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Preface

Forests are crucial to the well-being of humanity. They provide foundations for
life on Earth through ecological functions, by regulating the climate and water
resources, and by serving as habitats for plants and animals. Forests also provide
a wide range of essential resources such as wood, food and medicines; in addition
to providing opportunities for recreation, spiritual renewal and other activities. 
Nowadays, forests are under pressure from expanding human populations, which
frequently leads to the conversion of forests into unsustainable forms of land use. 
When forests are lost or severely damaged, their capacity to function as regulators
of the environment is also lost, increasing flood and erosion hazards, reducing soil 
fertility, and contributing to the loss of plant and animal life. The importance of
forests in influencing global climate due to their role in the carbon cycle is increas-
ingly recognized. Deforestation has dramatically affected the human populations
living in or dependent on the forests. Despite global consequences, deforestation
presents at local and regional levels.

We are delighted to write the preface for the second book published by IntechOpen
entitled Deforestation around the World. The first book National Park: Management
and Conservation edited by M. N. Suratman was well received and has been through
several printings. Now two years later, we have carefully edited a book that con-
tains eight chapters that reflect negative impacts of deforestation on the planet’s
atmosphere. Each chapter contains evidence-based background information and
identifies regions at risk for catastrophic deforestation. Chapter 1 sets the scene
of the book by elaborating on the crucial roles of forest, and the current extent of
forest degradation around the world. Specifically, this chapter provides an over-
view of the complexity of Malaysia’s tropical rainforests in terms of their current
extent and formation and the threats to biodiversity. The chapter concludes that
sustainable forest management can be achieved by strengthening governments’
efforts at all levels for the full implementation of the National Forestry Policy,
especially through increased allocations of human and technical resources and
financial aid. The second chapter discusses the continuous threats to major verte-
brate animals in Bangladesh due to deforestation and degradation of habitat caused
by various anthropogenic activities. The third chapter presents the SMByC, a
system that integrates tools for the pre-processing and semi-automated processing
of satellite imagery to detect and quantify the loss of forest cover by deforestation
in Colombia. Chapter 4 highlights the main reasons for the reduction in forest
cover in India, which include shifting cultivation, rotational felling, other biotic
pressures and diversion of forest lands for developmental activities. Forest decline
under progress in the urban forest in Seoul, Korea is discussed in Chapter 5. After
the prologue, the seventh chapter addresses the loss of above-ground biomass
across savanna and semi-arid woodland in the state of Minas Gerais, southeast of
Brazil, which encompasses landscape variations ranging from savanna and Atlantic
forest to semiarid woodlands. Lastly, the eighth chapter discusses deforestation
issues around the rural areas of Mali, which mainly occur due to the demand for
firewood as a result of population growth.
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Chapter 1

Introductory Chapter: Managing 
World’s Forests for Sustainable 
Development
Mohd Nazip Suratman and Zulkiflee Abd Latif

1. Introduction

Forests are important biological resources as they provide habitat for many of 
the world’s species [1]. Forests also provide timber and non-timber forest products 
such as bamboo and rattan and food ranging from fruits, mushrooms, honey, and 
a wide variety of traditional medicines that are critical for human survival [2]. 
Furthermore, they are key component of many species’ habitats, providing nour-
ishment, shelter, and structural features needed for communication, surveillance, 
and other activities [3]. They also provide significant ecosystem services in terms 
of nutrients, water cycling, prevention of erosion, sequestration of carbon as well 
as performing of range of other physical and biological functions. Forests are the 
main filters in the earth since there are many pollutions from human activities such 
as industry and motor transportation are disposed, i.e., carbon dioxide (CO2), water 
(H2O), nitrogen (N), nitrogen dioxide (NO2), and sulfur dioxide (SO2) (National 
Research Council U.S., 1972). These pollutants can be filtered by plants for its life 
cycle, thereby reducing pollution at the atmosphere, although CO2 and H2O become 
main material for their photosynthesis [4]. Results from photosynthesis of plants 
are the main energy resources for all animal life including human. It is a substantial 
ecosystem service in terms of providing nutrients, water recycling, prevention of 
erosion, and carbon storage in the terrestrial ecosystem as well as sequestering CO2 
in the atmosphere [5–8].

