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Abstract: Alpine treelines serve as vital indicators of the impacts of climate change on tree
growth and forest distribution. They offer valuable insights into how shifting
temperature and precipitation patterns affect ecosystems in treeline ecotones.
Analyzing the age structure of tree stands at treelines provides a glimpse into how
different generations of trees have responded to changing environmental conditions
and aids in predicting future changes. Moreover, studying the spatiotemporal
distribution of tree species at treelines helps us gain a comprehensive understanding
of how forests adapt to climate variations. Tree rings at treelines can elucidate the
climatic factors that limit tree growth and establishment patterns. Mountain
environments, characterized by low temperatures at higher elevations, create
constraints on tree growth. However, the intricate interplay between temperature and
water availability, driven by precipitation gradients, means that predicting treeline shifts
based solely on temperature changes is overly simplistic and may not fully reflect the
complex reality. To assess the potential for such interactions, we contrasted the
dendroecological performance of different tree species (Abies spectabilis, Betula utilis,
Abies georgei and Larix potaninii) in the trans-Himalayan zone, Nepal and Hengduan
Mountains, China. We reconstructed the stand age structure by using
dendrochronology. Statistical determination of climate-growth responses demonstrated
that treeline is moisture sensitive in Himalaya, and temperature as well as moisture
sensitive in Hengduan region. There was abundant seedling recruitment with
consistent range shift of A. spectabilis and B. utilis treelines in Nepal, and lower
seedling recruitment with lower shifting rates of treelines of A. georgei and L. potaninii
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in Hengduan Mountains. We identify both moisture and temperature as critical
environmental factors in determining tree radial growth and treeline response to
climate. However, modifying factors such as microhabitat conditions and biotic
interactions are also highly important to improve accuracy of treeline dynamics.
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Abstract 14 

Alpine treelines serve as vital indicators of the impacts of climate change on tree growth and 15 

forest distribution. They offer valuable insights into how shifting temperature and precipitation 16 

patterns affect ecosystems in treeline ecotones. Analyzing the age structure of tree stands at 17 

treelines provides a glimpse into how different generations of trees have responded to changing 18 

environmental conditions and aids in predicting future changes. Moreover, studying the 19 

spatiotemporal distribution of tree species at treelines helps us gain a comprehensive 20 

understanding of how forests adapt to climate variations. Tree rings at treelines can elucidate the 21 

climatic factors that limit tree growth and establishment patterns. Mountain environments, 22 

characterized by low temperatures at higher elevations, create constraints on tree growth. 23 

However, the intricate interplay between temperature and water availability, driven by 24 

precipitation gradients, means that predicting treeline shifts based solely on temperature changes 25 

is overly simplistic and may not fully reflect the complex reality. To assess the potential for such 26 

interactions, we contrasted the dendroecological performance of different tree species (Abies 27 

spectabilis, Betula utilis, Abies georgei and Larix potaninii) in the trans-Himalayan zone, Nepal 28 
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and Hengduan Mountains, China. We reconstructed the stand age structure by using 29 

dendrochronology. Statistical determination of climate-growth responses demonstrated that 30 

treeline is moisture sensitive in Himalaya, and temperature as well as moisture sensitive in 31 

Hengduan region. There was abundant seedling recruitment with consistent range shift of A. 32 

spectabilis and B. utilis treelines in Nepal, and lower seedling recruitment with lower shifting 33 

rates of treelines of A. georgei and L. potaninii in Hengduan Mountains. We identify both 34 

moisture and temperature as critical environmental factors in determining tree radial growth and 35 

treeline response to climate. However, modifying factors such as microhabitat conditions and 36 

biotic interactions are also highly important to improve accuracy of treeline dynamics.   37 

Key words: Trans-Himalaya; Hengduan Mountain; treeline; timberline; ecotone; range shift; 38 

limiting factor; regeneration 39 

Total word count: 9594 (including figures and tables) 40 

1 Introduction 41 

Alpine treelines are the conspicuous transition zone between timberline and treeless alpine 42 

vegetation (Körner 2003). Near-natural treelines are typically climate-limited and thus valuable 43 

indicators of changing climate (Kullman 2002; Körner and Paulsen 2004; Batllori and Gutiérrez 44 

2008). Alpine treelines have been reported to be shifting upwards in response to global warming 45 

(Grace et al. 2002; Holtmeier & Broll 2007; Harsch et al. 2009; Hansson et al. 2020). The 46 

formation of the upper distributional limit of the tree life form according to thermal balance 47 

(Körner 1998, 2003, 2012; Holtmeir & Broll 2007; Harsch et al. 2009) emphasises that climate 48 

warming is expected to promote forest growth at their elevation range edge, to generate 49 

densification of ecotone and to advance treelines upward in the elevation (Grace et al. 2002; 50 

Dullinger et al. 2004; Smith et al. 2009). However, for comparatively dry and semiarid zones, 51 

treeline position is frequently limited by drought stress (Lloyd and Fastie 2002; Wilmking et al. 52 

2004; Qi et al. 2015; Tiwari et al. 2017a). In such regions, current warming may exacerbate 53 
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moisture stress and even may cause retreat of treelines downslope. For the Himalayan region, 54 

evidence suggests treeline shift rates are driven by moisture availability during the dry season 55 

(Tiwari et al. 2017a; Sigdel et al. 2018). Great uncertainties still prevail at explaining treeline 56 

response to rapidly changing climate because treelines do not always keep pace with climatic 57 

change on multi-decadal time scales, as the displacement and adjustment of alpine trees to 58 

warmer climate can require decades or even centuries (Kullman 2007).  59 

Tree encroachment into grass and shrub-dominated high-altitude ecosystems is pervasive 60 

under warming climate (Formica et al. 2014; Huss et al. 2017; Mainali et al. 2020). In alpine 61 

regions, woody plant expansion through densification and infilling of canopy gaps and 62 

advancement of treelines has been widely observed under warming climate (Myers-Smith et al. 63 

2011; Liang et al. 2011b; Gaire et al. 2014; Camarero et al. 2017). Forest densification within the 64 

treeline ecotone can be more responsive to climate change than treeline shifting, due to biotic 65 

interactions providing a more benign environment for tree recruitment when sheltered by 66 

conspecifics than in open areas above the treeline (Liang et al. 2016; Morley at al. 2020). Hence, 67 

treeline shift is a consequence of shifts in vegetation zone associated with abundant tree 68 

establishment at the upper edge of the treeline ecotone (Greenwood et al. 2014). 69 

The elevational treeline environment is very heterogeneous, which limits broad 70 

generalization on treeline sensitivity to climate because of topographic variation (Daniels and 71 

Veblen 2004; Elliott and Kipfmueller 2011; Greenwood et al. 2014) and also because of intense 72 

human activities mainly related to declined land use intensity (Schickhoff et al. 2015). Seedling 73 

recruitment, stand densification and rate of upward shifting of the treeline can greatly vary 74 

between surface gradients (slope) and orientation (aspects) due to substantial difference in soil 75 

conditions and intensity of solar radiation (Danby and Hik 2007; Matzinger et al. 2003), and due 76 
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to other factors such as stand history, dispersal ability of tree species, disturbance and ecological 77 

interactions (Schloss et al. 2012).  78 

Various studies have reported upward shifts of the Abies spectabilis treeline, both in 79 

temperature sensitive (Gaire et al. 2014, Mainali et al. 2014) and moisture sensitive (Tiwari et al. 80 

2017a) ecotones in the Himalaya, although there are some evidences for stable position during 81 

the past century (Sigdel et al. 2018). Although there are climatic as well as non-climatic factors 82 

involved in determining treeline dynamics, shifting treelines have been reported from Hengduan 83 

Mountains (20 m in elevation in the past 100 years) (Liang et al. 2016), in northwestern Yunnan, 84 

(Moseley 2006; Baker and Moseley 2007), and in Baima snow mountain in the central part of 85 

Hengduan Mountain in China (Wang et al. 2019a).  86 

The Himalaya and Hengduan Mountain regions are rapidly warming regions of the 87 

northern hemisphere. Trends in much of the Himalayan region substantially exceed the global 88 

average trend of warming (IPCC 2013), with the decreasing number of cold days and nights and 89 

increasing number of warmer days and nights making most ecosystems vulnerable to climate 90 

change (Shrestha et al. 2012; Sharma and Tsering 2009; Aryal et al. 2012). Moreover, the Hindu 91 

Kush Himalayan (HKH) region showed the annual mean warming rates of 0.19 °C/decade during 92 

the period 1901–2014, while that of 1951–2014 period was 0.20 °C/decade (Ren et al. 2017), and 93 

the substantial increase in length of growing season (Krishnan et al. 2019). Observed trends in 94 

Hengduan Mountain show increasing temperature of the warmest and coldest nights by 0.016 95 

ºC/yr and 0.055 ºC/yr respectively, a decrease in the number of frost and ice days, and an 96 

increase in the length of the growing season during the past half-century (Ning et al. 2012). 97 

However, the widespread increase of air temperature and variation in precipitation trends 98 

associated with strong topographic gradients and rain shadow effects are largely responsible for 99 
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the complex climate system in both Himalayas (Schickhoff 2005) and Hengduan mountains 100 

(Ning et al. 2012) raising significant questions about how treelines of the region might respond 101 

to climate change. 102 

In this study we wanted to test if the climatic factors only modulate the treeline dynamics 103 

or if there are other driving factors such as land use changes including grazing pressure, fire and 104 

human activities. Hence, we sought to determine how treelines in the Trans-Himalaya region and 105 

