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Abstract There is huge knowledge gap in our understanding of many terrestrial carbon
cycle processes. In this paper, we investigate the bounds on terrestrial carbon uptake over
India that arises solely due to CO2-fertilization. For this purpose, we use a terrestrial carbon
cycle model and consider two extreme scenarios: unlimited CO2-fertilization is allowed for
the terrestrial vegetation with CO2 concentration level at 735 ppm in one case, and CO2-
fertilization is capped at year 1975 levels for another simulation. Our simulations show that,
under equilibrium conditions, modeled carbon stocks in natural potential vegetation
increase by 17 Gt-C with unlimited fertilization for CO2 levels and climate change
corresponding to the end of 21st century but they decline by 5.5 Gt-C if fertilization is
limited at 1975 levels of CO2 concentration. The carbon stock changes are dominated by
forests. The area covered by natural potential forests increases by about 36% in the
unlimited fertilization case but decreases by 15% in the fertilization-capped case. Thus, the
assumption regarding CO2-fertilization has the potential to alter the sign of terrestrial
carbon uptake over India. Our model simulations also imply that the maximum potential
terrestrial sequestration over India, under equilibrium conditions and best case scenario of
unlimited CO2-fertilization, is only 18% of the 21st century SRES A2 scenarios emissions
from India. The limited uptake potential of the natural potential vegetation suggests that
reduction of CO2 emissions and afforestation programs should be top priorities.
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1 Introduction

The rapidly rising level of CO2 in the atmosphere and its adverse effects on climate calls for
the estimation of carbon sequestration potential of the terrestrial and ocean biospheres in a
warmer world. Past modeling studies have shown that the uncertainty in the future uptake
comes mostly from terrestrial processes (Friedlingstein et al. 2006). There are multiple
controls on the uptake of carbon in the terrestrial biosphere, and different assumptions
could lead to vastly different results. The uncertainty in terrestrial uptake of carbon is
illustrated by two global modeling studies which arrived at very different conclusions: the
Hadley (Cox et al. 2000) and IPSL (Friedlingstein et al. 2001) models. In the Hadley
simulation, the land biosphere becomes a net source of CO2 to the atmosphere by the year
2050 but it remains a net sink throughout the 21st century in the IPSL simulation.

One of the most important terrestrial carbon cycle processes is the so called CO2-
fertilization effect (Owensby et al. 1999): water use and nitrogen use efficiency of plants is
augmented by elevated concentrations of CO2 in the ambient atmosphere, and this would
ultimately lead to augmented plant growth (Polley et al. 1993), and removal of more CO2

from the atmosphere. However, the rate of photosynthesis would increase with higher CO2

concentrations only up to a saturation point, beyond which photosynthesis remains
constant (Farquhar et al. 1980; Houghton et al. 2001). Saturation occurs at ambient CO2

concentrations of about 400 ppm for C4 plants and above 600 ppm for C3 plants (Bonan
2008).

At the saturation point, photosynthesis is not limited by the amount of CO2 available for
fixation but rather limited by the light reactions (Bonan 2008) and availability of nitrogen
and other nutrients. In the event of onset of early CO2 fertilization, higher global
temperatures could enhance the release of CO2 to the atmosphere from soil respiration
(Giardina and Ryan 2000; Houghton et al. 2001; Lloyd and Taylor 1994), which might
further increase the global warming effect (Cox et al. 2000; Friedlingstein et al. 2001, 2006;
Govindasamy et al. 2005; Matthews et al. 2005; Thompson et al. 2004; Zeng et al. 2004).
Therefore, there could be huge range in terrestrial carbon uptake because of the lack of
knowledge regarding the atmospheric CO2 level at which CO2-fertilization would be
saturated.

To evaluate the approximate upper and lower limits of global land carbon uptake, two
transient simulations, besides a control simulation, are performed using a comprehensive
climate-carbon model (Thompson et al. 2004). In one case the land biosphere is vigorously
fertilized by added CO2 and sequesters carbon throughout the 21st century. In the second
case, CO2 fertilization saturates in year 2000; in this case, the land becomes an additional
source of CO2 by 2050. The predicted atmospheric CO2 concentration at year 2100 differs
by 336 ppmv between the two cases. This indicated that the current uncertainties preclude
determination of whether the global land biosphere will amplify or dampen atmospheric
CO2 increases by the end of the century.

