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Abstract In this study, we model the long-term effect of climate change on commercially
important teak (Tectona grandis) and its productivity in India. This modelling assessment is
based on climate projections of the regional climate model of the Hadley Center (HadRM3)
and the dynamic vegetation model, IBIS. According to the model projections, 30% of teak
grids in India are vulnerable to climate change under both A2 and B2 SRES scenarios
because the future climate may not be optimal for teak at these grids. However, the net
primary productivity and biomass are expected to increase because of elevated levels of
CO2. Given these directions of likely impacts, it is crucial to further investigate the climate
change impacts on teak and incorporate such findings into long-term teak plantation
programs. This study also demonstrates the feasibility and limitations of assessing the
impact of projected climate change at the species level in the tropics.

Keywords Adaptive capacity . Climate change . Impact modelling . Plantation forests . Teak
(Tectona grandis) . Species-level analysis . India

1 Introduction

Recent studies indicate that the Indian subcontinent could be subjected to an average of over
4°C rise in temperature by 2085 for SRES A2 scenario (Rupakumar et al. 2006). These studies
also project an increase in precipitation over India but other studies suggest that monsoons
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over India might actually weaken significantly in the short term (Zickfeld et al. 2005). Such a
decrease in precipitation could have a large impact on the health of forests. For example, it
was shown that forest patches subjected to just a 100 mm decrease in rainfall under the effects
of the 2005 drought in the Amazon released (on average) 5.3 tonnes of carbon per hectare as
trees in the area died (Phillips et al. 2009). We do not know of any similar focussed studies for
India and believe that this is a gap in research with respect to regional impacts of climate change.

India has been implementing a large afforestation program at rates of over 1 million
hectares annually (Ravindranath et al. 2008) dominated largely by a few species such as
teak, eucalyptus and acacia. Such monoculture plantations are likely to dominate plantation
forests in India. India has a current forest cover of 23% of total geographic area and would
like to increase it to 33% in the coming decades (NAPCC 2008). Thus, there is a need to
assess the potential implications of climate change on such forest plantations. In this study,
climate change impacts are assessed specifically for teak plantations.

Teak is primarily a native of India and south–east Asia and is known and cherished for its
strength, durability and fine grain. Teak is the second-most important plantation tree species in
India after sal (Shorea robusta). Teak forests cover an area of 6.3 Mha in the country. Indeed,
teak from central India (CP teak) is comparable to the best varieties of teak. It would not be
wrong to maintain that teak wood is probably the most thoroughly tested and investigated
timber in India. That all of India’s teak production is processed domestically and that India is
also a significant net importer of teak is a testimony to the demand for teak-wood in the
country (Pandey and Brown 2000). Indeed, India ranks among the top four manufacturers of
teak products. There are, thus, compelling reasons for a comprehensive assessment of impacts
of potential climate change on the teak species in India. The main goal of this paper is to
assess the impacts of climate change at the species level.

The vulnerability of the dominant timber-wood species of Europe and USA to climate
change has been explored to a large extent. As far as timber production is concerned, some
of the most important species of the US are douglas-fir, ponderosa pine, birch, maple and
loblolly pine (Howard 2003). Investigations on the effects of climate change on all of these
are being carried out (Littell and Peterson 2005; DeLucia et al. 1994; Riikonen et al. 2004;
Norby et al. 2003; McNulty et al. 1996). Investigations of the impacts of climate change on
several species of a region collectively have also been performed (Iverson and Prasad
1998). Similar studies have also been done for Europe (Sykes and Prentice 1996; Gessler
et al. 2007). Meanwhile, some species-level diebacks are already being observed: for
example, quaking aspen in certain parts of USA (Worrall et al. 2008). However, no
systematic study has been done on the effect of climate change on the important forest
species in India. This study is a first step towards filling this gap in research.

In this study, we modified a global dynamic vegetation model (IBIS, detailed below) so
that teak (as a species) is better represented in it. Then, we forced this vegetation model
with climate data from a GCM (global circulation model) centred around the year 2085.
This allowed us to project the effect of climate change on teak in a spatially explicit manner
which helps in making our assessment policy-relevant.

