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Abstract
High-elevation forests are experiencing high rates of warming, in combination with 
CO2 rise and (sometimes) drying trends. In these montane systems, the effects of 
environmental changes on tree growth are also modified by elevation itself, thus 
complicating our ability to predict effects of future climate change. Tree-ring analysis 
along an elevation gradient allows quantifying effects of gradual and annual environ-
mental changes. Here, we study long-term physiological (ratio of internal to ambient 
CO2, i.e., Ci/Ca and intrinsic water-use efficiency, iWUE) and growth responses (tree-
ring width) of Himalayan fir (Abies spectabilis) trees in response to warming, drying, 
and CO2 rise. Our study was conducted along elevational gradients in a dry and a wet 
region in the central Himalaya. We combined dendrochronology and stable carbon 
isotopes (δ13C) to quantify long-term trends in Ci/Ca ratio and iWUE (δ13C-derived), 
growth (mixed-effects models), and evaluate climate sensitivity (correlations). We 
found that iWUE increased over time at all elevations, with stronger increase in 
the dry region. Climate–growth relations showed growth-limiting effects of spring 
moisture (dry region) and summer temperature (wet region), and negative effects of 
temperature (dry region). We found negative growth trends at lower elevations (dry 
and wet regions), suggesting that continental-scale warming and regional drying re-
duced tree growth. This interpretation is supported by δ13C-derived long-term physi-
ological responses, which are consistent with responses to reduced moisture and 
increased vapor pressure deficit. At high elevations (wet region), we found positive 
growth trends, suggesting that warming has favored tree growth in regions where 
temperature most strongly limits growth. At lower elevations (dry and wet regions), 
the positive effects of CO2 rise did not mitigate the negative effects of warming and 
drying on tree growth. Our results raise concerns on the productivity of Himalayan 
fir forests at low and middle (<3,300 m) elevations as climate change progresses.
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1  | INTRODUC TION

Forests play a crucial role in the global cycles of water and carbon 
(Keenan et al., 2013). While covering approximately one-third of the 

Earth's land surface, forests contribute to about 50% of the terrestrial 
net primary productivity, store roughly 45% of total terrestrial car-
bon, and account for 80%–90% of all plant carbon (Bonan, 2008). As 
forests play a major role in atmospheric stabilization (Bonan, 2008;  
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Le Quéré et al., 2018), it is important to understand how long-term 
tree physiology and growth will respond to global changes (Charney 
et al., 2016; Silva et al., 2016; Zuidema et al., 2013).

Forest ecosystems are faced with a variety of climatic and at-
mospheric changes: rising temperature, warming-induced atmo-
spheric drought, shifting rainfall patterns, and elevated atmospheric 
[CO2]. These changes will influence tree physiology, growth, and 
forest productivity in complex and interactive ways (Bonan, 2008; 
Reed, Ballantyne, Cooper, & Sala, 2018). One of the challenges in 
studies of global change effects on forests is to disentangle effects 
of these changing drivers. The expected effect of elevated [CO2] 
on tree photosynthesis and carbon availability (Huang, Bergeron, 
Denneler, Berninger, & Tardif, 2007) may differ across environmen-
tal conditions and warming (Lévesque, Siegwolf, Saurer, Eilmann, & 
Rigling, 2014; Lindner et al., 2010; Sarris, Siegwolf, & Kӧrner, 2013). 
For instance, a substantial number of studies reported declining 
long-term tree growth and productivity (Barber, Juday, & Finney, 
2000; Giguère-Croteau et al., 2019; Girardin, Bouriaud, et al., 2016; 
Girardin, Hogg, et al., 2016; Lévesque et al., 2014; Nock et al., 2011; 
Silva & Anand, 2013) due to regional drought or warming-induced 
drought (Liang, Leuschner, Dulamsuren, Wagner, & Hauck, 2016; 
Linares & Camarero, 2012; Peñuelas, Canadell, & Ogaya, 2011; 
Peters et al., 2018; Rahman, Islam, Gebrekirstos, & Bräuning, 2019). 
For montane and boreal forests, no growth enhancement related 
to elevated CO2 was found (Dawes et al., 2010; Hättenschwiler, 
Miglietta, Raschi, & Korner, 1997; Klein et al., 2016; Sigurdsson, 
Medhurst, Wallin, Eggertsson, & Linder, 2013). In contrast, tree 
growth in some high-elevation forests has accelerated due to warm-
ing and atmospheric [CO2] rise in regions where temperature is the 
prevailing growth-limiting factor (Huang et al., 2017; Lindner et al., 
2010; Qi, Liu, Wu, & Hao, 2015; Salzer, Hughes, Bunn, & Kipfmueller, 
2009; Silva et al., 2016).

High mountainous forest ecosystems present unique opportu-
nities to study the interactive effects of climate and atmospheric 
change (Körner, 2007, 2012; Mountain Research Initiative EDW 
Working Group, 2015) because they are often characterized by 
strong gradients in temperature and rainfall and their interactions 
at relatively short distances (Barry, 2008). Such environmental gra-
dients exist in high-elevation forests in the Himalayas. The com-
plex topo-geography also creates strong seasonality (ca. 60%–80% 
of total annual precipitation falls during summer) in the central 
Himalayas (Böhner, Miehe, Miehe, & Nagy, 2015), which determines 
growth patterns and productivity of Himalayan montane forests. In 
addition, the Himalayas are experiencing higher rates of tempera-
ture change (0.6°C per decade) than surrounding lowlands and the 
global average (IPCC, 2013). At the same time, regional drying trends 
due to decreasing seasonal precipitations and increasing drought/ 
aridity were observed during the past decades in the central 
Himalayas (Gaire, Bhuju, et al., 2017; Panthi, Bräuning, Zhou, & 
Fan, 2017; Sano, Ramesh, Sheshshayee, & Sukumar, 2012; Xu et al.,  
2018). Thus, it is likely that moisture availability has importantly 
driven response of Himalayan montane forests to past warming 
(Liang, Dawadi, Pederson, & Eckstein, 2014; Sigdel et al., 2018).

