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Panna Taluk, Madhya Pradesh 

Chapter 1                                                    INTRODUCTION 
 
 

1.1 General 

A forest is defined as an ecosystem or assemblage of ecosystems dominated by trees 

and other woody vegetation. The living parts of a forest include trees, shrubs, vines, grasses 

and other herbaceous (non-woody) plants, mosses, algae, fungi, insects, mammals, birds, 

reptiles, amphibians, and microorganisms living on the plants and animals and in the soil. 

These interact with one another and with the non-living part of the environment - including the 

soil, water, and minerals, to make up what we know as a forest. Plant communities covering 

large areas of the globe provide goods and services like, carbon-sink, oxygen-release, habitat, 

and soil-retention functions. Therefore, Earth's forests constitute one of the most important 

aspects of our biosphere. They provide many of the benefits like habitat, quality water, 

recreation, climatic amelioration and wood products. The plants and animals that make up a 

forest are inter-dependent and often essential to its integrity.  

Forests store large quantities of carbon i.e. below ground (soil) and above ground 

(vegetation). Through photosynthesis and respiration they exchange large quantities of carbon 

with atmosphere. For photosynthesis trees or plants absorb a portion of electro-magnetic 

radiation called photosynthetically active radiation (PAR). By the activity of the 

photosynthesis this absorbed energy is utilized to produce organic matter in plants. The organic 

matter stored constitutes the biomass of the plant. Biomass can be defined as the total amount 

of live organic matter and inert organic matter (IOM) aboveground and belowground in tons of 

dry matter per unit area (individual plant, hectare, region or country) in a particular ecosystem. 

Or in other words it can be defined as the total amount of living organic matter in trees 

expressed as oven-dry tons per unit area. It is referred to as biomass density when expressed as 

mass per unit area, e.g. tons per hectare. Forest biomass consists primarily of above-ground 

(stems, branches, leaves) and below-ground (and roots) tree components; other woody 

vegetation; and mosses, lichens and herbs. The total biomass for a region or country is obtained 

from the product of biomass density and the corresponding area of forests. Only small portion 

of the forest biomass is consisted of animal biomass. The addition of biomass over a time is 



 

  
 

       2 
 

     Above Ground Biomass and Carbon Assessment in Forests Using High & Medium Resolution Data in  
Panna Taluk, Madhya Pradesh 

called as productivity. It is the rate of production of biomass. It can be also be referred as the 

gain in weight which the total number of a species in a specified area or the total number of all 

living organisms in a specified area, accumulates in a given period of time. 

Biomass forms the entire energy source in the ecosystems. It is the largest energy 

source in India also. It can be potentially used as fuel. The quantity of biomass is the result of 

the difference between production through photosynthesis and consumption by respiration and 

harvest processes. In India, as much as 86% of the forest area is under tropical forest, of which 

53% is dry deciduous, 37% moist deciduous and the rest wet evergreen (Kaul & Sharma 1971). 

Terrestrial ecosystems of India are extensively studied for point biomass, productivity and 

carbon estimations using ecological methods. Most of the studies have been performed in a 

small area only using conventional ground-based methods. 

 

1.2 Purpose of Estimating Biomass 

Accurate estimation of biomass is required for accounting carbon stocking and 

monitoring. There are many products for which forests have been traditionally used e.g. timber, 

fuel wood, fodder, medicines and many more. For determining the estimates of the quantity of 

these components, estimation of forest biomass is a useful way as well as it also quantifies the 

amount of resource available for all traditional uses. Biomass is continuously replenishing 

living matter present on earth. Total biomass of each forest varies in different forest types, such 

as natural or planted forests and closed or open forests. Merchantable bole forms about 60% of 

the total aboveground biomass and leaves for fodder form about 3-5% of closed forests (Brown 

1997). In a forest, quantity of biomass is basically the difference between production through 

photosynthesis and consumption through respiration as a major cause along with harvest 

processes. Thus for assessing changes in the structure of the forests, biomass estimation acts as 

one of useful measures. 

Forest biomass is one of the alternative and renewable sources of energy. This can be used 

effectively for meeting our energy needs. This would bring about a reduction in the pressure on 

the consumption of limited reserves of the fossil fuels which may come to an end anytime. For 

comparing functional and structural attributes, biomass density is an important variable.  
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1.3 Biomass assessment Methods 

 Several methods have been used to estimate forest biomass. There are two main 

approaches for estimating biomass are (a) destructive (conventional method) and (b) non-

destructive. Destructive methods can further be categorized into (i) by harvesting of all 

materials in an unit area, (ii) by harvesting average tree size (girth or height) classes, or (iii) by 

harvesting of individuals over a wide range in size and establishing the relationship between 

biomass and easily measurable plant parameters, such as diameter/ girth and/or height (Roy & 

Shirish 1996). Non-destructive methods involve application of component wise equations for 

different species, through sampling of tree components like bole, branch, twig and leaves. In 

last couple of decade’s satellite remote sensing has been successfully used for biomass and 

productivity estimation. (Chabbra et. al. 2001) has used three main approaches to estimate the 

forest biomass for large areas ( nation, continents and even globe): a) biomass estimates using 

mean biomass density from ecological studies b) for Indian and global estimates, field 

inventory of growing stock and biomass expansion factors are used c) spatial modeling 

approach in geographic information system using spatial data bases of physiography, climatic, 

soil and forest distribution and models of biomass productivity.  

Satellite remote sensing technique provides a synoptic view of the object which can 

be effectively utilized for deriving valuable information at regional and global level. Remote-

sensing images are useful in the estimation of aboveground biomass in many ways: 

 

• Generation of vegetation cover type and density map, for stratification and sampling 

design, also very useful in the identification of communities and ecosystems for spatial 

interpolation and extrapolation of the ground estimates. 

• Indirect estimation of biomass through some form of quantitative relationship (e.g. 

regression equations) between satellites derived parameters like band ratio indices 

(NDVI, GVI, etc.).  

•  Other methods such as direct radiance values per pixel or digital numbers per pixel, 

with direct measures of biomass or with parameters related directly to biomass, e.g. 

Leaf Area Index (LAI). 
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• Partitioning the spatial variability of vegetation cover into relatively uniform zones or 

classes, which can be used as a sampling framework for the location of ground 

observations and measurements. 

 

1.4 Leaf Area Index: Important variable 

  Leaf Area Index (LAI) is also an important variable other than biomass importantly 

used for the applications in ecological and environmental fields e.g. in regional ecosystem 

models (Nemani et al. 1993). It has been widely considered as an important parameter in 

determining various fluxes like carbon, water and energy (Running et al. 1989, Prentice et al. 

1992). It is a dynamically used for interpreting tree or canopy gas, water and energy exchange 

between photosynthetically active tissue and the atmosphere, also an important input parameter 

for eco-physiological models, when up-scaling these canopy fluxes to larger spatial scales. 

Many studies have shown that it plays an important role in characterizing forest ecosystems 

particularly in tropical dry deciduous forests due to prominent dynamics in foliation stages. It 

has been found to be highly correlated with productivity of various ecosystems (Waring and 

Schlesinger 1985, Webb et al. 1983). Rook et al. (1987) have reported that prediction of the 

forest’s subtle response to changing environmental conditions is not possible without seasonal 

LAI. Early researches have shown that there exists a very strong relation between a red to near-

infrared transmittance ratio and LAI (Jordan 1969). Leaves show different optical 

characteristics in visible and near infrared regions. This is due to presence of chlorophyll and 

carotenoids more absorption of radiation takes place in visible range whereas, plant cell walls 

cause scattering of near-infrared energy resulting in relatively high near-infrared transmittance 

and reflectance (Gates et al. 1965). Thus spectral measurement is strongly related to LAI 

(Tucker 1979). In order to upscale stand level to large areas, spectral vegetation indices have 

been derived from reflectance which can be related with LAI (Turner et al. 1999). Normalized 

Difference Vegetation Index (NDVI) is one of the most extensively used vegetation indices 

related to LAI and primary production. Based on the relationship between LAI and Normalized 

Difference Vegetation Index (NDVI) (Spanner et al. 1990, Curran et al. 1992, White et al. 

1997), satellite remote sensing has been very successful in estimating LAI. However satellite 
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based LAI measurements are largely successful in cropland or grassland (Prince 1991a, b, 

Daughtry et al. 1992). Researches have been still on progress for obtaining valuable results for 

estimating LAI in forest stands using remote sensing and GIS technique. Either direct or 

indirect methods have been recognized for estimating in situ LAI. Direct measurement 

approaches include area harvest (Gower et al. 1992), application of allometric equations based 

on tree diameters, and leaf litter fall (Gower et al. 1999). On the other hand, numerous 

commercially available instruments, such as Hemiview, Decagon ceptometer, LiCor LAI-2000, 

DEMON, and TRAC, are available to estimate LAI indirectly based on the measure of light 

transmission through plant canopies (Fassnacht et al. 1994, Chen et al. 1997, Welles and 

Norman 1991). Indirect method allows estimation of LAI either through sun-fleck estimation 

or through the estimation of above and below canopy PAR. In forest stands LAI calculations 

are made based on above and below canopy PAR observations, because below canopy PAR is 

the radiation that is reaching the ground after the leaf interception and internal canopy 

scattering. With the increasing interest in spatial LAI patterns, in situ measurements can be 

time-consuming, expensive, and often unfeasible for remote locations. This leads to the 

effective possibility of using remote sensing data to estimate LAI. LAI due to its vital role in 

physiological processes is often used in parameterizing and validating models of ecosystem 

functioning, biosphere-atmosphere interaction, vegetation growth, net primary production and 

other environmental processes at landscape to global scales (Sellers and Schimel 1993). LAI is 

a representative of green biomass which can be applied in radiative transfer models to simulate 

the canopy reflection of incoming radiation (Goel and Thompson 1984). 

 

 1.5 Forest as a Carbon Sink 

 Carbon is an essential element for life in this planet. Forests play an important role in 

the global and regional carbon (C) cycles. They store a large quantity of carbon in vegetation 

and soil. Through respiration and photosynthesis they exchange carbon with atmosphere. The 

term Global Carbon Cycle is used to describe the flow of carbon through a system. The Forest 

Carbon Cycle is the flow of carbon through a forest ecosystem. The global carbon cycle refers 

to the flow of carbon through the earth’s atmosphere, oceans, forests and other terrestrial 
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ecosystems. Fig. 1.1 shows Earth’s carbon cycle. In recent times, biomass-related studies have 

become significant due to growing awareness of global warming and carbon credit system the 

world over.  

 

 
                                    Fig. 1.1: Earth’s carbon cycle (Source: UNEP) 

 

To know the role of vegetation in global carbon cycle, biomass and productivity 

estimations are the intermediate steps (Kale et al. 2001). When being disturbed by human or 

natural causes forests can behave as sources of atmosphere. Thereafter they become 

atmospheric C sinks during their regrowth after disturbance, and hence they can be managed to 

alter the magnitude and direction of their C fluxes (Brown and Gaston 1996). Forests as well as 

soils, oceans and the atmosphere store carbon, which moves among those different stores over 

time through several processes. Consequently, forests can act as sources or sinks at different 

times: Sources release more carbon than they absorb while sinks soak up more carbon than 

they emit. Global flows of carbon are shown in Fig. 1.2. 

      Another important carbon store is fossil fuel deposits. But this particular carbon 

store, buried deep inside the earth, is naturally separated from the carbon cycling in the 

atmosphere unless humans decide to release it into the atmosphere when we burn fossil fuels 

like coal, oil or natural gas. This process has led to the greenhouse gas concentrations in the 

atmosphere and soars to levels more than 30% higher than at the beginning of the industrial 
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revolution (1890). And through our current greenhouse gas emissions, we are still adding at 

least 6 billion tonnes of carbon per year to the atmospheric carbon cycle, significantly altering 

the intricate web of carbon fluxes, and as a consequence, altering the global climate.  

 

The concept of carbon sinks is based on the natural ability of trees, other plants and the 

soil to soak up carbon dioxide and temporarily store the carbon in wood, roots, leaves and the 

soil. An assessment of carbon pool can be provided by estimating the biomass of forests 

because 50% of the carbon is stored by the forest vegetation. Consequently, biomass represents 

the potential amount of carbon that can be added to the atmosphere as carbon dioxide when the 

forests are either cleared or burned. For sustainable development and conservation of forests as 

well as quantifying national/ regional forests, understanding of forest carbon pools is 

important. Carbon pool can be defined as the system having the capacity of storing as well as 

releasing carbon or in other words it’s a reservoir that contains carbon as a chief element in 

 
Fig: 1.2 Global flows of carbon 

(Source: The Woods Hole Research Center 2003) 
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geochemical cycle. This is due to the immense contribution of forests to net C release to 

atmosphere as well as in evolving and implementation of mitigation strategies for carbon 

sequestration. Carbon sequestration refers to the removal and long-term storage of carbon 

dioxide from the atmosphere through the use of natural carbon sinks, primarily in forests in the 

form of increasing plant biomass. In this process carbon dioxide (CO2) from the atmosphere is 

absorbed by trees, plants and crops through photosynthesis, and stored as carbon in biomass 

(tree trunks, branches, foliage and roots) and soils. The term "sinks" is also used to refer to 

forests, croplands, and grazing lands, and their ability to sequester carbon. Agriculture and 

forestry activities release CO2 to the atmosphere. Forests have a large influence on atmospheric 

levels of carbon dioxide (CO2)—the most important global warming gas emitted by human 

activities with an atmospheric life span of 50-200 years. Tropical deforestation is responsible 

for about 20% of the world's annual CO2 emissions (IPCC Special Report on LULUCF 2000). 

On a global scale, however, these emissions are more than offset by the uptake of atmospheric 

CO2. Various activities like transportation, industries, combustion of coal & fossil fuels 

contribute to the accumulation of greenhouse gases in atmosphere. This accumulation can be 

reduced with the help of forestry practices as forests can sequester additional carbon hence 

avoiding further emission of CO2. Thus they act as an important measure for preventing 

climate change. Carbon sequestration rates vary by tree species, soil types, and regional 

climate, topography and management practices.  

 

1.6 Green House Effect 

Carbon dioxide forms the main constituent of green house gases. These green house 

gases, like carbon dioxide in the Earth's atmosphere, cause thermal radiation emitted by the 

Earth's surface to be reflected back down, therefore causing the climate to warm. Fig. 1.3 

shows the effect green house. Since with the advancement of technology and industrial era, 

concentrations of carbon dioxide as well as several green house gases (GHG) have increased 

(Prasad et al. 2000). The important green house gases (Fig. 1.4) found in the atmosphere are 

CO2, CH4, N2O, HFCs, PFCs, and SF6. The increase in GHG is directly proportional to the 
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human activities. The increasing levels of green house gases (GHG) in the atmosphere have 

generated global concern about adverse effects on climate. 

 
 
  

Higher concentrations of carbon dioxide and other green house gases trap more infrared 

energy in the atmosphere than occurs naturally. The additional heat further warms the 

atmosphere and Earth’s surface. Earth has warmed by about 1ºC over the past 100 years 

(http://www.epa.gov/climatechange). Observations are showing that atmosphere near the 

earth’s surface is warming. This warming is one of the many kinds of climate change that the 

Earth has gone through in the past and will continue to go through the future. It can be the 

outcome of accumulation of sharp and harmful green house gases. 

 
Fig. 1.4: Graph showing distribution of GHG in Earth's atmosphere (2004)  

        (Source: www.abcnews.com/sections/us/global106.html) 

        Fig: 1.3 The green house effect (Source: UNEP) 
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1.7 Global Warming 

 Global warming is the observed increase in the average temperature of the Earth's near 

surface air and oceans in recent decades and its projected continuation. Models referenced by 

the Intergovernmental Panel on Climate Change (IPCC) predict that global temperatures are 

likely to increase by 1.1 to 6.4 °C (2.0 to 11.5 °F) between 1990 and 2100. Fig. 1.5 shows the 

global mean surface temperatures from 1850 to 2006. The uncertainty in this range results from 

two factors: differing future greenhouse gas emission scenarios, and uncertainties regarding 

climate sensitivity. Global average near-surface atmospheric temperature rose 0.74 ± 0.18 °C 

(1.3 ± 0.32 °F) in the last century. The prevailing scientific opinion on climate change is that 

"most of the observed increase in globally averaged temperatures since the mid-20th century is 

very likely due to the observed increase in anthropogenic greenhouse gas concentrations, 

which leads to warming of the surface and lower atmosphere by increasing the greenhouse 

effect. Greenhouse gases are released by activities such as the burning of fossil fuels, land 

clearing, and agriculture. Other phenomena such as solar variation and volcanoes have had 

smaller but non-negligible effects on global mean temperature since 1950. A few scientists 

disagree about the primary causes of the observed warming. An increase in global temperatures 

can in turn cause other changes, including a rising sea level and changes in the amount and 

pattern of precipitation. These changes may increase the frequency and intensity of extreme 

weather events, such as floods, droughts, heat waves, hurricanes, and tornadoes. Other 

consequences include higher or lower agricultural yields, glacier retreat, reduced summer 

streamflows, species extinctions and increases in the ranges of disease vectors. Warming is 

expected to affect the number and magnitude of these events; however, it is difficult to connect 

particular events to global warming. Although most studies focus on the period up to 2100, 

even if no further greenhouse gases were released after this date warming (and sea level) would 

be expected to continue to rise for more than a millennium, since carbon dioxide (CO2) has a 

long average atmospheric lifetime (50-200 years). 
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         Fig. 1.5: Global mean surface temperatures 1850 to 2006 (Source:en.wikipedia.org) 

 

1.8 Climate Change 

Climate is probably the most important determinant of vegetation patterns globally and 

has significant influence on the distribution, structure and ecology of forests. It is therefore 

logical to assume that changes in climate would alter the configuration of forest ecosystems. 

The Third Assessment Report of IPCC concluded that recent modeling studies indicate that 

forest ecosystems could be seriously impacted by future climate change. Even with global 

warming of 1–2°C, much less than the most recent projections of warming during this century, 

most ecosystems and landscapes will be impacted through changes in species composition, 

productivity and biodiversity. These have implications for the livelihoods of people who 

depend on forest resources for their livelihoods. India is a mega-biodiversity country where 

forests account for about 20% (64 million ha) of the geographical area (FSI). With nearly 

200,000 villages classified as forest villages, there is obviously large dependence of 

communities on forest resources. Thus it is important to assess the likely impacts of projected 

climate change on forests and develop and implement adaptation strategies for both 

biodiversity conservation and the livelihoods of forest dependent people. Preliminary 
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qualitative assessments of potential climate change impacts on forests in India were based on 

earlier GCM (General Circulation Model) outputs of climate change that have undergone 

considerable refinement. Following this there were two regional studies, the first pertaining to 

potential climate change impacts on forests in the northern state of Himachal Pradesh, and the 

second in the Western Ghats. These studies indicated moderate to large-scale shifts in 

vegetation types, with implications for forest dieback and biodiversity. Remaining scientific 

uncertainties include the exact degree of climate change expected in the future, and especially 

how changes will vary from region to region across the globe. The general retreat of mountain 

glaciers during the past century is one example of evidence that the climate is changing      

(Fig. 1.6). 

