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ABSTRACT
This article investigates the influence of topographic (altitude, slope gradient, slope
position, slope shape, aspect, and solar radiation) and climatic (rainfall and temperature) factors
on the radial growth of Blue Pine (Pinus wallichiana), in the temperate conifer forests of Chapcha
in western Bhutan, using dendrochronological methods. At the Northern aspect, the radial growth
was negatively correlated with altitude, while the correlation with other topographical variables
were not significant. At the Southern aspect, the radial growth was negatively correlated with the
aspect and slope, while it was positively correlated with LeAspect index, a surrogate of aspect.
The radial growth was strongly correlated with rainfall during the growing season and the mean
temperature during late winter in the lower and higher altitudes with pronounced effect at the
Southern aspect. The radial growth did not show any significant relationship with minimum
temperature, however, it was positively correlated with the maximum temperature during MaySeptember at the Northern aspect and during August-September at the Southern aspect. The results
presented in this article demonstrate the sensitivity of tree growth to the slightest of topographicclimatic variations. They highlight an important implication on the Blue Pine ecosystem under
the changing climatic conditions in complex mountainous landscapes.
Keywords: Blue Pine, dendrochronology, radial growth, topography, climate

INTRODUCTION

variations of tree growth. The effect of

Topography and climate play an
integral role in the spatial and temporal

involving various site specific topographic

topography on tree growth is complex, often
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factors such as altitude, slope (slope position
and shape), aspect (LeAspect index or LeAI),
and solar radiation (solar radiation index).
These factors modify the microclimatic
conditions of a site substantially and influence
the tree growth on hill slopes (Måren et al.,
2015) Similarly, the tree growth is sensitive
to climate variables such as rainfall and
temperature local to a particular area and time
of the year (Hughes et al., 2011). There is
broad knowledge on the effect of vegetation,
but the influence of topography and climate
on tree growth at the species level in a
geographically steep terrain is poorly understood.
The vegetation along the dry valley slopes
remains one of the least studied areas in Bhutan
(Wangda and Ohsawa, 2006) and only a few
studies, related to forest ecology and climatology,
have been done.
Altitudinal gradient is a widely used
topographical factor to assess tree growth and
the effect of climate variables like temperature
and precipitation, along various altitudes (King
et al., 2013; Lyu et al., 2016; Lyu et al., 2017;
Marín et al., 2013). Trees found in lower
altitudes exhibit a higher growth compared to
those located at higher altitudes (Coomes and
Allen, 2007; Schickhoff et al., 2015). Tree
growth near tree lines can be limited by severe
environmental conditions (Barnard et al.,
2017).
Other topographical factors, such as
slope and aspect, directly influence the
microclimatic conditions, such as air temperature,
humidity, and soil moisture, in the mountain
forests (Manrique et al., 2017). The Northfacing slopes (NFS) are steep, while the
South-facing slopes (SFS) have gentle slopes
with poor soil moisture (Wangda et al., 2010).
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The influence of slope position (ridge, upper
slope, mid slope, lower slope, and bottom) on
tree growth at the bottom of a valley is higher
than at the upper slopes due to fine depositional
soils (Omary, 2011). The shape of hill slope
(planar, convex, concave, or undulating surface)
also determines the moisture conditions of the
site. Another topographic variable is the solar
radiation index (SRI), which modifies the
availability of light to the understory trees,
and is calculated from the latitude, slope, and
aspect (Keating et al., 2007),.
The precipitation and temperature can
account for over 50% of the variations observed
in the annual tree growth (Manrique et al.,
2017). Precipitation influences the radial
growth of trees at lower altitudes and temperature
at higher altitudes (King et al., 2013). Increased
precipitation during the previous year favors
tree growth in the current growing season
(Morales et al., 2004), while extreme climatic
events can cause severe drought and affect
tree physiology, growth, and mortality (Coomes
and Allen, 2007; Ryan, 2010). Although Bhutan
has a humid climate, the majority of trees grow
in shallow soils, which have a low water
holding capacity. Therefore, the trees are
continuously subjected to moisture related
stress which can cause variations in ring widths
by rainfall and temperature.
The objective of this research is to
examine the influence of topographical and
climatic factors on the radial growth of Blue
Pine (BP) in temperate conifer forests of
Chapcha, in western Bhutan. The knowledge
of growth patterns of BP and factors influencing
them can help in forest management planning
and adoption of climate change adaptation
measures.
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MATERIALS AND METHODS
The Study site
The study site was located in the
temperate conifer forest of Chapcha, Chukha
District, in western Bhutan, covering a total
area of 12.3 km2, between 270 9’ N–27012’ N
and 890 31’ E–890 34’E (Figure 1). The altitude
ranges from 2000 to 3200 meters above sea

level (m.a.s.l). Chapcha has a temperate climate
with cold winters and hot summers. The longterm climate records (1985–2016) indicate a
mean annual temperature of 14.60C, mean
summer temperature of 17.40C, and mean
winter temperature of 12.30C. The mean annual
rainfall, mean summer rainfall, and mean
4
winter rainfall is 96.9 mm, 175.9 mm, and
10.7 mm, respectively.