Himalayan forests are complex ecosystems due to their biogeo-
graphical history, the topographic variety, and the strong climatic 
gradients along elevational gradients (Böhner et al., 2015; Miehe 
et al., 2015). Bioclimatic conditions drive the presence of various 
vegetation types, mainly montane forests at high elevations in the 
Himalayas (Miehe et al., 2015). One of the dominant tree species in 
montane forests is Abies spectabilis (D. Don) Spach (Himalayan fir), 
which is found along a wide elevational range (Fu, Li, & Elias, 1999; 
Miehe et al., 2015). Tree-ring studies have revealed that tree radial 
growth of Himalayan fir in dry regions is primarily limited by spring 
moisture availability (Gaire, Bhuju, et al., 2017; Kharal et al., 2017; 
Sigdel et al., 2018). At higher elevations in wet regions, tree growth 
is sensitive to growing season temperature (Gaire, Koirala, Bhuju, & 
Carrer, 2017; Shrestha, Chhetri, & Bista, 2017). Dendroecological 
studies of Himalayan montane forests along elevation gradients 
are scant (Kharal et al., 2017; Shrestha et al., 2017), and were all re-
stricted to reporting growth–climate response in a specific region. 
Yet, such studies are of limited use to estimate effects of future envi-
ronmental changes (warming, drying CO2 rise) on Himalayan fir. We 
therefore conducted a comprehensive dendroecological study on 
Himalayan fir which we sampled along elevational gradients and in 
a wet and dry region, to understand how mean climatic conditions 
(temperature, rainfall) drive climate–growth relations, physiological 
trends (intrinsic water-use efficiency [iWUE]), and long-term growth 
trends. A better understanding on these long-term physiological and 
growth responses of Himalayan fir to past environmental changes 
may provide important insights on the vulnerability of Himalayan 
montane forests to future environmental changes.

In this study, we aim to evaluate and interpret long-term trends in 
physiological and growth responses of Himalayan fir (A. spectabilis) 
to climatic and atmospheric changes. We measured tree-ring width 
(TRW) and stable carbon isotope (δ13C) in two regions that differ 
strongly in rainfall. Furthermore, in each region, we sampled trees 
along a wide elevational (temperature) gradient. We hypothesized 

Highlights

• Long-term tree physiological and growth responses of 
Himalayan fir to climatic and atmospheric changes were 
mediated by mean climate (temperature and rainfall).

• Intrinsic water-use efficiency has increased during the 
past century across elevations and in both dry and wet 
regions, with stronger responses in dry region.

• Tree radial growth was reduced in years with higher 
(spring) temperature and increased in years with higher 
precipitation and moisture availability in the dry region, 
while (summer) temperature had a positive effect in the 
wet region.

• Long-term trends in tree growth were negative at low to 
middle elevations in both dry and wet regions, and posi-
tive at high elevations in the wet region.
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that trees growing on wet region and at higher elevations are more 
sensitive to temperature, whereas trees growing on dry region 
and lower elevation belts are more limited by moisture availability 
(Körner, 2015). We expected that trees growing at temperature- 
limited ecosystems (higher elevation belts in wet region) will benefit 
from warming, whereas trees growing in moisture-limited ecosys-
tems (dry region and lower elevation belts) will encounter drought 
stress, possibly resulting in reduced growth. In the latter case, CO2 
rise may have (partially) compensated for the negative effect of 
warming in these regions.

We addressed the following questions: (a) What are the long-
term physiological responses (ratio of internal to ambient CO2, i.e., 
Ci/Ca and iWUE) to CO2 rise and trends in climate (precipitation, 
temperature, and vapor pressure deficit [VPD]) trends? Do these re-
sponses depend on mean climatic conditions of the study area (i.e., 
dry vs. wet regions and low to high elevations)? (b) What is the sen-
sitivity of annual tree growth to temperature and moisture availabil-
ity, and how does this vary between regions (dry vs. wet) and along 
elevation (low to high)? (c) What is the direction and magnitude of 
long-term growth trends, and how these trends be explained by CO2 
rise and climatic changes (warming and drying trends)?

2  | MATERIAL S AND METHODS

2.1 | Study area

The study was conducted in high-elevation forests of the central 
Himalaya, Nepal. Study regions are located in high-elevation nature 
reserves at Rara National Park in western Nepal (the dry region), 
and Gaurishankar Conservation Area in eastern Nepal (the wet re-
gion; Figure 1). Himalayan Mountains encompasses a transition of 
both maritime and continental climate causing warm and wet sum-
mers, and cold and dry winters (Böhner et al., 2015). Furthermore, 
the east–west running massif crestlines of the Himalayas and the 
north–south oriented, deeply incised river gorges create a complex 

topography and a variety of climatic conditions along elevation gra-
dients. The topographic complexity and varied climatic conditions of 
the Himalayas contribute to diverse vegetation types, making this 
one of plant biodiversity hotspots in the world (Myers, Mittermeier, 
Mittermeier, Fonseca, & Kent, 2000).

Rara National Park is located in the trans-Himalayan rain shadow 
zone in the northwestern part of Nepal and characterized by dry 
conditions. The vegetation is characterized by rich montane conifer-
ous forest of Himalayan fir (A. spectabilis), Blue pine (Pinus wallichi-
ana), and Himalayan spruce (Picea smithiana) along with Oak (Quercus 
semecarpifolia), Birch (Betula utilis). A. spectabilis is dominant above 
3,300 m on the northern slopes of mountains, and forms a contin-
uous upper montane forest from 2,800 m up to alpine treeline ec-
otone at 3,800 m a.s.l. (DNPWC, 2015; Panthi, 2017). Gaurishankar 
Conservation Area is located in the northeastern part of central 
Nepal and characterized by humid conditions due to high summer 
rainfall in this region, and the vegetation is characterized by decidu-
ous, mixed broad-leaved and evergreen montane coniferous forests. 
Himalayan fir forms moist and humid upper montane forests con-
tinuously from 2,800 m to upper treeline (3,900–4,000 m; Miehe 
et al., 2015).

