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(d) In spite of much larger release of AP from the 10%
ethanol-treated cells (Figure 2 b), its (TR)g reduced nearly
by 20% from that of the 5% ethanol-treated cells (Figure
2 a); this was perhaps because 10% v/v ethanol treatment
caused approximately 20% cell killing (Table 1). Hence,
during transformation, the more the membrane was disin-
tegrated (without causing cell death by ethanol treat-
ment), the more was the uptake of plasmid DNA. (e)
After the heat-shock step, where no noticeable increase in
the release of AP took place (Figure 2 5), (TR)g of both
ethanol-pretreated and untreated cells was nearly doubled
compared to the values obtained without applying the
heat-pulse step (Figure 2 a). Thus it can be suggested that
no further cell-wall disruption occurred by the heat-pulse
step; on the other hand, this step helped DNA entry into
the cell cytosol through the disintegrated membrane of
competent cells. (f) This ethanol-mediated enhancement
of (TR)g can be considered as an improved technique of
artificial transformation of E. coli with plasmid DNA.

The whole study can be summarized as follows: during
artificial transformation of E. coli, the DNA was first
bound to the LPS molecules on the competent cell surface
and uptake of this LPS-adsorbed DNA into the cell cyto-
sol was associated with cell-wall disintegration.
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Land resources have been under tremendous pressure
since the very beginning of civilization for food and
forest products. For better land-use management, these
resources must be used sustainably and in accordance
with the demands of the masses. To manage the land
resources effectively and for future food security we
need to find out the demands and potential of our
land. In this study, a comparative estimate of land-use
and carbon sequestration potential of different forestry
options has been done for India. This has been done
using the Land Use and Carbon Sequestration
(LUCS) model. This model systematically incorpo-
rates Indian agricultural and forest statistics with
geographical and demographic data. Besides this,
various pressures exerted on land-use system due to
the existing growth rates of population, fuelwood
requirements, export of agricultural commodities and
probable transfer of lands from one category to the
other, are also considered here.

Three scenarios (LUCS-I, LUCS-II and LUCS-III)
are generated with different land-use options following
the demands and present land-use pattern prevailing
in the country. The scenario LUCS-I puts maximum
amount of land into the forestry sector and is an eco-
nomically feasible scenario. The scenario LUCS-II is a
‘business as usual’ scenario, as it is projected accord-
ing to the current five-year plan. The scenario LUCS-
IIT puts maximum amount of land in the plantations
category and is a potential scenario. These scenarios
were generated for a time period of fifty years start-
ing from the year 2000. The LUCS model estimates
the amount of carbon sequestered by approximating
land-use and relative biomass changes in the landscape
over time. The amount of carbon sequestered in sce-
nario LUCS-III is estimated to be 6.937 billion tonnes,
which is the highest among those sequestered in all the
three scenarios. According to this scenario, the car-
bon sequestered in aboveground vegetation of India
will be more than double by the year 2050.

ANTHROPOGENIC activities have known to affect the bio-
sphere through changes in land-use and forest manage-
ment activities, thus altering the natural balance of
greenhouse gases in the atmosphere. Over the last three
centuries, forests have decreased by 1.2 billion hectares
(bha), i.e. 19% and grasslands by 560 million hectares
(mha)'. This has resulted due to an increase in croplands
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and growth of urban areas. The rate of agricultural
expansion during the period 1950-80 was greater than
the entire span of 150 years between 1700 and 1850.
During the decade 1981-90, land-use changes in the trop-
ics accounted for CO, emissions of about 1.6 giga tonnes
per year (Gt/yr). On the other hand, terrestrial vegetation
assimilated approximately 1.8 Gt of carbon per year dur-
ing the same period”. In sum, the carbon balance shows
that in the 1980s the terrestrial vegetation in the tropics
acted as a net sink of carbon.

According to estimates reported by the Intergovern-
mental Panel on Climate Change (IPCC)’, emissions of
CO, and other greenhouse gases have begun to affect the
world’s climate. Anthropogenic increases in greenhouse
gases in the atmosphere are likely to bring about a global
temperature rise of 1.4-5.8°C during the next century;
with an associated rise in sea level of 0.09-0.88 m. Each
1°C rise in temperature will displace the limits of toler-
ance of land species some 125 km towards the poles, or
150 m vertically on mountains. Many species will not be
able to redistribute themselves fast enough to keep up
with the projected changes, and considerable alterations
in ecosystem structure and function are likely. Hence the
scientific community is now focusing on issues related to
identification of carbon sinks.

