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Changes  in  the  timberline  ecotone  vegetation  of  Nanda  Devi  National  Park  (NDNP)  was  studied  over
a period  of  30  years  (1980–2010).  Our  study  based  on  remote  sensing  analysis  of  Landsat  MSS  and  TM
images  suggests  no  geographical  shift  in  the  upper  limit  of timberline,  while  the subalpine  forest’s  canopy
has  increased  substantially.  Decrease  in  heterogeneous  reflectance  pattern  near  upper  boundary  of  tim-
berline  ecotone  (above  3600  m  asl)  suggest  more  homogenous  growth  at this  elevation.  Though  the  scale
of  the  study  is  not  sufficient  to detect  minor  changes  our  objective  here  is  to  know  if  the  timberline
vegetation  of NDNP  has gone  under  rapid change  in  last  three  decades.  Two  different  methods  post  clas-
estern Himalaya sification  comparison  and  vegetation  index  differencing,  used  in  this  study  have  widely  been  used for
vegetation  change  detection  but  very  few  studies  have reported  the  performance  of these  methods  for
highly rugged  terrain.  Our  approach  in  this  study  is to  test  the  applicability  of  these  methods  in  the  spe-
cific environment  of  western  Himalaya.  Given  the  fact  that  the findings  of the study  could  be  the  result  of
incorporation  of various  methodological  errors  we analyzed  the  descriptive  statistics  (mean  and  standard

ndex
deviation)  of vegetation  i

. Introduction

In last few decades timberline has got more attention from
cologists due to its high sensitivity to changing climate than
ther ecosystems. Results of several studies indicate that geograph-
cal shift of timberline towards upper limit is less frequent as
xpected (Crawford, 1997; Lloyd and Graumlich, 1997; Peterson,
998; Cullen et al., 2001; Camarero and Gutiérrez, 2004). Response
f timberline vegetation to changing environment can take place
y changes in growth, growth forms, regeneration and change in
patial heterogeneity; however the observed result depends on
he scale of study (Holtmeier and Broll, 2005). The heterogeneity
f timberline increases from global to local scale and assess-
ng the impacts of changing environment at this scale requires

ore complex approach than at global scale (Holtmeier and Broll,
005). While, these approaches mostly depend on ground based
nowledge, logistical difficulties in poor accessible area makes
emote sensing technology a better choice over ground based study.
atellite Remote Sensing has been successfully used to study the
dvancement of timberline vegetation (Jeffrey, 2001; Olthof and

atifovic, 2007; Zhang et al., 2009).

Ecotones mark the boundary between realized ecological
iches, the location where local environmental conditions and

∗ Corresponding author. Tel.: +91 135 2640112; fax: +91 135 2640117.
E-mail address: adhikaribs@wii.gov.in (B.S. Adhikari).
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 to interpret  the  nature  of  change.
©  2011  Elsevier  B.V.  All  rights  reserved.

competitive pressures become favourable for one community and
unfavourable for another (Jeffrey, 2001). Timberline ecotone of
Western Himalaya is considered among those highly sensitive
zones where impacts of climate change may  have significant
impacts on the distribution of vegetation over a short period. This
study is an effort to figure out any natural changes in the vegetation
cover of NDNP over last three decades. NDNP one of the core zone of
Nanda Devi Biosphere Reserve was  established in 1980, since then
human activities are banned within the park and the restrictions
were imposed on the rights of local inhabitants also. Unlike other
PAs of western Himalaya, NDNP is a least disturbed area due to its
highly rugged terrain with deep gorges. There is no evidence of any
kind of human disturbance within the park and hence any kind of
change in its vegetation can be attributed to local climate.

An increase in the annual average temperature of 2 ◦C has
already been recorded from different parts of Western Himalaya
by Shekhar et al. (2010).  Their study is based on statistics of data
collected from different metrological stations situated in Jammu
& Kashmir (e.g. Drass, Gulmarg) and Himachal Pradesh (e.g. Man-
ali, Solang) over a period of 24 years (1984–2008). In another
study based on aerosol product of MODIS satellite data Gautam
et al. (2009) found that annual mean tropospheric warming has
increased by 1 ◦C over western Himalaya in between 1997 to 2007.