Meteorological records from Jumla station (29.27°N, 82.18°E, 
2,366 m a.s.l., dry region, west Nepal) show a total annual precip-
itation of 829 mm from year to year. About 66% of the total an-
nual precipitation falls during the summer monsoon (unimodal) from 
June to September. Spring (March–May) precipitation accounts 19% 
of total annual precipitation. The average annual maximum, mean, 
and minimum temperatures at Jumla are 21.30, 12.71, and 4.77°C, 
respectively (Figure 1). The total annual precipitation at Jiri station 
(27.63°N, 86.23°E, 2003 m a.s.l., wet region, east Nepal) is 2,340 mm 
(year–year), with about 80% of the total annual precipitation falling 
during the summer monsoon season (June–September), while spring 
(March–May) precipitation accounts for only ~13% of the total an-
nual precipitation. The average annual maximum, mean, and mini-
mum temperatures at Jiri are 20.24, 14.23, and 8.22°C, respectively 
(Figure 1). Significant warming trends have been observed in mean 

F I G U R E  1   Map showing topography, 
meteorological stations, Climatic Research 
Unit (CRU) grid cells, and sampling sites of 
Himalayan fir in two regions contrasting 
in rainfall in the central Himalaya, 
Nepal. DRY, dry region (Rara National 
Park, west Nepal); and WET, wet region 
(Gaurishankar Conservation Area, east 
Nepal). Insets show monthly variations of 
temperatures (circle lines; red: maximum 
temperature; black: mean temperature; 
and blue: minimum temperature) and 
precipitation (gray bars) at Jumla (upper 
left, dry region) and Jiri station (upper 
right, wet region)
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annual temperatures (MATs) over the past decades at both Jumla  
(0.26°C per decade) and Jiri (0.162°C per decade) station (Figure S1).  
In addition, an even stronger warming trend was present in maxi-
mum annual temperature at both Jumla (0.4°C per decade) and Jiri 
(0.512°C per decade) station (Figure S1). Meanwhile, no significant 
changes have been observed for annual precipitation at both Jumla 
and Jiri station (Figure S1d). Significantly increasing trends were 
found for VPD at both Jumla and Jiri station (Figure S1e). Tree- 
ring-based reconstructions of drought indices indicate long-term 
moisture stress in the dry region during spring (Panthi et al., 2017) 
and summer (Sano et al., 2012) in the past century (Figure S1f).

2.2 | Tree-ring data

2.2.1 | Study species

Himalayan fir (A. spectabilis) is a keystone species in the high-elevation  
Himalayan montane forests. The species is native in the central and 
western Himalayas and has a wide distribution from Afghanistan 
(70°E) to eastern Nepal (88°E) including northwest India and  
north Pakistan (Fu et al., 1999; Miehe et al., 2015). Himalayan fir 
has extensive elevational distribution range from 2,800 m a.s.l. 
to the upper treeline. The species is canopy dominant and mostly 
forms pure stands of closed forest belts. Himalayan fir is cold  
tolerant and adapted to a cool and humid climate, with humid con-
ditions being driven by the fogs and convective cloud cover. The 
species grows on the deeply weathered podzols soil mostly on 
the north-facing slopes of the Himalayan Mountains (Miehe et al., 
2015).

2.2.2 | Tree-ring sampling

Tree-ring increment cores (wood cores) of Himalayan firs were taken 
along an elevation gradient in the dry (west Nepal) and wet (east Nepal) 
region. In both regions, tree-ring increment cores were collected from 
mature forest stands without signs of recent (anthropogenic) distur-
bances at five elevational belts, that is, 2,800, 3,000, 3,300, 3,600 m, 
and upper forest line/treeline (3,800 m in dry region and 3,900 m in 
wet region; Table 1). Two increment cores of 5.15 mm diameter per 
tree were extracted at breast height (DBH). At each elevation belts, we 
sampled all healthy living trees with DBH ≥ 10 cm from two 400 m2 
(20 m × 20 m) plots to collect increment cores following the population 
structure (Figure S2). At least 60 trees were sampled at each eleva-
tion belt. In case insufficient trees were available within the sampling 
plots, increment cores were also collected outside the plots at the 
same elevation. We ensured sampling equal proportions of small and 
large trees at each elevation (Figure S2) to avoid the “Big tree” sam-
pling bias that can induce spurious positive long-term growth trends 
(Brienen, Gloor, & Zuidema, 2012). Seedlings (diameter at base ≤ 1 cm) 
and saplings (1 cm < diameter at base ≤ 5 cm) were counted for four 
5 × 5 m2 subplots and small trees (DBH ≤ 10 cm) were counted for the TA
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whole plot in each of the 400 m2 plot in each elevational belt. All the 
studied plots showed continuous recruitment with abundant seedling,  
sampling, and small trees (Figure S3). Therefore, we do not expect 
sampling bias due to recent recruitment failure for our studied species, 
which induce spurious negative growth trends (Brienen, Gloor, & Ziv, 
2017). Tree height and DBH of each sampled trees and geographical 
coordinates (latitude, longitude, and altitude), slope and aspect of each 
sampled plots were recorded.

2.2.3 | Tree-ring measurement, standardization, and 
chronology development

We used standard dendrochronological techniques for sample prep-
aration, ring-width measurement, and cross-dating (Stokes & Smiley, 
1996). Increment cores were air-dried, and then, the wood surfaces 
were smoothed by sanding papers with consecutively finer grits 
until ring boundaries were clearly visible. TRWs were measured to a 
precision of 0.001 mm using LINTAB measuring device (LINTABTM 6;  
Rinntech). Tree-ring measurements were cross-dated by visual 
curve matching and statistical tests (sign test and t test) using the 
software TSAP-Win (Rinn, 2003). A total of 1,364 cores from 667 
trees were cross-dated (Table 1), while poorly dated, heavily frag-
mented, and rotten cores were excluded from further analyses. For 
each elevation belt per region, the raw ring-width measurements 
were standardized to ring-width indices, and a chronology was cal-
culated by taking the mean of all detrended series. At the time of 
sampling (June 2014), ring formation had already commenced in the 
dry region, but this was not the case in the wet region (Appendix S1).  
We therefore used tree-ring data up to 2013 in both regions for 
further analyses.