The reductions in concentration of CO, in the atmos-
phere can be achieved either by reducing the demand for
energy or by altering the way the energy is used, and by
increasing the rates of removal of CO, from the atmos-
phere through growth of terrestrial biomass (e.g. forests).
According to Winjum ef al.}, the most promising manage-
ment practices for CO, mitigation are reforestation in the
temperate latitudes, and agroforestry and natural refores-
tation in the tropics. The 1997 Kyoto Protocol to the
climate convention recognizes that drawing CO, from the
air into the biomass is the only practical way for miti-
gation of the gas from the atmosphere.

Human influence has affected forest cover in India
over a long period. According to Flint and Richards’,
carbon storage in the vegetation in India from the year
1880 onwards shows a decreasing trend. Changes of
land-use in the past were dominated by losses of fertile
land and degradation of forests. Losses of fertile land in
combination with the trend towards an increasing demand
of agricultural products for a growing population have
asserted the need to identify the long-term capacity of the
country resources to feed its population. India is also
more vulnerable to the impacts of climate change than its
developed counterparts as it lacks the resources to adapt
to the consequential changes. The vulnerability of human
health and socio-economic systems in particular depends
on economic circumstances and institutional infrastruc-
ture. The limited land resources of the country have to be
managed efficiently to fulfil the demands of agriculture
as well as the forestry sector. In the forestry sector also,
we need to identify the best forestry option, which fulfils
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the demands of wood and its products along with increas-
ing carbon sequestration.

In this study, an attempt has been made to identify the
best forestry option through proper land-use manage-
ment using the Land Use Carbon Sequestration (LUCS)
model.

The LUCS model is embedded in a software package
called LUCS VERSION 1.0 and was developed by World
Resource Institute (WRI) in 1988. WRI researchers pio-
neered a way for the users to estimate carbon storage
potential by feeding scenarios based on land-use data
and future trends of land-use patterns into a land-use
model.

LUCS is essentially a carbon-accounting device which
allows the user to evaluate changes in the landscape and
provides insight into different trends and interventions
affecting land-use. These interventions can also be tested
to assess their relative effectiveness in producing sustain-
able land-use patterns, in addition to their carbon seques-
tration potential. Key parameters and variables that derive
land-use changes in this model are population, fuelwood
demand, wood for permanent uses, forest harvesting and
demand of agricultural commodities.

The LUCS model estimates the amount of carbon
sequestered by approximating land-use and relative bio-
mass changes in the landscape over time, allowing to
estimate how much carbon a particular scenario can
sequester. The model has the potential to represent a
demographic transition from growth to stability. Rates of
removal of biomass for firewood, permanent uses (e.g.
lumber, fencing, poles, etc.) and land cleared for shifting
agriculture in India have been accounted for in this
model. Rate of degradation of land depends on the degree
to which the agricultural system in a zone is dominated
by shifting cultivation, the degree to which the popu-
lation is directly or indirectly dependent on forest products
for both timber uses and firewood purposes and the
degree to which a region is a net exporter or importer of
agricultural products. The LUCS model uses these inter-
actions to compute carbon sequestration over a period of
time and allows the user to analyse the outputs.

The carbon sequestration potential can be evaluated
using site data and the LUCS model. This model has
therefore been used to provide assistance in developing
criteria for evaluating forestry and land-use projects that
can mitigate CO, emissions over a period of time.

The data basically forms relationship between land-
cover change and land degradation (due to agriculture
purposes and firewood requirement). All land-use data
values presented in the model are expressed in the units
of hectares (ha). The human population is expressed in
millions. The carbon content estimate for each year is
expressed in billion tonnes (bt).

In order to evaluate the performance of the LUCS
model in simulating changes in land-use patterns, a com-
parison of estimated vs model-simulated data of carbon
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sequestration for Indian forests has been done for the
period 1980-2000 (Figure 1).

