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Fossil-fuel burning and deforestation have emerged as
principal anthropogenic sources of rising atmospheric
CO, and consequential global warming. Variability
in temperature, precipitation, snow cover, sea level
and extreme weather events provide collateral evi-
dence of global climate change. | review recent
advances on causes and consequences of global climate
change and its impact on nature and society. | also
examine options for climate change mitigation. Impact
of climate change on ecology, economy and society —
the three pillars of sustainability —is increasing.
Emission reduction, although most useful, is also po-
litically sensitive for economic reasons. Proposals of
the geoengineering for iron fertilization of oceans or
manipulation of solar flux using stratospheric scatters
are yet not feasible for scientific and environmental
reasons. Forests as carbon sinks, therefore, are re-
quired to play a multifunctional role that includes,
but is not limited to, biodiversity conservation and
maintenance of ecosystem functions; yield of goods
and services to the society; enhancing the carbon
storage in trees, woody vegetation and soils; and pro-
viding social and economic well-being of people. This
paper explores strategies in that direction and con-
cludes that the management of multifunctional forests
over landscape continuum, employing tools of conser-
vation biology and restoration ecology, shall be the
vital option for climate change mitigation in future.

OBSERVED changes in temperature, precipitation, snow
cover, sea level and extreme weather conditions confirm
that the global warming is areality. Scientific models and
observations for the past 1000 years provide evidence
that global warming is due to the anthropogenic increase
in greenhouse gases (GHGs). Natural variability played
only an ancillary role in the 20th-century warming™?.
Variability in earth’s energy budget in the tropics, even
without any obvious forcing, indicates that the earth’s
modes of variability may be more complex than under-
stood™™. Although average air temperature of the earth’s
surface has increased by 0.06°C per decade during the
20th century and by 0.19°C per decade during 1979-1998
(ref. 6), Antarctic continent has cooled by 0.7°C per
decade between 1986 and 2000 with a corresponding
decrease (6-9%) in primary productivity of lakes’.
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Heat content of the world’'s oceans has increased over
the last four decades, consistent with that expected from
anthropogenic forcing®, due mainly to increase of anthro-
pogenic gases in the earth’s atmosphere®’. Mid-depth
Southern Ocean temperatures have risen 0.17°C between
the 1950s and the 1980s (ref. 2). This warming is faster
than that of the global ocean and is concentrated within
the Antarctic Circumpolar Current, where rates of change
are comparable to increase in Southern Ocean atmos-
pheric temperature®.

Global surface air warming over the past 25 years has
been ~ 0.5°C, and in the past century ~ 0.75°C. The second
warmest global surface temperature was recorded in the
2001 meteorological year. It is different from the record
warmth of 1998 that was heightened by a strong El Nifio,
Whi%] raised global temperature 0.2°C above the trend
line™.

Deforestation and climate change

Land-use change, ecological degradation, deforestation
and biodiversity loss have emerged as major challenges
for society™™°. Deforestation is a major anthropogenic
climate-forcing agent, next only to fossil fuel-related
emissions. Estimated net annual change in forest
area globally in the 1990s was on the negative side,
—9.4Mha (million ha), representing the difference
between the estimated annual rate of deforestation of
14.6 Mha and the annual rate of increase in forest area of
5.2 Mha'®. This was responsible for 20 to 25% of global
anthropogenic GHG emissions during the 1990s, with the
majority of deforestation occurring in the tropical regions.

Between 1850 and 1990, ~ 100 GtC (gigatonnes of
carbon or 10° tonnes of carbon) was released into the
atmosphere as a result of land-use changes'’. The socio-
economic factors associated with deforestation warrant
that carbon conservation and carbon sequestration strate-
gies will have to be integrated with biodiversity conser-
vation and well-being of the people.

Projected global warming

If the mitigation policies are not translated in robust
actions on the ground, the rate of warming will increase.
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There are differing estimates of the range of warming due
mainly to uncertainty in predictions models (Table 1).
The Intergovernmental Panel on Climate Change (IPCC)*®
predicts that, under business-as-usual scenarios, mean
temperatures worldwide will increase 1.4 to 5.8°C by
2100 as a result of growing GHG concentrations in the
atmosphere. There are two more estimates comparable to
IPCC estimates. Most recent among these suggests the
warming at 5to 95% confidence intervals to be 1.4 to
7.7k (ref. 19) for a doubling of carbon dioxide in the
atmosphere. Uncertainties still persist; all that can be said
with any confidence concerning global warming is that
the world has warmed during the past century and much
of that warming is probably due to anthropogenic
emission of GHGs into the atmosphere®.