Hengduan Mountains are responding to climate change across adult growth and tree 106 

establishment. To do so, we quantified climate-growth relationships at treeline ecotones, 107 

analysed spatiotemporal distribution of adults and juveniles in the treeline ecotone, and 108 

quantified approximate shifts of the treeline. Specifically, we aimed to (1) identify limiting 109 

factors of tree growth at high mountain treelines, and (2) analyze spatiotemporal dynamics of 110 

altitudinal treeline. 111 

2 Methods 112 

2.1 Study site description 113 

The study was carried out in the Trans-Himalayan zone of central Nepal and Hengduan 114 

Mountains (Southeast Tibet) of China. In central Nepal, the study sites are located at Chimang 115 

(28.72° N, 83.69 E, 3500-3638 m asl) and Lete lekh (28.61° N, 83.59° E, 3900-4100 m asl) in 116 

the southern part of Mustang District (Fig. 1). Mustang represents a typical rain shadow zone in 117 

the central Himalaya, surrounded by high mountains in the southeast and west, and constitutes 118 

only about 3.24% land as forests in the southern part (Government of Nepal 2010). The northern 119 

part lies in the Trans-Himalayan semi-arid dry zone, and the further north has the Tibetan type of 120 

highland forming the driest zone of Nepal (Lomanthang: 200 mm annual rainfall) (Stainton 121 
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1972; Schickhoff 2005).  We contrasted a relatively dry region (Chimang) with about 390 mm 122 

annual precipitation and a relatively wet region (Lete) with about 1300 mm annual precipitation 123 

in our study. In Hengduan Mountain, the study was conducted at Tianbao Mountain in Sangri-La 124 

County (Yunnan province; 27.61° N, 99.89° E, 4000 m asl) and at Maan Mountain in 125 

Xiangcheng county (Sichuan province; 29.320 N, 100.540 E, 4400 m asl) of China (Fig. 1). 126 

Maan Mountain in Xiangcheng County is situated at the western Sichuan and Eastern Tibet 127 

coniferous forest region characterised by high mountain, deep valleys, and highlands with 128 

a monsoon-influenced humid continental climate on the southeastern edge of Qinghai-Tibet 129 

Plateau, where the altitude varies from 1500 to 6000 m (Wang et al. 2012). The meteorological 130 

data showed mean annual rainfall of 633 mm with mean summer rainfall (June-September) 131 

accounting for about 84% of annual rainfall at Daocheng (northern Hengduan region) (1958-132 

2014 AD as shown by the climate station data: National Meteorological Information Center of 133 

China). Meteorological records showed distinct climatic trend in Himalaya and Hengduan 134 

Mountains (Fig. 2). Trans Himalayan sites (Lete and Chimang) showed significant warming with 135 

a consistent increase of annual temperature during recent decades; these sites showed distinct 136 

rainfall pattern; Lete (L1, L2) being relatively moist with a significant increase in annual rainfall, 137 

and Chimang (C1, C2) being relatively dry due to stable trend of rainfall.  138 

The Hengduan Mountain region showed significant warming in recent decades with 139 

consistent increase in mean temperature (Fig. 2). Tianbao treeline site (Tb) showed a stronger 140 

warming trend than Xiangcheng treeline sites (X1, X2) in the same time period (Figure 2), likely 141 

due to the complex topography of the region. Both sites in Hengduan region showed a stable 142 

trend in precipitation.  143 

 144 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 
 

We selected four treeline species from these regions, two evergreen; Abies spectabilis (D. 145 

Don) Spach and Abies georgei var. smithii (Viguie & Gaussen), and two deciduous; Betula utilis 146 

(D.Don) and Larix potaninii Batalin (var. macrocarpa). A. spectabilis (Himalayan fir) usually 147 

grows under moist climatic conditions in sub-alpine Himalaya forests (3000 to 4000 m asl), 148 

occasionally extending its upper limit to 4300 m asl. It is usually associated with B. utilis and 149 

Rhododendron campanulatum at its upper limit (Yadav et al. 2004).  Betula utilis (Himalayan 150 

birch) is a moderate-sized (< 20 m tall) broadleaved pioneer tree species and dominates an 151 

extensive area of subalpine and alpine forests up to 4500 m elevation, quite close to glaciers on 152 

northern slopes of the inner Himalayas (Stainton 1972; Miehe et al. 2015). Abies georgei var. 153 

smithii (Viguie & Gaussen) is a common tree species up to 30 m tall and found in subalpine dark 154 

coniferous forest on the southeast of Qinghai-Tibet Plateau, growing mostly as alpine-subalpine 155 

coniferous forests at 2500-4200 m. Whereas, Larix potaninii (Chinese larch) is usually found in 156 

mountains and river basins from 2500-4600m asl.  growing up to 50 m tall this is one of the 157 

earliest species used in dendroclimatic studies in China and is highly sensitive to environment 158 

variations, exhibiting tremendous potential for usage in dendroclimatology (Sun et al. 2010).  159 

2.2 Sample collection and processing 160 

Field study and tree core sample collection were carried out during September of 2014 in the 161 

Himalayan sites and, during March-June of 2015 in Hengduan sites. Plot-sampling by placing 162 

elevation transects (20 m × 90-120 m) across the alpine treeline ecotone were laid to include the 163 

uppermost species’ limit (irrespective of age) and timberline trees. Altogether we studied 7 164 

transects in monospecific treelines; two at three treeline sites and only one at Shangri-La treeline 165 

site. We defined treeline as the uppermost elevation of trees (2 m height) and timberline as the 166 

uppermost closed forest with tree cover (trees > 5 m height) of at least 30% (Holtmeier 2003). 167 
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The longer axis of each plot was parallel to the altitudinal gradient of subalpine forest to alpine 168 

shrub land. For each plot, the location of each individual tree was mapped. The altitudes of lower 169 

and upper parts of the plots were recorded by GPS.  170 

2.3 Tree ring series 171 

Tree cores were collected from A. spectabilis, B. utilis, A. georgei and L. potaninii using a 5.5 172 

mm increment borer. One, two or multiple cores were extracted from the base of each tree (basal 173 

tree core: below 30 cm height). Tree cores were air dried and mounted on sample holders with 174 

vertical alignment of tracheids. The surface was then sanded using progressively finer sandpaper 175 

until the ring boundaries were visible (Fritts 1976). Ring widths were measured at a resolution of 176 

0.01 mm with a LINTAB II measuring system (Rinntech, Germany). Tree cores were cross-dated 177 

by visual inspection (Stokes and Smiley 1996) and by statistical tests (sign-test and t-test) using 178 

the software package TSAP-Win (Rinn 2003). We produced the individual site chronologies for 179 

each treeline site, however a composite site chronology was produced by combining Chimang 180 

(C1 and C2) treeline sites as the sites were close to each other. Ring-width measurements were 181 

detrended with a negative exponential or a linear regression function, with the help of ARSTAN 182 

software (Cook 1985). Detrending was performed to maximise the common signal among 183 

individual tree-ring series (Cook and Kairiukstis 1990). Variance stabilization (Osborn et al. 184 

1997) was applied to adjust for changes in variance associated with declining sample size 185 

(number of trees) over time. Descriptive statistics were calculated for the standardized 186 

chronologies (Parr and Phillips 1999). The quality of site chronology was indicated by signal-to-187 

noise ratio and expressed population signal (EPS). A level of 0.85 for EPS was considered to 188 

indicate satisfactory quality and characteristics of a chronology (Wigley et al. 1984).  189 
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2.4 Stand age structure  190 

We dated the stand age structure of treeline ecotones by ring counts of the basal tree cores of 191 

each individual tree. In the case of tree cores with missed pith, the number of missing rings was 192 

determined by geometric method (Duncan, 1989) to estimate the age of the tree. The ages of 193 

saplings and seedlings (height < 2 m and DBH ≤ 5 cm height) were estimated non-destructively 194 

in the field by counting terminal bud scars along the main stem (Camarero and Gutierrez 2004), 195 

and the seedling/sapling ratio was calculated for each treeline site. We also recorded all dead 196 

trees per transect during the field visit. We surveyed a total of 954 individuals of treeline species 197 

(480 trees, 209 saplings and 175 seedlings) in seven treeline ecotones (C1, C2, L1, L2, Tb, X1, 198 

and X2) (Fig. 7). The seedlings >20 cm tall were only included in density estimations 199 

considering low likelihood of successful establishment of smaller seedlings (< 20 cm tall).   200 

2.5 Treeline movement 201 

The potential advance of the tree species limit for each treeline transect within study area was 202 

calculated by subtracting the elevation of oldest position of the tree limit (down slope) from the 203 

elevation of the youngest tree (2 m height) position (upslope) and using the following equation 204 

(Gamache and Payette 2005).  205 

Rate of shift (per year)  Upper most elevation of youngest tree – upper most elevation of oldest 206 

tree /Age of oldest tree – Age of youngest tree 207 

Data analysis 208 

Growth–climate response was analyzed by individual regression models and stepwise regression 209 

models. Monthly climate comparison of 19-month period from June of the year prior to ring 210 

formation, up until December of the year of ring formation, as well as during winter (previous 211 

year November-current year February), spring (current year March-May), summer (current year 212 
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June-September) and annual climate. These periods include late growing season of previous 213 

year, intervening winter/spring and the growing season of the current year of ring formation 214 

which allows an evaluation of any effects of preconditioning by climate before the growing 215 

season (Fritts 1976; Cook & Kairiukstis 1990; Biondi & Waikul 2004). Analysis of variance 216 

(ANOVA) was used to estimate the different in ring-width indices (RWI) between and among 217 

the sites with Tukey’s Post-hoc test at 95% confidence intervals level (p = 0.05). We used 218 

multiple regression to determine the coefficient of determination (R2) and predicted the 219 

relationship between RWI and climate variables. We also used Person Correlation to establish 220 

the relationship between climate variables and tree establishment year. Climatic data were 221 

collected and computed from daily data for the period of 1976–2012 from central Himalaya sites 222 