In this paper, our major goal is to investigate the bounds on the terrestrial carbon
sequestration potential of India that arises solely due to CO2-fertilization. We follow the
method adopted in the above study (Thompson et al. 2004) to investigate the bounds on the
sequestration potential of the terrestrial biosphere in India: given an emission scenario, we
estimate the fraction that can be taken up by the biosphere with limited and unlimited CO2

fertilization effect. This approach gives us the upper and lower bounds of regional carbon
uptake for a given scenario.

The response of Indian terrestrial ecosystem to climate change has been studied recently
using the equilibrium model BIOME4 (Ravindranath et al. 2006) for climate change under
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SRES A2 and B2 scenarios (Nakicenovic and Swart 2000). The main finding from that
study is that Net Primary Productivity (NPP) doubles from 1975 to 2085 under A2 scenario
and increases by 70% for the B2 scenario because of higher sensitivity of BIOME4 for
CO2-fertilization. This study also finds that 77% and 68% of the forest grids in India are
likely to experience shift in forest types, indicating the vulnerability of the Indian forest
ecosystems for climate change. The main limitation of BIOME4 is that it is not a dynamic
vegetation model. In this study, we use a dynamic vegetation model for an improved
estimation of the changes to Indian terrestrial ecosystem under climate change. Our focus is
different from the earlier study (Ravindranath et al. 2006) in that we investigate the bounds
on carbon uptake due to CO2-fertilization.

In this study, we do not use a fully coupled climate-carbon model but use a stand-alone
terrestrial carbon cycle model driven by high-resolution regional climate data. We perform
equilibrium simulations and hence transient effects are not considered. Since our focus is
only on India, we perform simulations that are limited to a regional domain that
encompasses India. The vegetation model, driving climate data and the numerical
experiments are discussed in Section 2. Section 3 discusses the results and a brief
discussion on the results obtained in this study is given in Section 4.

2 The terrestrial carbon cycle model and experiments

To quantify the bounds on future terrestrial carbon uptake due to CO2-fertilization over the
land biosphere in India, we use the terrestrial biosphere model IBIS2 (Integrated Biosphere
Simulator version 2) (Foley et al. 1996; Kucharik et al. 2000). IBIS is a vegetation model
where land surface biophysics, terrestrial carbon fluxes and vegetation dynamics are
represented in a single, physically consistent modeling framework. For our study of
regional terrestrial carbon cycle over India, we use a fine-resolution grid (0.5 degrees
latitude by 0.5 degrees longitude). Prescribed atmospheric boundary conditions (such as air
temperature, precipitation, and, cloudiness) drive IBIS.

In this study, we make simulations for years 1975 and 2085 which are represented by the
averages over the years 1961–1900 and 2071–2100, respectively. The climate data from the
Climate Research Unit (CRU) of the University of Anglia for the period 1961–1990, and
regional climate data for 1961–1990 and 2071–2100 for A2 scenario generated from the
regional climate model, PRECIS (Kumar et al. 2006) are used to derive datasets that drives
the IBIS model. The regional model itself is driven by an atmospheric general circulation
model (AGCM) HadAM3H with a horizontal resolution of 1.88° longitude × 1.24° latitude.
The sea surface temperature for forcing the AGCM was derived from the global coupled
atmosphere ocean model HadCM3 with a horizontal resolution of 3.75° longitude × 2.5°
latitude (Kumar et al. 2006). The details of generating input/forcing data for our experiments
are given in the recent study (Ravindranath et al. 2006) that used BIOME4 as the terrestrial
carbon cycle model. Our IBIS model simulations are initialized with a natural potential
vegetation dataset (Ramankutty and Foley 1999). Potential natural vegetation represents the
vegetation that would exist in a location in the absence of human intervention.

We perform three experiments to study the sequestration potential of the land biosphere
over India. In the first experiment, called “Baseline”, we force IBIS with atmospheric CO2

concentrations and climate data corresponding to the year 1975 (CO2 concentration=
331 ppmv). The monthly climatology data from CRU over a 30-yr period (1961–1990)
centered on year 1975 is used to drive IBIS for this case. The choice of year 1975 for the
Baseline experiment is dictated by the availability of regional climate model data: regional
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climate model data is available only for the time slices, 1961–90 and 2071–2100, and
climate anomaly as represented by the difference between these two time periods is used to
drive the 2nd and 3rd experiments.