Despite the fact that results of these studies do not indicate any-
thing about the temperature regime of timberline, direct or indirect
impact of surrounding environment on the microclimatic condition
of western Himalaya cannot be denied.

dx.doi.org/10.1016/j.jag.2011.09.018
http://www.sciencedirect.com/science/journal/03032434
http://www.elsevier.com/locate/jag
mailto:adhikaribs@wii.gov.in
dx.doi.org/10.1016/j.jag.2011.09.018
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Fig. 1. Location map  of Nanda Devi N

Several authors have studied the timberline vegetation of West-
rn Himalaya (Adhikari, 2004; Rawal and Pangtey, 1994; Rawal
nd Dhar, 1997; Maikhuri et al., 1998; Kalakoti et al., 1986) but
ll these studies deal with the structure and composition of vege-
ation community in general and not specific to the altitudinal limit
nd phenology of timberline vegetation. Literature review suggests
hat timberline lies between 3700 to 3900 m in upper Yamuna (Puri
t al., 1989) and Yamunotri (Gupta, 1983), and 3600–3900 m at
angotri (Dudgeon and Kenoyer, 1925; Adhikari and Rawat, 2004)
nd Tons (Gupta and Singh, 1962). The later two  timberlines are
ormed by Betula utilis and Rhododendron campanulatum and no
nformation regarding the altitudinal limit of Abies spp. in western
imalaya is available. Phenology of timberline species is also poorly

tudied in western Himalaya. Rawal et al. (1991) have reported
he phenology of timberline tree species of Kumaun Himalaya.
ccording to their study all tree species (both evergreen and decid-
ous) achieved full flowering and leafing around 20th may  except

 few species including B. utilis and Rhododendron arboreum,  which
howed late flowering around late-May to mid-June. Considering
he above phenological status of timberline species late-May is the
arliest period of image acquisition for the study of B. utilis.

Change detection method used in this study is based on
ost classification comparison and vegetation index differencing.
hough the post classification comparison method gives more
nformation regarding nature of change (interconversion of land
over classes) it heavily relies on the classification accuracy that
equires extensive ground data collected for the same purpose.
ore confusion occurs in those conditions where cover classes are

ither not well defined or difficult to separate from spectrally simi-
ar objects. In the present study ground data collected during 1993
xpedition was used to classify the TM image of 1998 while the
ame was not possible for 1980 image due to absence of ground

nformation. Change detection based on the difference image relies
n the fact that if vegetation of a particular site is of same pheno-
ogical stage at two different point of time then any increase or
ecrease in vegetation will result in a higher value of difference
al Park (NDNP) in Uttarakhand state.

image digital number that can be separated using threshold value
decided either statistically of visually based on ground knowledge.
Landsat Images used in this study has a difference of less than a
week in its acquisition dates and hence we assume that the phe-
nological conditions at these two  periods are almost similar. Apart
from phenological conditions moisture is another major factor that
affects the vegetation index value. Since NDVI is considered prone
to soil moisture content, two  other vegetation indices, simple ratio
band (NIR/R) and MSAVI2 were tested for their effectiveness in
detecting change despite different moisture conditions. Selection
of simple band ratio (NIR/R) is based on the fact that the ratio of
soil reflectance in an infrared and red band remains unchanged for
a given soil background and is not affected due to soil moisture con-
tent (Clevers, 1986) and hence it may  have minimum error due to
different soil background condition. MSAVI2 (Qi et al., 1994) uses
soil brightness correction factor while calculating vegetation index.

2. Study area

Nanda Devi National Park is situated in the southern part
of Greater Himalaya surrounded by several snow peaks ranging
between 5000 to 6600 m.  Only areas above 3000 m were selected
for vegetation change study because of its true representation of
ecotone vegetation. The park area receives heavy snow fall during
winter and remains under snow between November to April and
hence satellite image only between May  to October is available for
vegetation change study. The topography of the area is highly undu-
lating (Fig. 1) with moderate southern slope to steep northern slope
which greatly affects the surface illumination condition.

Visual interpretation of images from different month suggests
that Sun angle is low during the month of June, July and August, and
hence images acquired during this period have very less impact of

shadow. The maximum rainfall occurs during the month of August
which is also the peak growing season for alpine meadows. High
reflectance value of meadows in August image reduces the possi-
bility of separating different vegetation classes. South-East face of
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Table  1
Satellite images used in the present study.