Specific information on carbon mitigation, though dif-
ficult to get, is critical to understand the trends in land-
use and to run this model. Validation of the model is
based on the rate of carbon sequestration during the
period 1980-2000 for the forest cover of India, as data
regarding the changes in total land area during this period
were not available. The carbon content of Indian forests
for the year 1980 has been taken from Flint and Richards’.
Annual carbon increment for the years 1985, 1990 and
1995 has also been reported by Lal and Singh®. These
values are used to calculate annual carbon uptake for the
years from 1980 to 2000 by developing a regression
equation:

Y=27.66 + 0.6877X.

The total carbon content of Indian forests for the selected
years is then calculated. The estimated and model-
simulated values are then compared for validation. It is
observed that the trend of year-to-year variations in carbon
is well simulated by the model. Slight deviations in the
model-simulated and estimated carbon storage values are
perhaps due to some unaccounted factors such as natural
calamities, etc.

This model therefore requires a thorough understand-
ing of the past, present and future usage of land. It also
requires an effort to understand the causes and con-
sequences of land-use changes, complex interrelationships
among population growth, food and fodder supply, urba-
nization and associated environmental problems.

From the very beginning, land has been under tremen-
dous pressure due to changes in increasing rates of popu-
lation and the consequent urbanization. The main objective
of collecting land-use statistics has been to account for
the present carbon storage of land and estimation of its
future carbon sequestration potential under different
land-use patterns.

The sensitivity of carbon sequestered to changes in
land-use patterns varies regionally. Shifts in land-use have
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Figure 1. Fstimated and model-simulated values of carbon from
forestry sector in India for the period 1980-2000.
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a major effect on terrestrial carbon storage, and the
changes associated with over exploitation of land resources
due to population are increasing worldwide. Therefore,
specific information on population numbers is critical
to understand the trends of land-use. India is a vast
country with a diverse resource base. It has a land area of
328.73 mha, supporting a population of nearly 1 billion.
Globally, it has an area of roughly 2%, supporting about
17% of the world’s population. The population has grown
in the previous decade at a rate of about 2% (ref. 7).
Though the increase in population has been phenomenal
in the last few decades, it has now acquired a decreasing
trend. A decline in the same has been observed to 2%
during the decade 1990-91 to 2000-01.

Carbon storage in the vegetation in India was 8.6 bt in
the year 1880, 7.7 bt in 1920, 6.39 bt in 1950, 5.23 bt in
1970 and 4.39 bt in 1980 (ref. 5). Carbon storage in the
vegetation in the country from 1880 onwards shows a
decreasing trend (Figure 2). For the past hundred years or
more, pressures on land were mostly due to the onset of the
Industrial Revolution, increase in population and urbani-
zation. During that period, maximum amount of land
conversion was from the forestry sector to agricultural
sector, i.e. from higher biomass category to lower bio-
mass category. This unplanned land-use practice has led
to consistent decrease in the green-belt area, resulting in
environmental degradation in the past.

As the population grows, more land is required to sup-
ply food and to fulfil other needs. Besides this, future
agricultural demand will strongly affect land-cover pat-
terns and this in turn will affect the flux of CO, and other
greenhouse gases from the terrestrial environment. While
demand for food will increase, the ability of the land to
meet the demand may increase or decrease consequently,
depending on parameters such as changes in rates of pro-
ductivity. If we look at the trends of increase in our land-
use during the previous decades, there has been a gradual
increase in the area under forest and net sown area, with
gradual decline in the other categories. Almost half of
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Figure 2. Carbon storage in various land classes.
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India’s land area is under cultivation without significant
increases since 1970s. Taking a look at the past trends it
is clear that the agricultural area was approximately
119.4 mha in 1950s, 140.3 mha in 1970s and increased
up to 142.1 mha in 1994. Changes observed in the agri-
cultural land category have been minimal since 1970, and
have almost stabilized. Though there has been no marked
increase in the land area under the agricultural sector, the
yield per hectare for the total foodgrain in the country has
increased from 0.872 t/ha during 1970-71 to 1.6 t/ha dur-
ing 1996-97 (ref. §). As a result, the foodgrain production
in India has increased from 82 million tonnes (mt) during
1960-61 to an all-time high of nearly 209.8 mt during
1999-2000 (ref. 9). The total foodgrain requirement of
India is expected to increase to about 269 mt by the year
2010. At present, increase in land area for foodgrain pro-
duction is constrained by biophysical factors such as soil,
climate and relief features. However, opportunities of-
fered by commercialization of agriculture and higher
economic potential of several non-agricultural activities,
may fulfil the growing demands of the country with the
limited-land resources'®. Therefore, stress on land for
agricultural purposes might not be severe in comparison
to increasing rates of population.