In the second experiment, called the “Fertilized case”, unlimited CO2-fertilization of the
biosphere is allowed by prescribing elevated CO2 concentrations corresponding to levels at
the end of 21st century (here, year 2085) for the A2 scenario (735 ppmv). The elevated CO2

is high enough to induce significant levels of CO2 fertilization in the model (Prentice et al.
2001). The monthly climatological climate data for this case is obtained by adding PRECIS
estimated “climate anomaly” data for the year 2085 to the CRU climatological data for the
year 1975. The climate anomaly data for 2085 is obtained by subtracting the climatology of
the regional model for 1961–1990 from the climatology for 2071–2100. By using “climate
anomaly” data from the regional model, our IBIS simulations are not contaminated by any
biases the regional model simulations may have.

In the third experiment, called the “Saturated” case, we assume CO2-fertilization is
saturated at CO2 concentration corresponding to year 1975 (331 ppmv) to represent
nitrogen or other nutrient limitations in IBIS. This simulation is identical to the
Fertilized case except that it is forced with a CO2 concentration of 331 ppmv. The effect
of CO2-fertilization on the terrestrial ecosystem can be obtained by subtracting the
Saturated case from Fertilized case, and climate effect is obtained by subtracting the
Baseline case from the Saturated case. The combined effects of climate change and
CO2-fertilization effects can be obtained by subtracting the Baseline experiment from
the Fertilized case.

For all the experiments, IBIS is driven by the respective atmospheric conditions and CO2

concentrations held constant for 200 years. We run the model for this long because soil
carbon could take thousands of years to reach steady state. For the first 100 years, we run
the model with a soil carbon spin up factor of 40 which implies that the soil carbon spin up
period is 4000 years in all our experiments. The soil carbon spin up is turned off for the
remaining 100 years of simulation. The average over the last 50 years is used for the
analysis discussed in the next section.

Figure 1 shows the temperature and precipitation changes for India between 2085 and
1975 as simulated by HadCM3 for the SRES A2 scenario, downscaled by PRECIS, and
used here to drive IBIS. Averaged over India, mean warming is 4.2°C, and the mean
precipitation increases by about 30%. There is a strong gradient in warming in the south-
north direction: warming increases from Southern Peninsula to North India. Large
temperature increases (more than 4 K) are projected for the north and the northwest.
Southern and southeastern parts of India are likely to experience only a moderate increase
in temperature.

In general, precipitation is projected to increase everywhere except the desert regions in
the northwest where it is projected to decline between 5 and 25%. An increase of about 10–
30% over Central India and an increase between 30 and 50% for parts of western, north and
northeastern India are projected. In summary, the regional model PRECIS driven by
HadCM3 predicts, on an average, wetter and warmer conditions over India by 2085 for the
A2 scenario.

3 Results

First, we validate the model by comparing the simulated annual-mean NPP
distribution with satellite-based observed NPP for the period 1982–2006 (Nemani
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et al. 2003) (Fig. 2). We obtained the satellite based NPP data from the Biospheric
Sciences Branch, NASA-AMES. Although the “Baseline” experiment represents the
climatology over 1961–1990, we compare NPP from this simulation to the observed
data of 1982–2006 since there is no observed NPP prior to 1982 and we believe that the
climatology over the two periods should not differ significantly. We find that the
correlation between simulated and observed NPP is about 68%, indicating fair
agreement. It should be cautioned that a fair agreement in NPP does not necessarily
imply fair agreement in vegetation types (Fig. 3); grasslands could have same NPP as
matured forests. It should be also noted that simulated NPP represents the NPP of
natural potential vegetation but observations represent NPP of current vegetation which
includes croplands which resulted from anthropogenic influence such as conversion of
forests into croplands.

There is reasonable agreement between the IBIS-simulated potential vegetation in the
Baseline case and potential natural vegetation (Fig. 3) estimated from observations
(Ramankutty and Foley 1999). Potential natural vegetation represents the vegetation that
would exist in a location in the absence of human intervention. It should be noted that
dynamic vegetation changes take place over multi-century time scales. The climate change
and CO2 concentration change between 1975 and preindustrial period are small enough that
we are justified in comparing the model simulated potential vegetation in “Baseline”
experiment to natural potential vegetation.