Sensor Path–Row Acquisition date

Landsat-3 MSS  156–39 1980 06 16
Landsat-5 TM 145–39 1998 05 29
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2 × NIR + 1 − ((2 × NIR + 1) − 8 × (NIR − R ))
Landsat-5 TM 145–39 2010 05 30
Landsat-5 TM 145–39 2010 06 15

he valley is mainly covered with Alpine pastures along with very
parsely distributed junipers, while NW slope has subalpine for-
st of B. utilis along with Sorbus foliolosa and Prunus cornuta. At the
pper limit of subalpine forest R. campanulatum occurs in small
atches. The subalpine forest goes up to 3900 m,  while Rhododen-
ron keeps growing above it. No major changes in the subalpine
orest of the area have been recorded till date, however, new indi-
iduals of B. utilis at its upper limit suggests a recent change in
egeneration pattern.

. Methodology

.1. Data and Preprocessing

Images of peak growing season (July - August) were not con-
idered for the present study due to poor discrimination of alpine
eadow from deciduous forest while the use of images before

he month of April is not justifiable due to the fact that most of
he deciduous species attains full maturity only after this month.
he Landsat Multispectral Scanner (MSS) and Thematic Map-
er (TM) images used in this study (Table 1) were downloaded
rom USGS Earth-explorer website (http://earthexplorer.usgs.gov).
cquisition at desired temporal interval was not possible due to
navailability of images from the same sensor system. The only TM

mage from 1990 of below mentioned path/row is available for the
onth of November and hence it was not included in the study.
The MSS  images have its original resolution of 79 m,  but are

vailable at 60 m resampled format. TM image has a resolution of
0 m and hence MSS  image was resampled at 30 m to match the res-
lution. Resampling was done using nearest neighbor method. Only
ubsets of both images containing study area were used for fur-
her operations. Since the Landsat TM images available from USGS
nline archive are already orthorectified (Tucker et al., 2004), geo-
ectification was performed only for MSS  image. Image to image
egistration was performed using 20 ground control points (GCP)
ith RMS  error less than half pixel (15 m).  No projection transfor-
ation was performed and the default UTM projection was  used in

his study.

.2. Radiometric Correction

As first step of radiometric correction of the images, raw digi-
al value was converted to at-sensor spectral radiance (L�) using
tandardized rescaling factors (Chander et al., 2009) and finally
op-of-atmospheric (TOA) reflectance were calculated according
o Markham and Barker (1986).  Vegetation indices were calculated
rom reflectance image and relative radiometric normalization was
erformed on these indices to remove the noise due to differ-
nt atmospheric conditions at different time of image acquisition.
elative radiometric normalization is one of the widely accepted
ethods to implement radiometric correction for change detection

tudies (Janzen et al., 2006). Radiometric normalization through
o-change set determined from scattergram was developed by

lvidge et al. (1995).  No-change set pixel is obtained by select-
ng the region between core of the water and land pixels placed
ower left and at the centre respectively of a scattergram plotted
or two similar bands of subject image and the reference image. A
bservation and Geoinformation 18 (2012) 472–479

correlation analysis between the extracted no-change pixel values
from different dates was  also performed to ensure that they have
positive correlation (r = 0.96). Shaded areas, snow and clouds were
removed using mask created from the band TM-1 and tasseled cap
wetness index by deciding threshold based on visual interpretation
of pseudo color image.

Numerical values in vegetation indices are affected by the posi-
tion and width of the near-infrared and red spectral bands of
different sensor systems. To reduce the anomaly due to different
sensors, Steven et al. (2003) suggested the inter-conversion of dif-
ferent sensor derived vegetation indices to make them comparable.
Coefficients suggested by Steven et al. (2003) were used to convert
vegetation index from MSS  sensor (VIMSS) to TM sensor (VITM).

VITM = −0.021 + 1.052 ∗ VIMSS

Inter sensor calibration was performed on radiometrically nor-
malized vegetation indices only.

3.3. Change Detection Analysis

Two most widely used methods of change detection; post classi-
fication comparison and image differencing were selected because
of its less computational requirement and better performance.
Since the post classification comparison requires ground data of
the respective year for image classification, only images of 1998
and 2009 was  used to detect change through this method.