(Thakmarpha and Lumle meteorological stations of Nepal) and Hengduan Mountain sites 223 

(Shangri-La and Daocheng meteorological stations of China), and the data were obtained from 224 

Department of Hydrology and Meteorology Government of Nepal, and National Meteorological 225 

Information Center of China.  226 

To determine which of our potential predictor variables were correlated to RWI, we first 227 

performed simple linear regression for each variable and RWI of trees from all sites. This was 228 

performed separately for each site. Based on this initial analysis, we dropped predictors which 229 

were not significantly correlated (p > 0.05) to the ring width indices for the respective 230 

comparisons. The remaining predictors were used in a stepwise regression. Variables were 231 

included in the model based on Akaike Information Criterion (AIC) adjusted for small sample 232 

size such that the summed probability of the models (Buckland et al. 1997, Calcagno and de 233 

Mazancourt 2010). To further simplify the multiple regressions and develop the final models, we 234 
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eliminated variables which were highly correlated and with no biological relevance. Statistical 235 

analyses were performed using R 4.0.3 (R Development Core Team 2020).  236 

3. Results 237 

3.1 Tree Ring-width Chronology 238 

We produced well replicated ring-width chronologies with length from 68 to 374 years from six 239 

sites of the central Himalaya and Hengduan Mountains (combining two nearby transects of A. 240 

spectabilis sites in Himalaya) (Fig. 3). These chronologies showed valid statistical criteria used 241 

in common dendrochronological studies including mean inter-series correlation (Rbar), mean 242 

sensitivity, mean ring-width index, standard deviation, first-order autocorrelation and expressed 243 

population signal (EPS) values (Table 1). The population representation for sampled trees with 244 

EPS > 0.85 is usually considered as a reliable indicator. However, we considered tree-245 

chronologies from the year 1976 for subsequent analyses given that available instrumental 246 

climate data were limited to this period.  247 

3.2 Growth climate response 248 

After examining growth climate correlations, we emphasized monthly and seasonal 249 

variables which revealed a significant relationship with radial growth (Fig. 4, p < 0.05). The 250 

growth climate analysis demonstrated contrasting climate signal in tree rings from Trans-251 

Himalayan and Hengduan Mountain sites with strong precipitation and temperature signals at 252 

Trans-Himalayan sites and mainly temperature signal at Hengduan Mountains (Fig. 4 and Table 253 

2).  254 

Considering regression models with individual variables, some of the topmost 255 

influencing variables on tree growth (A. spectabilis) across treeline of Trans-Himalayan site (C) 256 
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were precipitation from May and Winter, and January minimum temperature, April average 257 

temperature and growing season temperatures (p < 0.05, Figs. 4, 5 and 6). Tree growth of 258 

relatively moist L1 site was strongly related to precipitation from January and March, and 259 

previous August average temperature, January maximum temperature, March average 260 

temperature and growing season average temperature whereas L2 was related to March 261 

precipitation, March average temperature, and growing season average temperature. Tree growth 262 

of Hengduan site was primarily related to only temperature variables (p < 0.05, Figs. 4, 5 and 6). 263 

Tree growth in Tb site was strongly related to minimum temperature of January, August and 264 

winter months. August average temperature and September average temperature were also 265 

related to growth of trees in rage Tb site. RWI of X1 site was corelated to minimum temperature 266 

from September (previous), January, September, winter, summer months, and average 267 

temperature of May, August, September, growing season months (p < 0.05, Figs. 4, 5 and 6). 268 

However, the strength of the relationship was slightly different. 269 

Multiple regression analysis of climate variables with RWI yielded a regression 270 

coefficient (R2) of 0.50, 0.61, and 0.49 across relatively dry sites (C) and moist sites (L1 and L2) 271 

of Trans-Himalaya, respectively (Table 2). Annual growth of A. spectabilis was primarily 272 

influenced by temperature and precipitation. However, the strength of the relationship with 273 

temperature (inverse relation with growing season maximum and January minimum temperature) 274 

was greater compared to that of precipitation (positive relation with growing season 275 

precipitation). Annual growth of B. utilis tree across the moist treeline site of Trans-Himalaya 276 

(L1 and L2) showed an inverse relationship with January precipitation and growing season 277 

average temperature and was positively related to March precipitation. However, at site L2, RWI 278 
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was related to August precipitation from the previous year (negative) and January maximum 279 

temperature of the current year. 280 

 Multiple regression analysis of climate variables with radial growth yielded a total R2 = 281 

0.34, 0.51, and 0.52 across relatively dry sites (Tb) and cold alpine site (X1 and X2) of 282 

Hengduan Mountains, respectively (Table 2). August average temperature from the previous 283 

year was primarily related to RWI of A. georgi across the dry treeline (Tb) of Hengduan 284 

Mountain. In addition, previous growing season precipitation and current August minimum 285 

temperature influence the radial growth of A. georgei.  Radial growth of L. potaninii across the 286 

alpine tree line site of Xinagcheng (X1, and X2), was primarily influenced by September 287 

minimum temperature from previous year. The other related variables for tree growth of L. 288 

potaninii were current growing season average temperature in the X1 site while current 289 

minimum temperature of September and summer (negative relation) influenced the growth of L. 290 

potaninii across the X2 site.  291 

3.3 Stand age structure  292 

We found that the seedling density was maximum at L1, L2 and X1 whereas it was minimum at 293 

X2 showing considerable spatial heterogenity in tree establishment. We observed a similar 294 

recruitment pattern in all transects: the largest number of individuals was recorded for 10–30 295 

years of age (most of them were established during 1990 to 2000). The maximum recruitment 296 

occurred at the highest elevation at all sites except X1 and X2, which showed very poor 297 

regeneration at upper edge of treeline ecotone, and the treeline retreat in the recent decades (after 298 

1990) (Fig. 7).  299 
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3.4 Treeline movement 300 

The treeline position in each plot showed evidence of considerable range shifts ranging from 301 

0.11 − 1.74 m year -1, with some sites showing evidence of a changing treeline over centuries. 302 

We found site specific elevation of treelines; the treelines were at lower elevation in Himalayan 303 

sites. There is evidence that treelines have shifted in all the sites assessed with future potential of 304 

shifting besides X1; which did not show tree establishment at upper elevation since 1950. The 305 

maximum shift indicated was observed at birch (B. utilis) treeline (L2; 1.74 m year -1) followed 306 

by larch (L. potaninii) treeline (X2; 1.5 m year -1, X1; 1.4 m year -1).  307 

We observed greater variation in the position of the treeline and tree species limit across 308 

treeline site (C1) where A. spectabilis seedling was recorded at 38 m above the treeline (C1). In 309 

some sites, the treeline itself represented the species limit (L2, Tb, X1, X2).  The position of the 310 

treeline varied greatly among the transects (C1; 3637 m asl, C2; 3513 m asl, L1; 3950 m asl, L2; 311 

4100 m asl X1; 4444 m asl, X2; 4490 m asl) within a short distance (< 5 km) and in the same 312 

mountain slope. We also observed a poor tree establishment at X1 and X2 sites in the recent 313 

decades, with treeline itself representing the upper species limit.  314 

4. Discussion 315 

 Our goal was to assess how climate factors affect radial growth and spatiotemporal 316 

dynamics of different species across timberline and treeline of the Trans-Himalayan region and 317 

Hengduan Mountains of China. Along with various studies on climate change impacts on tree 318 

growth across these regions (Fan et al. 2009; Liang et al. 2016; Tiwari et al. 2017a), our study 319 

expands and adds empirical evidence of tree growth and interactions of climate variables across 320 

high altitude. Overall, precipitation and temperature from current and previous year were related 321 
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to site-specific radial growth. We found that precipitation showed both positive and negative 322 

influence and average temperature inversely influence the radial growth of B. utilis across moist 323 

site (L1, L2) while precipitation and temperatures both showed negative impacts on radial 324 

growth of A. spectabilis on dry site (C) of Himalayan treeline.  In contrast, only temperature of 325 

various months and growing season from previous and current year controlled the radial growth 326 

of A. georgei (Tb) and L. potaninii (X1, X2). There is higher potential of treeline shifts 327 

associated with changing climate across the Trans-Himalayan region, whereas low potential of 328 

treeline shift despite climate suitability in the Hengduan Mountain sites in China. 329 

4.1 Climate growth response  330 

Our results showed that the radial growth of trees is strongly controlled by precipitation and 331 

temperature at Trans Himalayan sites. The moisture sensitivity of tree growth has been observed 332 

in Himalaya and high mountains of the world (Stahle and Hehr 1984, Qi et al. 2015; Lopez et al. 333 

2017, Tiwari et al. 2017a, b; Sigdel et al. 2018). The higher temperature in the early growing 334 

season (March-May) induces drought stress, and the rainfall during this period is beneficial for 335 

tree growth as evidenced by our findings (fir and birch). And these results are similar with 336 

growth climate response in central and eastern Himalaya (Dawadi et al. 2013; Liang et al. 2014; 337 

Tiwari et al. 2017a; Gaire et al. 2017), and in treeline-forming Betula species (Takahashi et al. 338 

2005; Wang et al. 2013). Sano et al (2015), Gaire et al (2014) and Tiwari et al (2017b) reported 339 

importance of spring season moisture coupled with warm-day temperature (Tmax) for radial 340 

growth in the region. Gaire et al (2014) also found that growth is typically sensitive to growing 341 

season temperature of tree species at fir treelines in eastern Himalaya and central Himalaya, and 342 

Schwab et al (2018) showed the stronger correlation between tree radial growth of Himalayan fir 343 

and 20th century temperature as indicated by blue intensity (BI) as the climate proxy. Our 344 
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findings confirm spatial variability in climate and growth response in Himalayan topography, 345 

particularly since the eastern Himalaya region is wetter than its drier western counterpart 346 