Figure 1 Map showing the Chapcha study site, the sampling sites, and the respective altitudinal
Figure 1 Map showing the Chapcha study site, the sampling sites, and the respective altitudinal
gradients. gradients.
between 450-1500 mm per year (Rai et al.,
Tree species description
2010). BP is a pioneer species that is found
Tree species
BP description
(Pinus wallichiana) is an evergreen
in abandoned agricultural and pasture lands
coniferous tree. It covers 4% of the country’s
BP (Pinuswallichiana) is an evergreen coniferous
It covers
4%
of the country’settotal
due totree.
its strong
light
demand(Gratzer
al.,
total forest area (RGoB, 2017) and forms large
2004). BP is an important tree species with
stands
pure, 2017)and
secondary,forms
and evenly-aged
forest
area of
(RGoB,
large stands of pure,
secondary,
evenly-agedfurniture,
forests inwall
the
multiple
uses and
in construction,
forests in the temperate zone. The altitude
paneling, veneers, crates, and boxes. Besides,
temperate
The2100–3200
altitude ranges
between
2100–3200 m.a.s.l(Grierson and Long, 1983) with an
ranges zone.
between
m.a.s.l
(Grierson
BP is also used as fuel wood, torchwood, and
and
Long,
1983)
with
an
annual
precipitation
leafetlitter.
annual precipitation between 450-1500 mm per year (Rai
al., 2010). BP is a pioneer species that is
found in abandoned agricultural and pasture lands due to its strong light demand(Gratzer et al., 2004).
BP is an important tree species with multiple uses in construction, furniture, wall paneling, veneers,
crates, and boxes. Besides, BP is also used as fuel wood, torchwood, and leaf litter.
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Forest characteristics of the study site

the study site was classified as a natural forest,

A majority of BP in the study area

biotic interferences such as timber extraction

occurred at the South (S) aspect compared to

is common in all the sampled plots. The

the North (N) aspect, however, the basal area

Himalayan dwarf mistletoe (Arceuthobium

(BA) was slightly higher at the N aspect (Table

minutissimum) attacks on the BP trees were

1). The diameter at breast height (DBH) class

common in plots sampled at the S aspect,

of BP trees ranged from 20-70 cm at the N

possibly due to biotic interferences such as

aspect and 20-55 cm at the S aspect. Although

forest fires and cattle grazing.

Table 1 Forest characteristics of the study site measured from the sample plots.
Parameter

Altitude
2200 m

2400 m

2600 m

2800 m

3000 m

66.34
39.20
19.17
33.25
27.36
b

94.87
36.17
40.18
31.06
15.63
b

52.18
44.74
58.34
31.44
28.08
b, c, d

95.02
39.84
28.24
33.26
33.50
a, b, c, d

89.29
34.73
27.46
34.00
30.31
a, b, c, d

96.08
43.05
44.02
35.53
25.95
a, b, c, d

North Aspect
BP (%)
DBH (cm)
BA (m2/ha.)
H (m)
Slope (degrees)
Biotic interferences

58.80
38.95
38.64
36.40
38.65
b

52.71
39.20
43.37
34.82
30.18
b
South Aspect

BP (%)
DBH (cm)
BA (m2/ha.)
H (m)
Slope (degrees)
Biotic interferences

97.16
36.97
37.81
33.32
30.22
c, d

96.77
44.68
38.43
31.25
28.58
c, d

Note: BP=Blue Pine; DBH=Diameter at breast height; BA=Basal area; H=Total tree height; biotic
interferences a=Forest fire, b=Timber extraction, c=Pest, and diseases, d=Grazing.