Tree-ring records are crucia for reconstructing coherent,
large-scale, multicentennial temperature trends of the
past. Temperature changes based on the tree-ring data
suggest that climate swings in the last 1000 years were
greater than IPCC estimates™. More studies are needed to
know why the earth was once so warm and then so
cool?, before it can become certain if 21st-century
warming projection is likely to be nearer to the top or the
bottom of the projected range of 1.4 to 7.7°C (Table 1) of
Forest et al.*®.

In India, ring-width chronologies of Cedrus deodara,
Pinus wallichiana and Picea smithiana from the western
Himalaya show absence of any warming trend in the 20th
century®. But, in future, the situation is likely to be
different. Revised trends for the principal anthropogenic
forcing agents for the future suggest that the Indian sub-
continent will experience an annual mean area-averaged
surface warming in the range between 3.5 and 5.5°C dur-
ing 2080s (ref. 24). Annual surface air temperature over
Indo-Gangetic Plains has shown increasing trends up to
1958, but declined since, due mainly to expansion of irriga-
ted agriculture®.

Data and models both suggest that abrupt climate change
during the last glaciation originated through changes
in the Atlantic thermohaline circulation in response to
small changes in the hydrological cycle?®. Hydrological
interaction between the Atlantic thermohaline circula-
tion and adjacent continental ice sheet can trigger abrupt
warming®’.

Tablel. Simulated range of global warming by 2100 for

adoubling of atmospheric CO,

Range of predicted warming (°C)

Y ear and reference Minimum Maximum
IPCC 1996 (ref. 103) 1.0 35
IPCC 2001 (ref. 18) 1.4 5.8
Wigley and Raper™®* 1.7 4.9
Forest et al.*® 1.4 7.7
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Impact of the changing climate on nature
and society

Projected impacts from global warming include disrup-
tion of ecosystems, species extinctions, inundation of
coastal areas due to rise in sea level, increasing precipita-
tion and floods, and severe and frequent storms. As a
consequence, ecology, economy and society — three seg-
ments of global and local sustainability — may likely
suffer.

Positive feedback due to warming-induced CO, release
is also predicted. Global warming just by 2°C is predic-
ted to increase additional carbon release from soil by
more than 10 PgC (petagrams or 10%°g of carbon) per
year, resulting into more greenhouse effects and aggrava-
ting the anthropogenic warming®. Flux of current photo-
synthetic assimilates to roots by trees is a key driver of
soil respiration®.

India may experience between 5 and 25% decline in
wintertime rainfall, leading to droughts during the dry
summer months. On the other, projected increase in area-
averaged summer monsoon rainfall over the Indian sub-
continent* is only 10 to 15%. Summer monsoon rainfall
has indeed increased over the Indo-Gangetic Plains dur-
ing 1829-1999 and has shifted westward®. The dates of
onset of summer monsoon over different parts of India
would also become more variable.

Prolonged drought may result in population dislocation
and redistribution, dwelling abandonment and state col-
lapse®3!. For instance, archaeological and soil-strati-
graphic data ascribe the climatic reasons for origin,
growth and collapse of Subir, the third millennium rain-
fed agriculture civilization of northern Mesopotamia on
the Habur Plains of Syria®. Subsequent to a volcanic erup-
tion in 2200 BC, a marked increase in aridity and wind
circulation induced the land-use degradation in the re-
gion. After four centuries of urban life, such ‘abrupt cli-
matic change caused abandonment of Tell Leilan,
regional desertion, and collapse of the Akkadian empire
based in southern Mesopotamia’. There was a synchro-
nous collapse in adjacent regions as well, suggesting that
the impact of the abrupt climatic change was indeed
extensive®,

Climate change had a role in the collapse of the Maya
civilization, which developed around 3000 years ago in
Mesoamerica, and after flourishing during the Classic
Maya period, it collapsed around 750-900 AD due to
climate deterioration in the Maya region towards the end
of the Classic period®?,

Effects of rainfall and drought in equatorial East Africa
during the past 1100 years bear links with climate change
and cultural effects. Both oral traditions and scientific
evidence testify drought-induced famine, political unrest,
and large-scale migration of indigenous peoples, and thereby
establish strong links between cultural development and
climate change™.
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Radiative effects of anthropogenic changes in atmos-
pheric composition are also expected to cause an intensi-
fication of the global water cycle, with a consequent
increase in flood risk®*=2. For instance, Milly et al.*
investigated the changes in risk of great floods—that is,
floods with discharges exceeding 100-year levels from
basins larger than 200,000 km* — using both stream-flow
measurements and numerical simulations of the anthropo-
genic climate change associated with GHGs, and direct
radiative effects of sulphate aerosols®. They found that
the frequency of great floods increased substantially
during the 20th century, and the trend will continue.
There is also increase in probability of floods for the
Asian monsoon region, with implications for flooding in
Bangladesh®”.

