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documented as thrust sheets into the Palghat region have
the potential to be the heat source and in providing saline
brines to aid low aH,O. We record from PT data that
banded charnockites (regional granulite) evolved at deep
crustal levels corresponding to a depth of ~ 30 km, which
could have been influenced by large-scale CO, influx,
whereas the arrested charnockites formed at midcrustal
levels at a depth of about ~20 km. This region can be
compared to the zone of K-metasomatism and anatexis in
the model proposed by Janardhan et al.?°, with the saline
brines playing a major role and CO, having a subordinate
role.
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Tree-ring indications of recent glacier
fluctuationsin Gangotri, western
Himalaya, India
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A 410-year-old (AD 1590-1999) ring-width chronology
of Himalayan pine (Pinus wallichiana) based on large
replication of samples derived from a pure, mixed age
stand growing on thick soil with almost even topogra-
phy near Chirbasa, Gangotri has been developed. This
makes the longest chronology of this species developed
so far from the Indian region. The chronology shows
abrupt surge in tree growth during the late 20th cen-
tury, with the highest growth indices recorded in the
1990s. Strong correlation noted between tree growth
and winter temperature shows that the winter warmth
is one of the main factors responsible for the twentieth
century growth surge. This growth surge is closely
associated with the area vacated by the Gangotri gla-
cier. Low growth prior to the 1950s reflecting cooler
conditions indicates that the glacier should have been
stationary for along time with some episodic advances.

GANGOTRI glacier, around 30 km in length covering an
area of 143 km?, flowing north-west, is one of the largest
valley-type glaciers in the western Himalaya. It originates
from Chaukhamba group of peaks at an altitude of 7100 m
asl. Observational records show that during 1935-1996,
the Gangotri glacier has retreated around 1147 m (ref. 1).
Such a fast retreat of the glacier, a major freshwater
resource for the people of the peninsular region in India,
is of great concern to the human society. As the climate
change directly influences the size, flow rate and even the
existence of glaciers, there is now a growing belief that
the anthropogenically-induced warming is one of the
major contributing factors to the accelerated pace of gla-
cier recession. To develop a better understanding of the
linkage between glacier and climate dynamics, high-
resolution, long-term data are needed. The glacier fluctua-
tions measured with geological, geomorphological and
other proxy methods could be calibrated with long-term
climate records. Tree-rings provide valuable proxy of
various environmental parameters with the resolution of
calendar years. Such long-term proxy records developed
from tree-rings covering the ‘Medieval Warm’ and ‘Little
Ice Age', recognized major climatic events of the pre-
industrial period, would provide valuable database to esti-
mate the magnitude of anthropogenically-induced warm-
ing on glacier dynamics.

*For correspondence. (e-mail: bsip@bsip.sirnetd.ernet.in)
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The tree-rings, with precise dating control, have been
found to be valuable proxy of glacier fluctuation®>. In
India such studies, though of immense potential in the
Himalayan region, excepting a very elementary study
based on few Himalayan pine samples from Kinnaur, Hima-
chal Pradesh®, have not yet been explored. Tree-ring stud-
ies so far carried out in the Himalayan region indicate
strong potential of developing millennium-long chronolo-
gies for various conifer species”®. Some of the chronolo-
gies developed from the Himalayan region have been
found to be suitable for long-term climate reconstruction®™*.
Long-term climate responsive chronologies developed
from tree-line zones could be sensitive indicators of gla-
cier fluctuation. Here we report the ring width chronology
of Himalayan pine (Pinus wallichiana) prepared from the
tree-line zone and its relationship with the Gangotri gla-
cier behaviour.

Himalayan pine (P. wallichiana) is a large evergreen
tree with its natural distribution from Afghanistan to all
along the Himalaya from Pakistan to Arunachal Pradesh
in India, through Nepal and Bhutan at altitudes ranging
from 1800 to 3900 m (ref. 14). It usually prefers to grow
on deep moist soils, pure or mixed with Himalayan cedar
(Cedrus deodara), Himalayan fir (Abies pindrow), Hima-
layan spruce (Picea smithiana) and oak (Quercus seme-
carpifolia). At higher elevations it is usualy associated
with birch (Betula utilis) and juniper (Juniperus macro-
poda).