Methods
Figure 2 shows the methodological
framework as a series of research processes
employed for this study. The specific techniques

used in each process, to obtain a desired output,
are explained in detail below:
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Sampling method and plot layout

Measurement of variables

Secondary data

- Temperature
- Rainfall

Treerings

Sample collection

Sample preparation

Crossdating
Reject

Topographic
- Altitude
- Aspect
• LeAI
• SRI
- S-gradient
- S-position
- S-shape
Tree data

Composite
Variables

- DBH
H i ht

Ring width measurement

Ring width measurement verification in ProgramCOFECHA
Accept
Curve estimation/fitting OR Index construction using Program ARSTAN
Select best TRI
Data Analysis

- Statistical test of tree-ring chronologies
- Influence of topographic factors on radial growth
- Influence of climatic factors on radial growth

Figure 2 Schematic diagram showing the research methodological framework.
Figure
2 Schematic
framework.
Sampling
methoddiagram showing the research methodological
and S aspect. About
2–3 dominant trees were
The sampling method used in this
subjectively selected from each sample plot
study was stratified random sampling with the
for collecting wood core samples.
Sampling method
N and S aspects as strata. Each stratum was
Measurement
variables
subdivided
according
to altitude
m was stratified
The sampling
method
used ininto
this200
study
randomofsampling
with the N and S
Topographic variables such as geographic
intervals (Coomes and Allen, 2007), from
aspects
as strata.m.Each
stratum
subdividedofaccording
to altitudeand
into
200 mwere
intervals
(Coomes
coordinates
altitude
recorded
everyand
2200–3000
Within
eachwas
combination
aspect and altitude, three sample plots of size
200 m intervals within a range of 2200–3000
Allen, 2007), from 2200–3000 m. Within each combination of aspect and altitude, three sample plots
25 m x 20 m were established. Thus, there
m. Slope position was categorized into five
were
a
total
of
32
sample
plots,
16
each
in
N
of size 25 m x 20 m were established. Thus, there wereclasses
a total (ridge,
of 32 sample
plots, mid
16 each
in N
and S
upper slope,
slope,
lower
aspect. About 2–3 dominant trees were subjectively selected from each sample plot for collecting
wood core samples.
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slope, and bottom) based on the slope length.
Aspect was measured in degrees and LeAI
was calculated following the method outlined
in Lee et al. (2004). The slope gradient was
measured as a percent and converted to degrees.
The slope shape was classified into four classes
(planar, concave, convex, and undulating).
The SRI was calculated following Keating et
al. (2007). The characteristics of tree, such as
DBH (1.3 m) and total height, were recorded.
Secondary data on climate
Thirty-two years (1985-2016) of
climate data were obtained from Bhutan’s
Department of HydroMet Services. The closest
meteorological station is class C type, located
at 270 20´N and 890 55´E, at S aspect of the
study area. The total crow flight distance to
the farthest sample plot location at the N aspect
was about 3.5 kms. The weather station records
climate data such as rainfall, temperature, and
humidity on a daily basis. Monthly climate
data were calculated by averaging daily data,
and the annual values were obtained by
averaging the monthly data. The data includes
monthly and annual total rainfall, maximum
temperature (MaxT), mean temperature
(MeanT), and minimum temperature (MinT).
Due to inadequate climate data prior to 1985,
only the data measured during the period from
1985–2016 were used for the present analysis.
Tree-ring sampling
Pine specimen collection and
preparation
Following the standard techniques
(Cook and Kairiukstis, 2013), two core samples
per tree were extracted using an increment
borer. The cores were sampled from 2-3
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dominant trees in each plot along the altitudinal
gradients separated by 200 m located between
2200–3000 m. A total of 146 cores from 83
living trees were collected in July, 2017. In
the laboratory, following the method outlined
by Stokes and Smiley (1996), the samples
were glued to wooden bits and sanded
progressively with a rotary electric grinder
using finer grade of sand paper ranging between
120–1000 grits, till maximum ring clarity was
obtained.
Tree-ring series construction
Ring width of cross-dated samples
were measured to 0.001 mm precision using
a Velmex tree ring measurement system
installed in the computer program J2X (Krusic,
2013). The dating and measurement accuracy
was statistically evaluated by the computer
program COFECHA (Holmes, 1983). To
remove the age-effect within trees, each sample
core was subjected to a curve-fitting through
three growth function curves (linear, sigmoid,
and negative exponential). The ring width
index was obtained by dividing the observed
raw ring width values by predicted values
from fitted curves for a given year.
Construction of ring width indices
Each individual ring width series was
standardized using the computer program
ARSTAN (Cook and Holmes, 1996). Detrending
of each tree-ring series was done by fitting the
data with a 50-year cubic spline having a 50%
cut-off frequency-response (Cook et al., 1990),
through autoregressive modeling, to eliminate
any autocorrelation effects in the subsequent
series (Speer, 2010). Three chronologies
(standard, residual, and ARSTAN) were
obtained by applying a robust biweight mean
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to the detrended tree-ring series. A total of
five chronologies was developed along altitudinal
gradients of 2200 m, 2400 m, 2600 m, 2800
m, and 3000 m, at both the N and S aspects.
The sample depth for complete dated indices
was verified based on the signal strength of
individually sampled cores following Lindholm
et al. (2000). Expressed population signal
(EPS) was quantified for climate analysis
following Wigley et al. (1984).
Data Analysis
Statistical test of tree-ring chronologies
Several statistics were calculated for
each chronology. These included mean, standard
deviation (SD), series intercorrelations (SI),
Rbar, EPS, mean sensitivity (MS), and
autocorrelations (AC1). The mean radial
growth is the average width of an annual
growth ring of a tree in mm per year. The SD
estimates the variability of measurements in
the whole series with a higher value indicating
a chronology that has captured the climatic
signal adequately. The SI is an average of each
series against the master chronology which
express the common stand-level signal contained
in a site. The Rbar is the average correlation
for all possible pairings among tree rings for
a common time period, with a high Rbar value
indicating that a site has a more common
signal. EPS is a measure of common variability
in chronology that quantifies a sample’s
representativeness of the population. An EPS
of 0.85 indicates a satisfactory quality of the
chronology (Wigley et al., 1984). The MS is
a measure of the degree of year-to-year change
in the tree-ring widths which shows the
difference between two successive series. A
high MS value indicates that the climate has