The IPCC has noted that there is likely to be a net
extension in the distribution of malaria and an increase in
incidence in Africa’. But long-term meteorological trends
in four high-altitude sites in East Africa, where increases
in malaria have been reported in the past two decades,
show that temperature, rainfall, vapour pressure and the
number of months suitable for Plasmodium falciparum
transmission have not changed significantly during the
past century or during the period of reported malaria
resurgence®. Therefore, claimed associations between
malaria resurgences and regional changes in climate are
not corroborated. The factors responsible for recent
changes in malaria epidemiology in Africa are other than
climate change.

Gradients of precipitation, temperature and soil ferti-
lity explain the global distribution of large herbivore
diversity across the world, and help to identify crucia
areas for conservation and restoration®®. Wildlife popula-
tions would be affected by any change in factors that
govern their distribution.

Increases in the prevalence of some of the biological
invaders would alter basic ecosystem properties in ways
that feed back to affect many components of global change.
Experimental studies* have demonstrated that, under some
circumstances, a short-term increase in water availability
can facilitate the long-term establishment of alien plant
species. Milchunas and Lauenroth*? applied water, N and
water plus N treatments to Colorado shortgrass steppe
communities over five years. Sixteen years after treatments
were halted, communities that had been supplemented
with water had large populations of non-native species,
whereas the control communities remained alien-free.

Effect of climate change in oceanic ecosystem func-
tioning is poorly understood. There are indications, how-
ever, that climate change has caused an immediate
accumulation of organic matter on the deep-sea floor,
altered the carbon and nitrogen cycles, and has had nega-
tive effects on deep-sea bacteria and benthic fauna®. As
deep seas cover over 50% of the surface of the earth and
drive biogeochemical cycles on a global scale, such effects
shall be crucial in future.
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Effect of elevated levels of CO, on forests

Many studies provide the evidence of climate change™
and its implication for terrestria®~>? and oceanic eco-
systems®>>* in India. There is also increasing global evi-
dence to show that recent climatic and atmospheric trends
are already affecting species physiology, distribution and
phenology. The following situations are becoming progres-
sively evident®™>":

The extension of species’ geographic range boundaries
either towards the poles or to higher elevations.

The extinction of local populations along range bound-
aries at lower latitudes or lower elevations.

Increasing invasion by opportunistic, weedy and/or
competitively mobile species.

Progressive decoupling of species interactions (e.g.
plants and pollinators) owing to mismatched phenology.

Since ecological boundaries of Indian forest types are
defined by several climatic factors, projected climate
change will affect the distribution and composition of
Indian vegetation. Climate change will compound local
anthropogenic factors, such as deforestation. Disturbance
to ecosystems may bring changes of the magnitude not
yet known in India®’. Because of the complexity of local
and global change, even if climatic conditions favour
expansion, forest area is unlikely to expand; it may
decrease in parts where deforestation and degradation are
intense®.

Elevated levels of CO, enhance growth rates and
increase in the amount of nitrogen fixed symbiotically in
Acacia species®®. This provides an opportunity to plan for
a species mix that maximizes the growth of multifunc-
tional plantations.

Increasing levels of atmospheric CO, are expected to
enhance the growth rate of trees. Current estimates of
annual terrestrial plant uptake of carbon due to CO, fer-
tilization are within the range 0.5-2.0 x 10™ g, which is
about 8-33% of annual fossil-fuel emissions™. In two
forest experiments® on maturing pines exposed to ele-
vated atmospheric CO,, the CO,-induced biomass carbon
increment without added nutrients was undetectable at a
nutritionally poor site, and the stimulation at a nutrition-
ally moderate site was transient, stabilizing at a marginal
gain after threeyears. Nevertheless, a large synergistic
gain from higher CO, and nutrients was found with nutri-
ent addition. The gain in productivity was larger at the
poor site. Thus, soil fertility can restrain the carbon seques-
tration due to increased atmospheric carbon dioxide®.