3.3.1. Post Classification Comparison (PCC)
For supervised classification training signatures for six different

classes were established (20–30 training samples for each class)
based on ground truth data collected during field survey. Signatures
were evaluated for possible discrimination of individual class using
transformed divergence (TD) method available with ERDAS image
processing software. Transformed divergence calculates separabil-
ity on a scale ranging between 0 - 2000. A minimum TD value of
1700 is considered good for separability and hence training samples
with less than this value was  removed and an average minimum
separability above 1900 were achieved for all training samples of
six classes. After obtaining a satisfactory discrimination between
the classes, final classification was  run to produce land cover map.
Mean digital number for five vegetation classes from the two peri-
ods (1998 and 2010) are shown in Fig. 2. Maximum separability
was obtained for the band combibation 2, 3, 4 and 5. Overall 7
classes (Abies forest, Betula forest, Krummholtz, Scrub, Meadow,
Rocky surface and Snow) were derived.

3.3.2. Image Differencing
The difference images were derived by simple subtraction of

previous image from recent image. Before subtracting the image,
snow and cloud pixels were masked and minimum equal area avail-
able for both the image was used to derive the difference image.
Masks were generated from tasseled cap wetness index by deciding
a threshold based on visual interpretation. Ratio band and vegeta-
tion indices were calculated in the following way:

Ratio band = NIR�

R�

NDVI = NIR� − R�

NIR� + R�

√
2

MSAVI2 = � � � �

2

where NIR = near-infrared band, R = red band and � = top-of-
atmospheric reflectance.

http://earthexplorer.usgs.gov/
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ig. 2. Mean digital number (DN) of training samples of five vegetation classes from
mages of 1998 (above) and 2010 (below).

The rescaled 8bit image was used to create difference image.
he difference image contains negative, zero and positive values
ndicating decreased, no-change and increased vegetation respec-
ively. Conversion of difference image into binary image (change
o-change) is mostly based on threshold value decided from the
tandard deviation of the change image. Generally threshold value
s decided based on accuracy assessment of the different binary

mages derived from different multiples of standard deviation.
ince this study focuses changes only above timberline, a higher
ultiple (2.5) of standard deviation was selected to avoid changes

able 2
ccuracy assessment of thematic maps.

Reference

Scrub Krummholtz Betula

Thematic map 1998
Classified

Scrub 17 3 2 

Krummholtz 0 13 0 

Betula 0 0 16 

Abies  2 3 0 

Total  19 19 18 

Producer’s accuracy 0.89 0.68 0.89 

Overa
Kappa

Thematic map 2010
Classified

Scrub 18 4 0 

Krummholtz 0 13 0 

Betula 0 0 13 

Abies  2 2 2 

Total 20 19 15 

Producer’s accuracy 0.90 0.68 0.87 

Overa
Kappa
bservation and Geoinformation 18 (2012) 472–479 475

due to low difference that may  be the result of error at various
processing stages.

3.4. Field Inventory Data

Information derived from first NDNP expedition in 1993 and
field data collected during the summer of 2009 were used for super-
vised classification and accuracy assessment of thematic map  from
the year 1998 and 2010 respectively. Data were collected in the
form of geographical locations of different vegetation classes as
well as non vegetated surface using global positioning system (GPS)
Garmin – 72. Only pure vegetation patches larger than a hectare
were considered for data collection. Since it was not possible to col-
lect minimum number of GPS point locations for each class due to
highly undulating terrain, some points were generated from image
itself based on field knowledge.

3.5. Accuracy Assessment

Accuracy assessment of thematic map  was done using field
inventory data while accuracy of change/no-change binary map
is based on randomly generated 150 points that were inter-
preted visually by overlaying the images from different periods.
Change class was given more weight (85 for 1980–2010 and 95
for 1998–2010 change map) due to its less extent as compared
to total vegetated area. The commonly used error matrix which
shows the cross tabulation of the classified land cover and the actual
land cover revealed by sample site were generated to interpret the
classification accuracy.

