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firm, cohesive soil. It was soft and easily removable.
It was free from any pebbles and was similar to the
loose plow sol.

The observation of the easily distinguishable loose
fill matertal devoid of any pebbles clearly suggested
that the fissures had once been open and later filled
up from the top with loose soil. Thus, it may be possible
to distinguish earthquake-generated fissures by examining
the nature of the filled material. Also, the presence of
organic material in the filled material can be used to
get a minimum age for the earthquake. A cursory search
for organic material (pieces of wood, grass, leaves,
shells, etc.) within the fill material was unsuccessful.

Figure 3 is a schematic diagram showing a conceptual
view of how the fissures associated with the 1967 Koyna
earthquake would compare with those for a prehistoric
earthquake. The fissures for a prehistoric earthquake
would be buried beneath recent sedimentary deposits.

Thus, by identifying paleo fissures in road cuts and
other exposures evidence can be sought for prehistoric
earthquakes. C-14 dating of trapped organic material in
these fissures can be used to possibly determine the
dates of prehistoric earthquakes (Figure 3).

Conclusions

From an examination of the features in the trench near
Kadoli we conclude that:

1. Fissures formed during ground shaking during a large
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Natural vegetation of the central Himalayas reflects a
strong, extensive environmental gradient. The impor-
tance of environment, in particular drought, in con-
trolling species distribution and performance is poorly
understood. Indirect evidence and a few measurements,
however, suggest that tree distribution is strongly related
to drought. A study of water relations of trees in native
forests along the environmental gradient up the face
of the outer Himalayas near Nainital should make clear
the role of water in controlling forest properties, and
help test generalizations about tree water relations that
were developed in other climates.

TRekes 1n the Himalayas are subject to drought for several
months each year. Study of their response to drought
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carthquake are preserved in a sedimentary column.

2. The fissures encountered in the trench near Kadoli
were associated with the 1967 earthquake. This con-
clusion is in concordance with the location and descrip-
tion in the GSI report and eyewitness accounts.

3. These fissures could be traced to at least 2 m below
the surface to the rocks below.

4. The fill material in the fissures was distinctly different
from the host material and can be used to identify other
fissures formed by earthquakes and hence used to search
for prehistoric earthquakes.

5. The date of the earthquake can be obtained by dating
any organic remains within the fill material using '*C
method or by other techniques.
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can contribute to the understanding of the local patterns
of species distribution and performance, as well as to
plant water relations in general. Data about water rela-
tions are available for many taxa related to species in
the Himalayas; this information, however, may not be
useful in the Himalayas, where trees grow with a
different seasonality of rainfall, and many have different
leat and wood properties compared to related species
elsewhere. A study of the responses of Himalayan trees
to drought will provide a critical test of generalities
developed in other climates. Many aspects of ecology
of some Himalayan trees are already well known, allow-
ing the significance of their water relations characteristics
to be interpreted effectively.

Yegetation—environment relationships

Ecologists study the control of plant distribution by
relating the vegetational changes along environmental
gradients to associated changes in the environment. The
Himalayas present, perhaps, the premier vegetational
gradient on the Earth, ranging from tropical forests at
the base to alpine meadows within a map distance of
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100-200km. A primary determinant of vegetational
change is the temperature, but soil properties and water
availability too, among other factors, modify vegetation
within limits permitted by the temperature regime. Al-
though few environmental factors have been studied in
detarl in the Himalayas, the long dry season inherent
in the monsoon climate, with most rainfall during only
3 months, suggests that water may become limiting on
many sites during the other 9 months.

In other parts of the world with a dry season, plant
water relations provide a cornerstone for interpreting
vegetational and plant distributions across environmental
gradients (e.g. the Pacific Northwest of the United
States"?). Ecologists in Kumaun, in the central
Himalayas, have studied vegetation patterns, ecosystem
dynamics, timing of plant processes and plant-nutrient
relationships in substantial detail>*. But there have been
only few measurements of water relations in the
Himalayas, especially for trees in natural forest. The
following fundamental, critical questions about the

response of Himalayan vegetation to variation in water
availability remajn unanswered:

}. Does the dry period in the Himalayas produce moisture
stress in trees, Or is the drying of soil not deep enough
to encompass the rooting Zone, at a time of the year
when trees are insensitive to drought, or not severe
enough to modify the distribution and functioning of
trees?

2. If moisture stress develops in trees, when does it
occur, how intense 1s it, and which plant processes does
it affect?

3. If severe moisture stress does interfere with tree
survival or growth, what differences in its impact exist
among vegetation types, among sites within a vegetation

type, and among species within a site, for example,
species that differ in their leaf properties?