 

                                  Fig. 1.6:   Perspectives on Global Warming (2005) 

                                                (Source: worldviewglobalwarming.org) 

Various policy measures have been put forward to address climate change and reduce 

the concentrations of CO2 and other greenhouse gases. After realizing the long lasting effects 
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of these phenomena the importance and role of carbon has been prioritized. A hotly contested 

political and public debate also has yet to be resolved, regarding whether anything should be 

done, and what could be cost-effectively done to reduce or reverse future warming, or to deal 

with the expected consequences. Most national governments have signed and ratified the 

Kyoto Protocol aimed at combating global warming. Kyoto Protocol was being formulated in 

1997.    

1.9 Kyoto Protocol 

The Kyoto Protocol to the United Nations Framework Convention on Climate Change 

(http://en.wikipedia.org/wiki/Kyoyo_Protocol) is an amendment to the international treaty on 

climate change, assigning mandatory targets for the reduction of greenhouse gas emissions to 

signatory nations. Kyoto Protocol was adopted at the Third Session of the Conference of the 

Parties (COP) to the UN Framework Convention on Climate Change (UNFCCC) in 1997 in 

Kyoto, Japan. It contains legally binding commitments, in addition to those included in the 

UNFCCC. Countries that ratify this protocol commit to reduce their emissions of carbon 

dioxide and five other greenhouse gases, or engage in emissions trading if they maintain or 

increase emissions of these gases. Country signatories to the Protocol agree to reduce their 

anthropogenic emissions of greenhouse gases (CO2, CH4, N2O, HFCs, PFCs, and SF6) by at 

least 5 % below 1990 levels in the commitment period 2008 to 2012. The Kyoto Protocol now 

covers more than 160 countries globally and over 55% of global greenhouse gas (GHG) 

emissions. 

The Clean Development Mechanism (CDM) is an arrangement under the Kyoto 

Protocol allowing industrialized countries with a greenhouse gas reduction commitment to 

invest in emission reducing projects in developing countries as an alternative to what is 

generally considered more costly emission reductions in their own countries. In theory, the 

CDM allows for a drastic reduction of costs for the industrialized countries, while achieving 

the same amount emission reductions as without the CDM. Critics argue the emission 

reductions may be less with CDM than without it and may lead to unsustainable practices. 

CDM is supervised by CDM Executive Board (CDMEB) and is under the guidance of the 
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Conference of the Parties (COP/MOP) of the United Nations Framework Convention on 

Climate Change (UNFCCC). 

 

1.10 United Nations Climate Change Conference (2007) 

 The 2007 United Nations Climate Change Conference took place at the Bali 

International Conference Centre, Nusa Dua, in Bali, Indonesia, between 3 to 15 December 

2007. Representatives of about 180 countries attended the conference. The conference 

culminated in the adoption of the Bali Roadmap, which consists of a number of forward-

looking decision that represents the various tracks that are essential to reaching a secure 

climate furture. 

 

1.11 Remote Sensing and Geographical Information System (GIS) in Forestry 

 According to Sabins (1997), “A good opportunity is provided by remote sensing to 

inventory surface resources of the earth in a systematic repetitive manner. Land use land cover 

categories are mapped at scales and resolutions which range from world-wide to local areas.”  

Remote sensing technology has turned out to be one of the widely used means for monitoring 

and managing forest resources not only in regional scale but also in global scale. It can 

encompass synoptic view of large area coverage of forests anywhere on earth. It is considered 

to be the most economic and timely means of obtaining information on forest cover changes, 

evaluation and estimation of biomass (Roy et al. 1996). It gives an opportunity for quick 

mapping of forests even at the places where accessibilty is near to impossible. Remote sensing 

technology is playing an important role in monitoring developmental activities, integrated 

planning for sustainable development, environmental imapct analysis, finding socio-economic 

acceptibility of various projects. It has been widely recognised as the most appropriate 

technology for complementing the ground based traditional survey and mapping activities 

(Jensen 1986). 

 The Geographical Information System (GIS) is a set of tools and an organised 

collection of computer knowledge and software with supporting data and personnel that 

captures, stores, manipulates, analyses and displays all forms of geographically referenced 
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information (Sabins 1997). For many planning activities accurate and current information on 

land use and land cover is required. GIS uses computer technology to merge the remote 

sensing images with other data sets and to produce specially synthesized technological 

products which can handle and analyse specially referenced data.GIS can store voluminous 

amount of spatial (maps) and non spatial (tabular data) information. It also has potential uses in 

forest management and inventory. This includes production, revision and updating of stock 

maps and accurate estimation of forest areas (Porwal et al. 1994).  

 

1.12 Research Questions 

• Is Remote Sensing amenable to biomass and carbon assessment? 

• Does carbon efficiency of different species vary with different land forms? 

• What is the relationship of biophysical parameters with remote sensing? 

• Whether Leaf Area Index (LAI) is related to productivity or not? 

 

1.13 Objectives 
• Vegetation cover type and density mapping using satellite remote sensing data  

• Component-wise biomass estimation 

• Forest vegetation carbon assessment 

• Canopy characterization of different forest types by using hemiview photographs 
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Chapter 2                                                     LITERATURE REVIEW 
 
2.1 Review of Work Done on Biomass and Carbon 

Various studies have been conducted to estimate biophysical parameters of forest 

ecosystems in order to understand their behaviour and function. Manhas et al. (2006) 

conducted a study emphasizing on estimating growing stock, biomass and carbon of the Indian 

forests for the years 1984 to 1994. Growing stock, biomass and carbon stock obtained for the 

year 1984 of forest area (63.86 Mha) were 4327.99 Mm³, 2398.19 Mt and 1085.06 Mt. In year 

1994 with the reduction in forest area (63.34 Mha) wood biomass and carbon stock also got 

reduced to 2395.12 Mt and 1083.69 Mt. Conifers showed highest carbon stock in their woods 

i.e. 28.88 to 65.21 t C ha-1 followed by Mangrove forests (28.24 t C ha-1. Biomass production 

of Pinus roxburghii, which is an important plantation species in Himalayan region, was studied 

by Chaturvedi and Singh (1987) in a natural forest of ages (16-128 years). From their study 

they found that at the age of 39 years these trees accumulate maximum biomass. Total 

vegetation biomass obtained was 115-236 t ha-1 being distributed as 113-283 t ha-1 in trees, 

0.56-0.82 t ha-1 in shrubs and 1.63-2.57 t ha-1 in herbs. When compared with other species at 

similar age Pinus roxburghii was found to accumulate higher biomass (484.4 kg/tree at the age 

of 49 years) in comparable regions.  A study was conducted by Lodhiyal et al. (2002) in 

Central Himalaya for estimating biomass and productivity of 5 to 15 year old Shisham 

(Dalbergia sissoo Roxb.) forests. Total forest biomass and productivity ranged from (58.7-

136.1) t ha-1 and (12.6-20.3) t ha-1 respectively. Tree biomass accounted was 85.7 to 90.1 % of 

total forest biomass whereas; tree NPP was 72.2 to 82.3 % of total forest NPP. It was observed 

that with increasing age of forest stand, biomass accumulation of bole ratio also increased.  

An attempt was made for obtaining biomass production in an age series of Bambusa 

bambos (Shanmughavel et al. 2001). Total biomass obtained ranged from 2.3 tDM ha-1 (1 year) 

to 297.9 tDM ha-1. The mean annual biomass recorded was 49.6 tDM ha-1, over the 6 years 

period. A peak of 124.1 tDM ha-1 was observed in net primary production in 5th year which 

was highest among all the other years.  Biomass and productivity of Pinus kesiya was studied 

in north eastern India by Das and Ramakrishnan (1982). The emphasis was given on its 
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success as an early successional species in the region. Singh and Ramakrishnan (1981) 

compared the biomass of standing crop in Shorea robusta plantations. Along with this they 

also compared litter production and nutrient capital of varying ages in the north eastern India 

with the data available for the other parts of country. The species showed poor performance 

due to poor nutrient status of highly leached soils. Misra et al. (1967) studied about species 

Shorea robusta. He concluded that it is an economically important species. At the age of 30-50 

years the trees accumulate or gain maximum biomass. It was found that more than half (54% 

nearly) of the dry matter produced during the year comes back to the soil in the form of litter. 

Raman (1975) found that biomass of natural stands of Shorea robusta is 233 t/ha. This is lesser 

than the comparable tropical rain forest but more higher than the temperate forests. In north 

eastern India, biomass, litter fall and productivity patterns during community development 

following slash burn of sub-tropical humid forests have been studied (Toky and Ramakrishnan 

1983). It has been found that there is an increase in net above ground production and litter 

production in the forest development programs following under slash burn systems in the 

region. The net values of production were reaching upto 1.8 kg/m²/year, respectively at the age 

of 20 years of fallow development. Saxena et al. (1978) found that the annual litter fall is 553 

g/m² in mixed oak conifers forests which comes under Himalayan moist temperate forests. This 

was further compared with other studies. Biomass inventories of Indian forests have been 

prepared several by state forest departments as well as Forest Research Institute, Dehradun. 

Weight and volume tables have been prepared for a number of species like, Populus deltoides 

(Lohani and Sharma 1997), Pinus roxburghii (Singh 1979), Eucalyptus sps. (Sharma 1978), 

Dalbergia sisoo (Sharma 1978). In a study, Madhav National Park Shivpuri District, two 

approaches were followed to obtain biomass. One was statistical sampling approach where per 

unit biomass values of sample plots in homogeneous vegetation strata was estimated i.e. 

observed biomass, which was later extrapolated to the entire area (Roy and Shirish 1996). 

Whereas in spectral response modeling techniques, analysis of spectral response was 

performed to find out possible relationship between digital data and biomass to obtain per pixel 

biomass values of the study area i.e. predicted biomass. Total biomass of the study area 
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excluding grassland was 375924.33 tons, whereas biomass in grassland was 926.36 tons. 

Percentage error between observed and predicted biomass was 10.46%. 

    Forest Survey of India estimated the total standing biomass in forests of India for the 

year 1992-93 using state and union-territory field inventory information as well as 

corresponding area under three density classes (very dense forests with crown cover 70% and 

above, dense forest with crown cover 40-<70% and open forests with crown cover between 10-

40%) which was grouped under four major categories (hardwood, spruce-fir, pine and 

bamboo). For the study year 1992-93 average growing stock volume density was 74.42 m³ /ha 

which varied with different states. Like in Jammu and Kashmir it was 224.5 m³ /ha while in 

Punjab it was 7.1 m³ /ha. The total standing biomass was estimated as 8683.7 Mt where 

aboveground and below ground contributed 79 and 21 percent to the total biomass, 

respectively. The mean biomass density in Indian forests was estimated as 135.6 t /ha (Chabbra 

et al. 2002). Table 2.1 shows total biomass obtained for different states of India for the year 

1992-93. 

 A study was carried out in Mardi watershed in Nepal to estimate the stem volume and 

biomass in Mixed Hardwood forest (MHF), Oak forests (OF) and High Mountain Mixed 

forests (HMMF) for 56 species (Gurung 2002). Per hectare stem volume and biomass was 2 to 

3.5 times higher in HMMF and OF than that in MHF. Total variation of approximately 93% 

was observed in OF due to distance, altitude and slope. For the estimation of tropical forest 

biomass from Landsat TM data between sites in Brazil, Malaysia and Thailand predictive 

relations based on the vegetation indices, multiple regression and feedforward neural networks 

were developed (Foody et al. 2003). Strongest relation obtained between predicted and 

measured biomass (from field survey) was (r²> 0.71) for the site specifically. A study was 

carried out by Roy & Jain (1998) in a part of Shivpuri district (M.P.) in order to estimate IPAR. 

Statistical analysis was performed to see the correlation of seasonal IPAR values with 

respective NDVI values using LANDSAT TM data. IPAR showed a good correlation with sum 

NDVI (R²=87.40%). A study was conducted to estimate the above ground biomass (AGB) 

distribution in 1-ha permanent plots, established in five sites each in inland and coastal tropical 

dry evergreen forests of peninsular India. Two linear regression equations, one using basal area 
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(BA, Method 1) and the other using BA and height (Method 2) were followed (Mani and 

Parthasarthy 2007). 

  Table 2.1:  State and Union-territory wise forest area, above ground, below ground and total 
biomass in Indian forests 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

                                               (Source: Chabbra et al. 2002) 

State/Union Territory Area(000 ha) Total Biomass (Mt) 

Andra Pradesh 4725.6 601 

Arunachal Pradesh 6866.1 1275 

Assam  2450.8 479.8 

Bihar  2658.7 236.3 

Goa (Daman and Diu) 125 21.5 

Gujarat  1204.4 140.9 

Haryana 51.3 3.6 

Himachal Pradesh 1250.2 289.6 

Jammu and Kashmir  2044.3 514.7 

Karnataka 3234.3 486.2 

Kerala 1033.6 178.4 

Madhya Pradesh 13539.6 1617.3 

Maharashtra  4385.9 488 

Manipur 1762.1 191.1 

Meghalaya 1576.9 170.3 

Mizoram 1869.7 155.1 

Nagaland 1434.8 188.9 

Orissa 4714.5 541.7 

Punjab  134.3 3.7 

Rajasthan 1309.9 51.4 

Sikkim  311.9 60.4 

Tamil Nadu 1772.6 169.9 

Tripura 553.8 40 

Uttar Pradesh 3396.1 523 

West Bengal  818.6 102.1 

Andaman & Nicobar Islands 762.4 152 

Dadar Nagar Haveli 20.6 2 

India  64008 8683.7 
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The relationship between BA and AGB yielded a positive correlation for all the five sites of 

inland and coastal areas. The basic wood specific gravity of 41 tree species determined by 

oven-dry weight by volume, ranged from 0.46 to 0.92 g cm-3 for inland sites and 0.47 to 0.89 g 

cm-3 for the coastal sites. The AGB estimation in this study represents a more realistic picture 

of biomass of tropical dry evergreen forests, because a relatively large area was sampled. A 

study was conducted in Rajaji National Park in Siwalik Hills around Dehradun, Uttarakhand 

describing a non-harvest technique for generation of biomass estimation equations. 

Component-wise biomass estimation was done by separating out all the components and 

measuring their biomass. A series of models for estimating biomass of different components of 

individual trees like foliage, twig, bole and branch were generated. The biomass of different 

components of various trees individuals was related with the CBH through allometric 

equations (Tiwari 1992). 

Several studies have been conducted involving statistical sampling, computer modeling 

and remote sensing for estimating carbon sequestration and emission sources at the global, 

national and local scales. Pine plantations in the Southeast can accumulate almost 100 metric 

tons of carbon per acre after 90 years, or roughly one metric ton of carbon per acre per year 

(Birdsey 1996). Changes in forest management (e.g. lengthening the harvest-regeneration 

cycle) generally result in less carbon sequestration on a per acre basis. Changes in cropping 

practices, such as from conventional to conservation tillage, have been shown to sequester 

about 0.1 – 0.3 metric tons of carbon per acre per year (Lal and Singh 2000). Current forest 

carbon estimates are generally more accurate and easier to generate than soil estimates. 

Estimating changes in soil carbon over time is generally more challenging due to the high 

degree of variability of soil organic matter—even within small geographic scales like a corn 

field—and because changes in soil carbon may be small compared to the total amount of soil 

carbon. A study was conducted in dry deciduous forests of east Godavari district in Andhra 

Pradesh for quantifying carbon in the forests (Prasad et al. 2000). For the deciduous forests 

average carbon storage was found to be 64.34 t ha-1C but for mixed deciduous forests and 

scrub it was 129.0 t ha-1C and 0.02 t ha-1C. Mean carbon storage for plantations, above ground, 

below ground and total carbon was found to be 16.84, 3.36 and 20.2 t ha-1C respectively. Area 
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weighted carbon release was obtained to be 1.41 Mt. A spatial analysis of phytomass carbon 

(C) was done in Indian forests for the period (1988-94) at district level (Chabbra et al. 2002). 

District-level phytomass C densities was estimated to be 4.3 to 206.8 MgCha-1. At the national 

level, forest phytomass carbon pool was estimated to be 3871.2 and 3874.3 TgC (TgC= 

1012gC) in 1988 and 1994. Highest increase of phytomass C (9.8 TgC) was observed in Bastar 

district (M.P.) while Vishakapatnam (Andhra Pradesh) showed highest decrease i.e. 10.4 TgC. 

Richards and Flint (1994) had reported the state-level forest phytomass C estimates for 1980, 

using the historical data on forest area and relating it in a population based biomass 

degradation model. 

2.2 Leaf Area Index (LAI) 

 Leaf Area Index was first defined in 1947 by Watson as the total one sided-area of 

photosynthetic tissue per unit ground surface area. After reviewing various other definitions 

(some measurement approach-dependent), Jonchkeere et al. (2004) concluded that in current 

literature, LAI is defined as one half of the total leaf area per unit ground surface area. It is a 

dimensionless quantity (or m²/ m²) and considered to be key biophysical variable which 

influence land surface photosynthesis, transformation and energy balance (Running 1989). 

Some ecosystem production models have been applied at landscape to global scales for which 

LAI is considered to be important driver (Running et al. 1989, Milner et al. 1996, Holben et al. 

1980, Myneni et al. 1997), and in the biosphere-atmosphere interaction component of some 

general circulation models also LAI has been very important and useful. LAI has been found to 

be an important parameter for estimating phonological behaviour, particularly in dry deciduous 

forests. This is because dynamics in foliation stages of these forests is very prominent, 

qualitatively as well as quantitatively. For predicting forest’s subtle response to changing 

environmental conditions are very much essential (Rook et al. 1987). It is possible to use 

remote sensing canopy reflectance models related to leaf area index of canopy and co varies 

with above ground biomass (Curran 1992) for estimating foliage and woody biomass and 

productive potential (Roy and Jain 1998). Although in crops, grasslands and wetland 

vegetation very high correlations have been reported between spectral green leaf indices and 

the photo-synthetically active radiation absorbed by plant canopies, these indices have an 
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asymptotic and saturation response to high levels of green leaf density as in forest (Tucker 

1977).  

Few indirect studies to estimate LAI are available which ultimately have been used in 

model to estimate forest stand biomass. Jordan (1969) reported first that the radiance ratio of 

800/675 nm when sensed on the forest floor was highly correlated to the tropical forest leaf 

area index. His technique was unique because he measured the transmittance light on the forest 

floor which is in contrast to other remote sensing studies where reflected light above the plant 

canopy is measured. Since high correlation exists between spectral transmittance and spectral 

reflectance (Tucker 1977) the technique obtained wide application. Holben et al. (1980) used 

hand held radiometer to estimate LAI in tropical rain forest of Puerto Rico and observed that 

under clear sky condition, the IR/red radiance ratio decreases with an increase on height in 

forest canopy. A very rapid change in the spectral ratio occurred between 12.8 and 16.5 meter. 