a pronounced limitation on the radial growth.
The AC1 indicates the level of low frequency
signals in a chronology, which measures the
relationships between the current and previous
growth. A higher AC1 value implies that the
previous radial growth had an influence on
the current radial growth.
Topography-radial growth relationships
Pearson’s correlations were calculated
to determine the relationship between the
standardized chronology and topographical
factors. Further, a stepwise multiple regression
was applied to select the best response functions
of radial growth induced by topographic factors.
Collinearity statistics tolerance (T) and variation
inflation factor (VIF) were examined based
on the permissible limit (Wong, 2013) and
Durbin-Watson test. Regression models explain
the amount of variability in radial growth as
a function of the topographic factors.
Climate-radial growth relationships
The comparison and selection of the
best tree-ring index to climatic variables was
done at a level of p<0.05. The ARSTAN
chronology showed more robustness compared
to the standard and residual chronologies and
was used for further climate analysis. Pearson
correlations were calculated between the
monthly climatic variables (rainfall, MeanT,
MaxT, and MinT) and ARSTAN chronology
across the altitudinal gradients at both the
aspects. A stepwise multiple regression was
applied to assess the fine scale effects of climate
on the radial growth at p<0.01. Collinearity
statistics, T and VIF, were tested based on the
permissible limit (Wong, 2013).
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RESULTS AND DISCUSSION
Tree-ring width chronologies along altitudinal
gradients
The site chronologies, along the
altitudinal gradients of 2200 m, 2400 m, 2600
m, 2800 m and 3000 m, were developed for
both N and S aspects (Table 2). The oldest
sampled trees in N and S aspects were 112
years (3000 m) and 67 years (2600 m) old,
respectively. The tree age increased with
altitude, with older trees mostly growing at

higher altitudes.
The MS of trees showed an intermediate
sensitivity at both the aspects. Grissino-Mayer
(2001) categorized MS into three intensities;
low (0.10–0.19), intermediate (0.20–0.29),
and high (>0.30), respectively. The MS
decreased with increase in altitude at both the
aspects, except at higher altitudes, indicating
a strong influence of harsh climatic factors.
Table 2 Summary Statistics of tree-ring
chronologies at various altitudinal gradients
for both aspects.

Table 2 Summary Statistics of tree-ring choronologies by altitudinal gradients.
Parameters