2. Forest degradation around the world

The growth in human population has forced mankind to explore existing 
resources, including forest for multiple purposes [9], for instance, logging of timber 
for wood-based industries, agricultural activities, urban areas, road, and mining. 
All these practices are done at different stages of forest growth which give signifi-
cant impacts on the stand structure, composition, and other components of the for-
est and will consequently reduce forest productivity and their ecosystem functions 
[10]. During early civilizations, forest occupied about half of the earth’s surface. 
However, it has, at the moment, reduced into less than one-third of the total earth’s 
surface. The significant reduction of the forest areas requires appropriate planning 
and management for the conservation [8], especially forest in the tropical and 
subtropical areas in the developing nations. Today, the degradation of the forest due 
to anthropogenic activities and natural disturbances is significantly reducing total 
forest areas in the world. Originally, tropical forest covered about 1.5–1.8 billion ha 
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of the land surface [6, 11]. Unfortunately, one-third of these original forests have 
been lost because of deforestation, resulting into large degraded areas. To date, 
the degraded areas are common in many countries, most of which are converted 
into other land uses, although some of them will regenerate into secondary forests 
[12]. Currently, the secondary forest can be found in all areas in the world and it is 
estimated to reach about 64% of the total world forest [13].

The decrease of world’s forest is caused by many activities such as clearing to 
open land for agriculture, roads, settlement, logging for timber, and cutting for 
fuel. Indirectly, forest is succumbing to the effect of environmental pollution and 
further threat by climatic change. Together, these causes have been responsible for 
decimating many of the world’s forest, and they threaten to significantly degrade 
those that remain. Moreover, the burning of trees, shrubs, and other vegetation 
during land clearing and after logging further contributes to environmental 
deterioration [14].

3. The role of natural regeneration

Sapling regeneration is important to restore forest formation after disturbance, 
balancing the loss of primary forest and as a main sequester of CO2. Their radial 
growth characteristics are the main performer of canopy closure, and it can be 
used to identify the canopy formation in the secondary forest after disturbances. 
Moreover, the canopy closure can be used to predict the vertical structure in the 
future; therefore, it will explain the pressure that will be given by dominant species 
in the later succession.

The continuing loss of primary tropical forest has made the secondary forest 
to be increasingly important for maintaining the ecology across the large forested 
landscapes [15]. The regeneration in the tropical secondary forest is strongly 
influenced by disturbances that resulted from natural tree fall in primary forest 
[15, 16]. Regeneration is widely recognized as being a key process in determining 
the structure and dynamism of tropical secondary forest [17]. For instance, the 
logging of mature trees can reduce seed resource in the forest [9]. Nevertheless, 
it may increase the light intensity, which reaches the forest floor and will stimu-
late the seeds’ germination and growth of saplings. The ability of regeneration in 
the degraded areas is determined by the success of the seedlings and saplings to 
grow [18].

The success of forest regeneration in terms of its distribution and diversity can 
be used as parameters to understand the level of forest succession and to figure out 
the population dynamic condition in the areas that have been controlled [18]. A lot 
of efforts have been made to study forest regeneration to provide information on 
ecological condition [18–20]; however, the data which have been collected cannot 
solve the same problem in different areas in the world. This is because every area 
in the world has different conditions which make it possible to create the different 
microclimate after fragmentation, and then influence the recovery process. The 
change of microclimate because of forest fragmentation will influence the plant 
species survival. Therefore, only species that can adapt to the environmental change 
will survive as different species have different capabilities to response to the ecolog-
ical pressure. Furthermore, there are crucial chemical elements in the soil that have 
been recognized for growth of all plants [21], and the loss one of these elements 
will influence the plant growth, especially macronutrient. Besides the chemical 
elements, forest regeneration is influenced by light intensity which reaches under 
the canopy. The increasing of light intensity which reaches under the canopy will 
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stimulate the amount of photosynthesis that directly accelerates regeneration for 
the light demanding plant [12].