Water relations in Himalayan vegetation

Studies in the central Himalayas indicate indirectly that
moisture stress can be severe, and that stress varies
among communities, sites and species:

1. Tree diameter decreased during the dry season in all
the species studied, more so in shrubs than in trees,
and more so in deciduous than in evergreen species™
water loss from outer tisgues, associated with a seasonal
moisture deficit, causes such a shrinkage of tree trunks®
2. Tree diameter growth of subalpine conifers, just east
of Kumaun in Nepal, varied with precipitation of the year
when growth occurred, and of the previous year’, strongly
suggesting control of tree growth by water availability.

3. Forest diversity, cover and species composition

changed across a gradient of soil moisture measured in
November, the driest month®,
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4. Germination of tree seeds varied among species in
Its sensitivity to moisture availability, although not to
temperature. The species most sensitive to limited water
had the smallest natural ranges®” '’

>. Tree species differed in seedling growth response to
drought when grown in culture”'°, Species whose seed-
lings were [east affected by experimentally imposed
drought grew on drier sites than species more affected
by drought.

6. During pre-monsoon drought, leaves of broad-leaf
treces often wilted. In 1991, needles of pines, which
started to elongate in April, did not reach full size until

after monsoon rains began (D. B. Zobel, unpublished
data).

Water relations measurements

Although these observations and experiments suggest
that moisture stress in Himalayan trees can be severe
and that it affects their growth and distribution, direct
measurement of plant water status in the field is required
to confirm such hypotheses, Measurements of soil mois-
ture and extrapolation from experimental studies cannot
replace measurements of trees in natural forests. Plant
Water status is assessed as plant water potential'', which
Is measured most effectively using a pressure chamber .
The water potential is usually assessed at two times of
the day: (i) early morning, when the water potential of
trees 1s most favourable (and should be near equilibrium
with that of the soil), and (ii) mid-day, when water
stress will be most severe. Few water potential mea-
surements have been made for natural Himalayan trees:
these few, however, indicate that water potentials do
become low enough to interfere with plant processes,
and perhaps 0 kill trees, both in mid-winter and duriag
hot weather before the monscon'™ (see alse D. B. Zobel,
unpublished data), Although water potentials were most
severe in winter”, whether the dormant trees react
adversely to them is uncertain. Minimum water potentials
before the monsoon, while less severe', were low enough
to interfere with physiological processes in most trees’.
Pre-monsoon stress seems likely to disrupt plant growth;

during that period, the dominant evergreens of the
Himalayas are expanding new leaves'*', which will

provide most of the photosynthate for the following

year. A favourable water status allows the development

of turgor pressure, the force that expands cells in the

developing leaves. If water potentials measured during

leaf enlargement are low, an additional aspect of water

relations requires study: Is the water limited enough to

prevent the development of the level of turgor required
for leaf expansion?

Direct measurement of turgor pressure in the field is
impossible for tree leaves, but one can estimate turgor
based on a combipation of ficld water potential and
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laboratory measurements made on leaves collected from
the field. Plant water potential includes two components
~ pressure potential (equal to turgor pressure) and osmotic
potential; together they comprise the water potential —
osmotic potential + pressure potential = water potential.
Osmotic potential, always less than zero, is related to
the concentration of cell solutes, a characteristic over
which some plants exert substantial control, and which
often changes with season®. If water potential remains
the same while the concentration of cell solutes tncreases,
driving the osmotic potential farther below zero, the
pressure potential will increase. Osmotic potential can
be estimated in the laboratory by analysis of pressure—
volume curves developed for twigs collected from the
field'?. Using pressure-volume curves, one can also
estimate the pressure potential that would be associated
with water potentials measured in the field.

Plants also differ in their leaf cell wall elasticity,
which may affect the pressure potential. Pressure potential
of plants with elastic cell walls will decline slower as
the plants lose water than for plants with less elastic
walls'?. Tissue elasticity can also be measured from
pressure~volume curves.

Plants also control their water status by regulating
the size of stomatal openings, which modify the rate
of water loss; reducing water loss can reduce the effect
of limited soil moisture on water potential. Using a
diffusion porometer'®, the water vapour conductance of
the leaf surface (controlled by the degree of stomatal
opening) can be measured in the field at the same time
as the water potential.

Differences in the conductance of water by xylem
also contribute to differences in species water relations' ",

and may compensate for or magnify the differences
measured at the leaf level.

Interpreting water relations parameters

In some cases, the components of water potential, tissue
elasticity, stomatal behaviour and xylem conductivity
cormrelate well with the observed distribution and impor-
tance of plants in the field'”'. In other cases, however,
water relations attributes correlate poorly with plant
distribution®**: apparently, water is not a critical factor
modifying vegetational composition in those areas, or
its effect is through a mechanism not measured by
these methods.