The model is able to reproduce the temperate forests, tundra and land ice in the
northern most part of India (Fig. 3). While the model is able to simulate the locations
of major forest areas such as tropical evergreen forest in the Western Ghats (forest areas
along the west coast of India) and Northeast India, it under-predicts the extent of tropical
deciduous forests in Central India (Fig. 3) and over-predicts the extent of grassland,
shrublands and savanna. We use kappa statistics to compare the IBIS simulated potential

Fig. 1 Annual-mean temperature and precipitation changes between 2085 and 1975 from the regional model
PRECIS which is used to drive the IBIS simulations
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vegetation to natural potential vegetation (Monserud and Leemans 1992): individual kappa
for tropical evergreen is 0.44 but is only 0.15 for tropical deciduous forests, indicating fair
agreement for tropical evergreen forests and poor agreement for deciduous forests. The
overall kappa value is only 0.24 (poor agreement) primarily because of the over-prediction of
the extent of grasslands, shrublands and savanna and under-prediction of tropical deciduous
forests. Global simulations using this model (Kucharik et al. 2000) and other dynamic
vegetation models have also over predicted grasslands over India (Bonan et al. 2003; Cramer
et al. 2001). Since our goal in this paper is the estimation of the changes in carbon stocks
under climate change, a reasonably well simulated NPP lends confidence to the results
discussed below. Nevertheless, it should be cautioned that the error in simulated vegetation is
a potential source for uncertainty.

Table 1 and the schematic diagram in Fig. 4 list the changes in key terrestrial variables
over India. Both absolute and percentage changes relative to the Baseline are given. In
general, climate warming (Saturated minus Baseline) leads to decline in productivity (NPP)
and carbon stocks (biomass and soil carbon), and CO2-fertilization (Fertilized minus
Saturated) results in enhanced productivity and carbon stocks. NPP is basically the canopy
level net photosynthesis and is calculated as the difference between GPP (Gross Primary
Productivity) and plant respiration; GPP is the canopy level photosynthesis. As temperature
increases, photosynthesis attains a maximum rate and then declines (Bonan 2008). Greater
plant respiration at warmer temperatures also contributes to the decline in net
photosynthesis and NPP. Net photosynthesis peaks around 20–25°C for C3 plants like
trees and temperate grasses (Bonan 2008).

Fig. 2 Comparison of simulated annual-mean NPP in the Baseline experiment to satellite observed annual-
mean NPP for the period 1982–2006 (Nemani et al. 2003)
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Fig. 3 Comparison of simulated dominant potential vegetation types in the “Baseline” experiment (left
panel) over the last 50 years of simulation to potential natural vegetation estimated from observations (right
panel) (Ramankutty and Foley 1999)

Table 1 Changes in key terrestrial variables averaged over India

Baseline Climate effect
(Saturated–Baseline)

CO2-fertilization effect
(Fertilized–Saturated)

Combined effect
(Fertilized–Baseline)

NPP (Gt-C/yr) 1.24 −0.16 (−12.9)a 1.04 (83.9) 0.88 (71.0)

Biomass (Gt-C) 11.30 −2.14 (−18.9) 12.25 (108.4) 10.11 (89.5)

Soil organic carbon (Gt-C) 15.19 −3.38 (−22.3) 10.29 (67.8) 6.91 (45.5)

Total carbon stock (Gt-C) 26.49 −5.52 (−20.8) 22.54 (85.1) 17.02 (64.3)

Forest carbon stock (Gt-C) 22.67 −5.49 (−24.2) 23.90 (105.4) 18.41 (81.2)

Heterotrophic respiration
(Gt-C)

1.16 −0.15 (−12.5) 0.92 (79.5) 0.78 (67.0)

Forest area (bMkm2) 1.23 −0.18 (−14.6) 0.62 (59.1) 0.44 (35.8)

Grassland (Mkm2) 0.80 0.12 (14.6) −0.31 (−33.5) −0.19 (−23.8)
Shrub land (Mkm2) 0.39 0.09 (22.8) −0.29 (−60.4) −0.20 (−51.4)
Desert (Mkm2) 0.02 0.09 (358.3) −0.08 (−70.9) 0.01 (33.3)

a values within parenthesis show the percentage changes relative to baseline
bMkm2 = Million square kilometers
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NPP decreases by 13% for climate change and increases by 84% from CO2-fertilization
(Table 1 and Fig. 4). Since CO2-fertilization effect is about 4–5 times stronger than climate
effect, the net effect (Fertilized minus Baseline) is an enhancement in plant productivity
(about 71%) and carbon stocks relative to Baseline. The decrease and increase of domain-
averaged NPP to climate change and CO2-fertilization, respectively, for India are
qualitatively similar to global-mean responses simulated by IBIS in fully coupled climate
and carbon cycle model simulations (Bala et al. 2006; Govindasamy et al. 2005; Thompson
et al. 2004)