(Shrestha et al. 2012). Spring season warming coupled with higher radiation initiates early 347 

melting of snow and increased atmospheric evaporative demands. This amplifies exposure of the 348 

ecotone to drought until the onset of summer precipitation (Fritts 1976; Bhattacharya et al. 2006; 349 

Cook et al. 2003, Winkler et al. 2018). A frequent existence of narrow and missing growth rings 350 

in birch across central Himalayan also highlights that drought stress affects birch radial growth 351 

(Liang et al. 2014).  352 

In contrast to Himalayan sites, we found strong temperature sensitivity of tree radial 353 

growth in Hengduan Mountain sites (Fig. 4). The RWI of A. georgei across timberline was 354 

significantly correlated to minimum temperature of August, and to precipitation of previous 355 

year’s August showing sensitivity to moisture as well (Fig.5). The radial growth of A. georgei 356 

(Tb) was positively correlated with minimum temperature and mean temperature during winter 357 

and summer months, highlighting the potential for a positive impact of increasing temperature 358 

for densification and upward shifting of treelines. However, winter temperature sensitivity of 359 

ring width of several treeline conifers was also reported from SE Tibet and NW Yunnan 360 

(Bräuning and Mantwill 2004; Bräuning and Grießinger 2006; Fan et al. 2009). In such cases, it 361 

was expected that warmer conditions during winter improve the storage of higher levels of 362 

carbohydrates to regulate root system activity and improve plant productivity (He et al. 2013). 363 

Our finding on the significant influence of previous year’s September temperature on radial 364 

growth of Larch tree across treeline (X1, X2) agrees with past studies (Sun et al. 2010; Ou and 365 

Qian 2006; Zhang et al. 2016).  366 

  367 
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4.2 Treeline movement 368 

Our results demonstrate species specific stem density in the treeline ecotones, birch with 369 

maximum and larch with minimum stand density. Site specific treeline dynamics has been 370 

already reported from Himalayan region (Gaire et al. 2017; Sigdel et al. 2018). We found 371 

improved tree establishment (as per age of individuals) and treeline shifts only at moist sites for 372 

birch (L1, L2), where temperature and precipitation both are increasing significantly. Similarly, 373 

elevated temperature in May at alpine environment for larch trees (X1, X2) in the past was 374 

primarily related to improved radial growth. 375 

Stand densification has been widely reported in various treelines ecotones in Himalaya 376 

and Tibet (Gaire et al. 2014; Liang et al. 2011a, 2016; Lv and Zhang 2012). Given the higher 377 

density of juveniles that preferentially established in recent decades (Fig 7), all the ecotones now 378 

indicate potential for range shift of treelines. While demographic niche differentiation can lead 379 

seedling location to be a poor indicator of subsequent successful transition to adulthood, this 380 

transition from seedlings into trees is considered as the critical determinant of sustainable 381 

regeneration and treeline movement (Vetaas 2000; Camarero and Gutierrez 2007; Lv and Zhang 382 

2012). The incidence of saplings at or above the adult distribution limit in Fig. 6 demonstrates 383 

the potential for ongoing shifts of the treeline ecotones of our study sites.  384 

The higher frequency of tree establishment at the upper edge of treeline is mainly due to 385 

increased temperature accompanied by enough moisture (Cook et al. 2003; Sano et al. 2005; 386 

Shrestha et al. 2012). However, the hotter summer (July) may also create desiccation and 387 

drought stress in case of depleted soil moisture and affect recruitments (Hughes et al. 2009; 388 

Fajardo and McIntire 2012). The higher sensitivity of minimum summer temperature and spring 389 
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season precipitation with regeneration was also documented in Picea schrenkiana from treeline 390 

ecotone of Tian Mountains of China (Wang et al. 2006).  391 

In agreement with our study, the positive relationship between climate and regeneration 392 

of A. spectabilis during warm winter and relatively cold summer was reported by Cook et al 393 

(2003). We affirm the important role of temperature in growth and regeneration of A. spectabilis 394 

at the treeline as mentioned by Gaire et al (2014), although the correlation with radial growth in 395 

our case is not significant. Contrary to our findings, Liang et al (2014) found higher moisture 396 

stress to the radial growth of B. utilis in Nepal Himalaya due to the decreasing trend of 397 

precipitation in the region. We observed a stronger positive relationship between temperature 398 

and densification of stand of A. spectabilis compared to that of rainfall. It indicated that the 399 

juveniles are favored by warming temperature and the adults to precipitation (Lv and Zhang 400 

2012).  401 

We reported great variability in position of treeline in the nearby sites (< 5 km) within the same 402 

mountain slope, and rate of upward shifting of treeline, and this variability could be the outcome 403 

of human impact in the past including logging, grazing and fire that caused the decline in land 404 

use intensity as indicated by Schickhoff et al (2015). Different slope exposure and wind velocity 405 

(Greenwood et al. 2014), and biotic interactions (Liang et al. 2016) are likely to determine the 406 

position of treeline. The maximum shift of treeline was observed at Betula site (L2) linked to the 407 

increasing average temperature and precipitation in the region. As an early successional species 408 

birch also has higher regeneration potential on exposed sites of the upper treeline (Shrestha et al. 409 

2007). Furthermore, the maximum density of tree individuals and higher seedling sapling density 410 

within the plot indicated the higher potential for future shift. Our findings agree with treeline 411 

shift reports in the Himalaya (Dubey et al. 2003; Gaire et al. 2014) with considerable recruitment 412 
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in the recent decades especially after 1950s as reported by (Liang et al. 2011b; Shrestha et al. 413 

2015; Schickhoff et al. 2015).  414 

 We report higher regeneration, increased tree establishment and invasion into treeless 415 

areas above the forest limit, as directional changes readily attributed to effects of climate change. 416 

However, in most cases, pastoral abandonment or other human impacts also drives treeline 417 

dynamics (Holtmeier 2009; Schickhoff 2011), excessive grazing pressure and widespread fire 418 

were reported as the main agents for altering treelines in Himalaya (Beug and Miehe 1999, Wang 419 

et al. 2019b). Along with the sampled transects, we did not observe any recent cut stumps and 420 

any recent fire incidence in all the sampled ecotone showing diminished anthropogenic pressure 421 

in recent years. However, a proportion of tree cores (13% in C1 and 17% in C2) showed fire 422 

scars dated back to 20 to 30 years indicating the incidence of past fire. Also, we found evidence 423 

of cattle herbivory in all the sampled ecotone, indicating that disturbance factors are one of the 424 

key drivers of treeline dynamics as explained by Schickhoff et al (2015). Notably, our study site 425 

in Himalaya was included in Annapurna Conservation Area established in 1992, which 426 

considerably controlled forest fire and firewood collection. Furthermore, changes in land use 427 

have been associated with the gradual shifting of local people from livestock farming to 428 

agriculture, low consumption of firewood (provision of hydroelectricity) and migration of people 429 

to lower valleys (Jaquet et al. 2016; KC et al. 2017). These changes in land use pressure and fire 430 

frequency will undoubtedly have contributed to facilitate forest expansion towards higher 431 

elevations in conjunction with the climatically driven changes reported above.  432 

Despite favourable climate, considerable gaps in the tree establishment across alpine 433 

region (X1, X2) due to low regeneration of larch tress in the recent decades could be associated 434 

with poor soil quality and anthropogenic disturbance via logging operations. Our results 435 
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indicated that Hengduan larch (X1, X2) and silver fir (Tb) have experienced greater influence of 436 

disturbances for tree establishment in treeline. The poor regeneration in these sites (X1, X2) 437 

might lead to treeline retreat in these sites in the future if adult individuals die or removal 438 

through exploitation increases.  The potential for such retreat is already evident at X1 and X2, 439 

especially after the 1990s. Therefore, we highlight that modifying factors (biological, 440 

geomorphology, human interference) in addition to climate may drive tree establishment and 441 

stand densification in treelines and it is, therefore, inadvisable to overlook local context when 442 

predicting treeline changes across broad regions. 443 

5 Conclusions 444 

We report site specific growth climate responses and treeline inertia based on tree rings and 445 

demographic assessment of treeline ecotones at the Trans-Himalayan region of Nepal and 446 

Hengduan Mountain regions of China. It was observed that radial growth across the Trans-447 

Himalaya is strongly determined by both precipitation and temperature while in the alpine region 448 

of Hengduan Mountains temperature alone has a strong influence. While the Trans-Himalaya 449 

region is experiencing rapid shifts in treeline with higher recruitment of tree species across 450 

treeline ecotone, Hengduan treelines are experiencing slow recruitment and upward movement of 451 

treeline. The contrasting local patterns of climate change are one of the critical drivers of these 452 

differences in treeline shifts at high altitudes in face of warming temperatures and higher 453 

variation in precipitation trends. We emphasize that impact of changing growth in trees may 454 

influence treeline inertia; however, the geomorphological factors, human disturbance and biotic 455 

interaction are also the strong drivers for the changes in treeline ecotones. Our results point to the 456 

importance of better assessment and integration of local anthropogenic context, impacts of 457 
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belowground environmental factors and biotic interactions on juveniles and adults to increase 458 

accuracy of prediction on treeline dynamics under changing climate.   459 

 460 

Acknowledgements  This research was supported by National Natural Science Foundation of 461 

China (NSFC) (U1502231). We are very grateful to Mr. Raju Bista, KP Sharma, Indra Thakali 462 

and Community Forest User Group of Chimang (Mustang) and Huasheng Huang and Huang Jian 463 

(China) for their contribution to field management and sample collection. Finally, we 464 

acknowledge Department of National Parks and Wildlife Reserve Government of Nepal and the 465 