Under these circumstances, soil conservation measures
to protect the top layer of the soil will be an important
management strategy. As trees in poor soils give better
response to elevated levels of CO,, it will be a useful
strategy to resort to large-scale restoration efforts in
degraded forests and wasteland as a climate change miti-
gation option in the short-term.
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Strategies for climate change mitigation
Emission reduction

Primary strategies to mitigate climate change effect are
reduction of GHGs and carbon sequestration in oceans
and terrestrial ecosystems. Reduction and stabilization of
atmospheric GHG concentrations at a safe level is a para-
digm that the scientific and policy communities have
widely adopted for addressing the problem of climate
change. However, because there is no determined or
agreed safe level of GHGs in the atmosphere, the term
‘safe level” has more of a socio-political connotation than
scientific underpinning. The optimum that the society can
strive to achieve is to bring the concentration of CO, and
GHGs to pre-industrial (year 1750) level.

Reduction of emission from fossil fuels is definitely
superior to sequestration of carbon because, apart from
mitigating the climate change it also has health benefits.
A mere 10% reduction of co-pollutants can avoid approxi-
mately 64,000 premature deaths, 65,000 chronic bronchitis
cases, and 37 million person-days of restricted activity or
work loss in four cities in USA alone® through 2020.
Economic benefits of the Kyoto Protocol, however, are
not perceived in the fear of reduced economic growth due
to proposed cut in fossil-fuel use.

Maximum rate of global warming can be restricted to
< 0.2°C/decade by restraining fossil-fuel emission rates
during the present century to < 0.03 GtC yr . However,
if the known fossil-fuel reserve of ~ 4000 GtC is emitted,
CO, will reach ~ 1000 ppmv and the earth will be warmed
by > 5°C by the end of the millennium® (see Table 2 for
total carbon pool in other systems).

Earth systems engineering (geoengineering)

The prospect of manipulation of solar flux using strato-
spheric scatterers may be sufficient to initiate an ice age
at an annual cost of less than 0.01% of global economic
output, but at the moment proposed geoengineering
schemes for earth systems management have flaws®®*®,

and it may take along time to use research by the society.

Table2. Carbon pool in major reservoirs on earth

Approximate quantity of

Pool carbon in Gt
Atmosphere 720

Ocean 38,400
Lithosphere: sedimentary carbonate > 60,000,000
Lithosphere: kerogen 15,000,000
Terrestrial biosphere 2200
Aquatic biosphere 1-2

Fossil fuel 4130

Modified after ref. 105.
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Anocther geoengineering proposal®® to fertilize oceans
by adding large quantities of iron to increase phytoplank-
ton bloom, could remove large amounts of CO, from the
atmosphere®®. Fertilizing the ‘biological pump’ may thus
enhance the flux of carbon into the oceans®. There are
problems, however. Even if iron fertilization was used to
the extent possible, the carbon flux would not exceed
~1 GtC per year®. Such efforts, either through iron fer-
tilization programmes®’ or through CO, injection into the
deep sea may not be viable, even if CO, is first reacted
with water and carbonates to form dissolved bicarbonate
for release into the ocean®®. It may affect the sea biota in
ways currently unknown to science. Analysis on how
such deep-sea disposal of CO, may affect organisms
living in these environments, caution that even small per-
turbations in CO, or pH may have significant conse-
quences for deep-sea ecosystems and for global
biogeochemical cycles®™™. Iron fertilization would be
extremely difficult to validate and would significantly
alter oceanic food webs and biogeochemical cycles®’.
Pending the detailed studies in this aspect, multifunc-
tional forest management emerges as a crucia climate
change mitigation option.

Storage of carbon in world’sforests

The storage of carbon depends on CO, fixation through
photosynthesis and the release of carbon as CO, through
the respiratory activities of plant roots, their symbiotic
mycorrhiza fungi, soil microbes and micro-fauna, and
anthropogenic release of CO, due to deforestation, forest
harvest, grazing and burning.

Ability of forests, trees and other vegetation as terrest-
rial carbon sinks to absorb CO, emissions and mitigate
the climate change, has attracted wide attention. Cur-
rently, total above-ground biomass in the world’s forests
is 421 x 10° tonnes distributed over 3869 Mha. Of this,
3682 x 10° ha or 95% is natural forest, and 187 x 10° ha
or 5% is plantation area. On an average, forests contain
100 m® ha™® (cubic metre per ha) wood volume, and
109t ha* (tonne per ha) wood biomass. Forests store
1200 GtC in vegetation and soil globally. Carbon in for-
ests congtitutes 54% of the 2200 Gt of the total carbon
pool™® in terrestrial ecosystems. Forests sequester 1 to
3 GtC annually through the combined effect of reforest-
ation, regeneration, and enhanced growth of existing for-
ests, offsetting the global CO, emissions from deforesta-
tion’. Carbon has also been absorbed by vegetation
managed under ethnoforestry practices in landscape con-
tinuum across Asia, occurring in combination with rain-
water harvesting and agroforestry systems.