Since IBIS simulates potential vegetation, the simulated forest area of 1.2 million square
kilometers (Table 1) is about twice the actual current area of 68 million hectares of forest
area over India (Ravindranath et al. 2008). The potential forest over India decreases by
about 15% when IBIS is forced by climate change alone (Saturated minus Baseline;
Table 1, and Fig. 4). The 15% decrease corresponds to the period from 1975 to 2085 as
discussed in Section 2. On the contrary, CO2-fertilization (Fertilized minus Saturated)
causes an increase in the forest cover by 59% for the same period. This happens because the

Fig. 4 Schematic diagram illustrating the changes in key terrestrial variables. Changes are shown for climate
effect (Saturated minus Baseline), CO2-fertilization effect (Fertilized minus Saturated) and the combined
effect (Fertilized minus Baseline). The units for NPP, biomass and soil carbon are Gt-C and forest, grassland
and shrub land areas have units of million square kilometers. Percentage changes are shown within the
parenthesis. Upward (downward) arrow indicates increase (decrease) in the relevant variable
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land biosphere can take up more CO2 per unit of water loss, when the atmospheric CO2

concentration increases. This leads to an increase in the aboveground net primary
production. Higher aboveground net primary production intensifies competition for
aboveground resources, such as light. As production increases, light availability beneath
the canopy falls, leading to a loss of understory species. When both climate and CO2-
fertilization effects are included (Fertilized minus Baseline), forest cover increases by 36%
(Table 1 and Fig. 4). With a decrease (increase) in the forest cover for the effects of climate
change (CO2-fertilization), there is a gain (loss) in the extent of grassland, shrubland and
desert areas. The expansion of potential forest cover for CO2-fertilization and for combined
effects of climate change and CO2-fertilization simulated in our study is in agreement with
recent studies (Bala et al. 2005, 2006) that used a global coupled climate and carbon cycle
model with IBIS as the terrestrial carbon cycle component.

The simulated biomass in the Baseline case and the changes in biomass for climate
change, CO2-fertilization and for both climate change and fertilization are shown in Fig. 5.
We note that the biomass has decreased uniformly over most of India for climate change
(Saturated minus Baseline) except over the northern most tip of the country where warmer
temperatures promote plant growth. Reduced productivity (NPP) at higher temperatures
leads to declines in Biomass almost over the entire domain (Table 1 and Fig. 4). For CO2-
fertilization (Fertilized minus Saturated), we notice that most areas experience an increase
in biomass with larger increases in areas of the North, Northeastern India and the Western
Ghats where the existing biomass is already higher. This happens because the change in the
carbon stock is in general proportional to the existing stock size. When the combined
effects of climate change and CO2-fertilization are present (Fertilized minus Saturated), the
pattern is similar to the case with only CO2-fertilization effect because the CO2-fertilization
effect overwhelms the climate effect. Biomass decreases slightly in the desert regions of the
northwest India.

The spatial pattern of changes in soil carbon (Fig. 6) is similar to that in biomass (Fig. 5)
because more biomass production leads to more accumulation of soil carbon through litter
fall. As for the biomass, we notice a small decline in soil carbon for climate change and
larger increases for CO2-fertilization.

The total amount of carbon sequestered in India in the Fertilized is calculated to be
around 17 Gtons (Table 1), which is obtained by calculating the increase in biomass and
soil organic carbon in the Fertilized case relative to the Baseline case. This amount is nearly
the same as the increase in forest carbon stock, indicating the dominance of forests in
carbon stock changes. The amount of carbon stock in forests in the Baseline experiment
(22.67 Gt-C) is about 2.5 times larger compared to the observed value of 8.8 Gt-C for 2006
(Ravindranath et al. 2006) because IBIS simulates natural potential vegetation and does not
include anthropogenic land cover changes. Since the total emissions predicted for India
under the SRES A2 scenario is 94 GTons (Shukla 2006) our model simulations imply that
the maximum potential terrestrial sequestration over India is only 18% of the emissions
from India; best-case scenario of unlimited CO2-fertilization and equilibrium conditions
have been used to calculate the maximum potential. On the contrary, when CO2-fertilization
is limited at 1975 levels of CO2 (Saturated minus Baseline), there is a decline in biomass
and soil carbon and the land biosphere becomes a source of carbon (5.5 Gt-C) to the
atmosphere.