4. Carbon sequestration in forests

Rapid development of industrial technologies in the world has contributed to 
the increment of greenhouse gases. The increase of greenhouse gases, such as CO2 
in the atmospheres, has led to global warming phenomenon. Nowadays, rise of 
global temperatures has constituted a challenge to the mankind. The increment of 
CO2 today is estimated to be 1.3–1.9 ppm year−1 [22]. According to [23], from the 
analysis recorded in Malaysia, the average of temperatures has increased by 1.1°C 
within 50 years, which is consistent with the trend on global warming.

In reality, trees have important function in the carbon sequestration process 
[24–26]. In this case, the conservation of plant resources in a sustainable manner is 
the best solution. Forests play important roles in the CO2 sequestration process. Trees 
in the forests are important in order to perform the canopy closure in the forest and 
then influence the other species. Several studies have shown that the light intensity 
in the understory affects the growth and crown morphology of several tree species 
[17, 21, 27] and soil properties at allocation of plant biomass [28–31]. Additionally, 
the effect of soil properties and light intensity has been known to correlate with 
growth rate, and distribution pattern as well as species composition. In reality, each 
species has different capability to respond to their environmental factors.

In the tropical rainforests, nutrient cycling is probably one of the most signifi-
cant ecological processes [32]. Similarly, according to Hamzah et al. [33], tropi-
cal rainforests are recognized as the richest ecosystems in the world in terms of 
structures, species diversity, and ability to maintain the global climate change by 
reducing the accumulation of greenhouse gases. According to Sands [34], tropi-
cal rainforests contain 70% of the world’s plants and animals, 70% of the world’s 
vascular plants, 30% of all birds, and more than 90% of all the invertebrates. There 
can be more than 200 tree species per hectare in tropical rainforest.

5. Tropical rainforests: Malaysia’s perspective

The tropical rainforest in Malaysia is one of the most diverse, complex, and 
productive terrestrial ecosystems in the world. The climate of Malaysia is typically 
humid tropical and is characterized by year-round high temperatures and seasonal 
heavy rain. As a result of these climatic conditions, the predominant natural 
vegetation is tropical rain forest whereby the main forest types being lowland then 
hill dipterocarp forest, peat swamp forest, freshwater swamp forest, and mangrove 
forest [35]. Malaysia has a total land area of 32.86 million ha. Of the total land area, 
20.46 million ha are forest areas in which Peninsular Malaysia, Sarawak, and Sabah 
cover 28, 45, and 27% of the total forest areas, respectively [13]. It was estimated 
that Malaysia forests in Peninsular and Borneo are about 2830 and 9000–15,000 
tree species, respectively [36, 37].

5.1 Species composition

Malaysian tropical rainforest is a productive forest which consists of various 
valuable timbers from the family of dipterocarpaceae and non-dipterocarpaceae. 
The name “dipterocarp” comes from the Greek for “two-winged seed.” The 
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will influence the plant growth, especially macronutrient. Besides the chemical 
elements, forest regeneration is influenced by light intensity which reaches under 
the canopy. The increasing of light intensity which reaches under the canopy will 

5

Introductory Chapter: Managing World’s Forests for Sustainable Development
DOI: http://dx.doi.org/10.5772/intechopen.89642

stimulate the amount of photosynthesis that directly accelerates regeneration for 
the light demanding plant [12].
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cover 28, 45, and 27% of the total forest areas, respectively [13]. It was estimated 
that Malaysia forests in Peninsular and Borneo are about 2830 and 9000–15,000 
tree species, respectively [36, 37].

