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a  b  s  t  r  a  c  t

Population  structure  and  tree recruitment  dynamics  in  the  natural  treeline  ecotone  of high  mountains  are
strong  indicators  of  vegetation  responses  to climate.  Here,  we  examined  recruitment  dynamics  of  Abies
spectabilis  across  the  treeline  ecotone  (3439–3638  m asl)  of  Chimang  Lekh  of Annapurna  Conservation
Area  in  the Trans-Himalayan  zone  of  central  Nepal.  Dendrochronological  techniques  were  used  to estab-
lish stand  age structure  by  ring  counts  of  adults,  and  by  terminal  bud  scar count  for  seedlings  and  saplings.
The  results  showed  abundant  seedling  recruitment,  higher  regenerative  inertia  and  colonization  with  a
consistent range  shift  of the A.  spectabilis  treeline.  The  upward  expansion  of  this  sub-alpine  treeline  was
found  to be  driven  by a strong  dependence  of  seedling  recruitment  and  radial  growth  on  snowmelt  and
ecruitment
cotone

precipitation  as temperatures  rise.  The  radial  growth  of A.  spectabilis  at the  alpine  timberline  ecotone
(ATE)  and  closed  timberline  forest  (CTF)  showed  sensitivity  to spring  season  (March–May)  climate.  Tree
ring  indices  of CTF  showed  a strong  positive  correlation  with  spring  and  annual  precipitation,  and  a  sig-
nificant  negative  correlation  with  spring  and annual  temperature,  however,  moisture  sensitivity  was  less
strong  at  ATE  than  CTF.
. Introduction

The high elevation treeline ecotone forms the transition from
he timberline to treeless alpine vegetation (Körner, 2003). Nat-
ral treelines are sensitive to climate and are valuable indicators
f vegetation responses to climatic change (Kullman, 2002; Körner
nd Paulsen, 2004; Batllori and Gutiérrez, 2008). Understanding the
nvironmental factors responsible for determining the geograph-
cal and ecological limits of species across the globe is important
iven anthropogenic climate change and its potential effect in nat-

ral ecosystems (Summers et al., 2012). Upward shifts of high
levation treelines are generally reported in response to global
arming (Kullman, 2001; Grace et al., 2002; Holtmeier and Broll,
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ion (ADA) 2015”, published in the journal Dendrochronologia 41, 2017.
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2007; Harsch et al., 2009). A recent meta-analysis of worldwide
treelines indicated about 52% of global treelines were advancing,
1% of them were retreating and the remaining had no evidence
of change (Harsch et al., 2009). Temperature is commonly held to
be the main abiotic factor to delimit the position of alpine tree-
lines, and to constrain the growth and regeneration of tree species
(Körner, 2003,2012; Holtmeier and Broll, 2007; Jump et al., 2007;
Harsch et al., 2009). Hence, as global temperatures rise, treelines
are forecast to advance. However, in some climatic conditions, tree-
line expansion is likely to be limited by insufficient photosynthesis
mainly brought about by drought stress (Lloyd and Fastie, 2002;
Wilmking et al., 2004; Wang et al., 2015). Therefore, it is important
to identify environmental factors associated with treeline forma-
tion in order to better understand and predict treeline response to
changing climate.

Air temperatures across most mountainous regions of the world

are expected to rise significantly over coming decades (IPCC, 2013).
However, the response of treelines to warming is still subject
to great uncertainties on how local factors (e.g., elevation, expo-
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Fig. 1. Map  of Nepal showing Mustang and study sites at Chimang (Chima

ure, aspect, soil) will modulate treeline dynamics (Greenwood
t al., 2014). Seedling recruitment and colonization, stand densi-
cation and regenerative inertia of the treeline can vary greatly
etween slope aspects due to the differential presence of per-
afrost (Danby and Hik, 2007), and factors such as stand history,