Altitude
2200 m

2400 m

2600 m

2800 m

3000 m

10 (6)
1928–2017
90
2.77 ± 0.30
0.505
0.211
0.726

18 (9)
1981–2017
37
5.15 ± 0.22
0.526
0.178
0.637

17 (10)
1906–2017
112
2.65 ± 0.28
0.584
0.216
0.741

14 (7)
1960–2017
58
3.46 ± 0.26
0.564
0.199
0.751

15 (8)
1962–2017
56
4.77 ± 0.27
0.515
0.216
0.740

North Aspect
Cores (trees)
Interval
Years
Mean ± SD
SI
MS
AC1

15 (9)
1967–2017
51
4.57 ± 0.28
0.531
0.215
0.694

17 (11)
1974–2017
44
4.96 ± 0.28
0.595
0.221
0.738

South Aspect
Cores (trees)
Interval
Years
Mean ± SD
SI
MS
AC1

17 (9)
1975–2017
43
5.35 ± 0.24
0.644
0.217
0.674

12 (7)
1978–2017
40
6.30 ± 0.24
0.608
0.239
0.729

11 (7)
1951–2017
67
3.15 ± 0.24
0.472
0.188
0.773

Note: SD=Standard deviation; SI=Series intercorrelations; MS=Mean sensitivity; AC1= lag
1autocorrelations.
The AC1 shows low frequency signals
in chronology that measures relationships
between current and previous growth. The
AC1 showed a pattern similar to MS, except
at mid-altitudes (2600 m) at the S aspect,
which showed an inverse relationship with

MS, indicating the persistence or presence of
biological inertia in these series. The findings
suggest that the mid-altitude tree growth in S
aspect either has a huge difference among
individuals or is largely influenced by microsite
conditions.
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The chronology with EPS≥0.85 in the N aspect (Figure 3) was 1974–2017 (2200 m), 1984–

24

2017 (2400The
m),chronology
1932–1953 with
and 1976–2017
(2800 m), and
1924–2017
(3000
EPS≥0.85 in(2600
the m), 1991–2017
(2400 m), 1964–2017
(2600
m), 1974–2017

aspect (Figure
3) wasin1974–2017
(2200
m),
(2800m),
m),
and 1973–2017
(3000
m). EPS
m).NSimilarly,
the values
S aspect were
1982–2017
(2200
1978–2017
(2400 m),
1964–2017
1984–2017 (2400 m), 1932–1953 and 1976–
values ≥ 0.85 indicatea satisfactory chronological
(2600
m),
1974–2017
(2800
m),
and
1973–2017
(3000
m). EPSsuitable
values ≥for
0.85
indicatea satisfactory
2017 (2600 m), 1991–2017 (2800 m), and
quality
climatological
analyses
1924–2017 (3000 m). Similarly, the values in
(Wigley et al., 1984).
chronological quality suitable for climatological analyses (Wigley et al., 1984).
S aspect were 1982–2017 (2200 m), 1978–2017
Altitude

North Aspect

South Aspect

2200

2400 m

2600 m

2800 m

3000 m

Figure 3 Site chronologies of BP with Rbar and EPS along altitudinal gradients at the N and S
Figure 3 Site
chronologies of BP with Rbar and EPS along altitudinal gradients at the N and S
aspects.
aspects.
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Topography-radial growth relationships
Pearson’s correlation coefficient
between radial growth and topographic factors
(Table 3) showed that the radial growth
decreased with increase in altitude at both the
aspects. Other topographical variables did not
have a significant correlation with radial growth
at N aspect, while the growth showed a negative
correlation with aspect and slope, while a

positive correlation was found with LeAI in
the S aspect. This indicates that the increase
in aspect and slope degree in the S aspect
decreases the radial growth. In contrast, the
radial growth increases with increase in LeAI
values from 0.00 to 2.00 (N=2, E=1, S=0, W=
-1) (Lee et al., 2004) or in the following order:
N>NE>SE>S>SW< NW. LeAI ranged from
-0.11–0.11 in the S aspect.

Table 3 Pearson’s correlation and statistics of radial growth with the topographic variables.
North Aspect (n = 77)
Variables
Altitude
Aspect
Slope
S-Positiona
S-Shapeb
LeAI
SRI

Mean
(SD)
2586.42
(285.36)
0.91
(2.89)
27.60
(10.94)
2.31
(1.27)
2.55
(0.72)
1.989
(0.03)
0.270
(0.54)

South Aspect (n = 69)

r value

Sig. level

-0.449

p<0.001

-0.149

ns

0.034

ns

0.192

ns

-0.027

ns

0.149

ns

-0.185

ns

Mean
(SD)
2594.20
(300.92)
181.23
(4.00)
29.55
(6.41)
2.87
(0.82)
2.67
(0.61)
-0.01
(0.04)
-0.04
(0.64)

r value

Sig. level

-0.246

p<0.05

-0.378

p<0.01

-0.245

p<0.05

0.222

ns

-0.095

ns

0.380

p<0.01

0.127

ns

Note: r = Pearson’s correlation coefficient; aS-position: 1=ridge, 2=upper, 3=mid, 4= lower, 5=bottom;
b
S-shape: 1=planar, 2=concave, 3=convex, 4=undulating; LeAI=LeAspect Index; SRI=Solar
Radiation Index; ns=not significant (p>0.05).