2 Experimental data and methods

2.1 Location of teak in India

The spatial distribution of teak forests were assessed using a digital forest map prepared by
the Forest Survey of India (FSI). The geographic area of India was divided into 165,000
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grids (each of 2.5’ by 2.5’). Out of these, 3329 were classified as “teak grids”—grids
dominated by teak forests. The location of these grids is given in Fig. 1. Teak is grown in
diverse agro-ecological zones in India. It is naturally distributed mainly in the peninsular
region. But teak also has been planted in non-traditional areas in northern and north eastern
states.

2.2 The dynamic vegetation model

The impact of projected climate change on teak grids was assessed using the global
dynamic vegetation model IBIS (Kucharik et al. 2000). The model was configured to study
the changes in survival and productivity of teak in India. The model runs were conducted

Fig. 1 The location of 3,329 teak-forest grids in India. Out of these, 5.94% are classified as “very dense
forests” (blue), 64.73% as “moderately dense forests” (green), and 29.31% as “open forests” (red)

Mitig Adapt Strateg Glob Change (2011) 16:199–209 201



with climatological data centered around year 2085 for A2 and B2 SRES scenarios derived
from the HadRM3 model (Rupakumar et al. 2006). These were compared with model
projections for the current climate (termed “baseline” or “control” scenario) obtained by
forcing the IBIS model with observed climatological data centered around 1975 obtained
from CRU (climate research unit), University of East Anglia. The HadRM3 climate model
output data was only available for the time periods of 1960–1990 and 2070–2100.
Therefore, we restricted our analysis to climate data centered around 1975 and 2085.

2.3 Parameterization of IBIS for teak species

The IBIS model groups all species of vegetation into twelve distinct “plant functional
types” (PFTs). Teak falls into PFT type 2, the tropical broadleaf drought-deciduous trees.
The main physiological parameters that characterize a particular PFT in IBIS are: 1)
Maximum rubisco activity at 15°C at top of canopy, 2) The specific leaf area (SLA), 3) The
residence time of carbon in the root, leaf and stem (Rroot, Rleaf and Rwood), and 4) The
fractional allocation of carbon in root, leaf and the stem. We assumed that the only species
of PFT 2 that would be present in a grid is teak. Hence, the values of these parameters for
PFT 2 were changed from the default model values to values corresponding to the teak
species. Values for other PFTs were unchanged. In summary, we modified the generic
“tropical broadleaf drought-deciduous” PFT in IBIS (represented by PFT 2) to represent
teak species.

As we could not get any single source for physiological parameters for teak, we obtained
the values for the above parameters from several sources. Since we did not have laboratory
access to measure the Rubisco activity of teak, we assumed that it is same as the default
value in the model (65.0 * 10−06 mol[CO2] /m

2/s).
From our field studies in the Western Ghats regions, we obtained a value of 113 tC/ha

for Biomasswood and 5.2 tC/ha/yr for mean annual increment (MAI). This gives a value of
21.73 years for Rwood. Rroot was calculated from values taken from Jha (2003). The value
for below ground biomass (BGB) is 11.89 tC/ha and the value of MAI is 10.35 tC/ha/yr,
yielding avalue of 1.14 years for Rroot. The value of Rleaf for teak is given as 1 year in Jha
(2003) and we use this values in our study

Further, the fractional carbon allocation to leaf, root and stem for teakwere obtained
from field measurements. First, the diameter and heights of teak stands were measured.
Then, both above ground and below-ground biomass values were estimated using standard
volume equations, and subsequently, the allocation coefficients were also derived. The
values thus derived for Teak are detailed in Table 1.

3 Model validation

Out of the 3,329 grid points over India, IBIS classified 1,193 as forests and the rest as
grasslands in the baseline simulation. This is an under-estimation for forest cover over India
when compared to observations. This under-representation of forests in the tropics by IBIS
is documented in the literature (Bonan et al. 2003) where it is stated that IBIS simulates
higher (than observed) grass coverage in the great plains, southern South America, Africa,
and India. In this study, we restrict our analysis to the grids that IBIS simulates as forests.