4. Results and Discussion

The classification accuracies of thematic map  (Fig. 3) derived
from error matrices are listed in Table 2. Overall classification
accuracies for 1998 and 2010 are 83% and 82% respectively.
Low producer’s accuracy of krummholtz class (68%) for both the
period may  be due to misclassification of Abies and scrub pixel as
krummholtz, while high producer’s accuracy of scrub class (89 and
90%) indicates that almost all of its pixels has been classified suc-
indicates very less error of misclassification of its pixel as other
class while low user’s accuracy of Abies class (79%) can be attributed
to misclassification of its pixel as scrub and krummholtz. The

 Abies Total User’s accuracy

0 22 0.77
1 14 0.93
2 18 0.89
19 24 0.79
22 78
0.86

ll accuracy 0.83
 coefficient 0.78

0 22 0.82
2 15 0.87
3 16 0.81
23 29 0.79
28 82
0.82

ll accuracy 0.82
 coefficient 0.75
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Fig. 3. Thematic map  of Nanda D

ncreasing/decreasing trend of producer’s accuracy for different
egetation class is according to their proportion of distribution.

lthough overall high accuracy of thematic maps especially in hilly
egions may  be considered almost impossible with conventional
echniques but result achieved here is probably due to selection
f comparatively small study area and minimum cover classes

able 3
ccuracy assessment results of binary change image.

1980–2010 

Reference
Change No-change Total Us

NIR/R difference
Classified

Change 74 15 89 0.8
No-change 11 50 61 0.8
Total 85 65 150 

Producer’s accuracy 0.87 0.77 

Overall accuracy = 0.83 

Kappa coefficient = 0.64 

MSAVI2 difference
Classified

Change 68 13 81 0.8
No-change 17 52 69 0.7
Total 85 65 150 

Producer’s accuracy 0.8 0.8 

Overall accuracy = 0.80 

Kappa coefficient = 0.59
NDVI difference

Classified
Change 66 14 80 0.8
No-change 19 51 70 0.7
Total 85 65 150 

Producer’s accuracy 0.78 0.78 

Overall accuracy = 0.78 

Kappa coefficient = 0.56
tional Park above 3000 m (2010).

in combination with less number of ground truth data for each
class. Congalton (1991) suggested 50 samples for each class if the

study area is less than 500 km2 and at least 75–100 samples if area
exceeds.

Binary change maps (Fig. 4) have highest overall accuracy (83%)
for ratio band difference (Table 3) and lowest accuracy (78%) for

1998–2010
Reference

er’s accuracy Change No-change Total User’s accuracy

3 73 15 88 0.83
2 16 46 62 0.74

89 61 150
0.82 0.75
0.79
0.57

4 64 13 77 0.83
5 25 48 73 0.66

89 61 150
0.72 0.78
0.76
0.50

2 65 10 75 0.87
3 24 51 75 0.68

89 61 150
0.73 0.84
0.77
0.54
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Fig. 4. Change/No-change maps derived from ratio band (a and d), MSAVI2 (b and
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Table 4
Area statistics of different vegetation classes of NDNP.

Cover class Area (km2)

1998 2010

Snow 421.78 276.03
Bareland/Rocky surface 152.96 256.18
Alpine meadow 40.60 82.30
Alpine scrub 12.92 12.93
Krummholtz 1.55 1.78
Betula forest 7.54 8.02
Abies forest 8.08 8.20

T
C

)  and NDVI (c and f) difference image using threshold value 2.5 as a multiple of
tandard deviation.

DVI difference image. Low user’s accuracy of change class for
980–2010 ration band difference image indicates more error due
o misclassification of no-change pixel as change. Low producer’s
ccuracy of no-change class (77%) for 1980–2010 ratio band dif-
erence image is due to the misclassification of change class as
o-change.

A comparison of the area in each cover class in the study area
s given in Table 4. Classification results of 1998 and 2010 image
ndicate that there is a large difference in alpine meadow class
nd the reason may  be the difference in the extent of snow cov-
red areas (more in 1998). Since snow cover is very less below
000 m,  we assume that it has not affected the vegetation classes
ear timberline ecotone.

Total area covered by the four major vegetation classes (Scrub,
2
rummholtz, Betula and Abies) has increased by 0.9 km with Betula

howing maximum increase (0.5 km2) and Scrub class almost sta-
le over the last 12 years. Scrub class includes Rhododendron
nthopogon and Juniper sp.  Increase in total area by the four major

able 5
omparison of area of different vegetation classes along the elevational gradient.