Table 4 shows the results obtained
from stepwise multiple regression analysis,
which indicate the magnitude of topographic
factors influencing the radial growth. At the
N aspect, three regression models were fitted.
The first model indicated the altitude as being
a highly significant predictor of the radial
growth (F (1, 75)=18.941, p<0.001), with
R2=0.202. The predicted radial growth is equal
to 11.146 - 0.003(Altitude). The radial growth

decreases by 0.003 mm for every meter increase
in altitude. The second model indicated the
altitude and LeAI as being highly significant
predictor variables for the radial growth (F(2,
74)=19.303, p<0.001), with R2=0.343. The
predicted radial growth is equal to -29.326 0.004(Altitude) + 21.690(LeAI), where altitude
is in meters and LeAI is a linear index value
ranging between 0.00–2.00 using equation
(Lee et al., 2004). The radial growth decreased
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by 0.004 mm for every meter increase in
altitude and 21.690 increase in the value of
LeAI. The third model indicated that altitude,
LeAI, and S-position as being highly significant
predictor variables for radial growth (F(3,
73)=17.906, p<0.001), with R2=0.424. The
predicted radial growth is equal to -16.856
-0.006(Altitude) + 19.428(LeAI) –

0.692(S-position), where the slope position
codes are as 1=ridge, 2=upper, 3=mid, 4=lower,
and 5=bottom, altitude is in meters, and LeAI
is the linear index value. Radial growth
decreased by 0.006 mm for each meter increase
in altitude, 19.428 increase in LeAI value and
0.692 decrease in S-position.

Table 4 Multiple regression analysis for the standardized chronology as a function of
topographic variables.
Model

Unstandardized
Coeff.
B

SE

Std. Coeff.

t

p

β

Collinearity
Statistics
T

VIF

R2

North Aspect
1 (Constant)
Altitude

11.156
-0.003

1.580
0.001

-0.449

-4.352

0.000

1.000

1.000

0.202

2 (Constant)
Altitude
LeAI

-29.326
-0.004
21.690

10.251
0.001
5.439

-0.626
0.415

-6.009
3.988

0.000
0.000

0.819
0.819

1.221
1.221

0.343

3 (Constant)
Altitude
LeAI
S-Position

-16.856
-0.006
19.428
-0.692

10.417
0.001
5.176
0.216

-1.044
0.372
-0.523

-6.392
3.754
-3.205

0.000
0.000
0.002

0.296
0.804
0.296

3.381
1.244
3.373

0.424

South Aspect
1 (Constant)
LeAI

5.173
15.543

0.215
4.622

0.380

3.363

0.001

1.000

1.000

0.144

2 (Constant)
LeAI
Slope

7.412
16.092
-0.075

0.945
4.468
0.031

0.393
-0.265

3.602
-2.428

0.001
0.018

0.997
0.997

1.003
1.003

0.215

Note: B=Unstandardized coefficient, SE=Standard error; β=Standardized coefficient; t=t-statistics
(2-tailed); T=Tolerance; VIF=Variance inflation factor; R2=Coefficient of determination.

Similarly, for the S aspect, two
regression models were fitted. The first model
showed that LeAI was a significant predictor
variable for radial growth (F(1, 67)=11.308,
p<0.01), with R2=0.144. The predicted radial
growth is equal to 5.173 + 15.543(LeAI), .
This indicated that radial growth increases
with increasing LeAI value. The second model