Biomass distribution, as simulated by the IBIS model (parameterized for teak) is shown
in Fig. 2. It averages around 2–6 kg/m2 which translates to a biomass of 20–60 tons/ha. The
teak-stand biomass reported in literature varies from 50–350 tons/ha (Tewari 1992). Our
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belief is that IBIS simulates less biomass due to two reasons: 1) The biomass reported in the
literature is for plantations raised in optimal and near-optimal conditions. Selection of
suitable sites for raising plantations, good water availability and the practise of “thinning”
to eliminate substandard tree-individuals are reasons for higher biomass production at
plantations. Indeed, the MAI (proportional to biomass) reported for best sites is five times
that for poor sites (Ball et al. 1999); 2) IBIS predicts less productivity in the tropics which
might be another reason for its under prediction of forest cover in the tropics (Bonan et al. 2003).

The distribution of IBIS-simulated Net Primary Productivity (NPP) is shown in Fig. 3.
NPP averages around 0.3–0.5 kg/m2/year or 3–5 tons/ha/year. Typical values reported in the
literature are 0.47–0.64 kg/m2/year (Pande 2005). As before, we believe that actual
observed values are higher due to near-optimal conditions in teak plantations.

4 Results

4.1 Vulnerability of teak

The vegetation of a particular location is strongly dependent on the local climate
(Kirschbaum et al. 1996). It follows that if the climate of a particular location changes
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significantly, the regional vegetation may be significantly changed (Solomon 1986).
However, a “significant” change in climate is hard to define and may be a function
vegetation type. Hence, to quantify this effect, we considered the vegetation types predicted
by IBIS for all grid points. If, for any grid point, there was a change in the vegetation type
predicted by IBIS between baseline and future years, that grid point was marked as
“vulnerable”. This implies that the future climate is not conducive to the present vegetation
at that grid, and this unsuitability of future climate may cause a shift in vegetation type.
This is similar to the approach adopted in Ravindranath et al. (2006). For the sake of
simplicity, we assumed that there would not be significant migration (range shift) of teak.
We also believe that such migrations would be limited by competing land-use requirements
and fragmentation of land use patterns.

Figure 4 shows the distribution of vulnerable grids for both A2 and B2 climate scenario.
The distribution is almost same for both scenarios, with 33.3% grids being vulnerable in the
A2 scenario and 30.3% grids being vulnerable in the B2 scenario. Around 25.5% of the
grids are vulnerable in both the scenarios, suggesting large overlap between the two
scenarios.. Hence, the impacts from scenario B2 are not a small subset of A2 but there is a
high degree of overlap.

4.2 Impact of climate change on teak plantations

The model simulations project an increase in biomass, NPP and soil organic carbon (SOC)
in all the teak grids. Figures 5, 6 and 7 show the percentage increase in biomass, NPP and
SOC, respectively, in comparison to the baseline simulation. In the A2 scenario, the
percentage increase in biomass averages around 130–150%, while it is around 90–110% in
the B2 scenario. These large increases are primarily due to the CO2 fertilization effect: previous
studies have shown that IBIS simulates a higher fertilization effect compared to other models
(McGuire et al. 2001). The higher sensitivity of IBIS to CO2-fertilization is due to the
following reason: Currently, IBIS simulates the effects of changes in the supply of sunlight,
water and CO2 to vegetation—limitations of important nutrients like nitrogen and
phosphorous in the tropical soils are not considered. The addition of nitrogen and phosphorous
cycles might diminish the magnitude of response to elevated CO2 (Hungate et al. 2003). For

Fig. 4 Distribution of vulnerable teak grids in A2 and B2 scenario. Grids marked red are vulnerable while
those marked green are not. In A2 scenario, 1110 (33.3%) of total 3,329 teak grids are vulnerable while 1009
(30.3%) teak grids are vulnerable in B2 scenario
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teak, presence of calcium in the soil is important, followed by nitrogen, potassium, magnesium
and phosphorous (Tewari 1992).