5.1 Species composition

Malaysian tropical rainforest is a productive forest which consists of various 
valuable timbers from the family of dipterocarpaceae and non-dipterocarpaceae. 
The name “dipterocarp” comes from the Greek for “two-winged seed.” The 
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dipterocarp species are from the family dipterocarpaceae and are the giants of the 
South-East Asian forests as well as the dominant family in them. Dipterocarp trees 
dominate forests in Borneo, Sumatra, Java, Peninsular Malaysia, and the wet parts 
of Philippines. The largest genera are Shorea (196 species), Hopea (104 species), 
Dipterocarpus (70 species), and Vatica (65 species). Other common genera namely 
Dryobalanops, Neobalanocarpus, Parashorea, Cotylelobium, and Anisoptera are also 
important part of tree communities of tropical rainforests. It is common to find 25 
or more species of Shorea, and six or more species of the other three genera in the 
forest of Peninsular Malaysia, Borneo, and Sumatra. Dipterocarp trees have excel-
lent timber qualities, and they are marketed internationally as plywood and as sawn 
timber [38].

Non-dipterocarps consist of 427 species from 201 genera and 50 families of non-
dipterocarps. Examples of important non-dipterocarp families are Leguminosae, 
Myristicaceae, Euphorbiaceae, Burseraceae, Sapotaceae, and Apocynaceae. Unlike 
dipterocarp species, generally non-dipterocarp timbers are less durable than the 
dipterocarp. However, according to Schulte [39], the non-dipterocarp species 
also play an important role within the tropical rainforest. They either form the 
major components of the understory layer (i.e., Annonaceae, Euphorbiaceae, 
Lauraceae, Meliaceae, Myristicaceae, and Rubiaceae) or they have the com-
mercial use, frequently only locally as fruit trees (i.e., Moraceae, Anacardiaceae, 
Bombacaceae, Euphorbiaceae, Guttiferae, Lauraceae, Mimosaceae, Polygalaceae, 
and Sapindaceae).

5.2 Tropical rainforest formation

The main forest types in Malaysia are formed from three types of formation, that 
is, climatic, edaphic, and biotic climax. Figure 1 shows five forest zones are devel-
oped from climatic climax formations are lowland dipterocarp forest (0–300 m 
above sea level [a.s.l.]), hill dipterocarp forest (300–800 m a.s.l.), upper hill 
dipterocarp forest (800–1100 m a.s.l.), oak-laurel forest (1100–1600 m a.s.l.), and 
montane ericaceous forest (above 1600 m a.s.l.) (Symington, 2004). These forests 
are characterized by species composition. The first three forest types are mostly 
dominated by trees from the dipterocarpaceae family; hence, they are termed as 

Figure 1. 
Altitudinal profile of forest zones developed from climatic climax formation in Malaysia (modified from 
Symington [40]).
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dipterocarp forests. Montane ericaceous and oak-laurel are characterized by an 
abundance of trees from Fagaceae–Lauraceae and Ericaceae families, respectively 
[41]. They can be distinguished by a number of structural characters which include 
the size of canopy height, canopy layer, leaves, and the presence of vascular and 
non-vascular epiphytes and climbers. The montane forest also differs from lowland 
in having fewer and smaller emergent trees, flattish canopy surfaces, gnarled limbs, 
and denser sub-crowns [42]. The montane ericaceous and oak-laurel forests are 
moist and are characterized by a thick layer of mosses and bryophytes.

There are seven forest types that were developed based on edaphic climax 
formations [40]. The edaphic refers to ecological climax resulting from soil fac-
tors which are commonly persisting through cycles of climatic and physiographic 
change. These forests include mangrove swamp, peat swamp, freshwater swamp, 
beach, riparian, heath, and limestone. Mangroves occur on estuarine mud below 
the tide mark mainly concentrated in the west of Peninsular Malaysia [24]. Main 
genera of mangroves include Rhizophora, Sonneratia, Avicennia, Bruguiera, Ceriops, 
and Lumnitzera.

Beach forests form narrow strips of woodland, sandy, or gravel beaches 
along the seacoast, above the level of all but the highest tides. Calophyllum ino-
phyllum (Bintangor laut), Syzygium grande (Kelat jambu laut), and Casuarina 
equisetifolia (Ru pantai) are the main common trees dominated the beach forests. 
Dipterocarpaceae species such as Shorea siamensis (Temak batu) has been recorded 
to occur in the beach forests of Pulau Rebana located at off the coast of Perlis [40].