We calculated basal area increment (BAI) from the TRW, assum-
ing the increment of each ring is uniform in a circular cross section of 
the tree (Peters, Groenendijk, Vlam, & Zuidema, 2015; Salzer et al., 
2009; Silva & Anand, 2013). The raw measurements of ring-width 
series were converted into BAI based on the distance between the 
innermost measured ring and the pith of the tree by using the pack-
age dplR (Bunn, 2008) in R (R Core Team, 2018). The raw ring-width 
series of each tree were converted into BAI (cm2 per year) using the 
relation:

where R is the tree radial radius and t is the year of tree-ring formation.

2.2.4 | Growth trend analyses: Size class isolation

To compare the long-term tree growth in time at a constant ontoge-
netic stage, growth trends were evaluated at fixed diameters (Peters 
et al., 2015; van der Sleen et al., 2015), using size-class isolation (SCI; 
Peters et al., 2015). We calculated 5 year average tree-ring width 
(TRWsci) and basal area increment (BAIsci) as in five fixed diameters: 

10, 15, 20, 25, and 30 cm. To this end, we included the central ring 
(the ring at fixed diameter) and the two rings formed before and after 
the central ring (the average of n − 2, n − 1, n, n + 1, and n + 2, where 
n is the central ring of fixed diameter; van der Sleen et al., 2015). The 
SCI removes the year-to-year variation in tree growth due to year-
to-year climate variability. The SCI depends on large sample sizes 
but fully accounts for potential trends in tree age/size, and thus is 
the most reliable method for growth trends detection (Peters et al., 
2015).

2.3 | Stable carbon isotope (δ13C) data and intrinsic 
water-use efficiency

We selected cores from four representative canopy trees at three 
elevation belts in each study region for stable isotopes (δ13C) meas-
urements. We analyzed stable carbon isotope (δ13C) for the period 
1900–2013. During this period, sampled trees were ≥20 cm DBH, 
and therefore in the canopy or subcanopy of the typical low-stature 
forests in the region where the minimum size of tree to reach the 
canopy was 27 cm (wet region) and 35 cm (dry region). Thus, we did 
not standardize the diameter of our isotope samples (van der Sleen 
et al., 2015); our samples are not strongly influenced by ontogenetic 
trends in iWUE (Brienen, Gloor, Clerici, et al., 2017). In addition, we 
included tree size (DBH) in the statistical analyses (see below).

Wood material from annual rings was cut into small pieces of ca. 
0.05 mm in size using a razor blade, and weighted before chemical 
treatment of extraction (Panthi, 2017). A multiple samples batch 
isolation system (Wieloch, Helle, Heinrich, Voigt, & Schyma, 2011) 
was applied to extract highly purified α-cellulose from wood sam-
ples of annual rings. The freeze-dried α-cellulose samples were 
weighted into a tin (Sn) capsule and stable carbon isotopes (δ13C) 
were determined by using mass spectrometry via Elemental analyzer 
(IsoPrime100; Isoprime) linked to the isotope ratio mass spectrom-
eter at the Central Laboratory of Xishuangbanna Tropical Botanical 
Garden.

We calibrated the isotopic ratios as the relative deviation with 
reference materials (McCarroll & Loader, 2004). The relative devia-
tions of δ13C (‰) were calculated as,

where (13C/12C)sample and (13C/12C)standard are the heavy to light carbon 
isotope ratios in the cellulose sample and the International standard 
(Vienna Pee Dee Belemnite).

Using the atmospheric and tree-ring δ13C, the carbon isotopic 
discrimination (∆13C, ‰) occurring in trees was calculated as,

where δ13Catm and δ13Ctree are the fractional difference in isotopic 
composition (13C/C12) in atmospheric CO2 and that of tree-ring cellu-
lose (Farquhar, O'Leary, & Berry, 1982).

(1)BAI=�(R2
t
−R

2
t−1

),

(2)δ13C (‰)= [(13C∕12C)sample∕(
13C∕12C)standard−1]×1,000,

(3)Δ13C= (δ13Catm−δ13Ctree)∕(1,000+δ13Ctree)×1,000,
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Carbon isotopic discrimination (∆13C) is related to intercellular 
CO2 (Ci) and ambient CO2 (Ca) concentration as,

where a is fractionation factor during intercellular diffusion (−4.4‰), 
and b is fractionation factor during carboxylation (−27‰; Farquhar  
et al., 1982).

The ratio of Ci and Ca was determined following Francey and 
Farquhar (1982) and Farquhar et al. (1982) as,

We compiled the historic δ13Catm from McCarroll and Loader (2004) 
up to year 2004 (http://www.esrl.noaa.gov/gmd/), and after that was 
derived from Keeling, Piper, Bollenbacher, and Walker (2009; http://
scrip psco2.ucsd.edu/). Using the Ci and Ca values, we calculated iWUE as,

2.4 | Climate data

Monthly climate (temperature and precipitation) data of Jumla sta-
tion (1969–2013) nearby the dry region and Jiri station (1975–2013) 
nearby the wet region (Figure 1) were obtained from the Department 
of Hydrology and Meteorology Nepal. As there are no instrumental cli-
mate records for our specific study sites/region, we also used gridded 
temperature and precipitation data from the global Climatic Research 
Unit (CRU) at a half-degree spatial resolution (CRUTS3.24, Harris, 
Jones, Osborn, & Lister, 2014; https ://cruda ta.uea.ac.uk/cru/data/hrg). 
The correlation statistics showed significant positive relationship of 
gridded climate data (MAT and mean annual precipitation, MAP) with 
station data of Jumla (MAT, r = .74***; MAP, r = .48***, duration: 1969–
2013) and Jiri (MAT, r = .80***; MAP, r = .48**, duration: 1975–2013). 
We calculated VPD from monthly maximum temperature of meteoro-
logical stations following Allen, Pereira, Raes, and Smith (1998). VPD 
was used as a proxy for the vapor pressure difference between leaf and 
air (assuming saturated vapor pressure in leaves). The drought (mois-
ture) conditions of each study regions were derived from self-calibrat-
ing Palmer drought severity index (scPDSI, van der Schrier, Barichivich, 
Briffa, & Jones, 2013). The scPDSI is a meteorological drought index 
and estimates the moisture conditions by incorporating precipitation 
and temperature, soil moisture demand and supply, into a primitive hy-
drological accounting system (van der Schrier et al., 2013). The scPDSI 
dataset was obtained from global CRU grids (https ://cruda ta.uea.ac.uk/
cru/data/droug ht/) at half-degree spatial resolution (Figure 1).