ispersal ability, habitat suitability, disturbance and ecological
nteractions (Schloss et al., 2012). Climate induced shifting of alpine
reeline is a widespread phenomenon in various mountain systems
f Northern hemisphere (Gaire et al., 2014; Hagedorn et al., 2014;
i et al., 2015). However, the Himalayan treeline environment is
ery heterogeneous, which limits broad generalization on treeline
ensitivity to climate due to variation in physiographic configura-
ion and strong climatic gradients (Daniels and Veblen, 2004; Elliott
nd Kipfmueller, 2011; Schickhoff et al., 2015). Himalayan tree-
ines show different response to recent climate change including
ubstantial upward shifting (Gaire et al., 2014), moderate expan-
ion (Chhetri and Cairns, 2015), almost stationary position (Gaire

t al., 2011; Shrestha et al., 2014) and even the possibility of retreat-
ng in case of warming induced drought stress (Liang et al., 2014).
he overall Himalayan region has sparse information on treeline
nd Chimang II transects), Thakmarpha climate station and CRU grid point.

dynamics, and particularly little is known about the recruitment
dynamics of treeline in the Trans-Himalayan dry zones of central
Nepal.

The Himalaya has already experienced a relatively high rate
of warming with greater magnitude during winter time (Shrestha
et al., 2012). The warming episodes are even more intense in the
high mountain range and cold deserts of the Trans-Himalayan
region, making it most vulnerable of all ecosystems (Xu et al., 2009;
Sharma and Tsering, 2009; Aryal et al., 2012). High elevation tree-
line in the Trans-Himalayan region (Mustang: central Himalaya)
is expected to be particularly sensitive to changes in climate as it
receives low precipitation and consequently relies on runoff from
snow cover as the main source of water (Aryal et al., 2012). This
region, therefore, provides a unique opportunity to study the cli-
mate response of vegetation in this water-limited high altitude
environment.

Here we use inventory data and tree ring records to study the

recruitment dynamics and climate response of the A. spectabilis
treeline in the Trans-Himalayan region. Specifically, we  aim to (1)
assess spatiotemporal recruitment dynamics of A. spectabilis trees
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Fig. 2. Abies spectabilis seedling under Rhododendron bush (a), A. spectabilis sapling at the upper limit in Chimang I transect (b), photo showing study transects (transect I and
II)  at Chimang (CI and CII).

Table 1
Summary statistics of tree structural attributes.

Site Growth form Ht (m)  BD (cm) Age (year) CC (m2) VGR (cm/year) RGR (cm/year)

CI Seedling (n = 36) 0.32 ± 0.08 1.92 ± 0.58 12.08 ± 4.03 0.65 ± 1.10 2.75 ± 0.59 0.16 ± 0.05
Sapling (n = 49) 0.91 ± 0.42 3.71 ± 1.56 20.53 ± 6.00 0.97 ± 0.78 4.56 ± 1.90 0.18 ± 0.08
Tree  (n = 55) 6.36 ± 3.71 19.53 ± 10.34 41.10 ± 17.30 6.06 ± 3.14 15.19 ± 5.08 0.46 ± 0.14

CII Seedling (n = 18) 0.38 ± 0.06 2 ± 0.30 12.70 ± 2.20 1.35 ± 0.95 3.18 ± 0.63 0.16 ± 0.03
Sapling (n = 28) 1.06 ± 0.37 5.94 ± 3.48 19.44 ± 7.08 1.07 ± 0.93 5.58 ± 1.71 0.31 ± 0.18
Tree  (n = 52) 8.66 ± 5.43 18.64 ± 10.43 36.69 ± 12.25 7.35 ± 4.35 22.64 ± 10.41 0.49 ± 0.18
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Ht, Height; BD, Basal Diameter CC, Canopy Cover; VGR, Vertical Growth Rate; RGR
nd  the second number represents the standard deviation for each column).

t the treeline ecotone and (2) determine the climate response of
lant growth and regeneration underlying observed changes.