The spatial patterns of changes in NPP and soil respiration are shown in Figs. 7 and 8,
respectively. With only the climate change effect operating (Saturated minus Baseline),
there is a general decline of NPP. However, CO2-fertilization (Fertilized–Saturated)
enhances NPP almost everywhere. In some regions such as Northeast and Western Ghats,
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Fig. 5 The simulated annual-mean biomass in the Baseline case (top left) and the changes in annual-mean
biomass for climate change (top right), CO2-fertilization (bottom left) and for both climate change and CO2-
fertilization (bottom right)
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Soil Organic Carbon (kgC/m2)
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Fig. 6 The simulated annual-mean soil carbon in the Baseline case (top left) and the changes in annual-mean
soil carbon for climate change (top right), CO2-fertilization (bottom left) and for both climate change and
CO2-fertilization (bottom right)
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Fig. 7 The simulated annual-mean Net Primary Productivity (NPP) in the Baseline case (top left) and the
changes in annual-mean NPP for climate change (top right), CO2-fertilization (bottom left) and for both
climate change and CO2-fertilization (bottom right)
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Fig. 8 The simulated annual-mean heterotropic (soil) respiration in the Baseline case (top left) and the
changes in annual-mean soil respiration for climate change (top right), CO2-fertilization (bottom left) and for
both climate change and CO2-fertilization (bottom right)
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NPP is doubled because of CO2-fertilization. In general, NPP increases over most regions
in the country when climate change and CO2-fertilization effects are included. However,
there is a decline in NPP over some parts of central India and northwestern India. This is
mostly due to the higher temperatures predicted in those areas, and only moderate increase
in precipitation. Hence, the adverse climatic conditions offset the favorable effect of
augmented CO2 concentrations in these regions.

Since soil or heterotrophic respiration (Fig. 8) is directly proportional to the pool size,
the spatial distribution of respiration in the Baseline case resembles the soil carbon pool
(Fig. 6). However, change in respiration (Fig. 8) is a function of both temperature and the
soil carbon pool size but we notice that respiration changes in the Fertilized and Saturated
cases resemble the changes in soil carbon content (Fig. 6), suggesting the dominance of the
pool size over the temperature effect under climate change. For climate change (Saturated
minus Baseline), we do not see an increase in respiration but notice a reduction in
respiration. This is because our simulations are run to equilibrium, and respiration equals
NPP at equilibrium and hence the pattern of soil respiration changes mirrors that of NPP
(Fig. 7). This can be seen in the other two cases too: for the CO2-fertilization (Fertilized
minus Saturated) case, we find an increase in soil respiration in association with an increase
in NPP, and when climate change and CO2-fertilization effects are included (Fertilized
minus Baseline), soil respiration increases everywhere except northwestern India.

Figure 9 shows the distribution of dominant vegetation types in our three experiments.
For climate change (Saturated case), there is an expansion of grasslands and decline in
forest cover, making this scenario a cause for concern for forestry. A few grid points in the
southern peninsula and western and central India turn into deserts. Land ice and tundra in
the northern most part of the country change into Boreal forests. When effects of climate
change and CO2-fertilization are included (Fertilized case), the extent of grassland and
shrubland shrinks compared to the Baseline case. This area is taken over by various forest
types (which consists of tropical, temperate and boreal forests). There is an expansion of
tropical evergreen forests in the eastern and northeastern India and in the Western Ghats. It
is interesting to note that temperate deciduous forests invade central India in this scenario
and replace grasses and shrubs. In summary, we see that CO2 fertilization is suitable for tree
type vegetation.

4 Discussion

In this paper, we have demonstrated that the sequestration of carbon in the terrestrial
ecosystems over India is sensitive to CO2-fertilization: under equilibrium conditions, modeled
carbon stocks in the natural potential vegetation increases by 17 Gt-C with unlimited
fertilization for CO2 levels and climate change corresponding to the end of 21st century but
they decline by 5.5 Gt-C if fertilization is limited at 1975 levels of CO2 concentration
(Table 1). The carbon stock increase is dominated by forests. It should be emphasized that our
study has bounded the limits for natural potential vegetation and not for actual current
vegetation. Nevertheless, these results show whether Indian terrestrial ecosystem will take up
carbon or release carbon is highly sensitive to the levels of future CO2-fertilization.