Elevation (m)  Cover class area (km2)

Scrub Krummholtz 

1998 2010 1998 2

3000–3300 0.97 0.92 0.27 0
3300–3600 1.41 1.72 0.49 0
3600–3900 3.64 3.79 0.63 0
3900–4200 4.85 4.31 0.15 0
4200–4500  1.90 1.72 0.02 0
Total 645.44 645.44

vegetation classes indicates that possibility of inter-conversion
of classes are less and hence no change in community structure
is expected. Comparison of different vegetation classes along the
elevation over last 12 years (Table 5) indicates increase in scrub and
Abies class near timberline ecotone (3300–3900 m)  while Betula and
Krummholtz cover has increased above timberline (3600–4200 m).
These changes are consistent with the trend observed in the field as
seedlings of Betula were found growing above timberline. Regen-
eration status of both the major species (Abies and Betula)  was
found more or less equal for forest edges as well as inside the forest
in Nanda Devi NP and regeneration pattern of Betula was found
more towards lateral edges of the patches as compared to upper
side (Adhikari, 2004) indicating increase in patch connectivity.

Comparison of mean and standard deviation of simple ratio band
(NIR/R) suggests that most of the changes have occurred below
3900 m elevation The nature of change does not clearly indicate
any upward shift of timberline species, as most of the change areas
are associated with forests of lower elevation (Fig. 5). Decreased
standard deviation above 3900 m over 30 years can be interpreted
as more homogeneous growth as opposed to change in community
structure. Binary change image suggest that most of the changes in
last three decades are related to Betula.  Results of the study is sim-
ilar to the finding of Zhang et al. (2009) that the impact of changing
climate during few last decades has not caused the geographical
shift of timberline vegetation but increase in density of tress espe-
cially in the case of Betula.  Overall performance of the method
adopted in this study suggests that the scale of the study is suf-
ficient to understand major changes in the timberline vegetation.
The only limitation is the availability of images at high temporal
frequency which is mostly prohibited by local climatic conditions
(monsoon cloud and snow).

Though the impact of very fast changing phenophases of alpine
vegetation on this study cannot be denied, but the selection of
images with a temporal difference of less than a week of acquisi-
tion dates can be considered acceptable for this study. Resampling
of MSS  image at higher resolution can also affect the result of classi-

fication and image differencing, however comparison of histograms
of bands MSS-2 and MSS-4 (Fig. 6) before and after resampling indi-
cates no major impact on the distribution of digital numbers of
different objects. Different classification performance of the images

Betula Abies

010 1998 2010 1998 2010

.20 0.79 0.74 2.77 2.64

.49 2.84 2.82 3.53 3.67

.89 3.33 3.81 1.59 1.81

.20 0.51 0.62 0.00 0.00

.02 0.01 0.01 0.00 0.00
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Fig. 5. Comparison of mean and standard deviation (STD) of ratio band (NIR/R),
1998–2010 (above) and 1980–2010 (below).
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f two periods may  have affected the results up to some extent. The
eference GPS point used to derive thematic map  does not belong
o the same period however we assume that during the five years
f temporal difference (for 1998 image) any major change has not
ccurred in the study area and any phenomena that may  cause
brupt change (e.g. fire, drought) has not been reported during the
tudy period.

. Conclusion

Changes in the timberline ecotone of NDNP were assessed with
wo different methodological approach (post classification com-

arison and vegetation index differencing) using Landsat MSS  and
M images. Two different indices (MSAVI2 and NDVI) along with
atio band (NIR/R) were evaluated for their performance based on
he accuracy of the derived map. Results of the study conclude
bservation and Geoinformation 18 (2012) 472–479

that ratio band performed better than the other two indices and
most widely used NDVI performed worst among all. The study
finds that an overall increase in the green biomass of timberline
ecotone has occurred and most of the changes are associated with
forests at lower elevation as compared to upper limit of timber-
line. Changes above timberline are associated with Krummholtz
and Betula.  Change results from thematic maps comparison indi-
cate no major inter-conversion of classes, and more homogeneous
growth of vegetation at higher elevation do not gives any clue of
change in community structure.
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