Annapurna Conservation Area Project (ACAP, Nepal) for providing permission to carry out the 466 

field work in Nepal. 467 

Conflict of interest  The authors declare that they have no conflict of interest. 468 

Authors' contributions  ZZK, FZX, AT conceptualized and designed the research; AT, LSF 469 

collected data; AT, AA, AJ performed the analysis and wrote manuscript. The author(s) read and 470 

approved the final manuscript. 471 

Funding   This research was supported by National Natural Science Foundation of China 472 

(NSFC) Grant No: U1502231 473 

Availability of data and materials  All data involved in this study are provided by the authors 474 

upon request. 475 

Ethics approval and consent to participate  Not applicable 476 

Consent for publication  Not applicable. 477 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



22 
 

Competing interests  All authors declare that they have no competing interests. 478 

 479 

References 480 

Aryal A, Hipkins J, Ji W, Raubeinhimer D, Brunton D (2012) Distribution and diet of brown 481 

bear in Annapurna Conservation Area, Nepal. Ursus 23:231–236. 482 

Baker BB, Moseley RK (2007) Advancing treeline and retreating glaciers: implications for 483 

conservation in Yunnan, P.R. China. Arct. Antarct. Alp. Res 39:200–209. DOI: 484 

10.1657/1523-0430(2007)39[200:ATARGI]2.0.CO;2 485 

Batllori E, Gutierrez E (2008) Regional tree line dynamics in response to global change in the 486 

Pyrenees. J. Ecol. 96:1275–1288. https://doi.org/10.1111/j.1365-2745.2008.01429.x 487 

Beug HJ, Miehe G (1999) Vegetation History and Human Impact in the Eastern Central 488 

Himalaya (Langtang and Helambu, Nepal), Diss. Bot. 318, Berlin, Stuttgart. 489 

Biondi F, Waikul K (2004) DENDROCLIM2002: A C++ program for statistical calibration of 490 

climate signals in tree-ring chronologies. Computers and Geosciences 30(3), 303–311. 491 

https://doi.org/10.1016/j.cageo.2003.11.004 492 

Bräuning A, Grießinger J (2006) Late Holocene variations in monsoon intensity in the Tibetan-493 

Himalayan region—evidence from tree rings. Journal of the Geological Society of India 494 

69 (3):485–494. 495 

Bräuning A, Mantwill B (2004) Summer temperature and summer monsoon history on the 496 

Tibetan Plateau during the last 400 years recorded by tree rings. Geophys. Res. Lett. 31: 497 

L24205. https://doi.org/10.1029/2004GL020793  498 

Camarero JJ, Gutierrez E (2004) Pace and pattern of recent tree line dynamics: response of 499 

ecotones to climatic variability in the Spanish Pyrenees. Clim. Chang. 63:181–200. 500 

https://doi.org/10.1023/B:CLIM.0000018507.71343.46 501 

Camarero JJ, Gutiérrez E (2007) Response of Pinus uncinata recruitment to climate warming 502 

and changes in grazing pressure in an isolated population of the Iberian System (NE 503 

Spain), Arct. Antarct. Alp. Res. 39:210–217.  504 

https://doi.org/10.1657/1523-0430(2007)39[210:ROPURT]2.0.CO;2 505 

Camarero JJ, Linares JC, García-Cervigón AI, Batllori E, Martínez I, & Gutiérrez E (2017). 506 

Back to the Future: The Responses of Alpine Treelines to Climate Warming are 507 

Constrained by the Current Ecotone Structure. Ecosystems, 20(4), 683–700. 508 

https://www.jstor.org/stable/48719436 509 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1657/1523-0430(2007)39%5b210:ROPURT%5d2.0.CO;2


23 
 

Cook ER (1985) A time-series analysis approach to tree-ring standardization. Ph.D. Dissertation. 510 

The University of Arizona Press, Tucson. 511 

Cook ER, Kairiukstis A (1990) Methods of Dendrochronology: Applications in the 512 

Environmental Sciences. Kluwer Academic Press, Dordrecht. 513 

Danby RK, Hik DS (2007) Variability, contingency and rapid change in recent subarctic alpine 514 

tree line dynamics. J Ecol. 95:352–363. https://doi.org/10.1111/j.1365-515 

2745.2006.01200.x 516 

Daniels LD, Veblen TT (2004) Spatiotemporal influences of climate on altitudinal treeline in 517 

northern Patagonia. Ecology 85:1284–1296. https://doi.org/10.1890/03-0092 518 

Dawadi B, Liang E, Tian L, Devkota LP, Yao T (2013) Pre-monsoon precipitation signal in tree 519 

rings of timberline Betula utilis in the central Himalayas. Quat. Int 283:72–77. 520 

https://doi.org/10.1016/j.quaint.2012.05.039 521 

Dong D, Tao W, Lau WK.M, Li Z, Huang G, Wang P (2019) Interdecadal Variation of 522 

Precipitation over the Hengduan Mountains during Rainy Seasons. J. Climate 32:3743–523 

3760. https://doi.org/10.1175/JCLI-D-18-0670.1. 524 

Dubey B, Yadav RR, Singh J, Chaturvedi R (2003) Upward shift of Himalayan pine in Western 525 

Himalaya, India, Current Sci. 85:1135–1136. 526 

Dullinger S, Dirnböck T, Grabherr G (2004) Modelling climate-change driven treeline shifts: 527 

relativeeffects of temperature increase, dispersal and invisibility. J Ecol 92:241–252 528 

https://doi.org/10.1111/j.0022-0477.2004.00872.x 529 

Duncan RP (1989) An evaluation of errors in tree age estimates based on increment cores in 530 

kahikatea (Dacrycarpus dacrydioides). New Zealand Natural Sciences 16:31-37. 531 

Elliott GP, Kipfmueller KF (2011) Multiscale influences of climate on upper treeline dynamics 532 

in the southern rockymountains, USA: evidence of intraregional variability and 533 

bioclimatic thresholds in response to twentieth-century warming. Ann Assoc Am Geogr 534 

101:1181–1203. https://doi.org/10.1080/00045608.2011.584288 535 

Fajardo A, McIntire EJB (2012) Reversal of multicentury treegrowth improvements and loss of 536 

synchrony at mountain treelines point to changes in key drivers, J. Ecol. 100:782–794 537 

https://doi.org/10.1111/j.1365-2745.2012.01955.x 538 

Fan ZX, Bräuning A, Yang B, Cao KF (2009) Tree ring density-based summer temperature 539 

reconstruction for the central Hengduan Mountains in southern China, Global Planet. 540 

Change. 65:1–11. https://doi.org/10.1016/j.gloplacha.2008.10.001 541 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1175/JCLI-D-18-0670.1


24 
 

Fritts HC (1976) (Reprint, 2004) Tree rings and climate, Caldwell, New Jersey: The Blackburn 542 

Press. https://doi.org/10.1002/jqs.796 543 

Gaire NP, Koirala M, Bhuju DR, Borgaonkar HP (2014) Treeline dynamics with climate change 544 

at the central Nepal Himalaya, Clim. Past 10:1277–1290, doi: 10.5194/cp-10-1277- 2014. 545 

Gaire NP, Koirala M, Bhuju DR, Carrer M (2017) Site- and species-specific treeline responses to 546 

climatic variability in eastern Nepal Himalaya. Dendrochronologia. 41:54–56. 547 

doi:10.1016/j.dendro.2016.03.001 548 

Gamache I, Payette S (2005) Latitudinal response of subarctic tree lines to recent climate change 549 

in eastern Canada. J. Biogeogr. 32:849–862. https://doi.org/10.1111/j.1365-550 

2699.2004.01182.x 551 

Government of Nepal (2010) Mustang District profile. District Statistical Office, Government of 552 

Nepal, Mustang District, Nepal, p 87. 553 

Grace J, Berninger F, Nagy L (2002). Impacts of climate change on the tree line, Ann. Bot. 554 

London 90:537–544. https://doi.org/10.1093/aob/mcf222 555 

Greenwood S, Chen JC, Chen CT, Jump AS (2014) Strong topographic sheltering effects lead to 556 
spatially complex treeline expansion and increased forest density in a subtropical 557 

mountain region. Glob. Change Biol. 20:3756–3766. https://doi.org/10.1111/gcb.12710 558 
Hansson A, Dargusch P, Shulmeister (2021) A review of modern treeline migration, the factors 559 

controlling it and the implications for carbon storage. J. Mt. Sci. 18, 291–306 (2021). 560 
https://doi.org/10.1007/s11629-020-6221-1 561 

Harsch (MA, Hulme PE, McGlone MS, Duncan RP (2009) Are treelines advancing? A global 562 

meta-analysis of treeline response to climate warming. Ecol. Lett. 12:1040–1049. 563 

https://doi.org/10.1111/j.1461-0248.2009.01355.x 564 

He M, Yang B, Bräuning A (2013) Tree growth–climate relationships of Juniperus tibetica along 565 

an altitudinal gradient on the southern Tibetan Plateau, Trees 27:429–439. DOI: 566 

10.1007/s00468-012-0813-5 567 

Hofgaard A (1997) Inter-relationships between treeline position, species diversity, land use and 568 

climate change in the central Scandes Mountains of Norway. Global Ecol. Biogeogr. 6: 569 

419–429. https://doi.org/10.2307/2997351 570 

Holtmeier FK (2003) Mountain timberlines: ecology, patchiness and dynamics. Dordrecht, 571 

Germany: Kluwer Academic Publishers. 572 

Holtmeier FK, Broll G (2007) Treeline advance – driving processes and adverse factors, 573 

Landscape Online 1:1–21. https://doi.org/10.3097/LO.200701 574 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.2307/2997351
https://doi.org/10.3097/LO.200701