indicated that there was a combined influence
of LeAI and slope on the radial growth (F(2,
66=9.015, p<0.001), with R2=0.215. The
predicted radial growth is equal to 7.412 +
16.092(LeAI) – 0.075(SLOPE), where slope
in degrees. Radial growth increases with
increasing LeAI value and decreases by 0.075
mm for each degree of increase in slope.
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Durbin-Watson test indicated that the
residuals from multiple regression at both N
and S aspects were normally and independently
distributed. Further, the collinearity statistics
T and VIF of each of the models for both the
aspects are within permissible limits as described
by Wong (2013), indicating negligible collinearity
among the various variables used in the
regression models.
Climate-radial growth relationships
Pearson’s correlation coefficient
between total monthly rainfall and ARSTAN
TRI exhibited similar relationships at lower
altitudes for both the aspects (Figure 4). The
radial growth showed a moderately strong
positive correlation with rainfall in April
(r2200=0.389 at N aspect, r2200=0.275 at S aspect),
indicating the start of actual growing season.
Similarly, there was a strong positive correlation
(r2200=0.629) with rainfall in August at the end
of the growing season at low altitudes for the
S aspect, while there was no significant
difference at the N aspect. The radial growth
did not have any significant correlation with
rainfall at mid and upper altitudes for both the
aspects. These findings, about tree growth
response to moisture at lower altitudes, are
similar to previous studies reported by many
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authors (Barnard et al., 2017; Lyu et al., 2017).
The meanT-radial growth relationships
did not show any significant difference with
altitudinal gradients at the N aspect (Figure
4). However, at the S aspect, the MeanT of
February showed a strong correlation at both
low altitudes (r2200=0.692, r2400=0.779) and
high altitudes (r3000=0.828), indicating a positive
response to harsh climatic conditions (Körner,
2007: Lyu et al.., 2017). Similarly, the MeanT
in September had a positive correlation with
radial growth (r2400=0.673) at low altitudes.
MinT-radial growth relationships did
not show any significant difference across the
altitudinal gradients at both the N and S aspects.
MaxT for the N aspect at low altitudes was
positively correlated with the radial growth
for the month of September (r2200=0.123) and
had a weak negative correlation (r2400 = -0.015)
at 2400 m altitude. Similarly, as the altitudinal
gradients increase at both the aspects, the
radial growth showed a positive correlation
with MaxT, with the temperature influencing
the growth at mid to upper altitudes for the N
aspect (r2600=0.573 in February, r3000=0.137 in
May and r2800=0.208 in August), while at the
S aspect, the correlation was significant in
later months from August-September and
December (r2800=0.168, r2600=0.358, r3000=0.583).
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include
January
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at a p<0.01 level. Months analyzed include January through December.
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Coefficients of regression indicated
the degree of influence the climatic factors
had on radial growth at p<0.01 (Table 5). The
rainfall in April had a positive influence on
the radial growth t lower altitudes for the both
aspects. At the N aspect, MaxT, during
September, had the strongest influence on the
radial growth at lower altitudes (2200–2400
m), while MaxT, during May–August, had a
significant influence on the radial growth at
upper altitudes. Similarly at the S aspect,
MeanT, during February, positively contributed
to the radial growth at lower (2200 m–2400
m) and upper altitudes (3000 m). MaxT
(August–September) had a significant positive
influence on the radial growth at mid to upper
altitudes (2600–3000m). MeanT in December

was negatively correlated with the radial
growth at mid-altitudes (2600 m).
Collinearity statistics, T and VIF, from
the regression model at the N aspect was found
to fit within the permissible limits, as prescribed
by Wong (2013), indicating negligible collinearity
among the variables used in the regression
models across the altitudinal gradients. In
contrast, the collinearity statistics at the S
aspect showed some presence of collinearity
among the independent climatic variables at
the altitudinal gradients of 2400 m and 2600
m. However, the coefficient of determination
for the regression model showed a high value
of R2=0.970 at 2400 m and R2=0.984 at 2600
m.

Table 5 Multiple regression analysis for the ARSTAN chronology when fitted as a function of
the climatic variables.
Altitude

2200 m
2400 m
2600 m
2800 m
3000 m

2200 m
2400 m
2600 m
2800 m
3000 m

Variables

Std.
Coeff.

MaxT (Sep)
R (April)
MaxT (Sep)
MaxT (Jul)
MaxT (Aug)
MaxT (May)

0.864
0.144
0.984
0.991
0.989
0.976

MeanT (Feb)
R (April)
R (Aug)
MeanT (Feb)
MeanT (Sep)
MaxT (Sep)
MaxT (Dec)
MaxT (Aug)
MeanT (Feb)
MaxT (Sep)

0.552
0.226
0.254
0.542
0.450
1.358
-0.374
0.984
0.635
0.363

t

p

North Aspect
17.263
0.000
2.870
0.007
30.443
0.000
41.682
0.000
37.271
0.000
24.782
0.000
South Aspect
5.556
0.000
3.599
0.001
3.042
0.005
4.079
0.000
3.391
0.002
10.781
0.000
-2.969
0.006
31.195
0.000
6.523
0.000
3.730
0.001