. Materials and method

.1. Study area

The study was carried out at Chimang Lekh in the southern
art of south–west facing slope of Mustang District (Fig. 1) in the
rans-Himalayan zone of central Nepal. While politically in Nepal,
eographically the region of Mustang is a part of Tibetan Highlands
Stainton, 1972) with most of the land in a rain shadow receiving
ess than 200 mm annual rainfall. Particularly, the northern part
f the district lies in the Trans-Himalayan region with semi-arid
nd dry climate; hence forested area is confined to the southern
art of district covering only 12,324 ha (3.24%) of its total land-
ass (Government of Nepal, 2010). The study area lies within the
nnapurna Conservation Area (ACA) which harbors prime habitat

or diverse flora and fauna (Bhattarai et al., 2010; Government of
epal, 2010; Aryal et al., 2012).
The arid zone alpine flora of the Trans-Himalayan range is
losely related to that of eastern Tibet and western China (Shrestha
t al., 2005). Most of the vegetation is composed of scarce and scat-
ered patches of thorny cushion plants such as Caragana, Astragalus,
al Growth Rate; n, Number of Individuals; the first number represents mean value

and Lonicera species while ravines and riverbanks are dominated
by species from the genera Hippophae, Myricaria, Populus and Salix.
Abies spectabilis occurs predominantly in more sheltered areas
and usually grows under moist climatic conditions in sub-alpine
Himalayan forests (3000–4000 m asl) and occasionally extending
its upper limit to 4300 m asl. This species is characterized by low
branching, dense foliage and is usually associated with Betula utilis
and Rhododendron campanulatum at the upper limit (Yadav et al.,
2004). Notably, A. spectabilis forest in the study area is found at com-
paratively low elevation (2800–3638 m asl) associated with Pinus
wallichiana.

2.2. Field sampling

Field investigations were carried out during September of 2014.
Sampling was conducted in two elevation transects on a topograph-
ically uniform area of sub alpine treeline ecotone. The ecotone
includes the uppermost distribution limit (species limit) of A.
spectabilis (irrespective of age) and the uppermost timberline. We
have considered the treeline as the uppermost elevation of trees

(≥2 m)  and timberline as the uppermost closed forest with tree den-
sity (trees >5 m tall) of at least 30% coverage (Holtmeier, 2003). The
first transect Chimang I (hereafter CI) was 20 m × 130 m, and the
second transect Chimang II (hereafter CII) was 20 m × 180 m (Fig. 2).
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Table  2
Summary statistics of ecotone attributes.

Ecological parameters Chimang I Chimang II

Total individuals recorded (living and dead) 161 129
Total individuals mapped 140 98
Density of living individuals (hectare−1) 77.40 44.79
Density of dead individuals (hectare−1) 3.84 5.55
Seedling sapling ratio 0.52 0.41
Occurrence of fire scar in tree cores 13% 17%
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Fig. 3. Climate summary of Thakmarpha (1970–2013 AD); monthly maximum tem-
Max. range of range shift of tree limit (m year−1) 0.52 1.74
Mean rate of treeline shift (m year−1) 0.50 2.21

he longer axis of each plot was parallel to the altitudinal gradi-
nt of subalpine forest to alpine shrub land. The altitudes of lower
nd upper parts of the plots were recorded by GPS. We  located
ll the individuals of A. spectabilis within transects and classified
hem into three-height classes: trees (≥2 m),  saplings (0.5–2 m)  and
eedlings (<0.5 m)  (Wang et al., 2006; Kullman, 2007). Basal diame-
er (BD: <10 cm from base), tree height and the canopy crown were

easured.
Dendrochronological techniques were employed for age esti-

ation and radial growth measurement of trees within alpine
imberline ecotone (ATE) transects and closed timberline forest
CTF). All ATE trees with basal diameter (BD) >5 cm were cored at
he base of the tree (<30 cm), whereas tree cores were collected
rom breast height level at CTF, using an increment borer. We  esti-

ated tree age based on the number of annual rings at the base.
n case of trees with missed pith, the number of missing rings was
etermined by the geometric method (Duncan, 1989). The ages of
aplings and seedlings (height < 2.5 m and DBH ≤ 5 cm)  were esti-
ated non-destructively in the field by counting terminal bud scars

internodes or branch whorls) along the main stem (Camarero and
utiérrez, 2004; Wang et al., 2006). Tree cores were air dried and
ounted on sample holders and the wood surfaces were sanded

sing progressively finer sandpaper according to standard meth-
ds (Fritts, 1976). Ring widths were measured at a resolution of
.01 mm with a LINTAB II measuring system (Rinntech, Germany).

