic conditions that enhance radial growth
lines is persistently limited by moisture availability during of A. spectabiliswere almost similar to the climatic con-
the pre-monsoon season. The poor regeneration and lack afitions that enhance regeneration with slight variation in
recent shifting of theB. utilis in the area might result from some months, which is similar to the findings of other stud-
the increasing moisture stress (Liang et al., 2014) as availies (Szeicz and MacDonald, 1995; Camarero and Gutiérrez,
able precipitation data from the nearby station have shown d999). In this study both the recruitment and radial growth of
decreasing trend in the precipitation. In addition to the influ- A. spectabilisvas found to be associated positively with win-
ence of climate change, the lack of recent regeneration of théer temperature and negatively with summer (May—August)
B. utilis seedlings could be due to the influence of increasednonths’ mean and minimum temperature.

canopy cover by its own and associated tree species as well In spite of the regeneration &f. spectabili@bove the ex-

as dense shrub scrub becaBsaeitilis seedlings could not es- isting treeline, the pace of future treeline shifting with cli-
tablish under their own closed canopy even if they producemate change may not necessarily be the same because a
viable seeds (Shrestha et al., 2007) because the birch seedlisgedling takes many years from establishment to reach its
growth is facilitated by direct sunlight (Shrestha et al., 2007;tree height (in the treelinéjbiestook more than 30years

Hughes et al., 2009). to reach 2 m height) and then to develop into a forest stand
(Lloyd, 2005). On the other hand, there are no seedlings of
4.3 Treeline dynamics with climate change B. utilisin and above the treeline. It will take several decades

for newly establishe@etulaseedlings to develop and form a
The relationships between regeneration, treeline shifts andreeline even if they establish now. As spectabilisin the
climate change may be more complex because climate mafreeline is more responsive to temperature change, an ad-
affect tree recruitment and treeline advance rate in differ-vance of this at the natural treeline of the Himalaya with
ent ways (Camarero and Gutiérrez, 2004; Wang et al., 2006¢limate change may continue if a long-term warming trend
Kirdyanov et al., 2012). A treeline ascent implies severalstimulates growth frequently enough even in cooler years or
consecutive processes: production of viable seeds, dispeiflow temperature events/periods which limit growth and re-
sal, availability of adequate regeneration sites, germinationgeneration are insignificant or if there would not be water
seedling survival and persistence until the individual reachegleficit in plants which could offset the expected positive ef-
adulthood (Wang et al., 2006; Kullman, 2007). Climate vari- fects from temperature increase in tree establishment, growth
ability affects all these sequential stages, but the same cliand the upslope advance of treeline (Paulsen et al., 2000;
matic variable can enhance one of these processes while ildaniels and Veblen, 2004; Wang et al., 2006; Kullman and
hibiting another one (Camarero and Gutiérrez, 2004; WangDberg, 2009). In the case Bf utilis, Liang et al. (2014) re-
et al.,, 2006). At a global scale, treelines are considerecported that the birch treeline of the Himalaya is a rare case
to be constrained primarily by growing season temperatureof a drought-induced alpine timberline and Himalayan birch
(Kérner and Paulsen, 2004). However, at many alpine treeat its upper distribution boundary is increasingly at risk of
line ecotones, both winter and summer temperatures are ofsurvival. Therefore, downslope range shift may occur as a re-
ten key constraints on tree recruitment (Harsch et al., 2009sponse to global-change-type droughts (Liang et al., 2014).
Liang et al., 2011) including other local site conditions, With the supportive evidence of differential life history, re-
species’ traits and feedback effects (Danby and Hik, 2007generation condition and the species-specific response of
Batllori and Gutiérrez, 2008). In the present alpine treelinethese two treeline species to climate change, itis clear that, in
study the establishment of tlie spectabiliss also controlled  addition to treeline position, the community structure in the
by both winter and summer climatic events. studied treeline in the Himalaya is going to change, if current

An increasing number of studies have demonstrated thatlimate change and response pattern continues.

tree population density at treelines can respond quickly to ris-
ing temperatures (Camarero and Gutiérrez, 2004; Kullman,
2007; Liang et al., 2011) compared to the changes in tree5 Conclusions
line position because of the great longevity and phenotypic
plasticity of tree individuals (MacDonald et al., 1998; Lloyd, The present study provided a recruitment pattern and dynam-
2005). If temperature is the primary and dominant driverics history of Himalayan fir and Mountain birch at the high-
for both recruitment and growth, these processes should beltitude treeline of the Manaslu region, central Nepal Hi-
positively synchronized (Fajardo and Mcintire, 2012). Somemalaya. Although regeneration patterns varied between the
previous studies at treelines found concurrent synchroniespecies, increasing trends of stand densification as well as
(MacDonald et al., 1998; Batllori and Gutiérrez, 2008) and upward shifting of the studied treeline is evident. The up-
lagged synchronies of tree growth and regeneration in botlward shift of A. spectabilisat MCA was estimated to be
positive and negative directions with climate change (Fajarda@.61 myear?. In spite of upward migration oB. utilis up
and Mclintire, 2012). We found a synchronous regenera-to the mid-20th century, its upper distribution limit has been
tion of A. spectabilisin the treeline ecotone with climate stagnant in recent years. The regeneratiod.o$pectabilis
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was positively related with monthly maximum temperature altitude forest at Sagarmatha National Park, Nepal, in: Con-
in most of the months of the current year and precipitation in  temporary research in Sagarmatha (Mt. Everest) region, Nepal,
May—August although the growth of ti utilis can be also edited by: Jha, P. K. and Khanal, I. P., Nepal Academy of Sci-
limited by pre-monsoon precipitation (Liang et al., 2014).  ence and Technology, Lalitpur, 119-130, 2010.
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