2.5 | Statistical analyses

2.5.1 | Long-term changes in water-use efficiency

In each region and elevation belt, we reconstructed the tempo-
ral trends of Ci/Ca ratios of Himalayan fir and compared this with 

three theoretical scenarios of stomatal regulation with increasing 
Ca: (a) Ci remained constant over time (active response: strong re-
duction of stomatal conductance); (b) Ci/Ca remained constant over 
time (active response: reduction of stomatal conductance); and (c) 
Ci − Ca remained constant over time (passive response: no change 
in stomatal conductance; Linares & Camarero, 2012; McCarroll  
et al., 2009).

We used linear mixed-effects models to test long-term trends in 
iWUE at each combination of elevation belt and region (Equation 7).  
In each mixed-effects model, calendar year (Year) and tree size 
(DBH; Nock et al., 2011) were included as fixed factors, and indi-
vidual tree (TreeNo) as a random factor. We also analyzed effect of 
elevation (in interaction with calendar year) on iWUE (Equation 8). 
Models with only a random intercept were compared to models with 
both a random intercept and slope. The most parsimonious model 
was selected based on the lowest Akaike information criterion (AIC) 
value and estimated p-value. We predicted on long-term trends in 
iWUE for mean DBH, mean DBH − 1 SD, and mean DBH + 1 SD. We 
used the lme4 (version 1.1–19) package in R (R Core Team, 2018). 
We calculated conditional R2 (variance explained by both fixed and 
random variables) and marginal R2 (variance explained by fixed vari-
ables alone) for each mixed-effects model using the package MuMIn 
(version 1.43.6) in R.

2.5.2 | Tree growth–climate relationship

Growth–climate relationships were determined by bootstrapped 
correlation analysis. The TRW data for each elevational belt and both 
the dry and wet region were related to monthly series of CRU grid-
ded climate data since 1960–2013 as well as climate data of nearby 
meteorological stations. We calculated correlation coefficients after 
bootstrapping over a 15 month window from August of the previous 
growth year to current year October. As station data and gridded 
data showed high-to-very high positive correlations and growth– 
climate relationship based on both datasets were very similar, we 
only present the results using gridded climate data as these covered 
a longer period.

2.5.3 | Long-term growth trends detection

We used linear mixed-effects models (Equations 9 and 10) to de-
tect long-term trends in tree growth at fixed tree sizes, following 
the “size class isolation” method (Peters et al., 2015). Tree growth 
was expressed as tree-ring width (TRWsci) or basal area increment 
(BAIsci) and mixed-effect models were constructed with tree growth 
as dependent variable, “Year” as fixed factors, and size class (10, 15, 
20, 25, or 30 cm DBH) as random factor. We analyzed long-term 

(4)Δ13C=a+ (b−a)(Ci∕Ca),

(5)Ci∕Ca= [(δ13Ctree−δ13Catm+a)∕(a−b)].

(6)iWUE= (Ca−Ci)∕1.6.

(7)iWUE∼Year+DBH+Year×DBH+ (1|TreeNo),

(8)iWUE∼Year+Elev+Year×Elev+ (1|TreeNo).

http://www.esrl.noaa.gov/gmd/
http://scrippsco2.ucsd.edu/
http://scrippsco2.ucsd.edu/
https://crudata.uea.ac.uk/cru/data/hrg
https://crudata.uea.ac.uk/cru/data/drought/
https://crudata.uea.ac.uk/cru/data/drought/
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growth trends for each elevation belt separately, in both the dry and 
wet region. Furthermore, we also used mixed-effects models to test 
the interactive effect of calendar year and elevation on long-term 
changes of tree growth (either TRWsci or BAIsci) by adding elevation 
belt as fixed factor.

We constructed two additional sets of mixed-effects mod-
els to detect, or account for, effects of sampling biases and age 
distribution. First, a “slow grower survivorship” bias (Brienen 
et al., 2012) could occur if trees that grow slowly have a larger 
chance to reach high age, implying that older trees in the sam-
ple tend to be slow growers. This could lead to apparent positive 
growth trends. One way to partially accommodate this bias is by 
selecting only recent growth rates from the dataset. We there-
fore constructed mixed-effects models for TRWsci from 1950 to 
2013. This subsetting has the added advantage that differences 
in maximum age between study regions do not influence results. 
The disadvantage is that sample size is truncated and that ef-
fects of recent climatic changes have a stronger effect on growth 
trends since 1950; thus complicating interpretation of the differ-
ences between models. Second, negative growth trends may be 
induced by the “juvenile selection” effect (Brienen et al., 2012), 
the reverse of the “slow grower survivorship” bias. This leads to 
apparent negative growth trends if fast-growing juvenile individ-
uals have a higher survival probability. To detect this potential 
bias, we performed quantile regressions after a regional curve 
standardization (RCS) to test whether trends in growth residuals 
differ between fast- and slow growers, such that slow growers  
are selectively removed from the population (Groenendijk  
et al., 2015). In all cases, mixed-effects models with only a random  
intercept were compared to models with both a random inter-
cept and slope. The most parsimonious models among subsets of 
nested models were selected based on lowest p-value and AIC 
value. Predictions of the “year” effect were generated by max-
imum likelihoods after 1,000 bootstraps using BootMer in the 
package lme4 (version 1.1–19) in R.