Area under the forests in 1950s was approximately
40.48 mha; it marginally increased and reached up to
63.92 mha during 1970s, 64 mha during 1980s and is
almost constant since then''. India has nearly 19.1% of its
land area under forests. This value excludes land under
tree plantations. About 43.11% of land area in India is
devoted to croplands. The remaining 113.535 mha accounts
for land in forest fallows, restored forest and degraded
land. For our study, the geographical data of India have
been classified into nine categories, i.e. permanent agri-
culture, shifting agriculture, agroforestry, open forests,
dense forests, plantations, degraded land, forest fallow
and restored forest. The total biomass in these categories
differs according to the area under each land category,
and hence any change in the area of these categories may
change the total carbon content of vegetation (Table 1).

The source data needed were collected from different
government reports, forestry department publications and
forest-based literature. The input data required to run the
LUCS model include: land conversion data from one
category to the other; rate of population increase; time
period for maturation of categories from primary to sec-
ondary growth stages and secondary to tertiary growth
stages; time period required for conversion from one cate-
gory to another. Other input data include: initial values
for population, use of land, rate of agricultural producti-
vity, rate of export of agricultural commodities and rate
of requirement of wood for permanent uses and firewood.

The primary step includes the input of land-use data in
the spreadsheets provided in the model. Then we input
data for all relevant variables in the seven selected cate-
gories, say population and current growth rate of the
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population; land-use and biomass; forest management
and uses; forest harvesting practices; agricultural produc-
tion; fuelwood requirement and project management for
the country. Compiling the changes in land-use data for
each category together with the population density and
fuelwood requirement information, carbon sequestered
within the country for existing vegetation is estimated.

Historic and present land-use patterns in relation to
biophysical and socio-economic determining factors are
used to understand future land-use patterns. The relations
between land-use distributions and determining factors
are quantified. Selective adoption of a particular land-use
then determines the actual change based upon relative
advantage of the local situation and relative change in
demand at the national level.

In this model carbon sequestration is calculated from
standing biomass, wood products and fossil-fuel use; the
equation is: carbon=carbon in standing biomass + carbon
in wood products + carbon in fossil fuel. Carbon in stand-
ing biomass is determined by multiplying the area of
each land-use category by its average biomass and then
multiplying the sum by the carbon content of biomass,
which is assumed to be 0.5. Carbon in fossil-fuel has a
negative value. If there is an insufficient amount of fuel-
wood in the project region, the model automatically
begins to burn fossil fuel, which results in increased carbon
emissions. Carbon in wood products represents the amount
of carbon stored in wood products. The amount of carbon
going into wood products is determined by the fraction of
closed forests and tree plantations cut for permanent uses.
These variables are a fraction of the total biomass.

The LUCS model is able to simulate the spatial pattern
of land-use change allocation, given the scenarios of
land-use changes at the national level. Future demand for
land-use is calculated by analysing the changes in con-
sumption patterns and expected policy decisions (e.g.
reforestation). For India, the ‘business as usual’ scenario
used is based upon an analysis of recent land-use change
trends.

To estimate how much carbon might be sequestered in
the future, projections of land-use changes and the asso-
ciated uptake of carbon were computed up to the year
2050. The purpose of these projections is to evaluate a
range of possible exchanges of carbon between the atmos-
phere and land put into various categories.