This response corresponded well with the earlier description of the canopy biomass 

distribution, i.e., there was little change in the total green leaf biomass below 12.8 resulting in 

small alteration of the spectral response in the red and the photographic infrared bands. He 

concluded that this technique if properly applied offer the possibility of rapid and non-

destructive estimation of forest canopy LAI. Sader et al. (1985) indicate that near IR/red ratio 

(10 meter TM band simulation) data offered better separation of successional age classes than 

did individual TM channels and multichannel combinations. He observed higher ratios in other 

successional stages and possibly due to higher leaf area index (LAI) in secondary tropical 

forest of Paerto Rico. He opines that greenness indices and reflectance measure do not account 

for respiration losses maintenance and night respiration besides getting saturated at higher leaf 

densities. Nor does greenness account for change in non leaf biomass and allocation of 

photosynthesis above and below ground which are important variable in the estimation of net 

primary production (NPP) rates or biomass. Finally he suggests multi-sensor approach to study 

the forest environment. Arp and Burns (1982) suggested laser profiler (radar and altimeter) to 

be used to measure stand height and also offer a method for measuring light penetration and its 

relation to photosynthetic rates at different level of canopy. Shain and Nix (1984) also used 

black/white aerial photographs to estimate biomass of forest stand in Kamaun hills of India 
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using ground measurement and extrapolated to the stratified area obtained by interpolation of 

aerial photographs. For estimating LAI remote sensing data has been very successful which is 

based on relationship between LAI and Normalized Difference Vegetation Index (NDVI) 

(Spanner et al. 1990, Curran et al. 1992, White et al. 1997). Being a biophysical property of 

the vegetation canopy LAI can be correlated with NDVI. Normalized Difference Vegetation 

Index (NDVI) is one of the most extensively applied vegetation indices related to LAI and 

primary production. Myeni et al. (1995) provided a theoretical interpretation for the 

relationships between vegetation indices and LAI. However, empirical approaches are more 

prevalent in the accurate estimation at local scale (Cohen et al. 2003). Studies on various 

vegetation types, e.g., agroecosystems (Cohen et al. 2003), grasslands (Friedl et al. 1994), 

shrublands (Law & Waring 1994), conifer forests (Chen and Cihlar 1996), (Cohen et al. 2003), 

and broadleaf forests (Fassnacht et al. 1997) have led to the general conclusion that the spectral 

vegetation indices have considerable sensitivities to LAI, but more so at relatively low LAI 

values (Turner et al. 1999). Fassnacht et al. (1997) reported low correlation between NDVI and 

LAI for deciduous stands, though conifer stands produced more promising results (R² of about 

0.7). The low correlation in the case of deciduous canopies is possibly due to the fact that the 

LAI of these stands may attain large LAI which saturates the NDVI (Birky 2001). In cropland 

and grassland satellite based LAI measurements have been proved to be largely successful 

(Prince 1991 a, b; Daughtry et al. 1992). A relationship has been obtained between NDVI and 

LAI for growing and senescent season or phases of spring wheat. Band radiance values have 

been used in few studies to correlate with ground based LAI. For coniferous forests a relation 

has been obtained between red band radiance and ground based LAI i.e. (R² = 0.51) (Peterson 

et al. 1987). A study was conducted in dry deciduous forests of central India using IRS-WiFS 

data for estimating LAI (Kale et al. 2005). Efforts had been made for developing relationships 

between LAI and NDVI for both the phases i.e. growing and senescent. Maximum NDVI 

values showed better relationships with LAI for both the phases. For the growing phase R² 

(coefficient of determination) was 0.79, whereas for the senescent phase it was 0.48. LAI 

ranged from <1 to 4.25 for growing and senescent phases. In an another study conducted in a 

beech site of Euroflux at France, a relationship between NDVI and LAI was obtained for the 
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years 1996 to 2006 in a deciduous forest (Quan et al. 2004). NDVI datasets were retrieved 

from composite NDVI time series of various remote sensing sources, namely NOAA AVHRR 

(1996 to 2000), SPOT VEGETATION (1998 to 2001), and Terra MODIS (2001). AVHRR and 

VEGETATION NDVI showed good linear relationships   (R² = 0.74 for 1998 and 0.63 for 

2000). The study suggested that relationship established between NDVI and LAI in a particular 

year may not be applicable for other years. Different plant functional types will possess a 

different amount and range of leaf area, leaf biomass and leaf area density. Table 2.2 showing 

leaf area index of different landscapes (Asner et al. 2003). 

     Table 2.2: Global survey of Leaf Area Index of landscape classes 
               Functional type Mean LAI Std Dev 

Polar desert/alpine tundra 

Moist Tundra 

Boreal forest woodland 

Temperate savannah 

Temperate evergreen broadleaved forest 

Temperate mixed forest  

Temperate conifer forest 

Temperate deciduous forest 

Temperate wetland  

Cropland Temperate 

Plantation Temperate 

Tall medium grassland 

Short grassland 

Arid shrubland 

Mediterranean shrubland 

Tropical wetland  

Tropical savannah 

Tropical evergreen rain forest 

Tropical deciduous forest 

Tropical pasture 

Crop tropical 

Plantation tropical 

3.85 

0.82 

3.11 

1.37 

5.4 

5.26 

6.91 

5.3 

6.66 

4.36 

9.19 

2.03 

2.53 

1.88 

1.71 

4.95 

1.81 

5.23 

4.67 

2.85 

3.65 

9.91 

 

2.37 

0.47 

2.28 

0.83 

2.32 

2.88 

5.85 

1.96 

2.41 

3.71 

4.51 

5.79 

0.32 

0.74 

0.76 

0.28 

1.81 

2.61 

3.08 

2.62 

2.14 

4.31 
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Landsat Thematic Mapper data has been used to observe a relationship between NIR 

radiance and LAI for coniferous forests with > 89% canopy closure (R² = 0.84). Satellite data 

shows saturation in high forests particularly evergreen forests i.e. when LAI is high (>5 or 6), 

the regression between LAI and NDVI become asymptotic at a projected LAI value of 5 or 6 

(Sellers 1985; Spanner et al. 1990, Prince 1991 b, Curran et al. 1992). It is believed that 

satellite driven models for estimating LAI should incorporate fundamental physiological and 

biochemical processes. Several studies have found the asymptotic region, where the linear rate 

of increase in NDVI with the increasing LAI gradually becomes slow; this pertains to a surface 

which is almost covered by leaves (Carson and Ripley 1997). According to experimental 

measurements with different soil backgrounds (Huete et al. 1985), NDVI approach their 

maximum values at fractional vegetation covers between 80% and 90%. LAI calculations are 

made based on above and below canopy PAR observations, because below canopy PAR is the 

radiation that reaches ground after the leaf interception and interval canopy scattering. Many 

studies have been conducted on mid latitude onset of photosynthesis known as green wave or 

green up (Running and Hunt 1993). Multi-year global datasets have been used for such studies. 

These studies provide climatic information such as its behaviour of green wave in relation to 

different climatic parameters. LAI can effectively be used to study shift in the timing of the 

occurrence of the growing and the senescent phases in relation to climatic parameters over a 

multi-year dataset.  

2.3 Vegetation Indices 

Vegetation indices are the quantitative measures of measuring biomass or vegetation 

vigor, usually formed from combinations of several spectral bands, whose values are added, 

divided, or multiplied in order to yield a single value that indicates the amount or vigor of 

vegetation. The simplest form of vegetation index is a ratio between near infrared and red 

reflectance. For healthy living vegetation, this ratio will be high due to the inverse relationship 

between vegetation brightness in the red and infrared regions of the spectrum. 

  Typically, a vegetation index permits to compute a single number on the basis of 

(usually) two or (sometimes) more contemporaneous spectral observations of the target of 

interest. Two classes of vegetation indices can be distinguished.  
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2.3.1 Empirical Indices 

Most indices were empirically constructed in such a way that larger values corresponds 

to higher probabilities of actually finding live green plants at the selected location and time of 

observation. As the name implies, the result is a non-dimensional index or indicator of the 

presence of vegetation. Empirical indices have often been grossly abused to estimate a wide 

variety of environmental variables loosely connected to the presence of vegetation. 

 

2.3.2 Optimized Indices 

 A new generation of spectral indices has emerged in the second half the 1990’s. These 

are optimized to estimate a particular environmental variable on the basis of data from a 

specific instrument. They estimate geophysical variables (http://www-

gem.jrc.it/stars/vis/htm#what_vi). 

 

2.3.3 Normalized Difference Vegetation Index (NDVI)  

Recently, there has been mounting evidence that remotely sensed data has become 

successful at estimating forest functioning (such as photosynthesis or evapotranspiration) than 

forest structure, especially in a regional context (Tucker 1979). Remotely sensing of the Near 

Infra-Red (NIR) and Red (R) wavelengths of the electromagnetic spectrum has been shown to 

have potential for estimating forest functioning, forest biomass and LAI (Peterson and Running 

1989, Price and Bausch 1995). The normalized difference index (NDVI) is one of the most 

widely used vegetation indexes. Over past two decades its utility has been well demonstrated in 

satellite assessment and monitoring of global vegetation cover (Huete and Liu 1994, Leprieur 

et al. 2000). In the NIR region of the spectrum, within-leaf scattering is high and the radiation 

from the canopy is therefore generally high. However, in the R component of the spectrum 

pigment absorption is high resulting in a low radiation reflection. Consequently, LAI is usually 

positively related to an increase in the difference between NIR and R radiation. This 

relationship has been shown to hold generally over a number of different biomes. It is one of 

the most common vegetation indices derived from remotely sensed data and is computed by 

the product of the ratio of two electro-magnetic wavelengths (near infrared - red)/(near infrared 
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+ red). Sellers (1985) derived an important relationship between LAI, Absorbed Photo-

synthetically Active Radiation (APAR) to NDVI. Research found that under specified canopy 

properties APAR was linearly related to NDVI and curvilinear related to LAI. The use of band 

ratio indices such as the NDVI, GVI or other indices is based on exploiting the discriminating 

power of infrared band ratios of chlorophyll activity in vegetation, requires relatively involved 

measurements of other morphological and physiognomic parameters of the vegetation canopy 

such as the LAI, and the presence of a strong relationships between LAI & NDVI, and also the 

LAI & biomass. The strength and the form of such relationships vary considerably with canopy 

type and structure, the state of health of the vegetation and many other environmental 

parameters. Much of the work reported in the literature about such relationships is still a matter 

of research. Therefore, remote-sensing products are suitable as a framework for providing up 

scaling mechanisms of detailed site measurements of aboveground biomass on the ground. 

However, their usefulness is circumstantial and depends on the strength of the relationships 

found for a given geographic area. 

 

2.4 Hemiview 

 Hemispherical photography, also known as fisheye or canopy photography is a 

technique to estimate solar radiation and characterize plant canopy geometry using 

photographs taken looking upward through an extreme wide-angle lens (Rich 1990). Typically, 

the viewing angle approaches or equals 180-degrees, such that all sky directions are 

simultaneously visible. The hemispherical lens (also known as a fisheye or whole-sky lens) 

was originally designed by Robin Hill (1924) to view the entire sky for meteorological studies 

of cloud formation. Foresters and ecologists conceived of using photographic techniques to 

study the light environment in forests by examining the canopy geometry. In particular, Evans 

and Coombe (1959) estimated sunlight penetration through forest canopy openings by 

overlaying diagrams of the sun track on hemispherical photographs. Later, Anderson (1964) 

provided a through theoretical treatment for calculating the transmission of direct and diffuse 

components of solar radiation through canopy openings using hemispherical photographs. With 
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the advent of personal computer, researchers developed digital techniques for rapid anaysis of 

hemispherical photographs (Chazdon and Field 1987, Rich 1988, 1990, Becker et al. 1989).  

 Various commercial software programs have become available for hemispherical 

photograph analysis, and the technique has been applied for diverse uses in ecology, 

meteorology, forestry, and agriculture. Hemispherical photography has been used to 

characterize winter roosting sites for butterflies (Weiss and Norman 1991), effects of forest 

edges (Galo et al. 1991), influence of forest treefall gaps on tree regeneration (Rich et al. 

1993), spatial and temporal variability of light in tropical rainforest understory (Clark et al. 

1996), impacts of hurricanes on forest ecology (Bellinham et al. 1996), leaf area index for 

validation of remote sensing (Chen et al. 1997), canopy architecture of boreal forests (Fournier 

et al. 1997), light environment in old growth temperate rain forests (Weiss 2000), and 

management of vineyard trellises to make better wine (Weiss et al. 2003). 
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Chapter 3                                                                       STUDY AREA                 
 

The study area Panna Taluk falls in the Vindhyan hill range and spreads over Panna 

district situated in north-eastern part of Madhya Pradesh. Panna district forms the northern 

district of Sagar commissionerate division. Panna is a city as well as a municipality located in 

Panna Taluk.  

                                                   (Source: Mapsofindia.com) 
 

Fig: 3.1 District Map of Madhya Pradesh 

Fig: 3.2 Map of Panna District Fig: 3.3 LISS III FCC of Panna Taluk 
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3.1 History 

Panna was the capital of Chhatar Sal, the Bundela Rajput leader who led a revolt 

against the Mughal Empire. Upon his death in 1732, his kingdom was divided among his sons, 

with one-third of the kingdom going to his ally, the Maratha Peshwa Baji Rao I. The kingdom 

of Panna went to Harde Sah, the eldest son of Chhatar Sal. In the early 19th century, Panna 

became a princely state of British India, and gained control states of the states of Sohawal and 

Nagod. Raja Nirpat Singh assisted the British in the Revolt of 1857, and the British rewarded 

him with the title maharaja. Maharaja Mahendra Yadvendra Singh acceded to the Government 

of India on January 1st,1950 and the kingdom became Panna District of the new Indian state of 

Vindhya Pradesh. Vindhya Pradesh was merged into Madhya Pradesh on November 1st, 1950. 

 

3.2 Geography  

Geographic location of Panna Taluk is 24º 17' 55.25" to 24º 57' 26.26" north latitudes 

and 79º 50' 57.34" to 80º 38' 20.72" east longitudes having an average elevation of 433 meters 

i.e. (1420 feet) from Mean Sea Level (MSL). Total geographic area comprises of 2896.99 km² 

out of which total forest area including scrubs and grasslands is 1434.30 km² i.e. 49.5% of the 

total area. Out of which moderately dense forest comprises of 618.38 km² which is more in 

percentage, also open forest type spreads over a considerable area of 437.93 km² whereas very 

dense forest occupies relatively less area i.e. 17.26 km². Panna is divided into five blocks 

which consist of 1048 villages, 6 towns and a total population of 687945 out of which the rural 

population was 598378 and urban was 89567 as per the 1991 census. It is famous for its 

diamond mines and also the administrative center of Panna taluk as well as district. 

 

3.3 Diamond Mining 

A large group of deposits extends south-west from Allahabad for 150 miles or so, and 

is known as the Panna group. They do not cover an area of more than 20 acres. Great pits, 25 

feet in diameter and, perhaps, 30 feet in depth, are dug for the sake of reaching the Diamond 

conglomerate, which, in many cases, was only a very thin layer. According to Jean-Baptiste 

Tavernier, Tieffenthaler was the first European to visit the mines in 1765 and claimed that the 
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Panna diamonds could not compare in hardness and fire with other locations in India. No really 

large diamonds have come from this area. The most productive mines were in the 1860's and 

were found in Sukirah, around 20 miles from Panna. Four classifications were given to the 

Panna diamonds: first, Motichul, clear and brilliant; 2nd, Manik, verging in tint towards green; 

3rd, Panna, with a faint orange tint; 4th, Bunsput, sepia coloured. Diamond mines in Panna are 

managed under the Diamond Mining Project of National Mineral Development Corporation 

(NMDC Ltd) of Government of India. 

 

3.4 Soil 

 Usually three groups of soils are found here, where light soils contain less than 25% 

clay, loams contain 25 to 45% clay and clays contain more than 45% of clay. The soils are 

basically deficient in phosphoric acid. The pH value is between 5.4 and 8.4. C/N ratio ranges 

from 3.4 to 32.2. The upper soil is porous in hot and dry summer but has ample water supply at 

a moderate depth. Soil is unstable as it can be washed away anytime. 

 

3.5 Climate 
 
3.5.1 Rainfall 

The area receives most of its rainfall during the monsoon from July to September from 

the southwest monsoons. The coefficient of variation in annual rainfall is appreciable i.e. 

22.05. Average annual rainfall recorded here is about 1100 mm. the maximum and the 

minimum annual rainfall in the area is 1700 mm to 600 mm respectively. 

3.5.2 Temperature 

 The climate of the area is characterized by a hot summer and a mild winter. Site is semi 

arid to dry sub-humid, the weather being mostly dry except in the monsoon. The average 

maximum and minimum temperatures are 47º C and 6.5º C. 

3.5.3 Relative humidity 

 The mean monthly relative humidity data for five IMD stations have been considered. 

The maximum and minimum values of humidity are 95% and 9% during monsoon and summer 

seasons respectively. 
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3.5.4 Wind velocity 

 Here also normal monthly mean wind velocity data have been considered for the five 

IMD stations. The maximum and minimum wind velocities observed at Sagar and Nowgong 

IMD station varies between 4.3 km/hr to 13.2 km/hr respectively. 

 

3.6 Cloud cover and sunshine 

 The maximum cloud cover occurs in July or August whereas the minimum cloud cover 

occurs in December and January. However, monthly average coefficients of sunshine values 

vary between 0.469 and 0.736. 

 

3.7 Agroclimatic Region  

Panna district as well as Chattarpur district both fall in Bundelkhand which is one of the 

agroclimatic regions of Madhya Pradesh.   

 

3.8 Panna Tiger Reserve 

 The field work of the present study was conducted in Panna Tiger Reserve, which is the 

twenty second Tiger Reserve of India and fifth in Madhya Pradesh. The Reserve is situated in 

the Vindhyan Ranges and spreads over Panna and Chattarpur district in the North of the state. 

Panna National Park was created in 1981. It was declared as a Project Tiger Reserve by 

Government of India in 1994. Total area of the Park is 542.67 sq. km. with latitude 24º 27’ N 

to 24º 46’ N and longitude 79º 45’ E to 80º 09’ E. It is comprised of three ranges: Panna range, 

Madla range and Hinauta range. Altitudinal variation lies between 211.2 meters (i.e. near Ken 

River, Compartment no. 228, Madla range) to 540 meters (i.e. near Talagaon, compartment no. 

1340, Panna range). The reserve is located on the either sides of Ken River which flows from 

south to north through the lower Vindhyan formations within the park. The National Park 

consists of areas from the former Gangau Wildlife Sanctuary created in 1975. This sanctuary 

comprised of territorial forests of the present North and South Panna Forest Division to which 

a portion of the adjoining Chhatarpur forest division was added later. The reserved forests of 
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the Park in Panna district and some protected forests on Chhatarpur side were the hunting 

preserves of the erstwhile rulers of Panna, Chhatarpur and Bijawar princely states in the past.  

 

                                  Fig. 3.4: Map of Panna National Park, M.P. 