.3. Demographic structure

We  calculated average population density of A. spectabilis per
ectare for each transect. The density diameter relationship was
alculated between densities of individuals per hectare with basal
iameter to assess regeneration status. The population density of

ndividuals was compared with tree recruitment patterns at every
ve-year interval, and seedling sapling ratio was  calculated. Pear-
on correlation analyses were performed to evaluate association
etween variables: the relationship between age, height, basal
iameter and crown coverage of individuals within transects. We
alculated mean annual radial and vertical growth by dividing an
ndividual’s radius and height with the age of the individual. Statis-
ical analyses were performed using the software R (version 2.8.1,

 Development Core Team, 2008).

.4. Treeline dynamics

Treeline advance was estimated by subtracting the elevation
f the position of old adult trees (down slope) from the present
reeline position (upslope), following Gamache and Payette (2005).
his gave the approximate recent upward shift of the treeline;
he total shift was divided by the age difference between upslope
nd downslope tree individuals to estimate the rate of shift per

ear. This rate of shifting was calculated with each uppermost and
ounger trees from the oldest tree of lower elevation within tran-
ect in order to homogenize the rate of multiple trees across the
cotone.
perature (TMX), monthly mean temperature (TEM), monthly minimum temperature
(TMN) and monthly precipitation (a), annual temperature trend (b), and Annual
precipitation trend (c).

2.5. Climate growth response

Climatic data were collected for the period 1970–2013 from the
nearest meteorological station (Thakmarpha: 28◦45′ N, 83◦42′ E,
2566 m asl), located at about 4 km apart from study sites (Fig. 1).
Mean annual rainfall in the area is 393 mm with mean annual tem-
perature 16 ◦C. The climate summary is presented in Fig. 3. The
treeline ecotone is generally covered by snow for in excess of four
months from mid  of November to mid  of March (personal observa-
tion).

Tree cores were cross-dated by visual inspection (Stokes and
Smiley, 1968) and by statistical tests (sign-test and t-test) using
the software package TSAP-Win (Rinn, 2003). Tree cores having low
correlation with the master chronology (r < 0.5) and those having
fire scars were excluded from further analysis. We  combined the
treeline chronologies of A. spectabilis from CI and CII to form a com-
posite ATE chronolgy, while doing so we  checked the correlation
between individual site chronologies (0.239, n = 45). Ring-width
measurements were detrended with a negative exponential or a
linear regression function, with the help of ARSTAN software (Cook,
1985). Before detrending, a data adaptive power transformation
was applied to reduce heteroscedastic behavior of tree-ring series
(Cook and Peters, 1997). Tree-ring indices were calculated as the

differences between transformed ring-width measurements and
fitted curves. The common signal among individual tree-ring series
was maximized by the detrending method, while low frequency
trends due to tree aging and stand dynamics were removed. All
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Fig. 4. Density (per hectare) and basal diameter in transect CI (a) and transect CII (b), density (per hectare) and age class of individuals showing recruitment trend in transect
CI  (c) and transect CII (d).
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the  recent position of treeline and the solid line below shows the position of oldest tree in the transects, (the uppermost treeline in at CI was considered after excluding the
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Fig. 6. Decadal variation of tree establishment periods
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(CII). The uppermost individual occurred 8 m and 57 m above tree-
ig. 7. Tree ring standard chronology of Abies spectabilis from Chimang (Mustang,
entral Nepal): ATE (a), CTF (b).

etrended series were averaged to chronologies by computing the
iweight robust mean in order to reduce the influence of outliers
Cook and Kairiukstis, 1990). Variance stabilization (Osborn et al.,
997) was applied to adjust for changes in variance associated
ith declining sample size (number of trees) over time. Descrip-

ive statistics were calculated for the standardized chronologies.
he variability of measurements for the whole series was  esti-
ated through standard deviation (SD), autocorrelation, and mean

eries correlation. The quality of site chronology was  indicated by
ignal-to-noise ratio and expressed population signal (EPS). A level
f 0.85 for EPS was considered to indicate a satisfactory quality of

 chronology (Wigley et al., 1984).