The environmental signals in tree-ring chronologies
largely depend on the nature of site from which constitu-
ent samples are derived. We emphasized to collect tree-
ring samples from sites where temperature signals in tree-
rings could be maximized. For this a pure, mixed age
stand of Himalayan pine growing in a mesic tree-line site
with even terrain, occasionaly with gentle slope near
Chirbasa, Gangotri (3400 m asl) was selected for sam-
pling (Figure 1). The sampling of old trees was preferred
to get long tree-ring records. However, in many cases the
lengths were abbreviated by heart rot and do not represent
the full length of the sampled trees. A total of 96 tree core
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Figure 1. Map showing the tree-ring sampling site and the meteoro-
logical station, Shimla.
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samples from 47 hedlthy, disjunctly growing trees not
showing any visible mark of injury or any other human
disturbance were collected. Usually two cores from each
tree from opposite directions were collected. The tree-core
samples were processed following standard dendrochro-
nological procedures™™’. Ring widths of precisely-dated
samples were measured to the nearest 0.01 mm using linear
encoder interfaced with a personal computer. The ring-
width measurements were used to check the quality of
cross-dating by using the computer program COFECHA,
This program helps in the identification of segments of a
core or group of cores where dating problems might be
present. The segments of samples where dating problems
were indicated by this program were rechecked under the
stereozoom binocular microscope to correct errors if any.
Few samples where dating errors could not be corrected
were excluded from further analyses. Finally we selected
85 radii of 43 trees for chronology preparation. A good
quality cross-dating with high mean inter-series correla-
tion (0.61) was noted among the selected samples. The
high mean inter-series correlation noted among the sam-
ples also reflects the presence of strong climatic signal in
samples. After verification of the cross-dating, ring-width
measurement series of individual samples was standard-
ized following standard techniques'®*"*°, so as to remove
the age-and-size-related biological growth trend and
maximize the common signal among the samples, which is
mostly due to climate. The individual tree-sample chrono-
logies were then averaged using biweight robust proce-
dure™ to develop the mean chronology (AD 1590-1999),
which is so far the longest for this species from the Indian
region. The mean acceptable chronology confidence level
(0.85) gauged using the sub-sample signal strength (SSS —
a combination of mean inter-series correlation and the
number of tree-core samples represented in the chrono-
logy®) is achieved with a minimum replication of 10 tree
samples, i.e. AD 1754 onwards. The chronology confi-
dence level gradually decreases backward with the decrease
in sample replication to 0.70 at AD 1650, with the sample
depth to 4 tree samples. We truncated the chronology at
AD 1650 (Figure 2). The chronology features (Table 1)
such as common variance (per cent Y) among the samples
(837) and high signal/noise ratio (20.12) indicate the
potentiality of the chronology in climate studies. High
auto-correlation (Lag-1) noted in the chronology (0.67)
indicates low frequency variations.
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Figure 2. Ring-width chronology of Pinus wallichiana (AD 1650—
1999) developed from Gangotri.
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To understand the relationship between climate and
tree-ring chronology, climate data from stations close to
the sampling site are required. However, in the Himalayan
region this is the mgjor limitation as the meteorological
stations for which considerably good data length are
available are situated far from the high-altitude potential
tree-ring sites. We used the climate data of Shimla with
long continuous record for detailed tree growth and
climate relationship using response function analysis'®.
For this a set of 26 predictor variables (mean monthly
temperature and total monthly precipitation) from Sep-
tember of previous growth year to the September of the
current year, for the period 1876-1989, were used as
predictors in step-wise multiple regression analysis with
current year ring-width index as predictand. No signifi-
cant relationship was noted with the precipitation of any
month of the dendrochronological year taken, which could
be expected in the mesic sites like ours. This could also
be due to the non-representativeness of the precipitation
of Shimla for the study area. This is a common feature in
the Himalayan region, as the precipitation varies in short
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Figure 3. Response function of the residual chronology with mean
monthly temperature from September of the prior growth year to the
September of the current growth year. Vertical bars show 95% confi-
dence limits.