As discussed earlier, growth of vegetation is also in
response to environmental change-induced longer grow-
ing seasons, and fertilization by rising carbon dioxide in
the atmosphere and nitrogen deposition in the soil.
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In terms of global carbon cycle, nearly 120 PgC is
exchanged in each direction between terrestrial ecosys-
tems and the atmosphere, and another 90 PgC between
the ocean and atmosphere annually .

The IPCC specia report” on Land-Use, Land Use
Change and Forestry (LULUCF) has noted that through
suitable management regimes, the rate of sequestration
could be enhanced up to 1.6 PgC yr™ by the year 2010.
Results of six dynamic global vegetation models™ project
that the terrestrial sink, excluding deforestation, will
increase to ~ 5 PgC/yr by 2050, and then level-off or may
decline. Simulations™ with changing CO, alone show a
widely distributed terrestrial carbon sink of 1.4-3.8 PgC
yr during the 1990s, rising to 3.7-8.6 PgC yr™ after 100
years. Simulations that included climate change point out
that as a result of the impacts of climate change on tropi-
cal and southern-hemisphere ecosystems, there will be a
reduced sink both at present (0.6-3.0 PgC yr?) and a
century later (0.3-6.6 PgC yr™)"™.

A recent and most comprehensive analysis on global
patterns of carbon exchange, by Schimel and colleagues™
(Table 3), has substantiated that terrestrial and marine
environments are currently absorbing about half of the
carbon dioxide that is emitted by fossil-fuel combustion.
Terrestrial biosphere was neutral with respect to net carbon
exchange during the 1980s, but became a net carbon sink
in the 1990s. The reasons have been attributed to sinksin
North America and Eurasia. The tropics were just in
balance with respect to carbon exchange, strengthening
the case that emissions due to tropical deforestation are
being offset by tropical tree-growing” (see also Table 3).

Northern high-latitude forests are assumed to be large
sinks. But, reduced white spruce growth observed in
Alaska is likely to be an important factor in future CO,
uptake in the boreal forest. The current assumption of
carbon-cycle models, of a uniform positive relationship
of atmospheric carbon uptake to high-latitude warming,
may lead to an overestimate of high-latitude carbon
storage and an underestimate of future atmospheric car-
bon dioxide™.

The global ocean sink is projected” to increase from the
current 1.7 + 0.5 PgC yr to around 5 PgC yr by 2100
(see Table 3). The land is now a net sink of 1.4-0.7 PgC
per year™'. Since deforestation is considered to be a
source of 1.6 PgClyr, the forests protected against defor-
estation must be a sink of 2 to 4 PgC per year®. Estimates
of surface—atmosphere CO, fluxes from an intercompari-
son of atmospheric CO, inversion models, which include
16 transport models and model variants, found an uptake
of CO, in the southern extratropical ocean less than that
estimated from ocean measurements’”.

The role of the world's forests, ethnoforestry, and agro-
forestry systems as a sink for atmospheric carbon dioxide
is the subject of active research and discussion. Long-
term monitoring of plotsin mature, humid tropical forests
concentrated in South America revealed that biomass
gain by tree growth exceeded losses from tree death in
38 of 50 Neotropical sites. These forest plots accumu-
lated 0.71 ton, plus or minus 0.34 ton, of carbon per hectare
per year during 1990s. The data suggest that Neotropical
forests are significant carbon sinks®. However, a re-
analysis™ suggests otherwise, and found mean biomass
change for these sites to be only 0.3 Mg ha™ yr* (mega-
grams or 10° grams per ha per year).

Other studies®® suggest that tropical forests are useful
sinks for decades to centuries. Data related to tropical-
forest sample plots, which are maintained globally, are of
useful quality. There is evidence to show that there has
been a recent increase in the biomass in old-growth tropical
forests™.