  3.9 Location 

 The location of the National Park is also important because it is situated at a point 

where the continuity of the forest belt, which starts from Cape Comorin in the south, is broken 

and beyond this the great Gangetic plains begin. The Ken River, which flows through the 

Reserve from south to north, is home for Gharial and Mugger, and other aquatic fauna and is 

one of the least polluted rivers and a tributary of Yamuna. It is one of the sixteen perennial 

rivers of Madhya Pradesh and is truly the life line of the Reserve. Ken offers some of the most 

spectacular scenery to the visitor while it meanders for some 55 km through the reserve. The 

terrain of the reserve is characterised by extensive plateaus and gorges. The reserve which has 

bench topography can broadly be divided into three distinct tablelands on Panna side: the upper 
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Talgaon Plateau, the middle Hinnauta plateau and the Ken valley. Series of undulating hills 

and plateaus rise on the other side of Ken River in Chattarpur district. 

 

3.10 Wildlife in Panna 

3.10.1 Flora 

One of the most significant ecological aspects of Panna taluk is that it marks the 

northmost boundary of natural distribution of teak and the eastern limits of teak-kardhai 

(Anogiessus pendula) mixed forests. Due to the prevailing dry and hot climate, in union with 

shallow Vindhyan soils has given rise to dry Teak and dry mixed forest. The dominating 

vegetation type is Miscellaneous Dry Deciduous forest interspread with grassland areas. Other 

major forest types are riverines, open grasslands, open woodlands with tall grasses and thorny 

woodlands. Dry and short grass habitat with open woodland is quite extensive. The 

characteristic floral species of this area include tree species such as Tectona grandis, Diospyros 

melanoxylon, Madhuca indica, Buchnania lanzan, Anogeissus latifolia, Anogeissus pendula, 

Lannea coromandelica, Boswellia serrata etc. Major shrub species includes Lantana camera, 

Grewia sp., Nyctanthus arbortristis, Ixora sp., Zyziphus mauritiana, Zyziphus oenoplea , etc. 

The dominant grass species are Apluda mutica, Themeda quadrivalvis, Meteropogon contortus, 

Arishtida sp. etc. Table 3.1 shows vegetation and species composition in the study area 

whereas Fig. 3.5 represents some of the dominant forest types prevailing in the area. 

 

3.10.2 Fauna 
 Tiger (Panthera tigris tigris), the king of the jungle, roams freely in this secure, though 

a bit small habitat along with his fellow beings - leopard (Panthera pardus), wild dog (Cuon 

alpinus), wolf (Canis lupus), hyaena (Hyaena hyaena) and caracal (Felus caracal) and smaller 

cats. Sloth bear (Melursus ursinus) has his most favourite home in the rock escarpments and 

undisturbed vales. The wooded areas are dotted with sambar (Cervus unicolor) - the largest of 

Indian deers, chital (Axis axis) and chowsingha (Tetracevos quadricornis). One can easily see 

nilgai (Boselaphus tragocamelus) and chinkara (Gazella gazella) in most open areas in the 

grasslands, specially on the periphery. Table 3.1 shows vegetation and species composition in 

study area and Fig. 3.5 shows some of the dominant forest types prevailing in the area. 
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          Table 3.1: Vegetation and species composition in study area 
Vegetation Type 

(Satellite data 

based) 

Corresponding forest types described 

by Champion and Seth (1968) 

Species Composition 

Moist Mixed 

Deciduous Forest 

Moist Mixed Deciduous Forest 

(3C/C3a) 

Dominant     : Terminalia alata 

Co-dominant: Pterocarpus marsupium,     

Lagerstroemia parviflora, Anogiessus latifolia, 

Madhuca longifolia 

Moist Deciduous 

Teak Forest 

Moist teak forest (3B/C1b) Dominant     : Tectona grandis 

Co-dominant: Terminalia alata, Pterocarpus 

marsupium, Lannea coromandelica, 

Lagerstroemia parviflora 

Dry Mixed 

Deciduous Forest 

Southern dry mixed deciduous forest 

(5A/C3) 

Dominant     : Terminalia alata 

Co-dominant: Anogiessus latifolia, Mitragyana 

parviflora, Madhuca longifolia, Buchnania 

lanzan, Butea monosperma 

Dry Deciduous Teak 

Forest 

Dry teak forest (5A/C1b) Dominant     : Tectona grandis 

Co-dominant: Anogeissua latifolia, Diospyros 

melanoxylon, Lannea coromandelica, Cassia 

fistula, Acacia catechu 

Acacia Forest Southern thorn forest (6A/C1) Dominant     : Acacia catechu 

Co-dominant: Anogiessus latifolia, A. pendula, 

Boswellia serrata, Diospyros melanoxylon 

Anogeissus pendula 

Forest 

Anogiessus pendula forest (5/E1) Dominant     : Anogiessus pendula 

Co-dominant: Diospyros melanoxylon,    

Acacia catechu 

Riverine Forest Southern dry tropical riverain forest 

(5/1S1) 

Overstorey   : Terminalia arjuna, Terminalia 

belerica, Diospyros melanoxylon, Ziziphus 

xylopyrus, Syzygium cumini 

Scrub Ziziphus scrub (6B/DS1) Dominant     : Acacia catechu 

Co-dominant: Ziziphus xylopyrus, Ziziphus 

oenoplia 

Grassland Dry grasslands (5/DS4) Chrypsopogon montanus, Aristida sp., 

Themeda sp., Cynodon dactylon 
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                                Fig. 3.5: Some of the dominant forest types 

Boswellia serrata  Forest 

Dry Mixed Deciduous  Forest Moist Mixed  Deciduous Forest 

Dry Deciduous Teak Forest 

Dry Deciduous Riverine Forest

Acacia catechu Forest Anogiesuus pendula Forest 

Teak Mixed Forest 
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Birds  
 The avifauna comprises more than 200 species including a host of migratory birds. One 

can see white necked stork, barheaded goose, honey Buuzzard, King Vulture, Blossom headed 

Parakeet, Paradise flycatcher, Slaty headed Scimitar babbler to name a few.  

 Reptiles 

 Varieties of snakes, including the python and other reptiles are found here. The area is 

rich in biodiversity. 

 

3.11 Demographics 

As of 2001 India census, Panna had a population of 45,666. Males constitute 53% of 

the population and females 47%. Panna has an average literacy rate of 74%, higher than the 

national average of 59.5%: male literacy is 90%, and female literacy is 67%. In Panna, 14% of 

the population is under 6 years of age. 
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Chapter 4                          MATERIALS AND METHODS 
 
 
4.1 Data Used 
 
4.1.1 Satellite data used 
The following satellite data (Table 4.1) has been used in study: 
 

S. 
No. 

Data Used Path/ 
Row 

Date of data 
acquisition 

Wavelength 
width in µm/ 
band 

Spatial 
resolution 
(m) 

Swath 
(km) 

1. IRS-P6 LISS-
III (Fig. 1) 

 99/ 
(54,55) 
100/ 
(54,55) 

4 Dec, 2003 0.52-0.59 (green) 
0.62-0.68 (red) 
0.77-0.86 (NIR) 
1.55-1.70 (MIR) 

23.5 141 

3. IRS-P6 
LISS-IV 
(Fig. 2) 

101/89 12 Dec, 2006 0.52-0.59 (green) 
0.62-0.68 (red) 
0.77-0.86 (NIR) 
 

 5.8 23.9 
(MX) 
70 (P) 

2. MODIS LAI  
data 
(MODI 15A) 
(Fig.3 ) 

25(h) 
06(v) 

8th-15th Oct, 
2007 

0.743-0.753 1000 2330 

 
4.1.2 Topographic sheets 

 Survey of India topographic sheets (54P/14, 54P/15, 63D/1, 63D/2, 63D/3, 63D/5, 

63D/6, 63D/6, 63D/7 and 63D/9) at 1:50, 000 scales were used in the study. 

4.1.3 Literature 
1.   Volumetric equations from Volume Equations for Forests of India Nepal and    

Bhutan (1996), Forest Survey of India, Dehradun. 

2. Specific gravity: Indian Woods Vol. I-VI, (FRI) 

4.1.4 Instruments 

 Hemiview 

 Garmin GPS 12 Channel 

 Measuring tapes 

 Hypsometer 

 Magnetic compass 

 Electronic Balance 
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4.2 Software 
 Following softwares were used for satellite data processing and GIS analyses. 
 

 ERDAS 8.6 for image analysis 

 ARC GIS 9.1 and ARC VIEW 3.2a for database creation and analysis 

 MS-Office 2000 for field data analysis and reporting 

 
4.3 METHODOLOGY 

      The methodology involved collection of primary data, creation of spatial and non-

spatial databases in addition to the collection of ancillary data.  The work has been carried out 

in three phases. 

 

4.3.1 Pre-Field Work: 

 The satellite image was procured from NRSA, Hyderabad.  Raw image contains 

inherent geometric and radiometric distortions. In order to remove these, pre-processing for 

remote sensing image is done which included radiometric and geometric corrections.  

 
4.3.1.1 Radiometric Correction 

 Solar radiation when travels through the vaccum of the space remain unaffected. 

However, when it comes in contact with the atmosphere gets selectively scattered and 

absorbed. Scattering in the atmosphere generates haze, resulting in low contrast of the image. 

Scattering usually occurs in lower wavelengths. In order to reduce this effect dark pixel 

subtraction method was employed in the image (Jensen 1996).  

 The method involved identifying the digital number of the darkest spot on the image 

which is assumed to be zero in near infra red band. If the digital number obtained does not 

come out to be zero, it signifies that due to atmospheric scattering there is some bias 

(distortion) in the data. Therefore, after studying the histogram of the image, the bias was 

estimated and finally subtracted from all the bands of the image. The corrected value being 

computed as using following formula: 

                                                   Out Bvijk = Input Bvijk – bias 
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where, Input Bvijk       =       input pixel value at line I and column j of band k 

            Out Bvijk         =       the adjacent pixel value at the same location 

 

4.3.1.2 Geometric Correction 

Geometric distortions were removed by registering the raw image of LISS III to the (SOI) 

topo-sheets with R.M.S. error being 0.006 with 25 m pixel size using nearest neighbor re-

sampling with first order polynomial equation. Similar procedure was applied in case of LISS 

IV data also with R.M.S. error being 0.008 and pixel size of 5.8 m.  Image registration for both 

the datasets was carried out with following projection details: 

 Projection: Lambert Conic Conformal  

 Spheroid: Everest  

 Datum: Undefined 

 After being registered, both the datasets were subjected for the extraction of the study 

area using district boundary map of India. 

4.3.1.3 Atmospheric Correction 

 In many remote sensing applications, retrieval of land surface reflectance is done for 

making the data to be used more efficiently as well as for doing more accurate analysis. 

Atmospheric correction is an important step in the process of land surface reflectance retrieval. 

In the following study, atmospheric correction has been done for calculating Normalized 

Difference Vegetation Index (NDVI) as well as for relevant analysis. The method involved 

conversion of DN (Digital Number) image of LISS-III into radiance image. Radiance describes 

the amount of light that passes through or is emitted from a particular area, and falls within a 

given solid angle in a specified direction. The SI unit of radiance is watts per steradian per 

square metre (W·sr-1·m-2). The formula for obtaining radiance image from DN image is as 

follows: 

                                             Lsat = [ (Lmax – Lmin) Χ DN ]/ 255 + Lmin 

where, Lsat is radiance image,  Lmin and Lmax (mw / cm2. sr. µm) are minimum and maximum 

spectral radiance respectively, obtained from Leader file inherited along with the data CD. 
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Later this radiance image was again converted to reflectance image using following formula 

(Sobrino 2004).  

                                              ρ = [ π (Lsat – Lp)d2 ] / (E0 cosθzTz) 

where, Lsat is the at-sensor radiance, Tz is the atmospheric transmissivity between sun and the 

surface, θz is the zenithal solar angle, d is the Earth-Sun distance and Lp is the radiance resulted 

from the interaction of the electromagnetic radiance with the atmospheric components 

(molecules and aerosols). 

Tz can be obtained according to (Chavez 1996) 

                    Tz  =  cos θz 

 
 d (Earth-Sun distance) can be computed approximately with the following equation 

(Van1996): 

                    d = 1 + 0.0167sin[2π(D – 93.5) / 365] 

E0 (mw / cm2. µm) is the spectral solar irradiance on the top of the atmosphere. For LISS 3 data, 

E0 for bands 2, 3, 4, 5 are 185.22, 157.73, 109.67 and 24.06 respectively (Pandya 2002). Fig. 

4.1 shows the flowchart explaining pre-processing of satellite data. 

 

 4.3.1.4 Data Base Creation 

 SOI toposheets of scale (1:50,000 and 1:250,000) were subjected for rectification. They 

were than further used as base maps and were digitized to generate contour map, road map and 

settlement map. Fig.4.2 shows ancillary data base creation. 

 

 

 

 

 

 

                          Fig. 4.1: Flowchart showing ancillary data base creation 

SOI Toposheets 
(1:50,000 and 1:250,000) 

Rectification of toposheets Mosaicing of 
Toposheets 

   Digitization 

Contour Map Road Map Settlement Map 
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                     Fig. 4.2: Flowchart showing pre-processing of satellite data 

                          

4.3.2 Field Work 

4.3.2.1 Sample Design 

     The precision in the sample estimate of the population mean does not only depend on 

sample size, but also on the variability in the population. In order to reduce the variability in 

sample population, it is divided into homogenous groups. The homogenous groups in which 

the population is divided are called strata and the procedure of sample selection is called 

stratified random sampling (Husch 1972). In the present study the non-destructive approach of 

above ground biomass estimation is used where stratified random sampling with probability 

Data Acquisition 
(IRS-P6 LISS III, 4th December 2003)

Digital Image Processing 
Image mosaic, Subsetting 

and  
Extraction of study area  

Dark pixel subtraction 

DN to Radiance conversion 

Radiance to Reflectance
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proportion to the size (PPS) was adopted for estimating biomass and carbon in different forest 

types.  It was envisaged to do sampling of 0.01% however, keeping the limited time frame and 

extent of task sampling was done at 0.0012 percent of the total forest area of Panna Taluk i.e. 

2728 km². This sampling strategy resulted into laying out of 34 square plots each of 0.1 ha 

area. The dimension of the sampling plot was taken 0.1 ha (according to the standards of FRI 

and FSI). Sample plots were taken up in each forest types. 

                                                                                       
 
 
 
 
 
 
                               
                            
 
 
 
 
 
 
 
                                         
                                      
 
                                      Fig. 4.3: Layout design of the sample plots 
                                                                 
4.3.2.2 Vegetation Sampling 

 Fieldwork was carried out during the months of June (senescent season) as well as in 

October and November (growing season) respectively. For carrying out stratified random 

sampling, various instruments were used e.g. Garmin 12 channel GPS was used for recording 

and locating coordinates (x, y) of each plot, detailed data like enumeration of trees, average 

stand height; GBH (Girth at Breast Height i.e. 1.37 meter above ground) and canopy density 

were collected from sample plots. As the study emphasizes estimation of above ground 

component-wise biomass, measurements of tree components were taken by separating out all 
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the components. Ultimate branches (below 10 cm diameter) were separated out of each tree 

species belonging to various girth classes. Also the leaves were separated out from the twigs in 

order to take the individual fresh weights of twigs as well as leaves. Further these were oven 

dried at 80º C temperature for almost more than 24 hours for obtaining the dry weight. Than 

this obtained dry weight of twigs and leaves of each species of different girth classes were 

added with the estimated biomass of the respective individual tree species. This led to estimate 

component-wise biomass of each tree including the biomass of ultimate branches (< 10 cm 

GBH) as well as the leaves. Along with this, leaves of different sizes were collected from each 

tree species belonging to different girth classes. The leaves thus collected were than xeroxed on 

graphs sheets done for obtaining leaf surface area of different sized leaves of the respective tree 

species. This was than further used for obtaining Leaf Area Index (LAI) of the particular tree. 

Besides this information the general information like soil type, slope aspect, distance of the site 

from road, water source for the site etc. was recorded in the predefined format of field forms.  

 

4.3.2.3 Hemispherical Photography 

 Hemispherical photography, also known as fisheye or canopy photography is a 

technique to estimate solar radiation and characterize plant canopy geometry using 

photographs taken looking upwards through an extreme wide-angle lens (Rich 1990). 

Photographs are taken beneath the canopy at an angle of 180º using fish-eye lens and a digital 

camera (Nikon CoolPix 8400). Camera is mounted in a Self-Leveling Mount which holds the 

camera level at whatever the mounting angle. As the photographic conditions require uniform 

sky illumination, photographs were taken either before sunrise or after sunset. It also provides 

LED markers for the horizon and North-South axis, both essential to accurate alignment of the 

image later. Mount is equipped with the following features: 

• Bubble level with leveling sliding weights 

• Compass for North/South alignment 

• Fiber optic image markers used to align Hemiphots 

• Lens/inner gimbals cover 
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                           Fig. 4.3.1: Field photos showing hemispherical photography 



 

  
 

       46 
 

     Above Ground Biomass and Carbon Assessment in Forests Using High & Medium Resolution Data in  
Panna Taluk, Madhya Pradesh 

As hemispherical photography requires uniform sky illumination, photographs were taken 

either before sunrise or after sunset. This was done in order to avoid speckle in the photographs 

which reduces the accuracy in the analysis. Fig. 4.4 is showing acquisition of field 

observations. 

 
                           Fig. 4.4: Flowchart showing acquisition of field observations 

 

4.3.3 Post Field Work 

4.3.3.1 Land Use Land Cover Classification 

 In a multispectral image, each pixel has a spectral signature of features which is 

determined by the reflectance of the pixel in each of the bands. Digital image classification is 

an information extraction i.e. thematic information (attributes) process that analyzes the 

spectral signatures and then assigns pixels to classes based on similar signatures (Sabins 

1997). There are several approaches to digital image classification viz., supervised, 

Sample field inventory 
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unsupervised, hybrid, expert classifiers, object oriented, neural network etc. In the following 

study, unsupervised approach was adopted to classify the image. Unsupervised classification is 

a method in which the computer searches for natural groupings of similar pixels called clusters 

(Jensen 1996). There are many algorithmic approaches to perform unsupervised classification 

mainly: a) ISODATA clustering (Iterative Self–Organizing Data Analysis Technique) b) K- 

Mean clustering and c) Maximum minimum classifier. In the following project, ISODATA 

clustering approach has been used for carrying out the classification. Latter is considered to be 

one of best approaches and is based on the minimum of a performance index, which is the 

squared distance from all points in a cluster domain to the cluster center. For this algorithm, the 

analyst assigns the number of clusters desired and a confidence threshold as well.  The 

computer will then build clusters iteratively. Thus with each new iteration the clusters become 

more and more refined. The iterations stop when the confidence level (or a maximum number 

of iterations specified by the user) is reached (Jensen 1996).  

 In the following study, 500 clusters were initially assigned in order to obtain land use 

land cover classes to fully utilize the spectral variability. Maximum numbers of iterations were 

set at 10 to reach up to 95% confidence level. After the classification was over, total numbers of 

500 clusters were clubbed, thus resulting into 17 number of land use land cover classes. 

Subsequently, for the better illustration of the classified output, desired colour scheme along 

with the attributes were assigned to generate resultant output i.e. land use land cover map, 

obtained from the unsupervised classification. 