25 
 

Holtmeier FK (2009) Mountain timberlines: Ecology, patchiness and dynamics, Springer, 575 

Dordrecht, Germany. DOI: 10.1007/978-1-4020-9862-2 576 

Hughes NM, Johnson DM, Akhalkatsi M, Abdaladze O (2009) Characterizing Betula litwinowii 577 

seedling microsites at the alpine-treeline ecotone, central Greater Caucasus Mountains, 578 

Georgia, Arct. Antarct. Alpine Res. 41:112–118.  579 

doi: 0.1657/1938-4246(08 021)[HUGHES]2.0.CO;2. 580 

IPCC (2013) Summary for policymakers. In: Stocker TF, Qin D, Plattner GK, Tignor M, Allen 581 

SK, Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Climate Change 2013: The 582 

physical science basis. Contribution of Working Group I to the Fifth Assessment Report 583 

of the Intergovernmental Panel on climate change. Cambridge University Press, 584 

Cambridge, pp 3–32. https://doi.org/10.1017/CBO9781107415324 585 

Jaquet S, Shrestha G, Kohler T, and Schwilch G (2016) "The Effects of Migration on 586 

Livelihoods, Land Management, and Vulnerability to Natural Disasters in the Harpan 587 

Watershed in Western Nepal, Mt Res Dev 36(4), 494-505.  588 

https://doi.org/10.1659/MRD-JOURNAL-D-16-00034.1 589 

KC B, Wang T, and Gentle P (2017) Internal Migration and Land Use and Land Cover Changes 590 

in the Middle Mountains of Nepal, Mountain Research and Development 37(4), 446-455. 591 

https://doi.org/10.1659/MRD-JOURNAL-D-17-00027.1 592 

Körner C (1998) A re-assessment of high elevation treeline positions and their explanation. 593 

Oecologia 115:445–459. https://doi.org/10.1007/s004420050540 594 

Körner C (2003) Alpine plant life: functional plant ecology of high mountain ecosystems. Berlin, 595 

Germany: Springer. https://doi.org/10.1659/mrd.mm265.1 596 

Körner C, Paulsen J (2004) A world-wide study of high-altitude treeline temperatures, J. 597 

Biogeogr. 31:713–732. https://doi.org/10.1111/j.1365-2699.2003.01043.x 598 

Krishnan R, Shrestha AB, Ren G, Rajbhandari R, Saeed S, Sanjay J, Syed MA, Vellore R, Xu Y, 599 

You Q, and Ren Y (2019) Unravelling climate change in the Hindu Kush Himalaya: 600 

Rapid warming in the mountains and increasing extremes. In: Wester P, Mishra A, 601 

Mukherji A, and Shrestha AB (eds.) The Hindu Kush Himalaya assessment, pp. 57–96. 602 

Cham: Springer. DOI: 10.1007/978-3-319-92288-1_3 603 

Kullman L (2002) Rapid recent range-margin rise of tree and shrub species in the Swedish 604 

Scandes. J. Ecol.90:68–77. https://doi.org/10.1046/j.0022-0477.2001.00630.x 605 

Kullman L (2007) Tree line population monitoring of Pinus sylvestris in the Swedish Scandes, 606 

1973-2005: Implications for tree line theory and climate change ecology. J. Ecol. 95:41–52.  607 

doi:10.1111/j.1365-2745.2006.01190.x 608 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1017/CBO9781107415324


26 
 

Kumar V, Jain SK (2009) Trends in seasonal and annual rainfall and rainy days in Kashmir 609 

valley in the last century. Quat. Int 211:64–69. https://doi.org/10.1016/j.quaint.2009.08.006 610 

Liang EY, Liu B, Zhu LP, Yin ZY (2011a) A short note on linkage of climatic records between a 611 

river valley and the upper timberline in the Sygera Mountains, southeastern Tibetan Plateau. 612 

Global. Planet. Chang. 77: 97e102. https://doi.org/10.1016/j.gloplacha.2011.04.005 613 

Liang, EY, Wang YF, Eckstein D, Luo TX (2011b) Little change in the fir tree-line position on 614 

the southeastern Tibetan Plateau after 200 years of warming. New Phytol. 190:760–769. 615 

https://doi.org/10.1111/j.1469-8137.2010.03623.x 616 

Liang E, Dawadi B, Pederson N, Eckstein D (2014) Is the growth of birch at the upper timberline 617 

in the Himalayas limited by moisture or by temperature? Ecology. 95:2453-2465. 618 

https://doi.org/10.1890/13-1904.1 619 

Liang E, WangY, Piao S, Lu X, Camarero JJ, Zhu H, Zhu L, Ellison AM, Ciais P, Peñuelas J 620 

(2016) Species interactions slow warming-induced upward shifts of treelines on the 621 

Tibetan Plateau. PNAS 113, 4380–4385. https://doi.org/10.1073/pnas.1520582113  622 

Lloyd AH, Fastie CL (2002) Spatial and temporal variability in the growth and climate response 623 

of treeline trees in Alaska. Clim. Chang. 52:481–509. DOI: 10.1023/A:1014278819094 624 

Lopez L, Stahle D, Villalba R, Torbenson M, Feng S, Cook E (2017) Tree ring reconstructed 625 

rainfall over the southern Amazon Basin. Geophys. Res. Lett. 44:7410-7418. 626 

https://doi.org/10.1002/2017GL073363 627 

Lv LX, Zhang QB (2012) Asynchronous recruitment history of Abies spectabilis along an 628 

altitudinal gradient in the Mt. Everest region. J. Plant Ecol. 5, 147e156. 629 

https://doi.org/10.1093/jpe/rtr016   630 

Mainali K, Shrestha B, Sharma R, Adhikari A, Gurarie E, Singer M, Parmesan C (2019) 631 

Contrasting responses to climate change at Himalayan treelines revealed by population 632 

demographics of two dominant species. Ecol. Evol. 10:1209–1222.  633 

https://doi.org/10.1002/ece3.5968  634 

Marchese C (2015). Biodiversity hotspots: a shortcut for a more complicated concept. Glob. 635 

Ecol. Conserv. 3:297–309. https://doi.org/10.1016/j.gecco.2014.12.008  636 

Matzinger N, Andretta M, van Gorsel E, Vogt R, Ohmura A, Rotach MW (2003) Surface 637 

radiation budget in an Alpine valley. Q. J. R. Meteorol. Soc. 129 (588):877–895. 638 

https://doi.org/10.1256/qj.02.44.  639 

Morley PJ, Donoghue DNM, Chen J & Jump AS (2020) Montane Forest expansion at high 640 

elevations drives rapid reduction in non-forest area despite no change in mean forest 641 

elevation. J. Biogeogr. 47 (11). 2405-2416. https://doi.org/10.1111/JBI.13951 642 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1073/pnas.1520582113
https://doi.org/10.1002/ece3.5968
https://doi.org/10.1016/j.gecco.2014.12.008


27 
 

Miehe S, Miehe G, Miehe S, Böhner J, Bäumler R, Ghimire SK, Bhattarai K, Chaudhary RP, 643 

Subedi M (2015) 16. Vegetation Ecology. In: Miehe G, Pendry C, Chaudhary RP (eds) 644 

Nepal: an introduction to the natural history, ecology and human environment in the 645 

Himalayas. Royal Botanic Garden Edinburgh, Edinburgh, United Kingdom, pp 385–472 646 

Moseley RK (2006) Historical Landscape Change in Northwestern Yunnan, China. Mt Res Dev 647 

26, 3:214-219. https://doi.org/10.1659/0276-4741(2006)26[214:HLCINY]2.0.CO;2  648 

Müller M, Schwab N, Schickhoff U, Böhner J, Scholten T (2016) Soil temperature and soil 649 

moisture patterns in a Himalayan alpine treeline ecotone. 48:501–521. 650 

https://doi.org/10.1657/AAAR0016-004 651 

Myers‐Smith IH, Hik DS (2018). Climate warming as a driver of tundra shrubline advance. J. 652 

Ecol. 106:547–560. https://doi.org/10.1111/1365-2745.12817 653 

Ning B, Yang X, Chang L (2012) Changes of temperature and precipitation extremes in 654 

hengduan mountains, Qinghai-Tibet Plateau in 1961-2008. Chin Geogr Sci. 22:422–436. 655 

DOI: 10.1007/s11769-012-0549-6 656 

Osborn TJ, Briffa KR, Jones PD (1997) Adjusting variance for sample-size in tree ring 657 

chronologies and other regional mean time series. Dendrochronologia 15:89–99. 658 

Ou TH, Qian WH (2006) Vegetation variations along the monsoon boundary zone in east Asia. 659 

CHINESE J GEOPHYS-CH 49:698–705. https://doi.org/10.1002/cjg2.876 660 

ParrJ M, Phillips C L (1999) Signals, systems, and transforms. Prentice Hall. 661 

Qi Z, Liu H, Wu X, Hao Q (2015) Climate-driven speedup of alpine treeline forest growth in the 662 

Tian Mountains, Northwestern China. Glob. Chang. Biol. 21:816–826. 663 

https://doi.org/10.1111/gcb.12703 664 

R Development Core Team (2020) R: A Language and Environment for Statistical Computing. 665 

Vienna: R Foundation for Statistical Computing. 666 

Ren YY, Ren GY, Sun XB, Shrestha AB, You QL, Zhan YJ, et al (2017). Observed changes in 667 

surface air temperature and precipitation in the Hindu Kush Himalayan region during 668 

1901– 2014. Adv. Clim. Chang. Res., 8(3).  669 

https://dx.doi. org/10.1016/j.accre.2017.08.001. 670 

Rinn F (2003) TSAP-Win: Time Series Analysis and Presentation for Dendrochronology and 671 