Tablel. Statistics of Pinuswallichiana chronology from Chirbasa,

Gangotri
Chronology type Standard
Period (years) 1590 to 1999 (410)
Trees (radii) 43 (85)
Mean sensitivity 0.16
Standard deviation 0.27
Lag-1 autocorrelation 0.67
Variance analysis
Period (years) 1856 to 1999 (144)
Trees (radii) 35 (60)
Mean correlations:
Among all radii 0.37
Between trees (Y variance) 0.37
Within trees 0.61
Signal-to-noise ratio 20.12
Agreement with population chronolgy 0.95
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distances with topography and aspect. The response func-
tion of the mean monthly temperature is shown in Figure 3.
The total variance accounted for in tree-rings by tempera-
ture alone is found to be 20%. The mean winter
(December—February) temperature shows direct relation-
ship with tree growth. This direct relationship between
tree growth and winter temperature indicates that the
Himalayan pine trees carry on significant amount of photo-
synthesis during warm winters, the reserves of which are
used in the ensuing growing season. Similar observations
have been earlier noted with the Himalayan pine trees
growing even at lower altitudes™. Other empirical studies
from elsewhere have also indicated that several species of
pine carry out photosynthesis at significant rates during
the dormant winter season®%,

The analysis of tree-ring chronology (AD 1650-1999)
shows abrupt surge in growth since the 1950s. The 1990s
recorded the maximum growth in trees, with the highest in
1998. The northern hemisphere proxy climate records
show that the 1990s were the warmest in the last mille-
nnium, with 1998 being the warmest**. The increasing
growth trend observed in recent decades closely matches
with the retreat of Gangotri glacier (annual ice cave
retreat) measured periodically since 1935 (ref. 25) and
mean winter (December—February) temperature of Shimla
meteorological station (Table 2). The correlation between
tree-ring chronology and mean winter (December—
February) temperature has been found to be 0.41
(P <0.05). The December—February temperature data of
Shimla (1876-1989) show warming of 0.22°C/100
years'. It could be possible that the winter warmth is one
of the important factors for the 20th century growth surge
in Himalayan pine. The ring-width series plotted along
with the mean winter temperature is shown in Figure 4.
Except in the early part of the meteorological records,
mean winter temperature shows general correspondence
with the growth trend. It is possible that the multiple set
of such chronologies prepared from similar sites should
provide valuable proxy of winter temperature and also
glacier fluctuations. According to Puri and Shukla®, the
accelerated pace of glacier retreat could be attributed to
global warming. However, multi-century tree-ring data
network covering the ‘Medieval Warm' and ‘Little Ice
Age' periods are needed to get better insight into the

Table2. Relationship between the ring-width indices, mean winter
(December—February) temperature and the annual ice cave retreat of the
Gangotri glacier (after Puri and Shukla®)

Mean ring- Mean winter (December—  Annual ice cave
Year widthindex February) temperature (°C)  retreat (m/year)
1935-1956  0.9122 5.2 10.16
1956-1971 1.1307 55 27.33
1971-1977 1.1868 5.6 30.84
1977-1990 1.2742 5.8* 28.08

*Mean is for the period 1977-1989.
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Figure 4. Mean winter temperature (°C) (broken line) and ring-width
chronology (solid line) showing general correspondence plotted
together (AD 1877-1989).

intricacies of climate vis-a&vis glacier dynamics. The chro-
nology does not show any other such episode of high
growth in the pre-1950s. The tree growth had been rather
more frequently low, usually below the long-term mean.
The correlation study between ring-width chronology and
temperature indicates that the winters must have been
cooler prior to the 1950s, reflecting advanced glacier state
compared to its present position. The geomorphological
studies® also support the fact that during the last 200-300
years, the Gangotri glacier maintained an advanced state.
The longest period of low tree-growth as indicated in our
data was in the first half of the 20th century. The other
prominent low growth periods recorded in our data were
around 1780-1810, 1740-1760 and 1690-1710. The low
growth indices possibly reflect the episodic advance of
the glacier.

The present study reflects the utility of the Himalayan
pine chronologies, developed from high-altitude tree-line
sites, in the study of glacier dynamics. The 20% variance
in tree-rings explained by temperature alone shows that
multi-site chronologies will help in developing robust
climatic reconstructions. Such long-term climate records
reconstructed from tree-rings would provide valuable
insight into the understanding of the long-term glacier
dynamics and estimate the impact and magnitude of
anthropogenic warming on glacier fluctuation.
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