Complicating the correlations between plant distribu-
tion and water relations measurements is the complex
interrelationship of plant behaviour to ecological suc-
cess'"®, There are several effective strategies for a
plant faced with limited water. A plant characteristic
required by one strategy may be unfavourable in alter-
native strategies. One cannot judge the fitness of a plant

for drought based on a single characteristic, but only
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by studying several characteristics contributing to its
possible strategies. Further complicating the interpretation
is that an effective strategy in one environment may
be inappropriate in a different environment. As an
example, keeping stomata open as drought intensifies
allows a plant to continue photosynthesis and provide
more dry matter for eventual use in growth; an alternative
behaviour is to close the stomata at the first sign of
drought, reducing the water loss but losing the oppor-
tunity for dry weight gain. The former behaviour is
suitable where droughts do not become too severe; the
latter is required for severe drought but leaves the plant
at a disadvantage where drought is predictably mild.
Thus, one can interpret water relations data effectively
only by understanding a suite of characteristics for a
group of species that compete with each other, along

with details about their other adaptive behaviours and
theirr environment.

A study in progress

Scientists from Kumaun University, Nainital, and from
Oregon State University, USA, have begun a cooperative
project to measure water relations of Himalayan trees
- ‘“The timing of drought: Effects on water relations of
Himalayan tree species’ —approved by the Department
of Science and Technology, New Delhi, and funded by
the US National Science Foundation. Field water poten-
tials and leaf conductance for water vapour will be
measured around the year in four major types of vegeta-
tion along the environmental gradient in the outer
Himalayas near Nainital: sal (Shorea robusta), chir pine
{Pinus roxburghii), bany oak (Quercus leucotrichophora),
tilonj oak (Q. floribunda), and in an important rare type
in Nainital, cypress (Cupressus torulosa). In addition,
species companisons will be made among the different
dominant species where they grow together, to look for
species differences in a common environment. Further
comparisons will be made between the dominant
evergreen species and the deciduous species that grow
with them but are much less important, to determine
to what extent differences in water relations contribute
to evergreen dominance. Samples collected from the
ficld will be subjected to pressure—volume analysis 1n
the laboratory, to estimate tissue elasticity and osmotic
and pressure potentials for the field sampling days.
Measurements in the field will cover two years at all
sites, while pressure-volume analysis for each sample
species will be made several times during a year.
Differences in xylem conductance will ailso be assessed
for twigs of each species. The data will be used to test
hypotheses such as:

1. Water potentials become low enough to determine
the distribution of Himalayan trees and vary among
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forest types, with lowest potentials during winter at high
elevations and during the pre-monsoon heat at low
elevations.

2. Trees subject to low water potentials during leaf
growth reduce the osmotic potentials and jincrease the
leat elasticity during that period; trees without water
stress before the monsoon adjust their leaf properties
much Iess.

3. Evergreen dominant trees, compared to co-occurring
deciduous species, adjust their leaf properties (osmotic

potential, elasticity, conductance) more as season and
water availability change.

Himalayan data will also provide a valuable test of
generalities about water relations of temperate-climate
trees, most of which® % were developed in areas with
seasonality different from the monsoon climate, i.e. with
no predictable dry season or with drought in June~August.
We anticipate, for example, that there will be differences
between water relations of trees that expand leaves
during drought and then encounter monsoon rainfall in
the Himalayas, and of trees that expand leaves in the
wet season and then encounter drought during most of
thelr growing season, as in the coastal western United
States. Our data will also contribute to the understanding
of the control of species’ distributions, a topic recently
emphasized out of the concern for the effects of (ap-
parent) global climatic changes. If, for example, year-
to-year fluctuations of monsoon rainfall increase, making

dry years even drier, what might be the effects on
Himalayan trees?
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The effect of fire was analysed in two plots in a dry
deciduous forest of Bandipur National Park, Kar-
nataka. The less fire-prone plot had a higher tree
density (HD) and included more tree and shrub
species than the more fire-prone plot with lower tree
density (LD). The LD had fewer and smaller thickets,
whereas in the HD the presence of thickets had
resulted in closure of the vegetation with more abun-
dant weeds. Regeneration was higher in the LD,
despite the greater rate of sapling mortality, Fire is
shown to have impact on the tree/grass equilibrium
and weed control. Qur study also corroborates that
protection from fire allows colonization by semi-
evergreen trees and shrub species, while frequent
fire opens up the vegetation. Fire should be used as
a management tool to avoid catastrophic rare fires,
to regulate weed expansion and to maintain plant
communities for the sustenance of the protected fauna.

In India, fire has been used since millennia to open up
the vegetation for cultivation. Until recently, slash and
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