  

4.3.3.2 Density Classification 

 A similar approach of unsupervised classification was performed on the image to 

delineate four density classes (FSI standards) based on spectral reflectance of forest and 

validating it with the ground data collected for density. The total numbers of clusters taken into 

consideration were 250. These clusters were merged to obtain four density classes to develop 

the density map.  
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 4.3.3.3 Accuracy Assessment 

    Accuracy assessment is an important step which is done for evaluating the 

classification. The aim is to quantitatively determine how effectively pixels were grouped into 

the accurate land use land cover classes. The procedure is relatively simple where pixels are 

randomly selected throughout the image using a specified random distribution method. Than the 

ground truth is compared with the classified map to determine true land use land cover classes 

represented by each random pixel.  If the ground truth and classification match, then the 

classification of that pixel is assumed to be accurate.  Given that enough random pixels are 

checked, the percentage of accurate pixels gives a fairly good estimate of the accuracy of the 

whole map.  A more rigorous and complicated estimate of accuracy is given by the kappa 

statistics, which is obtained by a statistical formula that utilizes information in an error matrix.  

An error matrix is simply an array of numbers indicating how many pixels were associated with 

each class both in terms of the classification and the ground truth (Jensen 1996).  In the 

following study, accuracy assessment was performed in ERDAS IMAGINE 8.6 for assessing 

the accuracy of land use land cover classification. In order to save time all total 100 random 

points were taken for performing accuracy assessment. Direct field observation i.e. ground 

points, was used to determine the true land use land cover classes represented by each random 

pixel. Out of the 100 random points, 86 points were correctly classified, yielding an overall 

classification accuracy of 85.86%. The overall kappa statistics was 81.41% which shows that 

classification is fairly permissible. Accuracy report generated is shown in Table 4.2. 

 

4.3.3.4 Volume Estimation – Ground Based Observation 

 During field observations girth at breast height (GBH) was measured for individual 

tree in each plot along with the height of the respective tree. Further by using formula (GBH/п), 

GBH of each tree was converted into the diameter of the individual tree. Later with the help of 

height and diameter information, volume of each individual tree per plot (0.1ha) was obtained 

using site-specific standard volumetric equations (FSI 1996) (Appendix I). To obtain the above 

ground biomass, volume of each tree was multiplied with their specific gravity (Appendix II) 
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which is species as well as site specific. General volume equation of same region was used for 

trees whose volume equations were not available. 

               

                       Table 4.2:    Classification Accuracy Assessment Report                 
                                      Note: "Class 0" just refers to unclassified pixels (no data) 

     Accuracy Totals 
     -------------------- 
  Class Name              Reference Classified     Number    Producers    Users 
                        Totals     Totals      Correct            Accuracy         Accuracy 
                         -------   -------    -------   --------    ------
  
Unclassified 0 0 0 ------- -------- 

Dry Deciduous Teak Forest 6 6 5 83.33% 83.33% 

Teak Mixed Forest 3 3 1 33.33% 33.33% 

Degraded Forest 5 4 3 60.00% 75.00% 

Anogiessus pendula Forest 2 1 1 50.00% 100.00% 

Riverine Forest 0 0 0 ------- -------- 

Moist Deciduous Teak Forest 5 8 5 100.00% 62.50% 

Dry Mixed Deciduous Forest 4 6 4 100.00% 66.67% 

Moist Mixed Deciduous Forest 10 8 8 80.00% 100.00% 

Acacia Forest 2 1 1 50.00% 100.00% 

Boswellia Forest 1 0 0 ------- -------- 

Acacia Savannah 1 0 0 ------- -------- 

Water Body 1 1 1 100.00% 100.00% 

Barrenland 2 1 1 50.00% 100.00% 

Fallow/Agriculture 44 46 44 100.00% 95.65% 

Settlement 1 1 1 100.00% 100.00% 

Scrub 6 6 5 83.33% 83.33% 

Grassland 6 7 5 83.33% 71.43% 

Totals 99 85    

 
                  Overall classification accuracy = 85.86 % 
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KAPPA (K^) STATISTICS 

--------------------- 

Conditional Kappa for each Category 

--------------------------------------------- 

                                              
                                       Class Name                                              Kappa 
                                       ---------------                                               -------------- 

Unclassified 0.0000 

Dry Deciduous Teak Forest 0.8226 

Teak Mixed Forest 0.3125 

Degraded Forest 0.7365 

Anogeissus pendula Forest 1.0000 

Riverine Forest 0.0000 

Moist Deciduous Teak Forest 0.6051 

Dry Mixed Deciduous Forest 0.6526 

Moist Mixed Deciduous Forest 1.0000 

Acacia Forest 1.0000 

Boswellia Forest 0.0000 

Acacia Savannah 0.0000 

Water Body 1.0000 

Barren Land 1.0000 

Fallow/Agriculture 0.9217 

Settlement 1.0000 

Scrub 0.8226 

Grassland 0.6959 

 
                                                      Overall Kappa Statistics = 0.8148 

  
4.3.3.5 Above Ground Component-Wise Biomass Estimation 

 Component-wise biomass estimation is done by separating out all the components (e.g. 

branches, twigs & leaves) and measuring their biomass, which is basically a harvest method. In 

the present study, volume of each tree per plot was obtained by using site-specific standard 
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volumetric equations (FSI 1996) which considers volume of the individual trees up to >10 cm 

GBH. Hence twigs of <10 cm GBH of each tree in each plot belonging to different girth 

classes were collected at the site itself. Subsequently, leaves were separated out from the twigs; 

this was further followed by measuring the fresh weight of the twigs and leaves separately of 

each tree of different girth classes in each plot. Electronic balance was used for taking the fresh 

weight. These measurements were taken during field work. Later, twigs and leaves of each 

species of different girth classes were kept separately inside the oven for at least 24 hours at 

more than 80 º C temperatures. This was done in order to obtain dry weight of the twigs and 

leaves (Appendix IV). Thus, the dry weights obtained for each species of different girth classes 

were added up with biomass of the respective tree which was already obtained up to >10 cm 

GBH. This resulted into total biomass of the individual tree per plot that included biomass of 

all components of the tree. Later, biomass of individual trees was summed up in each plot to 

get the total biomass per plot resulting into average above ground biomass per hectare of each 

forest type. The resultant was than further multiplied with total aerial extent of each forest type 

occurring in the study area to get total above ground biomass of each forest type as a whole. 

 

4.3.3.6 Carbon estimation: 

 Landscape encompasses carbon in two identifiable forms: 

• Carbon in biomass is the carbon stock in the vegetation including the living biomass 

and the dead vegetation.   

• Carbon in soil includes soil organic matter (SOM) in different forms such as litter 

and decayed log. 

Estimates of carbon pool from biomass, consists of multiplying the total biomass 

(above and below ground) by a conversion factor that represents the average carbon content in 

biomass. Unfeasible practicality to separate the different biomass components for variations in 

carbon content as a function of the biomass component has led to the usage of universal 

coefficient of 0.47 for the conversion of the biomass to carbon (Westlake 1963). In the present 

study 47 per cent of total above ground biomass of each forest type in the study area was 

obtained for the assessment of total above ground carbon stock in existing forest types in the 
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study area. A carbon map was also generated to show total carbon stock in the forest types of 

the desired area. 

 
 

Fig. 4.5: Flowchart showing biomass estimation and carbon assessment in different forest 

types in the study area 
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4.3.3.7 Leaf Area Estimation 

   Leaf Area Index (LAI) can be defined as the ratio between one-sided area of the leaf 

and per unit ground surface area (Watson 1947). There are several methods for estimating Leaf 

Area Index which can be categorized into two main approaches: a) Direct approach and b) 

Indirect approach. Direct approach includes harvest as well non-harvest methods both, while 

indirect approach strictly includes non-harvest methods. In the present study both the 

approaches have been followed for estimating Leaf Area Index of the study area. 

 

4.3.3.7.1 Leaf Area Estimation- Direct Approach 

 Under direct approach, harvest method was adopted which involved destructive 

sampling i.e. collection and removal of green leaves from a sampling plot, where leaf area is 

determined through repeated area measurements on single leaves and area accumulation (Chen et 

al. 1997). Leaves of different sizes of each species belonging to different girth classes in each 

plot were extracted at the study sites and than were subjected for being xeroxed on the graph 

sheets to get the area of each leaf. After obtaining area of each leaf, average leaf area of each 

species of different girth classes was taken into consideration.  This was then multiplied with 

the number of leaves of the tree to get the total canopy area of the tree. Thus canopy area of all 

the trees of different girth classes were obtained in each plot. Further, canopy area of all the 

trees occurring in a plot (0.1ha) were summed up and was divided by the total area of the plot 

(0.1ha) hence obtaining Leaf Area Index (LAI) of the respective plot. Similar process was done 

with all other plots. 

  Basically, destructive sampling of a part of the stand involves upscaling and at least the 

assumption of lateral homogeneity of the stand. Here in this study this has been assumed that 

the stand is spread over relatively large areas under homogeneous conditions. Table 4.3 shows 

LAI values of the respective plots obtained through ground based method. 
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             Table 4.3: Per plot LAI values obtained through ground based method  

PLOT ID              Forest Types LAI (Ground Based) 
1 Dry Deciduous Teak Forest 2.71 
2 Dry Deciduous Teak Forest 1.49 
3 Teak Mixed Forest 4.05 
4 Teak Mixed Forest 3.46 
5 Degraded Forest 2.12 
6 Scrub 0.47 
7 Anogiessus pendula Forest 4.15 
8 Dry Deciduous Riverine Forest 5.24 
9 Anogiessus pendula Forest 2.32 

10 Teak Mixed Forest 4.52 
11 Dry Deciduous Teak Forest 2.19 
12 Moist Deciduous Teak Forest 1.31 
13 Dry Mixed Deciduous Forest 2.37 
14 Moist Mixed Deciduous Forest 2.95 
15 Teak Mixed Forest 2.76 
16 Moist Mixed Deciduous Forest 4.07 
17 Dry Deciduous Teak Forest 2.08 
18 Dry Mixed Deciduous Forest 3.80 
19 Dry Mixed Deciduous Forest 5.11 
20 Moist Mixed Deciduous Forest 4.27 
21 Teak Mixed Forest 2.62 
22 Dry Deciduous Teak Forest 2.74 
23 Dry Deciduous Teak Forest 3.33 
24 Acacia Forest 1.94 
25 Dry Mixed Deciduous Forest 3.60 
26 Dry Mixed Deciduous Forest 3.80 
27 Moist Deciduous Teak Forest 2.63 
28 Moist Deciduous Teak Forest 4.84 
29 Dry Mixed Deciduous Forest 2.05 
30 Dry Deciduous Teak Forest 5.10 
31 Teak Mixed Forest 3.11 
32 Boswellia Forest 2.65 
33 Acacia Forest 0.98 
34 Degraded Forest 1.99 
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4.3.3.7.2 Leaf Area Estimation- Indirect Approach 

 Hemispherical photography is one of the most advanced indirect methods to determine 

Leaf Area Index (LAI) which is done by using an instrument called Hemiview. This method 

was adopted in the study for estimating LAI of the forest types. Hemispherical photographs 

were collected during the field work using a Nikon CoolPix 8400 camera with a 180º fish-eye 

lens. As hemispherical photography requires uniform sky illumination, photographs were 

acquired either before sunrise or after sunset. The photographs were taken for the selected plots 

in the study site looking upward at 180º by keeping the lens horizontal. They were further 

analyzed by using Hemiview Canopy Analysis Software. It calculates various parameters e.g., 

Direct site factor (DSF), Indirect site factor, gap fractions and LAI. Software basically derives 

LAI from the distribution of gap fractions which are determined by setting an automatic 

brightness threshold. Threshold literally classifies the photograph into white (sky) and black 

(vegetation) pixels (Fig. 4.6 a) for estimating LAI. Table 4.4 shows LAI values estimated for 

respective plots through hemiview. Fig. 4.7 shows the flowchart representing indirect method 

of LAI estimation. 

     
                                                                            

Fig. 4.6 (a) Hemiview image after assigning          Fig. 4.6 (b) Hemiview image before assigning                  
          Threshold                                                                       Threshold 
                           

4.3.3.8 Generation of NDVI Map 

Normalized Difference Vegetation Index (NDVI) is sensitive to the presence of 

vegetation on the earth’s land surface and can be used to address issues of vegetation type, 

amount and condition.  
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           Table 4.4: Per plot LAI values obtained through hemiview 

Plot ID Forest Types  LAI per plot 

1 Dry Deciduous Teak Forest 1.68 

2 Dry Deciduous Teak Forest 1.23 

3 Teak Mixed Forest 2.28 

4 Teak Mixed Forest 2.34 

5 Degraded Forest 1.65 

6 Scrub 0.78 

7 Anogiessus pendula Forest 2.77 

8 Dry Deciduous Riverine Forest 3.13 

9 Anogiessus pendula Forest 2.13 

10 Teak Mixed Forest 2.9 

11 Dry Deciduous Teak Forest 2.33 

12 Moist Deciduous Teak Forest 1.76 

13 Dry Mixed Deciduous Forest 1.79 

14 Moist Mixed Deciduous Forest 2.1 

15 Teak Mixed Forest 2.21 

16 Moist Mixed Deciduous Forest 2.35 

17 Dry Deciduous Teak Forest 1.23 

18 Dry Mixed Deciduous Forest 1.86 

19 Dry Mixed Deciduous Forest 2.83 

20 Moist Mixed Deciduous Forest 2.73 

21 Teak Mixed Forest 1.88 

22 Dry Deciduous Teak Forest 2.18 

23 Dry Deciduous Teak Forest 1.66 

27 Moist Deciduous Teak Forest 2.19 

28 Moist Deciduous Teak Forest 2.67 
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            Fig. 4.7: Flowchart showing Leaf Area Index through direct and indirect method 

 

       This is a band ratioing technique which is useful for delineating vegetation 

features from the satellite images. It is computed as the ratio of the measured intensities in the 

red (R) and near infrared (NIR) spectral bands using following formula: 

                            NDVI = (NIR- red) / (NIR+ red) (Rouse et al. 1974). 

In LISS III, band 2 and band 3 represent Red and NIR regions. So NDVI data sets are 

generated with the following formula: NDVI= (Band 3 - Band 2)/ (Band 3 + Band 2). The 

NDVI equation produces values in the range of -1.0 to + 1.0 where vegetation shows value 

greater than zero and negative for non-vegetated features such as water, barren land, or cloud. 

In the present study NDVI map (Fig. 8) was generated in ERDAS IMAGINE 8.6 software by 

using LISS III image of the study area which considers the same formula mentioned above to 

develop NDVI image. ARC GIS 9.1 software was used to obtain NDVI values of the pixels 

corresponding to their sample plots. GPS readings taken during the fieldwork at each sample 

plot, were downloaded into excel sheet. Data in the excel sheet was converted into .dbf format 

which was later converted to shape file in Arc GIS 9.1. This shape file was overlaid on the 
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NDVI image. Average NDVI value of each plot was obtained by taking a 3×3 matrix around 

the GPS point. Thus NDVI values of desired pixels obtained are shown in Table 5.6. Flowchart 

(Fig. 4.8) describes the generation of Biomass, Carbon and LAI maps.  

 
 Fig. 4.8: Flowchart showing generation of (Biomass, Carbon and LAI) maps 

 

4.3.3.9 Upscaling of Low Resolution Data (MODIS 1km) on High Resolution Data (LISS IV) 

4.3.3.9.1 Acquisition of MODIS LAI Data of Pixel size 1km 

 MODIS (Moderate Resolution Imaging Spectroradiometer) is an advanced sensor 

which is uploaded in Terra (launched in December 1999) and Aqua (launched in May 2002) 

satellites as a part of the US Earth Observing System (EOS). Many algorithms have been 
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developed for generating number of land products which include LAI/FPAR also. The MOD15 

A1 LAI and FPAR are 1km products which are provided on daily and 8-day basis. Many world 

wide experiments have been done for validating MODIS data. In India also, few attempts have 

been made e.g. a LAI Retrieval and Validation Experiment (LRVE) aiming at development of 

remote sensing based site-specific vegetation index-LAI relations and validation of MODIS 

LAI product was conducted at Indore and Bhopal during the wheat growing season of 2001-

2002 (Pandya 2003). The projection parameters on the products are: Integerized Sinusoidal 

(IS) 100 grid, where the globe is tiled into 36 tiles along the east-west axis, and 18 tiles along 

the north-south axis, each approximately 1200×1200. In the following study MODIS LAI of 8-

day composite corresponding to 100×100 tiles in HDF EOS format were acquired for study 

area from MODIS data and products website. It was then reprojected into following projection 

parameters: 

 Projection: Lambert Conic Conformal  

 Spheroid: Everest  

 Datum: Undefined 

 Later the whole image was multiplied with the scaling factor i.e. 0.01 (constant for 

LAI/FPAR land product). Table 4.5 shows LAI values obtained from MODIS LAI data for 

each plot.  

4.3.3.9.2 Generation of LAI Map and Validation with MODIS LAI 

 Firstly, the representative sample plots for which the LAI values were calculated either 

by direct approach or by indirect approach were identified on LISS III data. Subsequently a 

correlation was developed between LAI and corresponding NDVI values, thus generating a 

linear LAI-NDVI model for different sites using satellite and field data. This model was than 

further used to generate LAI map of the study area. Fig. 11 shows the LAI map of Panna 

Taluk. Thus the LAI map generated from LISS III data had fine resolution of 25m which was 

further aggregated into spatial resolution of 1km using ARC GIS 9.1 software.  

  In order to compare and evaluate MODIS LAI product, a linear regression was 

performed on LISS III derived LAI and MODIS LAI (Fig. 5.12). Fig. 4.9 explains the 

flowchart for validating MODIS LAI data with LAI map derived from LISS III. 
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           Table 4.5: LAI values obtained from MODIS LAI data in each sample plot 
Plot ID Forest Types        MODIS LAI 

1 Dry Deciduous Teak Forest 5.9 

2 Dry Deciduous Teak Forest 5.9 

3 Teak Mixed Forest 2.6 

4 Teak Mixed Forest 6.6 

5 Degraded Forest 2.53 

6 Scrub 1.5 

7 Anogiessus  pendula Forest 6.6 

8 Dry Deciduous Riverine Forest 6.6 

9 Anogiessus  pendula Forest 5 

10 Teak Mixed Forest 1.7 

11 Dry Deciduous Teak Forest 3.4 

12 Moist Deciduous Teak Forest 3.4 

13 Dry Mixed Deciduous Forest 6.6 

14 Moist Mixed Deciduous Forest 5.9 

15 Teak Mixed Forest 6.2 

16 Moist Mixed Deciduous Forest 6.2 

17 Dry Deciduous Teak Forest 3 

18 Dry Mixed Deciduous Forest 6.2 

19 Dry Mixed Deciduous Forest 6.2 

20 Moist Mixed Deciduous Forest 6.2 

21 Teak Mixed Forest 6.2 

22 Dry Deciduous Teak Forest 2.9 

23 Dry Deciduous Teak Forest 1.7 

24 Acacia Forest 6.6 

25 Dry Mixed Deciduous Forest 6.2 

26 Dry Mixed Deciduous Forest 6.6 

27 Moist Deciduous Teak Forest 1.7 

28 Moist Deciduous Teak Forest 6.5 

29 Dry Mixed Deciduous Forest 2.4 

30 Dry Deciduous Teak Forest 6.5 

31 Teak Mixed Forest 6 

32 Boswellia Forest 1.2 

33 Acacia Forest 6.4 

34 Degraded Forest 1 
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 (Fig. 4.8) 

 
         Fig. 4.9: Flowchart showing Validation of MODIS LAI with LAI map derived from  

                      LISS III 

 

4.3.3.9.3 Estimation of Area Weighted Biomass Using High Resolution Data-LISS IV (5.8 

m)  

 A linear correlation was established between MODIS LAI 1km and the weighted 

biomass of the corresponding area by using high resolution data (LISS IV- 5.8 m). The 

procedure comprises of following steps (a, b, c and d) shown in Fig. 4.10. 