Climate in the preceding growing season has a strong influence

o tree growth in the following year (Fritts, 1976). As dendrochrono-
ogical studies and field observation revealed, radial growth of A.
Tree esta blishment year

 in elevation of the transect at CI (a) and CII (b).

spectabilis at treeline sites almost ceases in September–October
(Sano et al., 2005). Growth-climate relationships were accessed by
correlating site standard chronology with climatic variables (pre-
cipitation, mean/maximum/minimum air temperature), from June
of the previous growth year until October of the current growth
year.

3. Results

3.1. Stand age structure and demography

We surveyed a total of 238 individuals of A. spectabilis including
trees, saplings and seedlings (>20 cm tall). Small seedlings (<20 cm
tall) were only included in density calculations (Table 1). The den-
sity of individuals was 77.4 ha−1 at CI and 44.9 ha−1 at CII (Table 2).
Age and basal diameter measurements revealed that individuals
at CI were older (<80 years) than CII (<67 years). We  observed a
similar recruitment pattern in both transects: the largest number
of individuals was of 10–30 years of age and most of the individ-
uals established during the year (1990–2000 AD). Comparatively
fewer seedlings and saplings were established above the treeline.
Tree establishment was  not continuous over time, with a gap dur-
ing the periods between 1970 and 1974. The proportion of young
trees (<50 years old) of A. spectabilis was high at both sites; 86% at
CI and 89% at CII. There were 8 and 16 dead individuals in transects
CI and CII respectively (Table 1). The density–basal diameter distri-
bution followed a reverse ‘J-shaped’ pattern and showed the higher
regenerative inertia in both transects (Fig. 4). It was  observed that
the juveniles preferentially established in the recent decades and
the recruitment was  higher around treeline.

3.2. Treeline dynamics

The species limit of A. spectabilis was recorded at 3645 m asl
(CI) and 3580 m asl (CII). The treelines (representing the upper-
most position of 2 m tall trees) were located at 3619 m asl at CI and
3513 m asl at CII, which were established during 1978 (CI) and 1985
line at CI and CII respectively (Fig. 5a,b). The box plots showed the
maximum recruitment occurred at the highest elevation in both CI
and CII (Fig. 6). On the basis of tree establishment date, the maxi-
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Table  3
Tree-ring chronology summary statistics.

Sampled location A. spectabilis Elevation Range (m asl) Chronology length (years) No of trees (cores) Mean sensitivity EPS Series intercorrelation 1st order autocorrelation

36 (40) 0.326 0.931 0.472 0.612
24 (42) 0.2 0.946 0.597 0.615
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Alpine treeline ecotone (ATE) 3439–3638 68 

Closed  timberline forest (CTF) 3000–3300 165 

um  range of treeline shift was quantified as 0.52 m year−1 at CI
nd 1.74 m year−1 at CII (Table 2).

.3. Climate growth response

We  produced standard tree ring-width chronolgies of 68 years
sing 40 tree cores from 36 trees at ATE (3439–3638 m asl), and of
65 years using 42 tree cores from 24 trees at CTF (3000–3300 m
sl) (Fig. 7a,b). The chronology statistics are presented in Table 3.
oth ATE and CTF chronologies revealed that there was no con-
tant increment or decrease in tree radial growth but it fluctuated
hrough times. The ATE radial growth of A. spectabilis showed
igher correlation with spring season (MAM)  climate. The ATE ring
idth series showed positive correlation with current May  (r = 0.27,

 < 0.05) and previous year’s June precipitation, but significant

egative correlation for maximum (Tmax, r = −0.42, P < 0.05) and
ean (Tmean, r = −0.46, P < 0.05) temperature for current year April

Fig. 8a,b). This climate growth relation indicated that the treeline
s moisture sensitive. The CTF ring-width indices showed signif-

ig. 8. Relationship between radial growth of Abies spectabilis at ATE with climate
ata: monthly maximum, monthly mean, spring (March–May) and annual temper-
ture, showing (a), monthly, spring (March–May) and annual precipitation (b), both
gures show the radial growth response to monthly temperature and precipitation
f  June in the previous year to October of the current year as well as the spring sea-
on and annual climate; dashed horizontal lines indicate significant correlation at
5%  confidence limit for a two-tailed test.