Related Applications. Version 0.55 User reference. Heidelberg, Germany 672 

(http://www.rimatech.com). 673 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1111/1365-2745.12817


28 
 

Sano M, Furuta F, Kobayashi O, Sweda T (2005) Temperature variations since the mid-18th 674 

century for western Nepal, as reconstructed from tree-ring width and density of Abies 675 

spectabilis. Dendrochronologia 23:83–92. https://doi.org/10.1016/j.dendro.2005.08.003 676 

Schickhoff U (2005) The upper timberline in the Himalayas, Hindu Kush and Karakorum: a 677 

review of geographical and ecological aspects, in: Mountain ecosystems: studies in 678 

treeline ecology, edited by: Broll, G. and Keplin, B., Springer, Berlin, Germany, 275–679 

354. https://doi.org/10.1007/3-540-27365-4_12 680 

Schickhoff U (2011) Dynamics of mountain ecosystems. In: Handbook of Biogeography, edited 681 

by: Millington, A., Blumler, M., and Schickhoff, U., Sage Publ., London, 313–337. 682 

Schickhoff U, Bobrowski M, Böhner J, Bürzle B, Chaudhary RP, Gerlitz L, Heyken H, Lange J, 683 

Müller M, Scholten T, Schwab N, Wedegärtner R (2015) Do Himalayan treelines 684 

respond to recent climate change? An evaluation of sensitivity indicators. Earth Syst. 685 

Dynam. 6:245–265. https://doi.org/10.5194/esd-6-245-2015  686 

Schwab N, Kaczka RJ, Janecka K, Böhner J, Chaudhary RP, Scholten T, Schickhoff U (2018) 687 

Climate Change-Induced Shift of Tree Growth Sensitivity at a Central Himalayan Treeline 688 

Ecotone. Forests. 2018; 9(5):267. https://doi.org/10.3390/f9050267 689 

Schloss CA, Nuñez TA, Lawler JJ (2012) Dispersal will limit ability of mammals to track 690 

climate change in the Western Hemisphere. Proc Natl Acad Sci U S A. 2012 May 691 

29;109(22):8606-11. doi: 10.1073/pnas.1116791109. Epub 2012 May 14. PMID: 692 

22586104; PMCID: PMC3365214. https://doi.org/10.1073/pnas.1116791109 693 

Sharma K, Moore B, Vorosmarty C (2000) Anthropogenic, climatic, and hydrologic trends in the 694 

Koshi basin, Himalaya. Clim. Change 47:141–165. 695 

https://doi.org/10.1023/A:1005696808953 696 

Sharma E, Tsering K (2009) Climate change in the Himalayas: the vulnerability of biodiversity. 697 

Sustain Mt Dev. 55:10–12. 698 

Scherrer D, Korner C (2010) Infra-red thermometry of alpine landscapes challenges climatic 699 

warming projections. Glob. Chang. Biol. 16:2602–2613. https://doi.org/10.1111/j.1365-700 

2486.2009.02122.x 701 

Shrestha KB, Hofgaard A, Vandvik V (2015) Recent treeline dynamics are similar between dry 702 

and mesic areas of Nepal, central Himalaya, J. Plant Ecol. 8(4):347–358 703 

https://doi.org/10.1093/jpe/rtu035. 704 

Shrestha UB, Gautam S, Bawa KS (2012) Widespread Climate Change in the Himalayas and 705 

Associated Changes in Local Ecosystems. Plos One7: e36741. 706 

https://doi.org/10.1371/journal.pone.0036741.   707 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.3390/f9050267
https://doi.org/10.1371/journal.pone.0036741


29 
 

Shrestha BB, Ghimire B, Lekhak HD, Jha PK (2007) Regeneration of tree line birch (Betula 708 

utilis D. Don) forest in trans-Himalayan dry valley in central Nepal. Mt. Res. Dev. 709 

27:250–258.  https://doi.org/10.1659/mrdd.0784 710 

Sigdel SR, Wang Y, Camarero JJ, Zhu H, Liang E, Peñuelas J. (2018). Moisture-mediated 711 

responsiveness of treeline shifts to global warming in the Himalayas. Glob Chang Biol. 712 

24(11):5549–5559. https://doi.org/10.1111/gcb.14428. 713 

Smith WK, Germino MJ, Johnson DM, Reinhardt K (2009) The altitude of alpine treeline: a 714 

bellwether of climate change effects. Bot Rev 75:163–190. 715 

https://doi.org/10.0007/s12229-009-9030-3.  716 

Stahle D.W, Hehr JG (1984) Dendroclimatic relationships of post oak across a precipitation 717 

gradient in the southcentral United States. Ann. Am. Assoc. Geogr. 74:561-573. 718 

https://doi.org/10.1111/j.1467-8306.1984.tb01474.x 719 

Stainton JDA (1972) Forests of Nepal. Hafner Press; 1st Edition (January 1, 1972) New York 720 

Stokes MA, Smiley TL (1968) An Introduction to Tree-Ring Dating. The University of Chicago 721 

Press, Chicago. 63p. 722 

Sun Y, Wang LL, Chen, J, Duan JP, Shao XM, Chen KL (2010) Growth characteristics and 723 

response to climate change of Larix Miller tree-ring in China. Science China Earth 724 

Sciences 53:871–879. https://doi.org/10.1007/s11430-010-0056-5 725 

Takahashi K, Tokumitsu Y, Yasue K (2005) Climatic factors affecting the tree-ring width of 726 

Betulaermanii at the timberline on Mount Norikura, central Japan. Ecol. Res 20:445-451. 727 

https://doi.org/10.1007/s11284-005-0060-y 728 

Tiwari A, Fan Z-X, Jump AS, Li S-F, Zhou Z-K (2017a) Gradual expansion of moisture 729 

sensitive Abies spectabilis forest in the Trans-Himalayan zone of central Nepal associated 730 

with climate change. Dendrochronologia 41:34–43. 731 

https://doi.org/10.1016/j.dendro.2016.01.006 732 

Tiwari A, Fan Z-X, Jump AS, Zhou Z-K (2017b) Warming induced growth decline of 733 

Himalayan birch at its lower range edge in a semi-arid region of Trans-Himalaya, central 734 

Nepal. Plant Ecology 218:621–633. https://doi.org/10.1007/s11258-017-0716-z 735 

Vetaas OR (2000) The effects of environmental factors on regeneration of Quercus 736 

semecarpifolia Sm. in central Himalaya, Nepal, Plant Ecol. 146:137–44. 737 

https://doi.org/10.1023/A:1009860227886 738 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.0007/s12229-009-9030-3
https://doi.org/10.1111/j.1467-8306.1984.tb01474.x
https://doi.org/10.1007/s11258-017-0716-z


30 
 

Wang T, Zhang QB, Ma K(2006) Tree line dynamics in relationto climatic variability in the 739 

central Tian Mountains, northwestern China, Global Ecol. Biogeogr. 15:406–415.   740 

https://doi.org/10.1111/j.1466-822X.2006.00233.x 741 

Wang SY, Yoon JH, Gillies RR, Cho C (2013) What caused the winter drought in western Nepal 742 

during recent years? J. Climate. 26:8241–8256. https://doi.org/10.1175/JCLI-D-12-00800.1 743 

Wang Y, Pederson N, Ellison AM, Buckley HL, Case BS, Liang E, Camarero JJ (2016) 744 

Increased stem density and competition may diminish the positive effects of warming at 745 

alpine treeline. Ecology. 97 (7): 1668–1679. https://doi.org/10.1890/15-1264.1 746 

Wang E, Kirby E, Furlong KP, Van Soest M, Xu G, Shi X, et al (2012) Two-phase growth of 747 

high topography in eastern Tibet during the Cenozoic. Nat. Geosci. 5:640–645.  748 

https://doi.org/10.1038/ngeo1538  749 

Wang Y, Case B, Lu X et al (2019a). Fire facilitates warming-induced upward shifts of alpine 750 

treelines by altering interspecific interactions. Trees 33, 1051–1061 (2019). 751 

https://doi.org/10.1007/s00468-019-01841-6 752 

Wang Y, Sylvester S P, Lu X, Dawadi B, Sigdel S R, Liang E, J. Camarero J (2019b), The 753 

stability of spruce treelines on the eastern Tibetan Plateau over the last century is explained 754 

by pastoral disturbance, Forest Ecology and Management, 442:34-45. 755 

https://doi.org/10.1016/j.foreco.2019.03.058. 756 

Wilmking M, Juday GP, Barber VA, Zald HSJ (2004) Recent climate warming forces 757 

contrasting growth responses of white spruce at treeline in Alaska through temperature 758 

thresholds. Glob. Change Biol. 10:1724–1736.  759 

https://doi.org/10.1111/j.1365-2486.2004.00826.x 760 

Winkler DE, Butz RJ, Germino MJ, Reinhardt K, Kueppers LM (2018) Snowmelt Timing 761 
Regulates Community Composition, Phenology, and Physiological Performance of 762 

Alpine Plants. Front Plant Sci. 9:1140. doi:10.3389/fpls.2018.01140 763 
https://doi.org/10.3389/fpls.2018.01140 764 

Winkler DE (2019) Contemporary Human Impacts on Alpine Ecosystems: The Direct and 765 

Indirect Effects of Human-Induced Climate Change and Land Use. Editor(s): Michael I. 766 

Goldstein, Dominick A. Della Sala, Encyclopedia of the World's Biomes, Elsevier, 2020, 767 

Pages 574-570. https://doi.org/10.1016/B978-0-12-409548-9.11879-2 768 

Yadav RR, Singh J, Dubey B, Chaturvedi R (2004) Varying strength of relationship between 769 

temperature and growth of high-level fir at marginal ecosystems in western Himalaya, 770 

India. Curr. Sci. 86 (8):1152–1156. 771 

 772 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://doi.org/10.1111/j.1466-822X.2006.00233.x
https://doi.org/10.1175/JCLI-D-12-00800.1
https://doi.org/10.1007/s00468-019-01841-6


Comments Response 

Although it is a bit general, please try to improve the first part of the abstract 

(L15-22). Now it seems more than a few sentences a bit disconnected. 