Carbon in wood products

In addition to direct sequestration, some carbon will also
remain locked in the wood that is put to non-emitting use.
For instance, in the year 1998 the world consumed at least
1.75 x 10°m® of fuel-wood, 1.52x 10°m® of industrial
roundwood, and 0.17 x 10° tonnes of pulp for paper'®,
agpart from sawnwood, wood-based panels, paper and
paperboard that may overlap with other categories. At

Table3. Global patterns of annual carbon exchange in terrestrial ecosystems (PgC)

Exchange type 1980s" 1990s" 2100 Projections
(i) Emission (fossil-fuel burning, 54+03 6.3+0.4 Uncertain; Reduced use of fossil fuel/technological
cement manufacture) innovations in energy sector can bring emission down.
(if) Atmospheric increase 33+01 32+0.1 Depends on (i) and (iv)
(iii) Ocean—atmosphere flux -19+05 -17+05 Uncertain
(iv) Land—atmosphere flux -0.2+0.7 -14+0.7 Uncertain
(v) Emission dueto land—use change 1.7 (0.6 to 2.5) 1.6+0.7 Halting deforestation, and sustainable management of
(0.4 by tropical multifunctional forests to increase sink capacity

deforestation*)

(vi) Residual terrestrial sink -19(-3.8t00.3)

—2to—4 (uncertain)

— 3.7 to —8.6** (uncertain)

Source: *Schimel et al.”® modified.
*Detwiler and Hall'%,
**Cramer et al.”.

CURRENT SCIENCE, VOL. 83, NO. 5, 10 SEPTEMBER 2002

597



REVIEW ARTICLE

least some of this wood, excluding fuelwood, will remain
locked for several years. About 90% of the total carbon
harvested from Indian forests is released into the atmos-
phere within a year due to use as fuel-wood. A 0.8%
remains locked in the wood products at the end of 100
years®'. Compared to fossil fuels, use of wood fuel is less
damaging to the environment.

Indian forests as carbon sinks

The amount of carbon stored in Indian soils is 23.4-
27.1 Gt, which is 1.6 to 1.8% of the carbon stored in the
world's s0ils**#. The total soil organic C pool in Indian
forests is 4.13 PgC in the top 50 cm and 6.81 PgC in the
top 100 cm soil depth. The historic loss in forest soil
organic C pool (1880-1981) in the top 100 cm soil depth
has been estimated as 4.13 PgC (ref. 84).

Total above-ground and below-ground biomass in Indian
forests has been estimated as 6865.1 and 1818.7 Mt, con-
tributing 79 and 21% to the total biomass respectively®.
The mean biomass density is 135.6t ha™. The above-
ground and below-ground allocation of biomassisin agree-
ment with the Enquist—Niklas model®, that predicts the
allocation patterns of biomass partitioning in seed plants.
Data (6865.1 and 1818.7) were plugged into the original
data set of the Enquist—Niklas model, to see if these val-
ues for above-ground and below-ground biomass fall on
the same regression curve as the origina data. They do
fit remarkably on the curve (ref. 86, pers. commun.).

Often it has been opined that forests in India are emit-
ting more carbon compared with carbon sequestered by
tree growth, and that this will remain so until there exists
an aternative supply of timber and fuelwood. However,
in the face of several studies, this view does not hold.

For the reference year 1986 gross emission from defor-
estation in that year, plus committed emissions from
deforestation in the preceding years, has been estimated
to be 64 x 10°tC in India®’. But, there was no net emis-
sion because natural regeneration, forest succession and
plantation sequestered the equivalent carbon®’. Thus, the
forest sector in India was in balance in terms of
carbon. The situation has further improved in subsequent
years.

The rate of afforestation in India is one of the highest
among the tropical countries. The annual productivity has
increased from 0.7 m®ha® in 1985 to 1.37 m® ha™ in
1995. The carbon pool for the Indian forests has been
estimated to be 2026.72 Mt for the year 1995 and annual
carbon uptake at least 0.125 Gt of CO, from the atmos-
phere in that year®. Further, mitigation of about 3.32 Gt
in the next 50 years at an annual reduction of about
0.072 Gt of carbon® is possible.

The situation has indeed improved further and the rate
of deforestation is below the rate of afforestation. Area
under forestsin Indiaremained stable at around 64 x 10° ha
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during the period 1986 to 1994. India is afforesting at an
average gross rate of 1.55 x 10° ha yr* over the past ten
years, while the gross deforestation rate was 0.272 x 10° ha
yr* during this period®. When the net loss in forest area
is considered, the annual deforestation rate was 100,750 ha
during 1987-89; it declined in the subsequent years to
less than 26,000 ha and increased to 274,100 ha annually
during 199597 (ref. 90). But a comparative position of
forest cover between 1997 and 1999 assessment by the
Forest Survey of India™ suggests that there is a net
increase in the forest cover by 3896 km?. Proposals of
sustainable forestry scenario may enhance an additional
carbon stock of 237 x 10° MgC during 2000 to 2012, and
in addition to meeting al the incremental biomass demands
of the nation, commercial forestry would lead to an addi-
tional carbon stock of 78 x 10° MgC during 2000 to 2012
under the commercial forestry scenario™.