It should be cautioned that the results might depend on the chosen model and
experimental setup. Similar to BIOME4 that was used to study the vulnerability of forests
in India (Ravindranath et al. 2006), the terrestrial biosphere model that is used in this study
(IBIS2) exhibits strong CO2-fertilization effect. IBIS is one of the models that showed
strong sensitivity to CO2-fertilization in an intercomparision of terrestrial carbon cycle
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models (Prentice et al. 2001). Even though IBIS exhibits high sensitivity to CO2-
fertilization, it simulates only about 17 Gt-C of future carbon uptake (amounting to only
18% of 21st century CO2 emissions from India), indicating the limited capability for
terrestrial carbon sequestration. Other models with less sensitivity to CO2-fertilization would
suggest even more severely limited carbon uptake potential by the land biosphere in India.

The dynamic vegetation model used in this study (IBIS2) has notable limitations. IBIS
does not have representation for nitrogen cycle (Cramer et al. 2001), land cover and land
use management changes. It is known to over-simulate grasslands (Bonan et al. 2003). It
has been also shown that compared with other dynamic vegetation models, IBIS tends to
simulate a fairly strong CO2 fertilization effect (Cramer et al. 2001; McGuire et al. 2001).
IBIS model in its current form doesn’t include a dynamic fire module (Foley et al. 1996). It
doesn’t account for changes in pest attacks in a changed climate. Therefore, we believe that

Fig. 9 Simulated dominant potential vegetation types in the Baseline (top left), Saturated (top right), and
Fertilized (bottom) cases
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many of these limitations may have led to the overestimation of future NPP and carbon
stock gains in our study.

The terrestrial carbon model IBIS used in this study simulates natural potential vegetation and
hence we have not considered land cover change which is probably one of the most important
limitations of this study. It is estimated that forest conservation and regeneration policies and
programs could increase the forest cover from 67.8 to 72 mha (million hectares) and increase the
carbon stocks in the forested areas alone by about 1 Gt-C in just 20 years (Ravindranath et al.
2008). This suggests that anthropogenic activities, as opposed to climate change or CO2-
fertilization, could be the major cause for changes in the terrestrial carbon stocks in India.

We find that it is the tree-type vegetation that sequesters the most due to the CO2

fertilization effect—vegetation that is prevalent in the northeast and the southwestern parts
of India (such as the Western Ghats). This result is significant because these areas already
have higher biomass and higher biodiversity. More observational studies and further
modeling studies will be required to further understand the exact dynamics and effects of
CO2-fertilization on this type of vegetation.

One should note that the choice of year 1975 for the saturation level in our study is
dictated by the availability of regional model data that drives IBIS. In general, the behavior
of CO2-fertilization and other terrestrial carbon cycle processes are uncertain and we do not
know at what CO2-level CO2-fertlization will saturate. The standard method of estimating
observed carbon uptake is to use observed levels of CO2 as represented by our Fertilized
case. Our assumption of 1975 for the saturated would imply that if there is an observed
increase in land carbon uptake in the last two decades, it is because of other processes such
as increase in forest cover due to afforestation/conservation programs, Nitrogen-fertilization
and fire suppression (Pacala et al. 2001; Schimel et al. 2001).

The Saturated case in our work represents the case with all factors that limit enhancement of
plant productivity including nutrient limitations. Even without nutrient limitations, the enhanced
physiological effects on plant to growth will saturate at high CO2 concentration (Cao and
Woodward 1998; Farquhar et al. 1980; Prentice et al. 2001). Furthermore, as respiration rates
would be expected to continue to increase with further CO2-induced warming, the land would
be expected to become a net CO2 source at some level of atmospheric CO2. There are
indications that the global land ecosystem has not reached that point yet: a recent study (Knorr
2009) shows that the airborne fraction of CO2 has stayed constant (40%) since 1850, suggesting
that the terrestrial and ocean ecosystems have not started losing their ability to sequester a large
portion of anthropogenic emissions and hence the saturation of CO2-fertilization may be
reached in this century. Inferences from observations of anthropogenic ocean carbon inventory
also suggest that the terrestrial biosphere has been a sink for anthropogenic carbon since 1940s
(Khatiwala et al. 2009). Therefore, the knowledge about the saturation level of CO2 fertilization
and its implication for terrestrial carbon cycle is crucial.
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