3  | RESULTS

3.1 | Chronology statistics

Altogether, 10 new chronologies (five for each of dry and wet region) 
of high-elevation Himalayan fir were developed along elevation gra-
dients in the central Himalaya (Table 1). These chronologies were 
spanning 206–382 years in the dry region and 92–397 years in the 
wet region. The average annual radial growth rate (AGR, mm/year)  
values were higher in the wet region than in the dry region.  
The AGR along elevation gradients ranged from 1.31 to 1.81 mm 

for dry region and 1.45 to 3.67 mm for wet region. The mean sen-
sitivity (MS) showed decreasing trends with elevation in both dry 
and wet regions, and ranged from 0.17 to 0.24 for dry and 0.15 
to 0.27 for wet region (Table 1). Tree-ring chronologies revealed 
moderate to high mean inter-tree correlations (Rbar) along elevation 
gradients in each study region. The Rbar ranged from 0.35 to 0.43 
for dry and 0.38 to 0.55 for wet region (Table 1). Tree-ring chro-
nologies revealed growth synchrony along elevation gradients of 
both study regions, indicating the region-specific common climatic  
forcing (Figure S4).

3.2 | Trends in Ci/Ca ratios and iWUE

Plant internal [CO2] (Ci) of Himalayan fir increased over time during 
1900–2013 at all elevations in both dry and wet regions with the 
increase of atmospheric [CO2] (Ca; Figure 2; Figure S5). Ci/Ca ratios  
were constant over time in the wet region and for the upper eleva-
tion in the dry region (Figure 2b). But, the long-term variation in  
Ci/Ca ratios showed decreasing trends over time for the lower eleva-
tions in the dry region, where the relationship was statistically signif-
icant at the lowermost elevation (2,800 m) and marginally significant 
(p = .06) at the middle elevation (3,300 m; Figure 2a). These results 
suggest a “Ci = constant” scenario (reduction of Ci/Ca) at the lower 
elevations in the dry region which is consistent with the response 
expected from decrease of stomatal conductance. In the wet region, 
the constant Ci/Ca also suggests an active stomatal response to CO2 
rise (McCarroll et al., 2009).

Carbon isotopic composition (δ13C) decreased over time at all 
elevations in both dry and wet regions (Figure S6). Consequently, 
iWUE (µmol/mol) of each individual Himalayan fir tree consistently 
increased over time at all elevations in both dry and wet regions 
(Figure S7), with iWUE increasing most strongly since the mid-
1970s, together with ambient [CO2] (Ca). The fixed effects of eleva-
tion itself revealed little contribution of iWUE changes over time in 
both dry and wet regions (Table S1). However, linear mixed-effects 
models revealed interactive effects of calendar year and tree size 
(Table 2). Although, iWUEs increased over time across all sized trees 
at all elevation belts in the dry region, the iWUE increase was stron-
ger in bigger trees (i.e., mean + 1 SD and mean) compared to smaller 
trees (Figure S8a). In the wet region, iWUE increased for trees of 
all sizes at the lower elevation but decreased for smaller trees at 
the middle and higher elevation (Figure S8b). The conditional R2 and 
marginal R2 values in most models suggest that the included fixed 
effects explain a large percentage of the variation.

3.3 | Climate sensitivity

Tree radial growth of Himalayan fir revealed region-specific cli-
mate sensitivity, but similar responses along the elevation gradi-
ents. Tree-growth showed a clear negative relationship with spring 
temperatures, and a positive relationship with spring (April–May) 

(9)TRWsci (or BAIsci)∼Year+ (1|Size class),

(10)TRWsci (or BAIsci)∼Year+Elev+Year×Elev+ (1|Size class).
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precipitation/moisture availability in the dry region (west Nepal; 
Figures 3 and 4). In the wet region (east Nepal), radial growth at 
higher elevations showed a positive relationship with temperatures 
of the previous winter to current year growing season. In addition, 
tree growth was positively correlated with summer temperatures 
and negatively correlated with precipitation/moisture availability 
during July and August, and the relationship was consistent at all 
elevation belts (Figures 3 and 4).

3.4 | Long-term growth trends

Linear mixed-effects models revealed significant declines of tree 
growth (TRWsci) over time at the middle and low elevations in the  
dry and wet region (except for a nonsignificant trend at 3,000 m in 
the wet region; Figure 5; Table 3). Results for basal area increment 
(BAIsci) were similar (Figure S9; Table S2). At the higher elevations of 
the wet region, tree growth trends (both in TRWsci and BAIsci) were 

FIGURE 2 Long-term reconstructions of Ci/Ca ratios of Himalayan fir during 1900–2013 in dry (a) and wet (b) regions contrasting in 
rainfall and at three elevational belts in each region in the central Himalaya. Each open black circle represents the mean value of four trees; 
gray shading is standard deviation among trees. Solid black lines are fitted regression slopes of Ci/Ca over time with their significance. 
Three theoretical scenarios of Ci/Ca ratios to CO2 rise are shown with dashed lines: Ci = constant (red); Ci/Ca = constant (green); 
Ca − Ci = constant (blue)
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F I G U R E  3   Temperature sensitivity of Himalayan fir growth in dry (a) and wet (b) regions contrasting in rainfall and temperature (five 
elevational belts in each region) in the central Himalaya. Correlations were computed between tree ring width chronologies and Climatic 
Research Unit gridded temperatures during 1960–2013 for a 15 month window from previous August to current October. Tmin, minimum 
temperature; Tmean, mean temperature; Tmax, maximum temperature. Asterisks indicate significant trends (p < .05)

F I G U R E  4   Moisture sensitivity of Himalayan fir growth in dry (a) and wet (b) regions contrasting in rainfall and temperature (five 
elevation belts in each region) in the central Himalaya. Correlations were computed between tree ring-width chronologies and Climatic 
Research Unit gridded precipitation and moisture indices during 1960–2013 for a 15 month window from previous August to current 
October. Prec, precipitation; PDSI, self-calibrating Palmer drought severity index. Asterisks indicate significant trends (p < .05)
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F I G U R E  5   Long-term trends of tree-ring widths (TRWsci) of Himalayan fir in dry (a) and wet (b) regions and at five elevational belts in each 
region in the central Himalaya. TRWsci was calculated as 5 year averaged tree-ring width at five fixed tree sizes (10, 15, 20, 25, and 30 cm in 
diameter) to account for ontogenetic effects on tree growth. Results of linear mixed-effects models are shown in Table 3. Lines represent 
effects of fixed effect “Year” (with slope “β,” mm/year) and their significance: ***p < .001; ns, no significant. Note the difference in Y-axis 
scale between plots for dry and wet regions
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positive; no significant trend was detected at higher elevations in 
the dry region (Figure 5; Table 3; Figure S9; Table S2). The decreas-
ing growth trends were generally stronger for larger trees (Figure 5). 
When combining all elevations in one mixed-effects model, we found 
significant interactive effect of calendar year and elevation on 
growth at low and middle elevations in both dry and wet region, in-
dicating that growth trends differed significantly across elevations 
(Tables S3 and S4). Overall, we found more negative trends at low 
and middle elevation and positive trends only at the two highest el-
evations in the wet region.