 Firstly, GPS points of the sample plots were overlaid on MODIS LAI data. 

Subsequently, a vector layer was created in ARC VIEW 3.2a software by digitizing the pixel 

area of MODIS data within which the sample plots were falling. Later the same vector layer 
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was overlaid on the high resolution data i.e. LISS IV (5.8 m). This was done to get the vector 

boundaries in LISS IV data surrounding the sample plots which correspond to the pixel size of 

the respective MODIS LAI pixel of 1km. This was followed by digitizing all the land use land 

cover categories considering vegetation density classes (FSI standard) existing within each 

vector boundary around each sample plot. While digitizing, vegetation types existing within 

each pixel size were categorized into different density classes. Thus visually interpreted classes 

were generated within the area of 1km². Land use land cover map along with density map 

prepared digitally by classifying LISS III image were taken as reference maps. For bringing 

accuracy in the classification, the delineated classes were compared with the ground 

observations collected during field work.  

 For obtaining weighted biomass using LISS IV image, area weights were assigned to 

the different land use land cover categories belonging to different density classes, delineated 

within the vector boundaries of 1km² areas surrounding each sample plot. Area weight of each 

land use land cover class occurring within the vector boundary is obtained by getting the ratio 

between the area occupied by the class within the pixel and the total area of the MODIS pixel 

i.e. (1km²= 100 ha). The classes e.g. water; settlement, agriculture/fallow land and barren land 

were given zero weight. The reason being they do not significantly contribute in biomass 

accumulation. Subsequently, area weight of each land use land cover classes were multiplied 

with the corresponding biomass/ha values of the respective classes.   

  Thus biomass obtained for all the vegetation types belonging to different density 

classes occurring within the vector boundary of 1km² area was summed up to get weighted 

biomass of the respective pixel. This was done for all the sample sites in the study area. Table  

4.6 shows weighted biomass obtained for each sample site. Further, weighted biomass obtained 

for all the respective pixels of area 1km² was correlated with MODIS LAI (pixel size 1km) 

which yielded a good R² value (coefficient of determination) shown in Fig. 5.14. Flowchart 

(Fig. 4.11) shows the steps of calculating area weighted biomass per pixel. 
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Forest Types with Density Classes Area (ha) Area Weight Biomass t/ha Weighted Biomass 

Dry Deciduous Mixed Forest (Dense) 24.38 0.24 73.48 17.91 

Teak Mixed Forest (Moderate Dense) 9.38 0.09 47.85 4.49 

Dry Deciduous Teak Forest (Moderate Dense) 22.99 0.23 28.67 6.59 

Degraded Forest (Open) 43.24 0.43 17.62 7.62 

                                Weighted Biomass of the pixel = 36.62 tons/ha 

               Fig. 4.10: Upscaling of MODIS LAI Pixel (1km resolution) on LISS IV data 
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              Fig. 4.11: Flowchart showing calculation of area weighted biomass  
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                      Table 4.6: Weighted biomass of sample sites 

  

 

 

 

  

Plot ID Forest Types  Weighted biomass (tons/ha) 

1 Dry Deciduous Teak Forest 36.61 

2 Dry Deciduous Teak Forest 28.98 

3 Teak Mixed Forest 15.18 

4 Teak Mixed Forest 46.90 

5 Degraded Forest 14.76 

6 Scrub 2.87 

7 Anogiessus  pendula Forest 47.83 

8 Dry Deciduous Riverine Forest 42.03 

9 Anogiessus  pendula Forest 38.07 

10 Teak Mixed Forest 21.54 

11 Dry Deciduous Teak Forest 18.02 

12 Moist Deciduous Teak Forest 18.02 

13 Dry Mixed Deciduous Forest 36.47 

14 Moist Mixed Deciduous Forest 36.35 

15 Teak Mixed Forest 44.30 

16 Moist Mixed Deciduous Forest 44.30 

17 Dry Deciduous Teak Forest 14.54 

18 Dry Mixed Deciduous Forest 35.97 

19 Dry Mixed Deciduous Forest 35.54 

20 Moist Mixed Deciduous Forest 33.71 

21 Teak Mixed Forest 31.23 

22 Dry Deciduous Teak Forest 16.46 

23 Dry Deciduous Teak Forest 13.09 

24 Acacia Forest 32.99 

25 Dry Mixed Deciduous Forest 29.54 

26 Dry Mixed Deciduous Forest 34.86 

27 Moist Deciduous Teak Forest 20.19 

28 Moist Deciduous Teak Forest 33.42 

29 Dry Mixed Deciduous Forest 13.43 

30 Dry Deciduous Teak Forest 40.05 

31 Teak Mixed Forest 36.93 

32 Boswellia Forest 21.69 

33 Acacia Forest 33.87 

34 Degraded Forest 9.03 
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                                  Fig. 1:  LISS III FCC of Panna Taluk, M.P. 

GPS Locations 
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                             Fig. 2:  LISS IV FCC of Panna National Park, M.P. 
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    Fig. 3:  MODIS LAI (1km pixel size) of Panna Taluk, M.P. 
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Chapter 5                               RESULTS AND DISCUSSION 
 
 
5.1 Findings of the Study 

 An attempt has been made to apply Remote Sensing and GIS in the field of the forestry 

through this study. It has enabled to get a number of desired outputs as per well defined 

objectives and methodology within the given time period. The resultant outputs have been 

suitably described and discussed at relevant places in the report. 

 

5.2 Land Use Land Cover Mapping 

 The analysis of IRS-P6 LISS III enabled identification and delineation of about 17 

categories of land use land cover in Panna Taluk, Panna district, M.P. As set out in objectives 

as well as role of forest cover in biomass accumulation and carbon sequestration, therefore 

more emphasis has been given to classify forest cover types rather then land use types. The 

land use land cover map is shown in Fig. 4 and the classes generated are: Moist mixed 

deciduous forest, Dry deciduous teak forest, Dry deciduous mixed forest, Moist deciduous teak 

forest, Teak mixed forest, Anogiessus pendula forest, Acacia catechu forest, Boswellia forest, 

Degraded forest, Savannah, Scrub, Grassland, Barren land, Agriculture, Fallow land, Water 

body and Settlement. The area estimated for various land use land cover classes is shown in 

Table 5.1 and Fig. 5.1. 

 Under LULC classes, Fallow/Agriculture class is occupying the aerial extent of about 

138191.31 ha i.e. approximately 48% which is the highest coverage in the study area. Among the 

forest types, moist mixed deciduous forest has occupied the maximum area i.e. approximately 

8% which is followed by moist deciduous teak forest (7.7%). Dry deciduous mixed forest 

(5.65%) and dry deciduous teak forest (5.32%) cover approximately equal area. A considerable 

amount of area coverage is under degraded forest i.e. 4.44%, which is an indicator of high 

biotic pressure in the area. Also, the evidence of fire, lopping and grazing was found during the 

field work. Teak mixed forest also showed a considerable amount of area coverage i.e. 3.13%. 

The area is dominated by Tectona grandis (Teak) which is predominant species in the study 

area. Acacia forest also covers of about 1.23% of the total area. 
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                   Table 5.1: Area distribution of Land Use Land Cover classes 
Category Area  (ha) Area (%) 

Moist Mixed Deciduous Forest 23064.81 7.96 

Moist Deciduous Teak Forest 22202.25 7.66 

Dry Mixed Deciduous Forest 16370.38 5.65 

Dry Deciduous Teak Forest 15398.69 5.32 

Degraded Forest 12862.94 4.44 

Teak Mixed Forest 9068.13 3.13 

Acacia catechu Forest 3555.50 1.23 

Anogeissus pendula Forest 2053.81 0.71 

Boswellia Forest 1001.75 0.35 

Riverine Forest 174.38 0.06 

Scrub 17863.75 6.17 

Grassland 19445.31 6.71 

Acacia Savannah 368.50 0.13 

Fallow/Agriculture 138191.31 47.70 

Barren Land 3667.13 1.27 

Water Body 2459.00 0.85 

Settlement 1951.06 0.67 

 

Area  (ha)
8%

8%

6%

5%

4%
3%

1%1%0%0%
6%

7%0%

48%

1% 1% 1%

M OIST  M IX ED  D EC ID U OU S FOR EST M OIST  D EC ID U OU S T EA K F OR EST
D R Y  M IX ED  D EC ID U OU S F OR EST D R Y  D EC ID U OU S T EA K F OR EST
D EGR A D ED  F OR EST TEA K M IX ED  F OR EST
A C A C IA  F OR EST A N OGEISSU S PEN D U LA  F OR EST
B OSW ELLIA  F OR EST R IV ER IN E F OR EST
SC R U B GR A SSLA N D
A C A C IA  SA V A N N A H FA LLOW / A GR IC U LT U R E
B A R R EN  LA N D W A TER  B OD Y
SET T LEM EN T

 
       Fig. 5.1: Area distributions of Land Use Land Cover classes in hectares 

During the field work, pure patches of Acacia forests were encountered at many places 

on spurs of the side slopes. Anogeissus pendula forest is also another forest patch which is 

purely composed of Anogeissus pendula species covering 0.71% of the total area. Boswellia 
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and riverine forests have the least area coverage as they only occur at some specific sites. It 

was observed that the south west portion of the study area has very good forest which is due to 

the occurrence of vegetation showing good growth and productivity.   

 

5.3 Forest Density Mapping 

 The potential biomass and carbon storage depends more on the density of the trees and 

less on the type. Hence forest density map shown was prepared digitally to correlate with the 

satellite derived parameters in the present study (Fig. 5). Forests were classified into four major 

density classes (<10%, 10-40%, 40-70% and >70%) as per FSI standard (FSI 2005). Medium 

dense forest has the highest area coverage i.e. about 21.35% which is followed by open forest 

(13.71%) and scrub (1.40%). Very dense forest (>70%) has the least area coverage i.e. 0.60%. 

Area statistics under different density classes is shown in Table 5.2 and Fig. 5.2. 

                  Table 5.2:  Aerial extent of different density classes in hectares 
                  Density Classes Area (ha) Area (%) 

Very Dense Forest (>70%) 1726.06 0.60 

Moderate Dense Forest (40-70)% 61838.06 21.35 

Open Forest (10-40)% 39727.44 13.71 

Scrub (<10%) 4065.81 1.40 

Non Forest 179763.80 62.06 

Water 2544.69 0.88 

                            

Area (ha)

1%
21%

14%

1%
62%

1%

Very Dense Forest (>70%) Moderate Dense Forest (40-70)%

Open Forest (10-40)% Scrub (<10%)

Non Forest Water

 
                      Fig. 5.2: Aerial extents of different density classes 
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5.4 Above Ground Biomass Estimation  

 Above ground biomass has been estimated using volumetric regression equations for 

the bole and main branches, and other component including twigs (<10 cm) GBH and leaves. 

The estimation of biomass has been carried out for each species of different classes in each 

plot.  Per plot biomass (0.1ha) was estimated by summing up the biomass of different 

individuals occurring in plot. This was further converted into biomass per hectare for each 

forest type.   Table 5.3 shows forest type biomass per hectare. Amongst the forest types, 

maximum per unit biomass (126.11 tons/ha) was obtained in riverine forest, though it has least 

area coverage in the study area. High biomass can be justified because of the occurrence of tall 

trees with very high basal area. A tree with GBH (4.35 m) showing relatively very high GBH 

was also encountered in one of the sample plots of riverine forest. Terminalia arjuna is found 

to be the dominant species in riverine forests. Teak mixed forest (45.63 tons/ha), Anogeissus 

pendula forest (42.34 tons/ha) and moist mixed deciduous forest (42.27 tons/ha) relatively 

show high biomass per hectare. Boswellia forest (39.78 tons/ha), moist deciduous teak forest                

(37.57 tons/ha), dry mixed deciduous forest (36.93 tons/ha) and dry deciduous teak forest   

(30.15 tons/ha) also have shown considerable accumulation of biomass. Acacia forest is storing 

25.83 tons/ha of biomass within it. Least biomass storage has been accounted in scrub (2.91 

tons/ha) and grassland (0.65 tons/ha). The range of biomass in the study area is recorded to be 

0.65 t/ha (grassland) to 126.11 t/ha (riverine forest).  

 To obtain the total biomass of each forest type existing in Panna Taluk, biomass per 

hectare was multiplied with the total area (ha) occupied by the respective forest type in the 

study area. Biomass distribution in each forest type is shown by biomass map (Fig. 6). Table  

5.4 and Fig. 5.3 show biomass (tons) per forest type. 
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                Table 5.3 Forest type-wise biomass per hectare 

 

 

 

 

 

 

 

 

 

                Table 5.4 Biomass (tons) in each forest type 

Land cover type Biomass of each forest type (tons) 

Moist Mixed Deciduous Forest 1008802.13 

Moist Deciduous Teak Forest 834058.79 

Dry Mixed Deciduous Forest 633107.40 

Dry Deciduous Teak Forest 482860.42 

Teak Mixed Forest 413767.49 

Degraded Forest 226659.68 

Acacia Forest 91833.81 

Anogeissus pendula Forest 86949.85 

Boswellia Forest  39849.62 

Riverine Forest 21989.73 

Scrub 52055.51  

Grassland 12639.45 

Total Biomass 3904573.89  

Forest Type Biomass of each forest type 
(tons per ha) 

Moist Mixed Deciduous Forest 42.27 

Moist Deciduous Teak Forest 37.57 

Dry Mixed Deciduous Forest 36.93 

Dry Deciduous Teak Forest 30.15 

Teak Mixed Forest 45.63 

Degraded Forest 17.62 

Acacia Forest 25.83 

Anogeissus pendula Forest 42.34 

Boswellia Forest  39.78   

Riverine Forest 126.11 

Scrub 2.91 

Grassland 0.65 
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Biomass (tons) of each forest type
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SCRUB BOSWELLIA FOREST
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                           Fig. 5.3: Forest type-wise biomass in tons 

 Study indicates highest biomass in moist mixed deciduous forest i.e. 1008802.13 tons. 

This may be due to the presence of favourable climatic and edaphic conditions, particularly 

water, thereby inducing good growth. Moist deciduous teak forest has also shown good amount 

of biomass accumulation i.e. 834058.79 tons. This is followed by dry mixed deciduous forest, 

dry deciduous teak forest and teak mixed forest having biomass of 633107.40 tons, 482860.42 

tons and 413767.49 tons. Teak trees relatively occupy large area as compared to other species 

and also show good growth rate. A considerable amount of biomass accumulation is also found 

in degraded forest having 226659.68 tons of biomass. Then come Acacia forest, Anogiessus 

pendula, Boswellia and riverine forests having biomass of 91833.81 tons, 86949.85 tons, 

39849.62 tons and 21989.73 tons respectively. In-spite of having high biomass per plot, total 

biomass obtained in riverine forest type is comparatively less. This may be due to the reason 

that riverine forest is covering relatively lesser area as compared to other forest types in the 

study area. On the other hand scrub is showing considerable biomass i.e. 52055.51 tons. 
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However, grassland accumulates least biomass of 12639.45 tons which may be due to the 

absence of woody matter. Thus total biomass estimated in Panna Taluk is 3.91 Mt.  

 

5.5 Carbon Pool Assessment 

Carbon forms the major part of the biomass. To estimate carbon pool from biomass, the 

total biomass (above and below ground) is obtained by multiplying with a conversion factor 

that represents the average carbon content in biomass. In the present study coefficient of 0.47 

(Westlake 1963) has been used for converting total biomass of the study area into its total 

carbon. Table 5.5 and Fig. 5.4 shows total carbon stock in different forest types. With respect 

to this, highest carbon content has been obtained in Moist mixed deciduous forests (27%) 

followed by moist deciduous teak forest (21%). Least carbon stock has been accounted in 

grassland i.e. only 0.32%. This is due to the presence of least biomass. Total carbon pool of the 

study area has been assessed to be 1.84 Mt and spatial distribution is shown by carbon map   

(Fig. 7). 

 

 Table 5.5:  Forest type-wise carbon stock 

Forest Type Carbon stock of each forest type 

(tons) 

Moist Mixed Deciduous Forest 474137.00 

Moist Deciduous Teak Forest 392007.63 

Dry Mixed Deciduous Forest 297560.48 

Dry Deciduous Teak Forest 226944.40 

Teak Mixed Forest 194470.72 

Degraded Forest 106530.05 

Acacia Forest 43161.89 

Anogeissus pendula Forest 40866.43 

Scrub 24466.09 

Boswellia Forest 18729.32 

Riverine Forest 10335.17 

Grassland 5940.54 
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Carbon stock of each forest type 
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                                           Fig. 5.4: Forest type-wise carbon stock 

 

5.6 Establishment of Correlation between Biomass and Satellite Derived Parameters 

 Several studies have pointed out the utility of satellite derived parameters like NDVI, 

EVI, SAVI, etc. and their relationships with above ground biomass, LAI etc. A correlation was 

established between estimated biomass obtained from ground observation and the 

corresponding NDVI values. All efforts (GPS and topomaps and ground features) were made 

to locate same location of pixel for which ground sampling has been done. Different regression 

relations were tried out between per plot (0.1ha) biomass of 34 sample sites and corresponding 

NDVI values (Table 5.6), out of which best correlation (R²=coefficient of determination) was 

obtained in linear relationship i.e. 0.8364 yielding an equation (y = 19.581x – 4.1439) (Fig. 