We have revised the first part of abstract 

(Lines 15–26) 

L59. Please add some additional references to reinforce this point. Thank you, we have added these references in 

the revised version: Camarero et al.  2017, 

Liang 2011b, Gaire 2014. (Line 64) 

L67. physiographic and topographic. Not sure about their differences. Please 

specify or rephrase. 

We removed physiography as a redundancy. 

(Line 71) 

L100. Other factors. Such as? Please specify a bit to reinforce your initial 

hypotheses. 

We have elaborated driving factors in the 

revision: factors such as land use changes 

including grazing pressure, fire and human 

activities. (Line 104–105) 

L112-115. Please try to do not repeat here the term “Mustang” so many 

times. 

We have removed repetition of Mustang and 

revised the paragraph. (Line 117–121) 

Figure 1. Please, improve the figure. The style should be more homogeneous 

(e.g. same colours range for the altitudes of both sites, indeed panel B does 

not include a proper legend here), the spatial scale is very different, the B 

panel includes national borders, … 

We improved Figure 1 

 

L157. Field investigation. This term sounds a bit weird to me, could you 

please replace by other fitting better? 

We replaced it with field study, Line 161 

L163. forest with tree density … at least 30%. Tree density should be in 

number of trees per area. The descriptor 30% is more related to canopy 

cover, tree cover density, …. Please rephrase. 

This appear a bit tricky, actually it is not the 

density that determines timberline hence we 

mentioned timberline as the uppermost 

closed forest with tree cover (trees > 5 m 

height) of at least 30% (Holtmeier 2003) 

(Line 167) 

L240. Please avoid references in the Results section. This section should be 

focused in describing your findings not comparing them with literature. 

Reference removed in the revised version, 

(Line 244)  

L240. Please avoid starting a new sentence with an abbreviation, a number, 

etc. 

We have revised this sentence, Line 244 

L249. Fig.4 and Table 2. Please correct. We corrected it, Line 253–254 

L420-427. I agree with the relevance of socio-economic factors in this type 

of studies. It would be great if you can add some additional references here 

to reinforce this specific point. 

We have added these important references, 

Jaquet et al. 2016, KC et al. 2017. Line 430  

Style: please follow format requirements in the whole manuscript. Also, 

please check the reference format and adapt them to the journal instruction 

for authors. 

We have followed format requirements and 

improved reference.  

 

Authors' Response to Reviewers' Comments Click here to access/download;Authors' Response to Reviewers'
Comments;REEC Review Response.doc

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

https://www.editorialmanager.com/reec/download.aspx?id=225861&guid=eba43b99-b7ba-4ca5-a4be-2b00a85c526d&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225861&guid=eba43b99-b7ba-4ca5-a4be-2b00a85c526d&scheme=1


Figure Click here to access/download;Figure;Figure 1.jpg

https://www.editorialmanager.com/reec/download.aspx?id=225862&guid=393396e5-0545-4fb9-bd86-04e16e4af5b5&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225862&guid=393396e5-0545-4fb9-bd86-04e16e4af5b5&scheme=1


Click here to access/download;Figure;Figure 2.jpg

https://www.editorialmanager.com/reec/download.aspx?id=225864&guid=5afdce89-8cec-420d-b5b7-a99cada55f29&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225864&guid=5afdce89-8cec-420d-b5b7-a99cada55f29&scheme=1


Click here to access/download;Figure;Figure 3.jpg

https://www.editorialmanager.com/reec/download.aspx?id=225865&guid=0fedd02a-ed4b-4ede-bb48-34ae0479aa2d&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225865&guid=0fedd02a-ed4b-4ede-bb48-34ae0479aa2d&scheme=1


Figure Click here to access/download;Figure;Figure 4.jpeg

https://www.editorialmanager.com/reec/download.aspx?id=225863&guid=60d45791-5215-4a8e-98e8-99f4b96a4252&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225863&guid=60d45791-5215-4a8e-98e8-99f4b96a4252&scheme=1


Click here to access/download;Figure;Figure 5.jpg

https://www.editorialmanager.com/reec/download.aspx?id=225866&guid=39e640e1-62f7-48dc-96e8-23bf316df115&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225866&guid=39e640e1-62f7-48dc-96e8-23bf316df115&scheme=1


Click here to access/download;Figure;Figure 6.jpg

https://www.editorialmanager.com/reec/download.aspx?id=225867&guid=f0f7ca1b-c56e-4da6-be34-0f05ed5252c3&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225867&guid=f0f7ca1b-c56e-4da6-be34-0f05ed5252c3&scheme=1


Click here to access/download;Figure;Figure 7.jpg

https://www.editorialmanager.com/reec/download.aspx?id=225868&guid=4a5f68c0-f607-42ff-bd54-4a83944c21e1&scheme=1
https://www.editorialmanager.com/reec/download.aspx?id=225868&guid=4a5f68c0-f607-42ff-bd54-4a83944c21e1&scheme=1


 

Figure 1. Location of study area across trans-Himalaya region of Nepal (A) and Hengduan 

mountains of China (B) (upper panels). Section of tree cores including (a) Abies spectabilis (red 

arrow showing frost ring), (b) Larix potaninii, (c) Abies georgei, and (d) Betula utilis 
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Figure 2. A 37 years’ average monthly temperature and precipitation of the study area with an 

average precipitation (dotted line). Time series of average annual precipitation and temperature 

of all study sites with an average precipitation (dotted line) for 37 years. Temperature and 

precipitation were computed from daily data obtained from Department of Hydrology and 

Meteorology Government of Nepal, and National Meteorological Information Center of China. 

 



 

Figure 3. Standardized tree-ring width index (RWI) chronology with sample size with scale on 

the right axis for the study sites after 1987. The red smoothing line is a five year's cubic spline 

fit; blue lines indicate number of tree cores. 



 

Figure 4. Correlations of tree ring width (RWI) chronologies of different sites across Trans 

Himalayan and Hengduan regions. Horizontal dotted lines at r = 0.32 and r = -0.32 form a 95% 

CI; significant correlations (p < 0.05). Blue, and red colors indicate precipitation, and 

temperature, respectively. (Abbreviations: pr = previous, PPT = precipitation, Tmin = minimum 

temperature, Tmax = maximum temperature, Grow = growing season). All variables with one or 

more significant correlations are presented.  

 



 

Figure 5. Time series of standardized annual RWI and current year growing season (March-May) 

maximum temperature and total precipitation across study area. See table 1 for the site 

description. 

 



 

 

 

Figure 6. Relationship between standardized RWI and (a) January minimum temperature and (b) 

May precipitation for A. spectabilis,(c) growing season average temperature for B. utilis, and (d) 

previous year September minimum temperature for L. potaninii. 

 



 

Figure 7. Spatiotemporal dyanmics of treeline in the treeline plots, horizontal axis showing year 

of tree establishment, and vertical axis showing elevation of tree specimen in each treeline 

ecotone. The upper dashed line in each plot represents elevation of modern treeline, the lower 

dashed line in each plot represents the position of oldest tree in the plot. See table 1 for site 

descriptions. 

 

 



 

Table 1 Summary statistics including average tree-ring series length, inter series correlation of chronology with 

master chronology (rbt), mean sensitivity, autocorrelation (AC), and expression population signals (EPS) value for 

study site. See Tables 1 and 2 for study area descriptions.  

 

Site Chronology  

(years) 

Trees (cores) rbt Mean 

sensitivity 

EPS All series Rbar 1st order 

AC 

A. spectabilis C 68 36 (40) 0.47 0.326 0.931 0.187 0.612 

B. utilis L1 

 

186 21(23) 0.49 0.382 0.907 0.226 0.062 

L2 107 52 (56) 0.51 0.324 0.954 0.415 0.026 

A. georgei 

ATE(Tb) 

374 19 (26) 0.45 0.106 0.756 0.284 -0.001 

L. potaninii X1 111 54 (76) 0.52 0.235 0.875 0.514 0.539 

X2 131 20 (35) 0.54 0.230 0.969 0.463 0.789 
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Table 2 The results of multiple regression for annual wood RWI across the study. The coefficient of determination 

(R2) for each variable was estimated using stepwise regression model. The negative sign indicates a negative 

relationship. Abbreviation: pr - previous year, ppt – precipitation, t - temperature, max: maximum, min: minimum, 

Grow – growing season.  See Table 1 for site code. 

Trans-Himalaya 

Sites pr Aug 

tavg 

Jan 

ppt 

Mar 

ppt 

May 

ppt 

Winter 

ppt 

Grow 

ppt 

Jan 

tmax 

Grow 

tmax 

Jan 

tmin 

Grow 

tavg 

Total 

C 

   

0.10 -0.10 

  

-0.05 -0.25 

 

0.50 

L1 -0.10 -0.11 0.07 

   

0.09 

  

-0.24 0.61 

L2 

 

-0.07 0.26 

      

-0.16 0.49 

 

Hengduan Mountain 

Sites pr Aug 

ppt 

pr Sep 

tmin 

Grow 

ppt 

Aug 

tmin 

Sept 

tmin 

Aug 

tavg 

Grow 

tavg 

Summer 

tmin 

Total 

Tb 0.10 

 

0.10 0.14 

    

0.34 

X1 

 

0.31 

    

0.21 

 

0.51 

X2 

 

0.33 

  

0.13 

  

-0.06 0.52 

 

 