Fig. 9. Relationship between radial growth of Abies spectabilis at CTF with climate
data: monthly maximum, monthly mean, spring (March–May) and annual temper-
ature, showing (a), monthly, spring (March–May) and annual precipitation (b), both

figures show the radial growth response to monthly temperature and precipitation
of  June in the previous year to October of the current year as well as the spring sea-
son  and annual climate; dashed horizontal lines indicate significant correlation at
95%  confidence limit for a two-tailed test.

icant positive correlation with previous year November (r = 0.34,
P < 0.05), current March–May (r = 0.52, P < 0.05) and annual precip-
itation (r = 0.41, P < 0.05) (Fig. 9b). We  found a significant negative
correlation between tree-ring indices and spring season maximum
(Tmax, March–May, r = −0.32, P < 0.05) and mean annual temper-
ature (Tmean, r = −0.32, P < 0.05) (Fig. 9a). The correlation between
ring-width series and spring season precipitation was higher at CTF
than ATE.

4. Discussion
4.1. Stand age structure and demography

Tree recruitment is the critical determinant of movement of the
upper forest boundary (Camarero and Gutiérrez, 2007). Our study
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howed comparatively younger treeline stands indicating that
uveniles preferentially established in recent decades (1990–2000
D) (Fig. 5). The increased recruitment could be attributed to suffi-
ient moisture combined with increased temperature in the region
Cook et al., 2003; Sano et al., 2005; Shrestha et al., 2012), although
egacy effects of past climatic changes cannot be fully excluded
Gaire et al., 2014). Increased recruitment and stand densification
n recent decades have been reported in various treeline ecotones in
imalaya and Tibet (Batllori and Gutiérrez, 2008; Gaire et al., 2011,
014; Liang et al., 2011; Lv and Zhang, 2012). The higher size class
istribution of younger trees in the ecotone also revealed higher
egeneration potential as reported by Lv and Zhang (2012). The con-
iderably denser juvenile population of A. spectabilis in the ecotone
more than 85% of individuals <50 years) indicated higher regener-
tion potential and stand densification in the future. However it is
nlikely that all seedlings will survive in the extreme environment
f the treeline. The seedling recruitment is more sensitive to climate
han adult survival due to lower climatic threshold of juveniles
Lloyd, 1997). The reverse ‘J-shaped’ density-diameter relationship
nd high density of seedlings and saplings in the treeline ecotone
s the clear indication of sustainable regeneration (Vetaas, 2000).
imilar regeneration trends have also been reported from central
imalayan treeline in A. spectabilis (Ghimire and Lekhak, 2007) and
. utilis (Shrestha et al., 2007).

.2. Treeline dynamics

In the study area, the treeline is found at a relatively low
levation, potentially due to the low precipitation of the region
about 393 mm annual). Here, the treeline is shaped by the unique
opographic configuration and climate circulation system in the
rans-Himalayan arid region. With increasing distance from Anna-
urna massif to the north, the timberline elevation decreases and
urther to the north, the landscape takes on a Tibetan character,
evoid of Trees—a pattern similar to that of the Nanga Parbat massif

n NW Himalaya (Schickhoff, 2005).
Himalayan treeline ecotones vary considerably in altitudinal

osition, physiognomy, species composition, and the high but
ocally variable anthropogenic pressure on southern aspects dis-
upts the general pattern (Schickhoff, 2005). However, our findings
re in agreement with treeline shift reports in the Himalaya (Dubey
t al., 2003; Gaire et al., 2014) with considerable recruitment in
he recent decades especially after 1950s as also reported by Liang
t al., 2011; Shrestha et al., 2014. We  observed a difference in the
levation of the treeline in CI (3637 m asl) and CII (3513 m asl) tran-
ects even within a short distance (<5 km)  in the same mountain
lope potentially since CI is more moist and less exposed whereas
II is drier and fully exposed to south west irradiation and wind
irection. We  infer that the slope exposure and wind velocity are

ikely to have shaped the position of treeline, as also identified by
reenwood et al. (2014).