5.5). The equation thus resulted into derivation of two coefficients (19.581 and 4.1439).  
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                 Table 5.6: NDVI values and corresponding biomass (0.1 ha) 
PLOT ID Forest types NDVI Biomass (0.1ha) 

1 Dry Deciduous Teak Forest 0.411 24.31 

2 Dry Deciduous Teak Forest 0.329 15.18 

3 Teak Mixed Forest 0.413 48.81 

4 Teak Mixed Forest 0.473 50.03 

5 Degraded Forest 0.308 17.94 

6 Scrub 0.280 02.91 

7 Anogiessus pendula Forest 0.451 52.93 

8 Dry Deciduous Riverine Forest 0.478 126.11 

9 Anogiessus pendula Forest 0.406 31.74 

10 Teak Mixed Forest 0.491 56.81 

11 Dry Deciduous Teak Forest 0.401 31.85 

12 Moist Deciduous Teak Forest 0.319 20.59 

13 Dry Mixed Deciduous Forest 0.398 30.40 

14 Moist Mixed Deciduous Forest 0.407 39.19 

15 Teak Mixed Forest 0.372 30.78 

16 Moist Mixed Deciduous Forest 0.458 34.26 

17 Dry Deciduous Teak Forest 0.289 13.69 

18 Dry Mixed Deciduous Forest 0.375 28.96 

19 Dry Mixed Deciduous Forest 0.527 73.48 

20 Moist Mixed Deciduous Forest 0.468 53.38 

21 Teak Mixed Forest 0.301 21.10 

22 Dry Deciduous Teak Forest 0.367 35.46 

23 Dry Deciduous Teak Forest 0.340 23.07 

24 Acacia Forest 0.323 29.31 

25 Dry Mixed Deciduous Forest 0.326 27.82 

26 Dry Mixed Deciduous Forest 0.470 43.37 

27 Moist Deciduous Teak Forest 0.396 39.49 

28 Moist Deciduous Teak Forest 0.467 52.62 

29 Dry Mixed Deciduous Forest 0.270 17.55 

30 Dry Deciduous Teak Forest 0.517 67.47 

31 Teak Mixed Forest 0.481 50.05 

32 Boswellia Forest 0.391 33.54 

33 Acacia Forest 0.318 22.35 

34 Degraded Forest 0.248 17.30 
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NDVI vs Biomass (0.1ha) y = 19.581x - 4.1439
R2 = 0.8364
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            Fig. 5.5: Regression analysis between NDVI and field based biomass estimate (0.1ha) 

           

5.7 Biomass Estimation Through Spectral Modeling-Predicted Biomass 

 The linear regression model (y = 19.581*x–4.1439) developed between NDVI and 

biomass (0.1ha) was than further used for generating satellite derived biomass termed as 

predicted biomass.. Agriculture, water bodies and settlements were not considered for 

estimating predicted biomass. Image thus obtained extrapolated the biomass and hence carbon 

of different forest types of the study area. Figures (9 & 10) show the biomass map and carbon 

map of the study area derived through regression model. The biomass map generated shows the 

biomass values within the range of (0.047 to 104.923) tons per pixel i.e. (25×25) m². Highest 

biomass values have been obtained in mixed deciduous forests as well as teak forests whereas 

degraded forests, scrubs and grasslands are showing less biomass estimates. 

 

5.8 Comparison between Predicted and Estimated Biomass 

A comparative assessment was made to find the coefficients of regression (Fig. 5.6) 

between the estimated biomass i.e. field based biomass estimate using 34 sample observations 

and the predicted biomass obtained through spectral modelling. The R² value obtained was 

0.7048, showing a comparatively better correlation, which indicates that biomass obtained 

through spectral modelling has given relatively good estimates. Table 5.7 shows predicted and 

estimated biomass values.    
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           The major difference in the biomass values between predicted and estimated was 

observed due to difference in the plant density and different phenological conditions of the dry 

deciduous forests existing in the study area. Remote sensing data is most sensitive to degree of 

crown closure. Partial deciduous condition of the canopy influences the recorded radiance of 

the forests which may be apparently different from the prevailing ground conditions. It was 

observed that at some sample points predicted biomass was overestimating the calculated 

biomass in ground. This may be due to the contribution of the soil in spectral reflectance which 

literally increases the biomass estimates derived through remote sensing data for that particular 

sample point. 

Predicted biomass vs estimated biomass
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      Fig. 5.6: Relation between predicted and estimated biomass per hectare 

This condition is truly applicable with dry deciduous forests where forests contains 

significant amount of reflectance due to soil brightness. Another factor is shadowing which 

reduces the understorey reflectance thus resulting into biased underestimation of biomass. This 

generally happens in larger stands with high density. 

 

5.9 Establishment of Correlation between Biomass per Plot and LAI  

5.9.1 Estimation of LAI Through Hemispherical Photography 

The rate of photosynthesis is directly governed by age, quality and number (layers) of 

leaves present among other parameters like climatic, edaphic, etc. And therefore, presence of 

biomass depends upon the leaf area (number of leaves and layers). 
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Table  5.7:   Predicted biomass (25 × 25) m² and estimated biomass per hectare 
Plot ID Forest Type Predicted Biomass 

(25 × 25 ) m² 

Estimated Biomass 

(per ha) 

1 Dry Deciduous Teak Forest 39.96 24.31 

2 Dry Deciduous Teak Forest 21.91 15.18 

3 Teak Mixed Forest 43.55 48.81 

4 Teak Mixed Forest 66.51 50.03 

5 Degraded Forest 24.87 17.94 

6 Scrub 12.40 2.91 

7 Anogiessus pendula Forest 42.34 52.93 

9 Anogiessus pendula Forest 27.37 31.74 

10 Teak Mixed Forest 53.59 56.81 

11 Dry Deciduous Teak Forest 31.32 31.85 

12 Moist Deciduous Teak Forest 20.58 20.59 

13 Dry Mixed Deciduous Forest 33.65 30.4 

14 Moist Mixed Deciduous Forest 54.86 39.19 

15 Teak Mixed Forest 29.72 30.78 

16 Moist Mixed Deciduous Forest 58.93 34.26 

17 Dry Deciduous Teak Forest 13.64 13.69 

18 Dry Mixed Deciduous Forest 22.48 28.96 

19 Dry Mixed Deciduous Forest 62.62 73.48 

20 Moist Mixed Deciduous Forest 50.09 53.38 

21 Teak Mixed Forest 24.63 21.1 

22 Dry Deciduous Teak Forest 30.94 35.46 

23 Dry Deciduous Teak Forest 28.20 23.07 

24 Acacia Forest 34.46 29.31 

25 Dry Mixed Deciduous Forest 40.94 27.82 

26 Dry Mixed Deciduous Forest 51.21 43.37 

27 Moist Deciduous Teak Forest 31.37 39.49 

28 Moist Deciduous Teak Forest 57.37 52.62 

29 Dry Mixed Deciduous Forest 9.83 17.55 

30 Dry Deciduous Teak Forest 60.02 67.47 

31 Teak Mixed Forest 53.37 50.05 

32 Boswellia Forest 33.02 33.54 

33 Acacia Forest 39.73 22.35 

34 Degraded Forest 4.65 17.3 
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 For estimating Leaf Area Index (LAI) of different forest types existing within the study 

area, both direct and indirect approaches were adopted. Under indirect approach, a linear 

regression model was developed between biomass per plot and the corresponding LAI values 

obtained per plot with the help of hemiview instrument with sample size of 28 plots. All plots 

could not be covered due to time constraint. Hemispherical photography exclusively requires 

either early morning or late evening for acquiring photographs. However this condition was 

difficult to fulfill which literally restricted to cover all plots. The equation obtained showed a 

good correlation between LAI and biomass i.e. R²= 0.72 shown in Fig. 5.7. Earlier also several 

studies have been conducted at various spatial scales and environments for estimating biomass 

and LAI using satellite remote sensing (Badhwar et al. 1986, Spanner et al. 1990, Nemani et 

al. 1993, Chen and Cihlar 1996, Fassnacht et al. 1997, Hame et al. 1997, Myneni et al. 1997, 

Turner et al. 1999, Brown et al. 2000, Brown 2001, Chen et al. 2002) which have yielded 

positive significant resultants. Good correlation indicates that there exists a positive 

relationship between biomass and LAI. With the increase of LAI biomass also increases and 

vice-versa. These are considered to be very important variables in environmental and 

ecological applications which are positively related to each other (Nemani et al. 1993, Waring 

and Running 1998). 

 

Hemiview LAI vs Biomass (0.1ha)
y = 3.6485x - 3.8648

R2 = 0.7221

-2.000

0.000

2.000

4.000

6.000

8.000

10.000

12.000

14.000

0 1 2 3 4

Hemiview LAI

B
io

m
as

s 
(0

.1
ha

)

 
  Fig. 5.7: Correlation between biomass per plot and corresponding LAI values obtained through 

hemiview 
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5.9.2 Estimation of LAI Through Ground Based Method 
      

  Several researches have been done regarding estimation of Leaf Area Index (LAI) of 

different forest types by using ground based methods (Chen et al. 1997, Neumann et al. 1989, 

Daughtry 1990, Dufrêne 1995 & Fassnacht et al. 1994). In the present study also, indirect 

approach was adopted for estimating LAI values in each plot representing each forest type 

using ground based method. The correlation obtained between biomass per plot and the 

corresponding LAI values yielded a satisfactory result of R²= 0.65 which signified the positive 

relation between biomass and LAI (Fig. 5.8). 
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Fig. 5.8: Correlation between biomass per plot and corresponding LAI values obtained 

through ground based method 
    

       5.10 Spatial Validation between LAI Measurements (per plot) Obtained Through Hemi-

spherical Photographs and Ground Based Method 

        Several studies between the direct and indirect methods of LAI measurement have 

been done for forest stands (Chason et al. 1991, Smith 1991, Fassnacht et al. 1994, Dufrêne 

and Bréda 1995, Comeau et al. 1998, Barclay and Trofymow 2000,  Küßner and Mosandl 

2000) and for crops (Brenner et al. 1995, Levy and Jarvis 1999). Given (Fig. 5.9) below shows 

the correlation between the LAI values obtained through ground based method and 

hemispherical photographs of the respective plots. This has been done for carrying out spatial 

validation of the LAI measurements. Correlation developed showed R² value to be 0.7392 with 

sample plots laid in field which implies that LAI measurements obtained from field either by 
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ground based method or by hemispherical photographs are positively related to each other, 

hence yielding an overall fair accuracy of the LAI measurements. 

Ground LAI vs Hemiview LAI
y = 1.8563x - 0.8058
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            Fig. 5.9: Correlation between LAI measurements obtained through hemispherical  

photographs & ground based method both 
 
5.11 Establishment of Correlation between NDVI and Corresponding LAI measurements 

       Based on the relationship between LAI and NDVI, whole lot of studies has been 

conducted where satellite remote sensing data has been successfully used to estimate LAI 

(Spanner et al.1990, Curran et al.1992, White et al.1997, Kale et al. 2005). An attempt has 

been also made in the present study to observe relation between satellite derived parameter i.e. 

Normalized Difference Vegetation Index (NDVI) and LAI measurements obtained from field 

in deciduous forests of Central India. With reference to this, linear regression models were 

established between LAI measurements and corresponding NDVI values. 
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             Fig. 5.10: Relation between NDVI and corresponding LAI values obtained through 

hemispherical photographs 
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Ground based LAI vs NDVI y = 0.0507x + 0.2369
R2 = 0.6545
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               Fig. 5.11: Relation between NDVI and corresponding LAI values  
                     obtained through ground based method 
               

 From the above Figures (5.10 and 5.11) it can be concluded that LAI measurements 

obtained through hemispherical photographs yielded much better correlation (R²= 0.77) as 

compared to LAI values obtained through ground based method i.e. R²= 0.65. LAI 

measurements were basically obtained in growing phase where it ranged from 0.471 to 5.241 

in case of ground based method; whereas in case of hemispherical photography it ranged from 

0.78 to 3.13. LAI values were generally higher in south-west parts of the study area. This may 

be due to favourable climatic conditions as well as adequate moisture availability prevailing in 

the study sites. It was observed that mixed forests showed relatively higher LAI values as 

compared to the forests comprising of single species for both the cases. This may be due to the 

canopy architecture of the forests. Forests with single species shed their leaves all at a time 

while due to presence of different species leaf fall time varies within mixed forest types. 

However the LAI measurements obtained through hemispherical photographs showed 

underestimated values as compared to those obtained through ground based method. The 

observed underestimation could be due to the non-random distribution of the foliar elements 

within the canopy which can be termed as clumping. This induces the directional gap fractions 

resulting into underestimated LAI measurements. The latter can be corrected by using a factor 

called clumping index (Nilson 1971). In the present study due to time constraint and lack of 

sufficient information, the above mentioned factor could not be worked out. However, study 

will be conducted in future for obtaining clumping index in order to get corrected LAI 

measurements. 



 

  
 

       85 
 

     Above Ground Biomass and Carbon Assessment in Forests Using High & Medium Resolution Data in  
Panna Taluk, Madhya Pradesh 

5.12 Geospatial Distribution of LAI  

 Between the two methods of LAI measurements hemispherical photography showed 

better correlation with NDVI i.e. R²= 0.77 (Fig. 5.10). Therefore the regression model 

developed by correlating NDVI and LAI values obtained through hemispherical photographs 

(y= 7.271x – 0.7819) was further used for developing LAI map of the study area where, x 

stands for NDVI image and y stands for output LAI map. This was carried out in model maker 

function in ERDAS IMAGINE 8.6 software. Fig. 11 shows LAI map generated using satellite 

remote sensing. The map showed the range of higher values in forests with high density while 

the values observed were low in less dense forests. Classes other than forests like grasslands 

and scrubs showed least LAI values.  

 

5.13 Relation between LAI Map and MODIS LAI (1km pixel size) 

 An attempt was made in the present study for validating MODIS LAI product (MOD 

15A1) of 1km pixel size by performing regression with LAI map aggregated to 1km spatial 

resolution. Correlation obtained showed a satisfactory result i.e. R² = 0.6052 (Fig. 5.12). The 

comparison indicated significant positive correlation between LISS III derived LAI and 

MODIS LAI. It showed over estimation of LAI values in MODIS compared to LISS III 

derived LAI. A study was conducted in Madhya Pradesh covering two sites Indore and Bhopal 

where regression models were developed between LAI derived from LISS III data and MODIS 

LAI which showed significant positive correlation between these two (Pandya 2003). 
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 Fig. 5.12: Relation between LISS III derived LAI values and MODIS LAI (1km) 
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5.14 Relation between MODIS LAI and LISS III Derived Biomass Map 

 A correlation was developed by regressing MODIS LAI and LISS III derived biomass 

map initially generated by aggregating biomass map up to 1km spatial resolution. The R² 

(0.62) obtained (Fig. 5.13) showed that MODIS LAI is positively correlated with biomass. It 

was observed that with increasing values of biomass, MODIS LAI values were getting 

saturated. This may be because LAI is directly related to foliage rather than woody parts. In 

some cases even if biomass is considerably more may show less LAI if canopy is devoid of 

leaves. Therefore the recorded LAI for the sample points may get limited at certain stage of 

biomass. The phenomena is basically prevailing in dry deciduous forests which shed there 

leaves altogether at a particular time giving low LAI measurements even if biomass is high. 
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                    Fig. 5.13: Correlation between LISS III derived biomass and MODIS LAI  

 

5.15 Relation between MODIS LAI (1km pixel size) and Area Weighted Biomass Using 

High Resolution Data-LISS IV 

          Area weighted biomass was one of the methods adopted in the present study for 

obtaining biomass of the forest types based on their density distribution within the pixel size of 

1km spatial resolution. This was carried out by upscaling pixels (1km resolution) of MODIS 

LAI (within which the sample plots were lying) on high resolution data i.e. LISS IV image. 

The forest types based on the density distribution occurring within 1km pixel areas were 

initially assigned weights on the basis of aerial extent of the respective forest types within the 

pixel. Highest weight was given to the forest type occupying the largest area within the given 
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pixel size and vice-versa. Further, the weights assigned to each forest type within the pixel area 

were multiplied to the corresponding biomass values obtained per hectare considering the 

density classes also. This was followed by obtaining correlation by performing regression 

between area weighted biomass and MODIS LAI of similar spatial resolution (1km) which 

showed a significant positive correlation i.e. R²= 0.79 (Fig. 5.14) with sample size of 34 plots. 
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       Fig. 5.14: Correlation between area weighted biomass and MODIS LAI (1km) 

                  

                      5.16 Relation between Area Weighted Biomass Using High Resolution Data-LISS IV and   

Biomass Map Generated Using Moderate Resolution Data-LISS III  

       A comparison was made by carrying out regression between weighted biomass 

obtained by upscaling MODIS LAI pixel on LISS IV image and the biomass map derived from 

LISS III data aggregated to 1km spatial resolution. Table 5.8 shows weighted biomass values 

as well as LISS III derived biomass estimates. The linear relation showed R² value to be 0.6329 

yielding a permissible resultant (Fig. 5.15). It may be concluded that biomass obtained by 

assigning weights and biomass obtained through spectral modeling are positively related with 

each other. It was observed that the biomass values obtained through spectral modeling showed 

overestimation in most of the forest types particularly in teak forests. In mixed forests, biomass 

values seemed to be overestimated at some sites whereas showed underestimated values too for 



 

  
 

       88 
 

     Above Ground Biomass and Carbon Assessment in Forests Using High & Medium Resolution Data in  
Panna Taluk, Madhya Pradesh 

few other sites. Teak mixed forests showed relatively similar biomass values in both the cases 

i.e. (46.901 and 46.767) tons per km². 
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   Fig. 5.15: Area Weighted Biomass (1km²) vs LISS III Derived Biomass (1km) 

  

 Difference in biomass values was observed mainly due to different plant densities 

within each plot. Another reason may be canopy shadowing within larger stands. Achroma 

(1988) stated that there is an inverse relationship between amount of shadow and reflectance in 

all wavebands. Sample points with high biomass in ground may show less reflectance due to 

presence of shadow. However, radiance recorded over deciduous forest contains significant 

amount of reflectance due to soil brightness subsequently increasing biomass values of sample 

points which could be less if measured in ground.  
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                Table 5.8:  Area weighted biomass and corresponding biomass values derived from 

LISS III of 1km spatial resolution 

Plot ID                 Forest Type Area Weighted Biomass 
(tons/ha) 

Area Weighted 
Biomass t/km² 

Biomass derived from 
LISS III (tons) 

1 Dry Deciduous Teak Forest 36.61 3661.46 48.57 

2 Dry Deciduous Teak Forest 28.98 2898.30 47.15 

3 Teak Mixed Forest 15.18 1518.30 24.97 

4 Teak Mixed Forest 46.90 4690.90 46.77 

5 Degraded Forest 14.76 1476.70 37.65 

6 Scrub 2.87 286.70 13.22 

7 Anogiessus pendula Forest 47.83 4783.00 42.01 

8 Dry Deciduous Riverine Forest 42.03 4203.40 55.11 

9 Anogiessus pendula Forest 38.07 3807.00 42.86 

11 Dry Deciduous Teak Forest 18.02 1801.50 30.05 

12 Moist Deciduous Teak Forest 18.02 1802.00 30.05 

13 Dry Mixed Deciduous Forest 36.47 3647.30 45.67 

14 Moist Mixed Deciduous Forest 36.35 3634.60 33.48 

15 Teak Mixed Forest 44.30 4430.30 38.27 

16 Moist Mixed Deciduous Forest 44.30 4430.10 61.10 

17 Dry Deciduous Teak Forest 14.54 1454.10 28.27 

18 Dry Mixed Deciduous Forest 35.97 3597.00 49.47 

19 Dry Mixed Deciduous Forest 35.54 3553.70 52.39 

20 Moist Mixed Deciduous Forest 33.71 3371.20 50.66 

21 Teak Mixed Forest 31.23 3122.50 49.29 

22 Dry Deciduous Teak Forest 16.46 1645.70 33.29 

23 Dry Deciduous Teak Forest 13.09 1309.20 26.57 

24 Acacia Forest 32.99 3298.60 49.07 

25 Dry Mixed Deciduous Forest 29.54 2953.80 40.66 

26 Dry Mixed Deciduous Forest 34.86 3485.70 28.22 

27 Moist Deciduous Teak Forest 20.12 2011.80 36.95 

28 Moist Deciduous Teak Forest 33.42 3341.70 38.12 

29 Dry Mixed Deciduous Forest 13.43 1342.50 12.35 

30 Dry Deciduous Teak Forest 40.05 4004.70 54.83 

31 Teak Mixed Forest 36.93 3692.60 55.99 

32 Boswellia Forest 21.69 2168.70 27.25 

33 Acacia Forest 33.87 3386.60 46.16 

34 Degraded Forest 9.03 903.00 7.02 
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                                 Fig. 4:   Land Use Land Cover map of Panna Taluk, M.P. 
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Fig: 4 Forest Density Map of Panna Taluk, M.P. 