Table 1. Total area in each land-use class and their

total biomass for the year 2000

Land-use class Area {mha) Biomass {t/ha)
Closed forest 36.72 129.00
Degraded land 84.90 2.00
Forest fallow 7.21 16.00
Open forest 26.13 66.55
Permanent agriculture 141.73 16.00
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Three scenarios (LUCS-I, LUCS-II and LUCS-III) are
generated with different land-use options following the
demands and present land-use pattern prevailing in the
country. According to our assumptions, land that is de-
graded can be brought under conversion for afforestation
purposes. The scenario LUCS-I puts maximum amount of
land into forestry sector and is an economically feasible
scenario. The scenario LUCS-II is a ‘business as usual’
scenario as it is projected according to the current five-
year plan. The scenario LUCS-III puts maximum amount
of land into plantation category and can be defined as a
potential scenario. These scenarios were generated for a
time period of fifty years starting from the year 2000.
The LUCS model estimates the amount of carbon seques-
tered by approximating land-use and relative biomass
changes in the landscape over time. These changes are
driven by key variables such as population growth, sub-
sequent food and fuel needs, agricultural productivity,
technological change, wood use, land-use change and
harvesting practices. Rates of removal of biomass for
firewood, wood for permanent uses and land cleared for
shifting agriculture in India have been accounted for in
this model.

According to our assumptions, a maximum of 2 mha of
degraded land can be brought under conversion for affor-
estation purposes, such as plantations for permanent uses
(timber production, wood for fencing and poles, etc.);
agroforestry for the fulfillment of fuelwood and fodder
demands; afforestation of economically important species
and non-timber forest products. The scenarios are pre-
sented in the context of land shifts from one category to
another, so as to increase the carbon sequestration limits
within each scenario generated. However, the model results
can be used to analyse the amount of carbon sequestered
per year for the projected fifty years (2000-50); we have
used them only for a comparative analysis.

Here the geographical area of India has been divided
into nine categories, viz. permanent agriculture, agro-
forestry, shifting agriculture, open forests, dense forests,
plantations, degraded land, forest fallow and restored forest

Tree Plantations 7
Restored forest ‘

Forest fallow Aﬂ"L'm‘"V Land

Shifting Ag -

Closed Forest

Permanent Ag Land

Open Woodland
Figure 3. Land utilization in India (1998).
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(Figure 3). Changes brought about in the land-use pattern
after a period of fifty years for the three scenarios con-
sidered, are shown in Table 2 and Figures 4 a—c.

The fuelwood demand in all the scenarios is met by
extraction of wood from agroforestry land, open forests
and plantations. The fuelwood demand for the year 2000
is taken as 377 mt, according to estimates reported in the
IX five-year plan'®. In all the three scenarios, we have
assumed biomass savings from stoves, which is taken as
a constant for the three scenarios generated.

Three parameters — population growth rate, fuelwood
requirement and biomass savings from stoves are kept
constant to analyse the land-use changes comparatively
(Figures 5 and 6). The amount of carbon sequestered by
the year 2000 is assumed to be constant for the three sce-
narios generated, as the year 2000 is assumed by the
model as zero-year for the project and changes in land-
use begin after 2000. Therefore, the net carbon uptake
recorded for a period of 50 years is the difference of up-
take of carbon between the years 2000 and 2050 (Figure 7).

Out of the three scenarios, the net uptake in the
forestry-based scenario, i.e. LUCS-I is 6.647 bt. The
amount of carbon stored increased by 4.987 bt for the
years 2000-25 and by 1.660 bt for the years 2025-50.
Rate of uptake of carbon for LUCS-II is 5.227 bt, with
net amount sequestered for the years 2000-25 being
3.916 bt and for 2025-50 1.311 bt. LUCS-III, which is a
plantation-based scenario, sequestered maximum amount
of carbon in comparison to the other scenarios. An amount
of 6.937 bt of carbon is estimated to be sequestered
during a time period of fifty years (Table 2). A compari-
son of the scenarios in Table 3 shows a marginal diffe-
rence in the amount of carbon sequestered by them. The
amount sequestered in the forestry-based scenario shows
a net decrease of 290 mt of carbon in comparison to plan-
tation-based scenario, and a net increase of 1.42 bt of
carbon in comparison to the ‘business as usual’ scenario.
Net increase in the amount of carbon sequestered in the
potential scenario is 1.71 bt in comparison to the ‘busi-
ness as usual’ scenario.