The continental climate regime of the inner Himalayan high-
ands, including Trans- Himalaya is expected to exert a particularly
trong influence of changing climate on treeline dynamics. Our
esults provide evidence for a moderate rate of treeline movement
n recent decades, quantified as 0.52 m year−1 at CI and 1.74 m
ear−1 at CII. Both transect showed considerably higher density
f saplings near the treeline, and with some saplings even older
han neighbouring 2 m tall trees. It is expected that the treeline will
ontinue to advance upward so long as precipitation (both rainfall
nd snowfall) remains sufficient to maintain growth and establish-
ent as temperatures increase. This pattern is supported by other
ecent findings of treeline advance linked to rising regional temper-
tures (Lv and Zhang, 2012; Gaire et al., 2014). Although more or
ess stationary treeline position (Gaire et al., 2011; Shrestha et al.,
014) as well as moderate shifting (Chhetri and Cairns, 2015) were
logia 41 (2017) 34–43 41

also reported in central Himalaya, this response is not universal in
the region. We  have observed a stable precipitation trend (annual
and spring), which possibly facilitated increased recruitment dur-
ing the recent period while the temperature is rapidly increasing
in the region. In a similar study, increased winter precipitation
was described as the main driving factor of upward shifting of the
treeline and tree establishment in the Ural Mountains in Europe
(Hagedorn et al., 2014).

While we  concentrate on natural treelines, it is critically impor-
tant to understand the interaction between climate change and
altered land use (Vittoz et al., 2008), in order to assess the potential
for treeline advance beyond the current climatically determined
upper limit. We report prolific regeneration, increased tree estab-
lishment and invasion into treeless areas above the forest limit, as
directional changes readily attributed to effects of climate change.
However in most cases, pastoral abandonment or other human
impact also drives treeline dynamics (Holtmeier, 2009; Schickhoff,
2011; Ameztegui et al., 2016). Excessive grazing pressure and
widespread fire were reported as the main agents for lowering tree-
lines in Himalaya (Beug and Miehe, 1999), which applies for most
anthropogenic treelines in Nepal Himalaya. Along transects, we  did
not observe any cut stumps and recent fire record in the ecotone
showing diminished anthropogenic pressure in recent decades.
However a proportion of tree cores (13% in CI and 17% in CII)
(Table 1) showed fire scars dated back to 20–30 years indicating
the incidence of past fire, although the fire was  not recorded in the
specific year/years. Evidences of cattle herbivory were found in the
ecotone, but there was no evidence of browsing on A. spectabilis as
it is not palatable for cattle. It showed that changes in grazing pres-
sure were unlikely to influence the treeline shift (Hofgaard, 1997).
Notably, our study site was included in Annapurna Conservation
Area established in 1992; which considerably controlled forest fire
and firewood collection. We  consider that decrease in land use pres-
sure and fire frequency is likely to have increased the potential for
forest expansion towards higher elevations in conjunction with the
climatically driven changes reported above.

4.3. Climate growth response

Climate data for the study region showed a significant warm-
ing and a stable precipitation trend over recent decades contrary
to the enhanced frequency of winter and pre-monsoon drought
from western Nepal (Wang et al., 2013). We  did not observe a
constant increase or decrease in radial growth of A. spectabilis at
ATE or CTF, contrary to the enhanced radial growth in the recent
decades as reported in western Himalayan conifers (Borgaonkar
et al., 2011). ATE radial growth showed significant negative corre-
lation with April temperature, and positive correlation with May
precipitation indicating that the ATE is sensitive to spring sea-
son (March–May) climate. The significant negative correlation of
ATE radial growth with minimum January temperature could be
associated with snow pack accumulation. Most precipitation falls
in the form of snow at this time and higher temperatures will
negatively impact accumulated snowpack. Timing, quantity and
duration of snow accumulation are highly important factors in the
study area since radial growth in the early spring is facilitated
by snow melt and early onset of growing season (Vaganov et al.,
1999; Bekker, 2005). However after complete melting of snow;
the area is rapidly exposed to dry conditions until the summer
precipitation, potentially exposing individuals to drought stress.
Such drought exposure could affect growth and seedling establish-
ment at treelines, and may  even cause treeline retreat in cases of

severe drought (Liang et al., 2014). Gaire et al. (2014) reported the A.
spectabilis treeline in central Nepal to be temperature sensitive and
described higher winter temperatures prior to the growing season
to be highly correlated with tree growth. Highlighting the poten-



4 chrono

t
g
e

t
t
c
m
t
a
l
g
r
r
w
t
e
e
t
u
I
r
t
T
s
o
p
t
1

w
i
i
w
l
o
r
t
t
l
i
c
s
t
l
s
r

5

N
s
s
r
t
p
u
i
a
i
t
c
c
t

2 A. Tiwari et al. / Dendro

ial for variation in early-season conditions to impact A. spectabilis
rowth, Gaire et al. (2014) identified the positive contribution of
arlier snow melt to increasing soil moisture for tree growth.