Under the National Action Plan on Climate Change, India has announced the Greening
India mission which endeavours to bring an additional 6 Mha under forest cover by the year
2020 (NAPCC 2008). This is over and above the current afforestation rate of about 1.1 Mha
per annum. One of the positive benefits of such a large scale afforestation programme is its
possible contribution to climate change mitigation through carbon sequestration. Therefore,
it is essential that long-term climatic and species-related factors that may affect the efficacy
of such carbon sinks be studied.

Also, as per the latest document on green-india mission (MoEF 2010), the
government of India has detailed its plan to bring 1.50 mha of degraded agricultural
lands and fallows under agro forestry. Protection and enhancement of forests with
relatively dense forest cover is also envisaged in the document. This work, by identifying
critical areas, would help in prioritizing regions for such agro-forestry and forest-
enhancement measures.
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5 Limitations in modelling and future research needs

In this section, we briefly discuss some shortcomings of the present study. It is known that
GCMs are quite robust in their projections for mean temperature change at global levels.
However, downscaling of GCM projections to the regional level (as done by HadRM3) has
uncertainties associated with it. There is also a lack of consensus among models even as to
the sign of future regional precipitation changes predicted (whether it will increase or
decrease) for parts of the tropics (IPCC 2007); and annual rainfall and relative humidity are
the most important climatic factors influencing the growth of teak (Ball et al. 1999).

Fire is another process that is not accounted for in IBIS, the terrestrial model used in this
study. The Intergovernmental Panel on Climate Change (IPCC) report concluded that global
climate change will increase the risk of extreme fire events (IPCC 2007). Teak plantations
are particularly susceptible to annual fires, as leaf-fall during the early dry season results in
the accumulation of fuel on the ground. While teak is often described as fire resistant
because trees are seldom killed by fires, annual burning reduces timber quality and growth
rate. About 5% of dry deciduous forests in India (e.g. teak) are susceptible to frequent fires
and 35% of them are susceptible to occasional fires (FAO 2001).

As previously noted, several elemental and nutrient cycles such as nitrogen,
phosphorous, calcium, potassium and magnesium are not represented in IBIS. Their
inclusion would reduce the large increases seen in biomass, NPP and SOC. Indeed, other
studies have predicted a loss in productivity of teak—for example, from 5.4 m3/ha to
5.07 m3/ha (Achanta and Kanetkar 1996).

India has high genetic variability of teak (Tewari 1992) and significant climatic and soil
variations within the country. For example, the allocation fractions of biomass between
various compartments vary significantly during the age of the tree. According to Tewari
(1992), the fraction of the stem biomass varies from a low of 23.0% to a high of 54.2%.
This highlights the limitations of using physiological parameters obtained from only a few
site studies to characterize teak stands (of varying ages) over different agro-ecological
zones.

Another factor not taken into consideration is the variability in properties of soil. The
physical and chemical properties of soil like texture, depth, porosity and drainage are
important factors in determining how well teak can grow in a region. Besides being
sensitive to the amount of calcium, phosphorous, potassium and nitrogen (C/N ratio), Teak
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is also sensitive to the pH of the soil (Tewari 1992). The soil data that we used was too
coarsely gridded to account all these factors.

6 Concluding remarks

In assessing the vulnerability of the forest sector, there is a strong need for species level
assessment. However, only a few species level assessments have been made in the past. In
this paper, the effects of climate change on teak in India have been investigated. . Using
climate projections from the HadRM3 and IBIS models, we show that the future climate
may not be optimal to the present vegetation in about 30% of teak grids. Biomass and NPP
is projected to rise but there is a high uncertainty in the magnitude of these increments.
Various gaps in the modelling methodology have been identified, indicating the need for
more sustained research effort in this direction. Further studies should take into account the
current planting practices: for example, the present trend of using a species mixture (such as
teak with bamboo, acacia or sissoo) and its future impacts. Dissemination of findings from
investigations is also important, especially in the light of growing investment in teak
plantations from the private sector and farming community.
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