Collinearity Statistics
T
VIF
0.255
0.255
1.000
1.000
1.000
1.000

3.915
3.915
1.000
1.000
1.000
1.000

0.127
0.320
0.180
0.057
0.057
0.033
0.033
1.000
0.079
0.079

7.846
3.129
5.557
17.552
17.552
30.609
30.609
1.000
12.700
12.700

R2

0.981
0.968
0.982
0.978
0.952

0.964
0.970
0.984
0.969
0.978

Note: t=t-statistics; T=Tolerance;VIF=Variance inflation factor; R2=Coefficient of determination.
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Variation trends of radial growth with
annual climate variables
Variation trends of radial growth of
BP with annual climate variables were obtained
by fitting 6th degree polynomial curves. These
curves exhibit the dominance and under
dominance nature of variation trends between
the compared parameters. Variations in
ARSTAN TRI with the annual rainfall at low,
mid, and high altitudes showed a relatively
higher under dominance pattern at the N aspect
(Figure 5) compared to the S aspect (Figure
6). The gradual decline in rainfall over a 32
year period affected the radial growth due to
moisture stress at root zones and resulted in
a below normal tree growth during the successive
years. The annual MeanT showed an underdominance nature with a decreasing trend over
three decades. The radial growth across all
altitudinal gradients showed a minimal effect
at N aspect. MeanT at in S aspect experienced
a sharp decline from 1990 onwards at low
altitudes and the radial growth showed
dominance over MeanT, while mid and high
altitudes experienced severe fluctuations and
decreased growth. MaxT at the S aspect showed
severe fluctuations, falling trend and dominance

over radial growth compared to the N aspect.
However, the radial growth showed dominance
over MinT at both N and S aspects and did
not vary significantly throughout the three
decades.
Biotic interactions
Biotic interference (forest fire, timber
extraction, pest, diseases, and grazing) on BP
was evident at both the aspects. Forest fires
were more pronounced across altitudinal
gradients at the N aspect. At the S aspect,
forest fires were evident for altitudes greater
than 2600 m, possibly due to human settlements.
Timber for rural house construction was
extracted on single tree selection basis from
the entire study area. All areas with signs of
cattle grazing were affected by Himalayan
dwarf mistletoe (Arceuthobium minutissimum)
attacks on BP trees across all altitudinal
gradients at the S aspect, while at the N aspect,
it was evident only at high altitudes (3000 m).
There were significant biotic interferences in
the study area that could have influenced the
radial growth, and an improper account of
such biotic information could lead to
misinterpretation of the obtained data.

Figure 5 Low-frequency variation trends of ARSTAN TRI with the total annual rainfall, MeanT, MaxT and MinT at low, mid, and high
polynomial
curves.
aspect
obtained
by fitting
6th degree
altitudes
at the
N aspect
obtained
by fitting
6th degree polynomial curves.

Figure 5 Low-frequency variation trends of ARSTAN TRI with the total annual rainfall, MeanT, MaxT and MinT at low, mid, and high altitudes at the N
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Figure
Low-frequency
variation
trends
of ARSTAN
TRI
the total
annual
rainfall,
MeanT,
MaxT
and
MinT
at low,
mid,atand
Figure 66 Low-frequency
variation
trends
of ARSTAN
TRI with
the with
total annual
rainfall,
MeanT,
MaxT
and MinT
at low,
mid,
and high
altitudes
the high
S
th
thobtained by fitting 6 degree polynomial curves.
altitudes
at
the
S
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aspect obtained by fitting 6 degree polynomial curves.

21

32
Journal of Tropical Forest Research 2 (2) : 16-35 (2018)

Journal of Tropical Forest Research 2 (2) : 16-35 (2018)

33

CONCLUSION
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The relationships between the radial
growth of BP and the topography and climatic
factors in the temperate conifer forests of
Chapcha, Bhutan was studied. It was observed
that the trees grew largely under moisture
stress conditions due to low rainfall (limited
water availability) and high temperature, along
the altitudinal gradients at both the North and
South aspects. The results suggest that the BP
forests may experience a decrease in tree
growth with the increasing requirement of
moisture during warmer and drier climatic
conditions. The tree growth may also be slowed
by the strong influence of topographic variability,
which can amplify the climatic effects. These
findings suggest that the tree growth may not
be limited by altitudinal gradients alone. BP
at low altitudes, at the dry distribution limit,
are likely to suffer from climate change and
hence experience a reduced growth. How the
trees at high altitude will grow is more
complicated, based on the interaction of trees
with moisture, temperature, and microsite
conditions.
Since the study was conducted in a
relatively small area consisting of temperate
conifer forests and sample plots were selected
randomly, the results may not be related unless
the study is done under similar site conditions.
Thus, a similar study should be replicated in
other parts of the region to confirm the results.
To manage this situation, forest
management practices like thinning and other
tending operations should be considered in
dense, high altitude BP forests, and afforestation
should be carried out at lower elevations, for
a sustainable forest management.
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