The scenarios project high value of carbon sequestra-
tion initially and it decreases consequently, such that
after a period of fifty years sequestration amounts are

Table 2. Change in land-use categories and associated carbon uptake
during the time period 2000-50
Year 2050

Land category (mha) Year2000 LUCS-I LUCS-I LUCS-II
Closed forest 36.72 92.63 93.88 91.64
Degraded land 84.9 0.10 0.38 1.10
Open forest 26.13 6.20 6.40 6.20
Permanent agriculture  141.73 130.18 129.88 130.18

Forest fallow 7.21 1.19 1.12 1.19
Net carbon uptake (bt) 5.27 11.92 10.50 12.21
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least. This is due to the fact that initially the canopy spe-
cies have the potential to achieve both great height and
girth with high levels of biomass.

Tree P i 28.72 Agl y Land, 23.28

Forest fallow, 1.193 Closed Forest, 94.23

|1 Grazed/Degraded Land,
0.100609
\—Open Woodland, 6.199
Permanent Ag Land,
130.18

b

Tree Plantations

Restored forest - Agroforestry Land

Forest faliow -
Shifting Ag -

Closed Forest

Permanent Ag Land

- Open Woodland

Agroforestry Land

Restored forest-

Forest fallow— B Closed Forest

i ' Grazed/Degraded
i Land

|
\
Permanent Ag Land Open Woodland

Figure 4. Projected changes in land area. ¢, LUCS-I; b, LUCS-II;
and ¢, LUCS-IIL
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Land-use is constrained by biophysical factors such as
soil, climate, relief and vegetation. Most land-cover
modifications and conversions are anthropogenic rather
than natural. Human activities make use of or change
land attributes and are considered as the proximate sources
of land-use/cover change. This disturbs the ecological
balance and in turn reduces the potential productivity of
land resources.

Our results reveal a dynamic picture of changes in
land-use and carbon sequestration for India during the
period 2000-50 for all the three scenarios. The carbon
sequestered here through vegetation has more than dou-
bled by the year 2050. This is due to the fact that the area
under protected forests has been increasing with a step
towards managing of forests in a sustainable manner.
Policy initiatives are being taken by the Ministry of Envi-
ronment and Forests to develop strategies to achieve 33%
forest cover in the country. Stress on forests for fuelwood
is also declining due to changes in existing resource use
(fuelwood) by resource substitution (energy-efficient chul-
has). Apart from conservation in the domestic sector, use
of improved cooking stoves plays an important role in the
reduction of emissions of greenhouse gases. In India, the
share of total fuelwood consumption has declined from
30% in 1980 to 20% in 1994. Traditional energy con-
sumption has also declined from 32 to 23% during the
same period". Initial degradation of land has also shifted
towards restoration and conservation, resulting in increases
in the amount of carbon stored in the vegetation.

500 -
400 -
300 -

200

Parameter Values (Mt)

100

0 ——— T T T T
2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Years
Future fuel wood requirement

= Biomass savings from stoves (Mt)

Figure 6. Future fuelwood requirement and biomass savings.

Table 3. Total carbon sequestered per year
projected for the years 2000-50

Total carbon sequestered (bt)

Year LUCS-I LUCS-II  LUCS-III
2000 5.273 5.273 5.273
2010 7.403 7.037 7.229
2020 9.401 8.574 9.143
2030 10.800 9.545 10.640
2040 11.500 10.140 11.580
2050 11.920 10.500 12.210
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Figure 7. Projected carbon uptake for India (2000-50).

The LUCS model was basically developed to analyse
the carbon sequestration potential on a regional basis. Here
we have used it to estimate the carbon sequestration
potential for India as a whole. As we have used the model
for studies on a national basis, a comparative analysis
approach for storage of carbon in various scenarios has
been undertaken. We have tried to identify the best pos-
sible land-use pattern with which the future demands
could be fulfilled in a sustainable manner. To account for
the best possible conversion of land in the future, a com-
parative estimate of land-use and carbon sequestration
potential of different forestry options has been done.
Though the stress factors affecting the rates of biomass
changes like rate of change in population, fuelwood
demand and use of energy-efficient chulhas have been
kept constant for the three scenarios, the amount of carbon
sequestered for the plantation-based scenario is found to
be the maximum. Thus, the plantation-based scenario is
identified as the best land-use pattern which fulfils the
demands in future in a sustainable manner on a long-term
basis.
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