Enhancing carbon sink in multifunctional forests

Conference of Parties (CoP) of Kyoto Protocol in their
sixth meeting (CoP6) decided to implement policies related
to LULUCEF to slow greenhouse warming.

We need to design silvicultural systems for multifunc-
tional forests that are able to fulfil ecological, economic
and social functions. This can be achieved with an inno-
vative management regime that optimizes multiple-use
benefits along with resistance and resilience of forests to
climate change®®®. Such a management regime would
need to address social, economic and ecological aspects,
along with a multiple-use multi-stakeholder system appli-
cable across landscape continuum (Table 4). All forms
of ethnoforestry practices, production and protection
forestry, and community management regimes’%~%
with their inherent social, economic and environmental
benefits”*® could be the best mechanisms, provided that
efforts to reduce emissions from fossil fuel are not given
a back seat. Multifunctional forest management offers a
suitable regime as it addresses the issues on all aspects of
sustainability. Such management systems can also help
address the socio-economic factors related to tropical
deforestation®. Additionally, management systems that
operate on landscape continuum rather than habitat-
islands, provide an effective framework for integration of
indigenous knowledge with formal science to achieve
sustainability.

Holistic strategies for multifunctional forest manage-
ment across landscape continuum should combine habitat
restoration along with the application of conservation bio-
logy principals, to generate additional benefits such as
climate-change mitigation, biodiversity conservation, and
maintaining the ecosystem functions. Context-specific
application of restoration and conservation strategies may
vary depending upon the ecological elements of the coun-
tryside. Severely disturbed or impacted areas may require
more of restoration science, whereas more natural and
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Table4. Management guidelines for multifunctional forests in landscape continuum

Key function

Consolidated key management guidelines*

Biodiversity conservation and maintenance

of ecosystem functions

Yield of goods and services to the society

Enhancing the carbon storage in trees,
woody vegetation and soil

Social and economic well-being of people

Representation of all forest types in protected areas'®, both formal’®!% and ethnoforestry regimes.

Protection of natural forests against wild-fires, grazing and unmanaged removals'®’.

Priority protection to threatened ecosystems such as tropical dry forests.

Preventing fragmentation and providing connectivity to conserve biodiversity in landscape contin-
uum. Fragmentation of natural forests has a sequential path that starts with killing of big trees™° fol-
lowed by degeneration of habitat specialists, paucity of regeneration due to impoverished seed
germination in fragments**, and ends in denuded areas (Figure 2).

Maintenance of gene pool diversity in natural and cultural landscapes.

Restoration of degraded forests with multiple-use trees, shrubs and herbs along with regeneration
regimes that necessarily combine rainwater harvest*?, direct seeding, resprouting and plantations, if
needed.

Maintenance of woody vegetation in ethnoforestry regimes in landscape continuum (households, cul-
tural landscapes, agroecosystems and wilderness)®.

Protection to a variety of woody vegetation management regimes in agroecosystems to maximize
social and economic benefits to the people as well as maintenance of ecosystem functions such as
natural pest control, pollination, carbon storage, regulation of hydrological cycle, etc.*,

Only low intensity logging followed by matching regeneration in secondary forests'”” and ethnofor-
estry regimes®.

Protection of the functional groups of biodiversity
Protection to large trees in natural, cultural and human-modified landscapes, as they act as seed
source, conserve carbon pool and act as habitat for seed-dispersing birds, small mammals and other
faunal species™®,

Soil conservation and enhancement of soil fertility* through conservation/restoration
leguminous species' across landscape continuum.

Application of the principles of sustainability science'® for forest management™ attempting to
address the nature-society interaction will need an interdisciplinary approach as well as multiple
stocks of knowledge and institutional innovations to navigate transition towards a sustainable forest
management.

Application of conservation and restoration principles to community-based management re-
gimes'?*?* puilt on the principle of equity of knowledge among stakeholders'?, that rely capitalizing
on natural recovery mechanisms will prevent further catastrophic shift and degradation and retain the
multiple values of land**%°,
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*The management guidelines appear in consolidated form because specific guidelines serve the cause of multiple functions. For example, the
management guideline ‘representation of all forest typesin protected areas’ serves to the cause of all the identified functions.