 
 
 
 
 
 
 
 
 
                               Fig: 5 Forest Density Map of Panna Taluk, M.P. 

                                    6  Biomass Map of Panna Taluk, M.P. 

 
 
 
 

 
 
 

Fig. 5: Forest Density Map of Panna Taluk, M.P. 
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 Fig. 6: Biomass Map of Panna Taluk, M.P. 
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    Fig. 7:  Carbon Map of Panna Taluk, M.P. 
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                                Fig. 8:  NDVI Map of Panna Taluk, M.P. 
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                          Fig. 9: Satellite Derived Biomass Map of Panna Taluk, M.P. 
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                             Fig. 10: Satellite Derived Carbon Map of Panna Taluk, M.P.                  
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                          Fig. 11:  LAI Map of Panna Taluk, M.P. derived from LISS III       
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Chapter 6                                                       CONCLUSIONS 
 
 

Forest biomass is considered to be the most important renewable energy source in 

socio-economic point of view because of its easy availability to the human beings. In order to 

understand pool changes and productivity of tropical forests, quantification of biomass is 

required as the primary productivity data (Esser 1984, Whittaker and Woodwell 1971, Gatson 

1998). Biomass information is one of the very important inputs for knowing actual global 

carbon pattern related to forest ecosystem. Also it enables the current and near future changes 

in carbon stocks (sources and sinks).  

 The present study attempts to estimate spatial distribution of biomass in Panna Taluk in 

Panna district of Madhya Pradesh. The forest cover estimated shows that the study area has got 

a moderate area under good quality forests. It seems that a large part of the study area is under 

biotic pressure induced by both human beings and live stock which may lead the forests to 

reach a critical stage of degradation and unproductiveness. Therefore, it necessitates for 

achieving some multifarious activities like progress of changes in the forest cover, 

developmental activities inside the forest area, degradation status of country’s land resources 

etc. which can be done by accurate estimates of biomass and carbon. The study conducted 

adopted the integrated techniques of remote sensing and GIS for estimating biomass in the 

study area. The lowest biomass in the study area was recorded to be 12639.45 tons in grassland 

whereas the highest biomass was accounted in moist mixed deciduous forest i.e. 1008802.13 tons. 

Subsequently carbon stock ranged from (5940.54 to 474137.00) tons i.e. in grassland and moist 

mixed deciduous forest. 

The estimates obtained showed good result signifying that satellite remote sensing can 

be used as a very important and effective non-harvesting tool for estimating biomass and hence 

carbon pool of the ecosystem. Spectral response of vegetation cover can be modeled easily to 

find out the above ground biomass. It is also very useful in assessing the potential of carbon 

sequestration of the vegetation cover in an area. The study showed a good positive correlation 

between NDVI (Normalized Difference Vegetation Index) and biomass which emphasized that 

NDVI can be used as an accurate predictor of green stand biomass and hence carbon of the 
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forest ecosystem. Leaf Area Index (LAI) is another important biophysical parameter for 

determining canopy architecture of deciduous forests. In the present study LAI has been 

correlated with biomass as well as NDVI by developing linear regression models. The results 

showed a strong statistical relationship between biomass, NDVI and LAI. Keeping the 

accuracy of the estimates in mind, the models developed can be useful for mapping biomass 

and LAI in deciduous stands of the study area in future.  

 LAI measurements were taken during growing season using both direct and indirect 

approaches. Measurements obtained through indirect method i.e. hemispherical photography 

showed much better correlation with NDVI and biomass. The study concluded that 

hemispherical photography can be effectively used for estimating LAI measurements as 

because it is a non-destructive, quick and low-cost tool of LAI estimation over a large area. 

However, LAI measurements showed underestimated values comparing to the ground based 

LAI estimates. This may be due to the fact that this technique involves estimation of LAI using 

directional gap fraction models which has to be corrected with a clumping index  (Nilson 

1971). Due to lack of adequate information and limited time frame, this work could not be 

carried out for determining clumping index for different species occurring in the study area. 

Despite the fact that simulations were done without foliage clumping within tree crowns, the 

procedure is expected to give similar results whenever the proper crown clumping index is 

used.  

 Further, the LAI map developed by using linear LAI-NDVI model was correlated with 

MODIS LAI product of 1km spatial resolution. This was basically done for validating MODIS 

LAI product which showed significant positive correlation indicating good performance of 

MODIS LAI product. However, high LAI was observed for few scattered pixels of MODIS 

product. This may be due to soil reflectance, aggregation and other ecosystem parameters 

effecting LAI.  

 At the later stage of study, an attempt was made to obtain weighted biomass using high 

resolution data of pixel size equivalent to MODIS LAI pixel i.e. 1km. The procedure involved 

multiplication of per hectare biomass of the forest types (considering the density classes) with 

their respective assigned weights. The method produced more precise and accurate results 
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when were correlated with MODIS LAI as compared to the one, obtained by correlating 

aggregated biomass map up to 1km pixel size and MODIS LAI product. This may be because 

the weights assigned to the forest classes within the pixel consider not only the area occupancy 

of the forest type but also the density class of the respective forest type within the pixel. This 

subsequently reduces the resultant biomass of the pixel from being overestimated or 

underestimated for any forest type. Therefore, weighted biomass estimation is a useful 

technique and can be used at a broader scale for obtaining biomass for large areas giving more 

accurate and precise estimates. At last, it needs to be concluded that the Remote Sensing 

technology integrated with GIS can be of major input for quantifying forest biomass and 

carbon pool of forest ecosystem and thus can be useful for management planning for forest 

departments. 
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                                                                                               Appendix I                             

                           Volumetric Equations of some trees used during the study 

• Acacia catechu (L. f.) Willd. = 0.21612-4.16597D+24.50948(D*D)-29.6773(D*D*D) 

• Acacia leucophloea Willd. = (-0.00142+2.61911D-0.54703√D)^2 

• Acacia nilotica (L.) Delile = (-0.00142+2.61911D-0.54703√D)^2 

• Acacia pennata (L.) Willd. = (-0.00142+2.61911D-0.54703√D)^2 

• Aegle marmelos (L.) Correa = 0.17553-0.71434√D+7.94663(D*D)   

• Anogeissus latifolia (Roxb. ex DC.) Wallich ex Guill. = -(0.012484/(D*D)*H+0.424503 - 

0.009419(D*D)*H)* (D*D)*H 

• Anogeissus pendula Edgew. = (0.00085/(D*D)-0.35165/D+4.77386-0.90585D)*D*D 

• Bauhinia vahlii  Wight & Arnott = -0.04262+6.09491(D*D) 

• Bauhinia variegata L. = -0.04262+6.09491(D*D) 

• Bombax ceiba L. = 0.076+0.228(D^2)*H 

• Boswellia serrata Roxb. ex Colebr. = (-0.1503+2.79425*D)^2 

• Bridelia retusa (L.) Spreng. = 0.17553-0.71434√D+7.94663(D*D) 

• Buchanania lanzan Spreng. = 0.017+0.381(D*D)*H 

• Butea monosperma (Lam.) Taub. = -0.07803+1.70258D- 9.16180(D*D)+33.91455(D*D*D)  

• Cassia fistula L. = 0.066+0.287(D*D)*H 

• Cassine glauca (Rottb.)  O. Kuntze = 0.17553-0.71434√D+7.94663(D*D) 

• Cochlospermum religiosum (L.) Alston = 0.005183+0.245578(D*D)*H 

• Dalbergia paniculata Roxb. = (0.76896+7.31777D-4.01953√D)^2 

• Diospyros melanoxylon Roxb. = 0.042+0.246(D*D)*H 

• Euphorbia royaleana Boiss. = 0.17553-0.71434√D+7.94663(D*D) 

• Flacourtia indica ( Burm. f.) Merr. = 0.17553-0.71434√D+7.94663(D*D) 

• Gardenia latifolia Aiton = 0.17553-0.71434√D+7.94663(D*D) 

• Grewia tiliifolia Vahl. = -0.057+0.292 (D*D)*H 

• Lagerstroemia parviflora Roxb. = (0.002565/(D*D)*H+0.489814-0.00552(D*D)*H 

• Lannea coromandelica (Houtt.) Merr. = -0.057+0.292 (D*D)*H 
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• Madhuca longifolia (Koenig) Macbr. Var. latifolia (Roxb.) Chev. = -0.014+    

0.275(D*D)*H 

• Miliusa tomentosa (Roxb.) Sinc. = (1.67477+14.8374*D-9.43386√D)^2 

• Mitragyna parvifolia (Roxb.) Korth. = (0.099768/(D*D)-1.744274/D+10.086934)*D^2 

• Narangi crenulata (Roxb.) Nicols. = 0.17553-0.71434√D+7.94663(D*D) 

• Nyctanthes arbor- tristis L. = 0.17553-0.71434√D+7.94663(D*D) 

• Ougeinia oogeinsis (Roxb.) Hochr. = (-0.469152+1.403410D+1.42555√D)^2 

• Phyllanthus emblica L. =  -0.038+0.344(D*D)*H 

• Pterocarpus marsupium (Jacq.) Weight = (0.175068+4.598243*D-1.500562√D)^2 

• Schleichera oleosa (Lour.) Oken. = 0.010-0.912D+11.396(D*D) 

• Soymida febrifuga (Roxb.) A. Juss. = 0.17553-0.71434√D+7.94663(D*D) 

• Sterculia urens  Roxb. = 0.0023/(D*D)*H+0.34018)* D*D*H 

• Tectona grandis L.f. = 0.008690+0.323051(D*D)*H 

• Terminalia alata Heyne ex Roth. = (0.41071+5.51319D-2.59952√D)^2 

• Terminalia bellirica (Gaertn.) Roxb. =  -0.005564+0.365874(D*D)*H 

• Ziziphus mauritiana Lam. = 0.027354+4.663714(D*D) 

• Ziziphus oenoplia (L.) Mill. = 0.027354+4.663714(D*D) 

• Ziziphus xylopyrus (Retz.) Willd. =  -0.002557+0.260114(D*D)*H 

• General Equation = 0.17553-0.71434√D+7.94663(D*D) 

 

(Source: Volume Equations of India, Nepal and Bhutan, (1996), Forest Survey of India) 
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                                                                                                                          Appendix II 
  
                            Specific Gravity of the species encountered in the study area 
 

        Botanical names Specific Gravity 

Acacia catechu (L. f.) Willd. 0.86 

Acacia leucophloea Willd. 0.82 

Acacia nilotica (L.) Delile 0.85 

Acacia pennata (L.) Willd. 0.85 

Aegle marmelos (L.) Correa 0.75 

Anogeissus latifolia (Roxb. ex DC.) Wallich ex Guill. 0.92 

Anogeissus pendula Edgew. 1.01 

Bauhinia vahlii  Wight & Arnott 0.66 

Bauhinia variegata L. 0.66 

Bombax ceiba L. 0.37 

Boswellia serrata Roxb. ex Colebr. 0.57 

Bridelia retusa (L.) Spreng. 0.64 

Buchanania lanzan Spreng.  0.47 

Butea monosperma (Lam.) Taub. 0.44 

Cassia fistula L. 0.81 

Dalbergia paniculata Roxb. 0.60 

Diospyros melanoxylon Roxb. 0.44 

Erythrina suberosa Roxb. 0.30 

Euphorbia royaleana Boiss. 0.50 

Feronia limonia (L.) Swingle 0.78 

Flacourtia indica ( Burm. f.) Merr. 0.77 

Gardenia latifolia Aiton 0.74 

Grewia tillifolia Vahl 0.76 

Helicteres isora L. 0.56 

Holarrhena pubescens (Buch.-Ham.) Wall. ex G. Don 0.60 

Hymenedictyon orixense (Roxb.) Mabb.  0.45 

Lagerstroemia parviflora Roxb. 0.78 

Lannea coromandelica (Houtt.) Merr. 0.54 

Madhuca longifolia (Koenig)  0.96 

                                                                                                                                 Contd……… 
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        Botanical names Specific Gravity 

Manilkara hexandra (Roxb.) Dudard 1.09 

Miliusa tomentosa (Roxb.) Sinc.  0.84 

Mitragyna parvifolia (Roxb.) Korth. 0.68 

Narangi crenulata (Roxb.) Nicols. 0.50 

Nyctanthes arbor- tristis L. 0.79 

Ougeinia oogeinsis (Roxb.) Hochr. 0.87 

Phyllanthus emblica L. 0.77 

Pterocarpus marsupium Roxb. 0.80 

Schleichera oleosa (Lour.) Oken 1.03 

Semicarpus anacardium 0.57 

Soymida febrifuga (Roxb.) Juss. 1.10 

Sterculia urens  Roxb. 0.57 

Syzigium cumini (L.) Skeels 0.76 

Tectona grandis L.f. 0.64 

Terminalia alata Heyne ex Roth 0.85 

Terminalia arjuna (Roxb .ex DC.) Wight & Arnott 0.78 

Terminalia bellirica (Gaertn.) Roxb. 0.69 

Ziziphus mauritiana Lam. 0.56 

Ziziphus oenoplia (L.) Mill. 0.65 

Ziziphus rugosa Lam. 0.61 

Ziziphus xylopyrus (Retz.) Willd. 0.78 

 
 

               Source:  Indian Woods Vol. I-VI, FRI, Publications 
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                                                                                                             Appendix III 
 

                         Common Names of the species encountered in the study area 
 

Common Names                                         Botanical Names 

Achar Buchanania lanzan Spreng. 

Amaltas Cassia fistula L. 

Ambla Phyllanthus emlica L. 

Arjun Terminalia arjuna (Roxb .ex DC.) Wight & Arnott 

Bel Aegle marmelos (L.) Correa 

Bhelsena Naringi cernulata (Roxb.) Nicols. 

Bija Sal Pterocarpus marsupium Roxb. 

Borar Grewia hirsuta Vahl 

Dhaman Grewia tiliifolia Vahl 

Dhawa Anogeissus latifolia (Roxb. ex DC.) Wallich ex Guill. 

Dudhi Holarrhena antidysentrica (Buch.-Ham.) Wall. ex G. Don 

Ghont Ziziphus xylopyra (Retz.) Willd. 

Gunja Lannea coromendelica (Houtt.) Merr. 

Harshringar Nyctanthes abor-tris tris L. 

Jamrasi Cassine glauca (Rottb.)   
Kachnar Bauhinia varigata L. 

Kaitha Feronia limonia (L.) Swingle 

Kardahi Anogeissus pendula Edgew. 

Karhar Gardenia latifolia Aiton 

Kari Milusa tomentosa (Roxb.) Sinc. 

Katai Flacourtia indica ( Burm. f.) Merr. 

Kathbar Ficus sp. 

Keima Mitragyna parviflora (Roxb.) Korth. 

Kerwara Cassia fistula L. 

Khair Acacia catechu (L. f.) Willd. 

Kosam Schleichera oleosa (Lour.) Oken 

Kullu Sterculia urens Roxb. 

Mahua Madhuca longifolia (Koenig) 

                                                                                                      Contd…………… 
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Common names                                                               Botanical names 

Makoi Ziziphus oenoplia (L.) Mill. 

Neem Azhadirachta indica A. Juss. 

Palash Butea monosperma (Lam.) Taub. 

Reunja Acacia leucophloea Willd. 

Rohini Soymida febrifuga (Roxb.) Juss. 

Saguan Tectona grandis L.f. 

Sagun Tectona grandis L.f. 

Saj Terminalia alata Heyne ex Roth 

Salai Boswellia serrata Roxb. ex Colebr. 

Seja Lagerestromia parviflora Roxb.  

Semul Bombax ceiba L. 

Syamar Bombax ceiba L. 

Tendu Diospyros melanoxylon Roxb. 

Thua Euphorbia sp. 
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                                                                                       Appendix IV 
 
                 Per plot dry leaf biomass (tons) and dry twig biomass (tons) 
 

Plot ID                    Forest type Dry Leaf Biomass (tons) Dry Twig Biomass (tons) 

1 Dry Deciduous Teak Forest 0.023 0.044 

2 Dry Deciduous Teak Forest 0.019 0.044 

3 Teak Mixed Forest 0.029 0.109 

4 Teak Mixed Forest 0.015 0.038 

5 Degraded Forest 0.009 0.026 

6 Scrub 0.000 0.001 

7 Anogiessus pendula Forest 0.153 0.479 

8 Dry Deciduous Riverine Forest 0.096 0.120 

9 Anogiessus pendula Forest 0.076 0.467 

10 Teak Mixed Forest 0.004 0.049 

11 Dry Deciduous Teak Forest 0.025 0.061 

12 Moist Deciduous Teak Forest 0.027 0.092 

13 Dry Mixed Deciduous Forest 0.028 0.066 

14 Moist Mixed Deciduous Forest 0.031 0.091 

15 Teak Mixed Forest 0.014 0.043 

16 Moist Mixed Deciduous Forest 0.034 0.091 

17 Dry Deciduous Teak Forest 0.025 0.048 

18 Dry Mixed Deciduous Forest 0.029 0.082 

19 Dry Mixed Deciduous Forest 0.024 0.063 

20 Moist Mixed Deciduous Forest 0.037 0.058 

21 Teak Mixed Forest 0.022 0.062 

22 Dry Deciduous Teak Forest 0.033 0.064 

23 Dry Deciduous Teak Forest 0.022 0.031 

24 Acacia Forest 0.012 0.035 

25 Dry Mixed Deciduous Forest 0.023 0.051 

26 Dry Mixed Deciduous Forest 0.033 0.095 

27 Moist Deciduous Teak Forest 0.046 0.097 

28 Moist Deciduous Teak Forest 0.041 0.090 

29 Dry Mixed Deciduous Forest 0.023 0.086 

30 Dry Deciduous Teak Forest 0.061 0.120 

31 Teak Mixed Forest 0.040 0.067 

32 Boswellia Forest 0.046 0.070 

33 Acacia Forest 0.009 0.020 

34 Degraded Forest 0.009 0.026 

 