The trends of the residuals after RCS also revealed good agree-
ment with the trends using SCI. Seven out of 10 trends have similar 
sign while a significant trend was observed at 3,800 m (positive) and 
3,600 m (negative) in the dry region and the trend was statistically 
nonsignificant at 2,800 m in the wet region (Figure S10; Table S5). 
Divergence of growth trends between the upper quantiles (fastest 
grower) and lower quantiles (slowest grower) for the juvenile trees 
(DBH ≤ 20 cm) revealed the potential existence of a “juvenile selec-
tion” bias at 2,800 m in the dry region and at 3,300 and 3,000 m in 
the wet region (Figure S11; Table S6). This bias could have induced 
the negative growth trends found at these elevations.

We further tested whether the positive growth trend at the 
higher elevations in the wet region could be caused by the pres-
ence of old, slow-growing individuals in the sampled population 
(Figure S12; Table S7). When limiting the observation period to in-
clude growth from 1950 onwards, we indeed found that positive 
growth trends disappeared (3,900 m) or were reduced (3,600 m) 
in the wet region. This is consistent with an effect of “slow grower 
survivorship” bias. At lower elevations in the wet region, the direc-
tion of trends remained the same. In the dry region, shortening of 
the period caused negative trends in the low and mid elevations 
(2,800–3,300 m) to disappear. A plausible explanation for this 
change is the strong reduction in sample size. At high elevation in 
the dry region, trends shifted from nonsignificant to negative, con-
sistent with a stronger drying trend and climate warming during 
this period.

4  | DISCUSSION

4.1 | Sensitivity of tree radial growth to climate 
variability

Our results revealed decreasing MS with increasing elevation in 
both dry and wet regions indicating that trees at lower elevation 
are more sensitive to year-to-year climate variations. MS in both 
regions was in a similar range as that reported for A. spectabilis, 
and other conifers, from the Himalayas and nearby regions (Gaire, 
Bhuju, et al., 2017; Panthi et al., 2017; Panthi, Bräuning, Zhou, & 
Fan, 2018; Shrestha et al., 2017). High year-to-year fluctuations in 
temperature and precipitation (moisture availability) at lower eleva-
tion belts are likely related to stronger temperature sensitivity in 
the dry region and thus enhanced warming-induced drought stress TA
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(moisture demand) of tree growth (Liang et al., 2016). Tree growth 
at upper treeline in the dry regions of the Himalaya was also found 
to be moisture limited in other studies (Liang et al., 2014; Sigdel  
et al., 2018). Similarly, positive (winter and summer) temperature 
sensitivity at higher (mainly 3,900 and 3,600 m) and lowest (2,800 m) 
elevation belts is clearly visible in the wet region, and was supported 
by the earlier findings of Shrestha et al. (2017) in the humid north-
facing slopes of the Himalaya.

4.2 | Long-term tree physiological changes

We found a consistent increase in iWUE and near-constant Ci/Ca 
ratios of Himalayan fir trees over the past century at all elevations 
in the wet region and at higher elevation in the dry region. These 
responses suggest that temperature rise (through increasing VPD) 
at these sites did not have a dominant effect on tree physiology, 
nor did a potential drying trend that occurred at lower elevations 
and dry regions. Constant Ci/Ca ratios over time have also been 
reported for other conifers at high latitudes (Andreu-Hayles et al., 
2011; Frank et al., 2015; Lévesque et al., 2014; Martínez-Sancho 
et al., 2018) and other high-elevation tree species (Huang et al., 
2017).

At the low elevations in the dry region, we found significant 
decreases in Ci/Ca ratio which are consistent with a stomatal re-
sponse that is regulated by other factors than rising Ca. Possible 
causes of this response include warming (0.4°C per decade for 
maximum temperature) which could have led to reduction of  
Ci/Ca through increasing VPD and/or drying (decreasing moisture  
availability and rainfall reduction), both of which occurred in the 
dry region (Figure S1). Both climatic trends may have caused 
stronger stomatal closure than expected based on Ca rise alone. 
Such climate-mediated stomatal responses have also been found 
in previous studies (Frank et al., 2015; Peters et al., 2018). Thus, 
Ci/Ca patterns at low elevation under dry conditions are driven 
by stomatal responses to water availability and VPD, in addition 
to CO2 rise. Our results confirm findings of earlier studies show-
ing that iWUE trends vary between regions and are modified by 
mean climate (Frank et al., 2015; Lévesque et al., 2014; Martínez-
Sancho et al., 2018; Peters et al., 2018; Saurer et al., 2014). We 
found substantial differences in iWUE trends across tree sizes  
(cf. Brienen, Gloor, Clerici, et al., 2017). Larger trees consistently 
exhibited stronger increases in iWUE, probably because they have 
more exposed canopy position and a higher water demand, lead-
ing to stronger stomatal responses to the presumed rise in VPD, 
warming, and drought.

4.3 | Detecting and explaining long-term trends

Our long-term growth analyses of Himalayan fir revealed decreas-
ing growth trends at lower elevations (in both dry and wet regions), 
an increasing trend at higher elevations in the wet region and no 

significant changes at higher elevations in the dry region. These 
divergent long-term growth trends may be caused not only by ele-
vation-specific physiological responses to atmospheric and climatic 
changes but also by differences in climatic drivers of wood formation 
at different elevations.