In addition, primary and secondary forests, and trees

° growing in agroforestry systems can continue to act as
5 sinks even beyond the rotation age, if the harvest is accom-
panied by regeneration. The efficacy can further be
41 improved if sequestered carbon is locked through non-
ha (10% 3 - destructive (non-CO, emitting) use of such wood.
The harvest in managed production systems outside
2 natural reserves accompanied by regeneration can be sci-
entifically planned in such a way that stand is harvested
1 and regenerated just when the current annual increment
0 (CAl) is either stagnant or no longer enough to provide
Soapnis = = = sufficient mitigation benefits. Thus, the new crop of
DOPasturelands 3.47 3.67 401 regenerating trees will start acting as sinks again.
WTotal 5.01 5.33 59 Indeed, one billion people in India and a growing

Figure 1. Potential global availability of area for tree-growing in
croplands and pasturelands in the year 2000, 2020 and 2050. (Source:
Ref. 101, data from ref. 102).

world population that may reach 10 billion by 2100, are
expected to consume wood and non-wood products at
substantial rates annually. The demand can only be met
by regular harvest followed by regeneration in managed
secondary forests and trees in agroforestry systems.

Even when the wood is used for CO,-emitting applica-

less disturbed areas may require more of conservation
science. Thus, a basket of strategies has to be designed
for the landscape continuum.
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tions, the emission will still be less than the comparable
use of fossil fuels. Indeed, if the current biofuels were to
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be replaced by fossil-fuels, additional carbon would reach
the atmosphere annually. By promoting the use of wood
fuel, we can avoid this additional emission. The global
wood production amounts to 3.5 billion m® yr™, that leads
to a net sink of carbon of 139 TgCy™ (teragrams or 10
grams carbon per year), as the production is larger than
the decay of the wood products manufactured earlier'®.

In addition, not all the harvested wood may be put for
CO,-emitting uses. The harvested wood may be used in
ways beneficia to sink activities: non CO»-emitting uses
such as furniture and construction; low COy-emitting
uses such as fuelwood and/or biofuels. Linking the tree
growing in agroecosystems and bioenergy options with
CDM can further maximize benefits from the terrestrial
carbon sinks'®. Activities that reduce dependence on
fossil fuels through product substitution will be an impor-
tant component of the Kyoto Protocol. LULUCF activities
can yield more biomass and thereby reduce dependence
on fossil fuels. Such activities can also supply wood to
manufacture products that can substitute for other pro-
ducts that have energy-intensive production processes.

Agroforestry systems can sequester carbon at time-
averaged rates of 0.2-3.1tC ha'yr™, though the rates can
be as high as 10 tC hatyr™ (ref. 73). A global potential
can be projected based on the recent forecasts on agricul-
tural expansion'®. By the year 2050, land use is projected
to reach 529 x 10° ha as irrigated agriculture, 1.89 x 10° ha
as croplands and 4.01 x 10° ha as pastures. If the past
trends continue, global croplands may increase by a net
of 3.5x 10® ha and pastures by 5.4 x 10° ha by the year
2050. By then, the combined total represents an 18% larger
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Migration

Importance of prevention of fragmentation and providing corridors for the survival of

average global agricultural land base than at present'®.

We can guide our efforts simultaneously for saving the
biodiversity and generating ecosystem services such as
carbon sequestration. Tilman et al.’® suggest that the
1.4 x 10% ha projected removal of land from agriculture
in developed nations could be restored to conserve bio-
diversity, yield water and provide carbon sequestration
benefits. Harnessing the potential of agroforestry systems
for carbon sequestration is particularly important under
such circumstances (ref. 101, Figure 1).

Conclusion

Global climate change has emerged as a serious chal-
lenge for sustainability. Carbon management in muilti-
functional forests assumes a great significance for climate-
change mitigation, enhancing the yield of goods and ser-
vices for the people and maintaining biodiversity and
ecosystem functions. Multifunctional forest management
reguires novel approaches in order to maintain the re-
silience and usefulness of tropical forests. We have to
provide increased support for management of secondary
forests, restoration of degraded lands, plantation forestry
in agroecosystems, management for the non-wood forest
products, modifying the natural resource accounting pro-
cedures to reflect the true value of tropical forests, and
support for forestry agencies and local communities in
charge of forest protection (Table 4).

Long-term carbon management can be deliberately
enhanced through suitable management regimes. Mana-
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gement of multifunctional forests offers opportunity for
carbon sequestration, biodiversity conservation, and benefits
to society. The policies and programmes have to address
the landscape continuum. Management of multifunctional
forests needs to draw both on conservation biology and
restoration ecology (see Table 4 and Figure 2 for detailed
suggestions). With appropriate management inputs, forests
and vegetation in landscape continuum can support
biodiversity conservation and maintenance of ecosystem
functions, yield of goods and services, enhanced storage
of the carbon to mitigate global climate change, and en-
hance social and economic well-being of the people.
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