Tree radial growth in CTF showed significant positive correla-
ions with May  precipitation and negative correlation with spring
emperature (March), indicating that cool and moist spring is
onducive for tree radial growth. Here, we reported a similar cli-
ate growth response at ATE and CTF, although the strength of

he correlation differed (Figs. 8 and 9). Generally warmer springs
re expected to be associated with elevated frost damage and
ower water availability, with consequent negative impacts on tree
rowth. Our results showed consistency with other studies car-
ied out in Nepal Himalaya on A. spectabilis,  which also described
ing width to be more sensitive to dry spring (March–May) climate
ith positive correlation with precipitation and negative correla-

ion with temperature (Cook et al., 2003; Sano et al., 2005; Gaire
t al., 2011). Our findings are in agreement with the results of Liang
t al. (2014), who have reported a strong positive correlation of
otal precipitation and negative impact of higher temperature with
pper Himalayan treeline on growth of Himalayan birch (B. utilis).

n apparent contrast, some studies in the Himalayan region found
adial growth of A. spectabilis to be more sensitive to tempera-
ure (Bräuning, 2004; Borgaonkar et al., 2011; Gaire et al., 2014).
he authors explained negative correlations between pre mon-
oon (March–May) climate and radial growth as threshold effects
f moisture or temperature, the increased temperature and low
recipitation combined with high velocity of wind increases evapo-
ranspiration and causes moisture stress to limit tree growth (Fritts,
976; Cook et al., 2003; Gaire et al., 2014).

Given the higher regeneration in the recent decades at ATE that
e identify, recent increases in temperature are likely to drive

ncreased establishment and tree growth when water availability
s not limiting. The improved regeneration of A. spectabilis during

arm winter and cool summer was also described in relation to past
ong-term reconstructed climatic data (Cook et al., 2003). Although
ur results indicated a negative correlation of temperature with
adial growth of A. spectabilis at ATE, we emphasize that increased
emperature still contributes to enhanced recruitment here. Con-
rary to our findings, Liang et al. (2014) found poor regeneration and
ack of recent shifting of B. utilis in Nepal Himalaya. They reported
ncreasing moisture stress with a decreasing trend of precipitation
oupled with high frequency of missing rings. The higher moisture
ensitivity at CTE than ATE could be because of higher tempera-
ure and increased competition between trees in comparison to
ess dense trees at ATE as mentioned by Qi et al. (2015). In a similar
tudy, higher moisture sensitivity below the timberline was  also
eported by Lv and Zhang (2012).

. Conclusions

Chimang Lekh of the Trans-Himalayan drier zone of central
epal is experiencing significant warming and stable annual and

pring precipitation trend in recent decades. In this region, A.
pectabilis showed increased density at the treeline ecotone in
ecent decades, in conjunction with a gradual increase in eleva-
ion. The dry spring climate was found to be critical for limiting
lant growth at ATE and CTF. The higher regeneration at the
pper forest limit and moderate range expansion of the treeline

s likely to be critically dependent on the maintenance of water
vailability through snowmelt and precipitation as temperature
ncreases. However, further warming and or drier springs could

hreaten tree growth and recruitment if water availability is criti-
ally decreased. The complex topographic configuration and strong
limatic gradients across the region make generalising from single
reeline studies particularly challenging. Further work across dif-
logia 41 (2017) 34–43

ferent physiographic regions in the Himalaya is necessary to enable
us to scale up such findings, ideally combining recent advances in
remote sensing technology with forest inventory ground-truthing
plots. It is equally important to distinguish between natural cli-
matic and/or anthropogenic influences on changing plant growth,
regeneration and range shifts, to better predict future changes in
distribution and improve management of agriculture, horticulture,
forest and water resources of the region to cope with the ongoing
climatic changes.
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