The detection of long-term growth trends based on tree-ring 
analysis is complicated by several potential biases (Brienen et al., 
2012; Brienen, Gloor, & Ziv, 2017). The “big tree selection” bias, 
which may result in positive growth trends over time, was avoided 
by our sampling design (i.e., by including trees of all sizes). The anal-
ysis of growth trends after 1950, suggested that a “‘slow grower 
survivorship” bias (Bigler, 2016; Bigler & Veblen, 2009; Büntgen  
et al., 2019) may have occurred at 3,900 m in the wet region  
(Figure S12). For this elevation, the positive trend found for the 
full study period, changed into a nonsignificant trend if data only 
after 1950 were used. Lastly, if fast-growing juvenile individuals 
have a higher survival probability, then large trees sampled at pres-
ent were the fast-growing juveniles of the past, whereas the small 
trees sampled at present will include more slow-growing individuals 
(Groenendijk et al., 2015; van der Sleen et al., 2015). The quantile 
regression after RCS detrending for juvenile trees (DBH ≤ 20 cm; 
Groenendijk et al., 2015) revealed the potential existence of such 
“juvenile selection” bias at 2,800 m in the dry region and at 3,300 and 
3,000 m in the wet region (Figure S11). In these regions, no growth 
trend was found in the fastest growers over time (the upper quan-
tile), whereas as a significant negative trend was found in the slowest 
growers over time. The latter result could thus be attributed to an 
increase of slow-growing individuals in the dataset over time. These 
results suggest that reported negative growth trends for 2,800 m 
in the dry region and 3,300 m in the wet region could have been 
overestimated or could be constant. Thus, we are confident about 
the sign and magnitude of seven of 10 reported growth trends. After 
this bias check, the overall pattern of predominant negative growth 
trends occurred at low and mid elevations, and the only positive 
trend was found for a high-elevation site.

At low elevations (<3,600 m), the negative growth trend in 
the dry region can be attributed to the combination of increasing 
temperature and VPD (causing stomatal closure and a limited CO2 
fertilization effect on photosynthesis; Figure 2) and a negative  
effect of temperature on growth (Figure 3). In general, such negative 
growth trends may be explained by increasing source limitation of 
tree growth (through reduced photosynthesis) or by increasing sink 
limitation (through turgor limitation of growth) is unclear (Körner, 
2015). In the wet region, negative growth trends are less common 
(after bias check: one of three trends is negative). This negative  
trend (2,800 m) cannot be explained by drought-induced responses 
of Ci/Ca (Figure 2) or temperature sensitivity of tree growth  
(summer temperature has a positive effect, Figure 3). Yet, warm-
ing-induced drought effects on tree growth may also have played 
a role here, likely mainly through sink limitation. Our findings of 
negative or stable growth trends during the past century agree with 
those of other studies on coniferous species in temperate montane 
(Lévesque et al., 2014; Linares & Camarero, 2012) and boreal forests 
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(Giguère-Croteau et al., 2019; Girardin, Bouriaud, et al., 2016), and 
broad-leaved species in tropical lowland forests (Groenendijk et al., 
2015; Nock et al., 2011).

At high elevations (3,600 m and above), we found growth trends 
were either nonsignificant or positive. The positive growth trend 
in the wet region can be attributed to the combination of warming 
and consistent positive temperature sensitivity of annual growth 
(Figure 3), alongside positive effects of CO2 rise on photosynthe-
sis. Thus, trees at these elevational belts likely benefitted from  
increased temperatures as this extended the length of the growing 
season via earlier onset and late end of xylogenesis. The concur-
rent rise in temperature and Ca does not allow assessing to what 
extent the positive growth trend can be attributed to CO2 fertiliza-
tion effects or to the removal of temperature-driven sink limitation 
(Körner, 2015). Positive temperature–growth relationships are com-
monly found at higher elevations in the alpine ecotone (Dolezal et al.,  
2019; Panthi et al., 2018), and tree growth acceleration in alpine 
regions has also been found in other studies (Huang et al., 2017; 
Lindner et al., 2010; Paulsen, Weber, & Korner, 2000; Qi et al., 2015; 
Salzer et al., 2009; Silva et al., 2016). In the dry region, warming also 
likely reduced temperature-driven sink limitation, and increased the 
season during which temperature allowed tree growth. Yet, this did 
not lead to positive growth trends. Possible explanations include 
moisture limitations in combination with warming-induced increase 
in drought. The latter has probably not played an important role, as 
Ci/Ca trends (Figure 2) are not consistent with a stomatal response 
expected under increasing drought stress. One approach to better 
understand tree growth limiting factors is to employ the stem diam-
eter variation and sap flux measurement to determine the extent to 
which tree stem growth is sink- or source limited (Fatichi, Pappas, 
Zscheischler, & Leuzinger, 2019; Steppe, Crone, & Pauw, 2016; 
Zuidema, Poulter, & Frank, 2018).

In summary, we found that long-term physiological and growth 
responses of Himalayan fir to multiple environmental changes are 
mediated by the mean climatic conditions. Thus, trends in iWUE 
and growth varied with elevation and rainfall regime. We also 
found that trends in iWUE, Ci/Ca and growth were likely driven by 
various climatic and atmospheric changes (CO2 rise, warming, dry-
ing). Thus, in our study region, physiological and growth responses 
of fir trees are driven by a combination of continental-scale warm-
ing and CO2 rise, and regional drying trends. The negative growth 
trends at lower elevation, in both wet and dry regions, suggest that 
warming-induced drought responses drive tree growth more than 
CO2 rise induced increases in photosynthesis and water saving. 
Similarly, at mid and high elevations, where temperature strongly 
limits the length of growing season, a positive effect of warming 
on tree growth may have been outweighed by the negative effects 
of warming-induced moisture limitations (mainly in dry region). 
Our results contribute to a better understanding of the responses 
of high-elevation forests to climatic and atmospheric changes. We 
found that positive effects of CO2 rise through photosynthesis 
and water relations (both reducing source limitation) did not miti-
gate the negative effects of warming and drying (increasing source 

and/or sink limitation) on tree growth. The decreasing growth 
trends at low to middle elevations raise concerns on the produc-
tivity and dynamics of fir forests as climate change progresses. 
Climate-induced reduction of tree growth in high-elevation for-
ests could have far-reaching impacts for the important ecosystem 
services currently provided by Himalayan forests.
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