Peat swamp forest developed on un-decomposed and partly decomposed 
organic matter. Over time, these create thick layers of acidic peaty soils. Most of 
the species are different from dry land. Dipterocarps are important components 
in peat swamp forests such as S. albida (Meranti merah), S. uliginosa (Meranti 
bakau), S. teysmanniana (Meranti bunga), S. platycarpa (Meranti paya), and A. 
marginata (Mersawa paya). Non-dipterocarpaceae species include Tetramerista 
glabra (Punah), Gonystylus bancanus (Ramin melawis), and Koompassia malaccensis 
(Kempas).

Riparian forests are narrow strips of vegetation in adjacent to a body of water 
such as a river, stream, and lake [43]. The zones of riparian forest are determined 
by the incidence of tidal influence, width of stream, rate of flow, and altitude. The 
most abundant Dipterocarpaceae is D. oblongifolius (Keruing neram). The best 
known non-dipterocarpaceae include Saraca thaipingensis (Gapis), Pometia pinnata 
(Kasai daun besar), Tristaniopsis whiteana (Pelawan), and Dysoxylum angustifolium 
(Maris).

Freshwater swamp forests occur in flat land, which is inundated with freshwater, 
either permanently or seasonally. The forests contain many of the endangered spe-
cies such as D. semivestitus (Keruing padi), S. hemsleyana (Cengal pasir daun besar), 
V. flavida (Resak padi), H. apiculata (Giam melukut), and S. macrantha (Meranti 
kepong hantu) as discovered at Hutan Simpan Parit, Perak [44]. Commonly found 
non-dipterocarps include Alstonia spatulata (Pulai basung), Fagraea crenulata 
(Malabera), and Lagerstroemia spp. (Bungor).

Heath forests are moist forest in areas with acidic and sandy soils that are 
extremely nutrient poor. The forests developed on pale, light-textured, and acidic 
sandy soils. The forests are known in Borneo as Kerangas—an Iban language means 
land too poor for rice growing once cleared. S. glauca (Damar laut daun kecil) 
occurs gregariously, other dipterocarps are H. semicuneata (Sama rupa cengal) and 
Vatica odorata (Resak kesat).

The association of man has resulted in destruction or interference of forests that 
produce a type of vegetation that is in equilibrium with the prevailing biotic factors. 
For example, lowland dipterocarp forests were converted into very different type of 
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[41]. They can be distinguished by a number of structural characters which include 
the size of canopy height, canopy layer, leaves, and the presence of vascular and 
non-vascular epiphytes and climbers. The montane forest also differs from lowland 
in having fewer and smaller emergent trees, flattish canopy surfaces, gnarled limbs, 
and denser sub-crowns [42]. The montane ericaceous and oak-laurel forests are 
moist and are characterized by a thick layer of mosses and bryophytes.

There are seven forest types that were developed based on edaphic climax 
formations [40]. The edaphic refers to ecological climax resulting from soil fac-
tors which are commonly persisting through cycles of climatic and physiographic 
change. These forests include mangrove swamp, peat swamp, freshwater swamp, 
beach, riparian, heath, and limestone. Mangroves occur on estuarine mud below 
the tide mark mainly concentrated in the west of Peninsular Malaysia [24]. Main 
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along the seacoast, above the level of all but the highest tides. Calophyllum ino-
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non-dipterocarps include Alstonia spatulata (Pulai basung), Fagraea crenulata 
(Malabera), and Lagerstroemia spp. (Bungor).

Heath forests are moist forest in areas with acidic and sandy soils that are 
extremely nutrient poor. The forests developed on pale, light-textured, and acidic 
sandy soils. The forests are known in Borneo as Kerangas—an Iban language means 
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forests due to cutting, firing, grazing, or intermittent cultivation. The forests mainly 
contain a mixture of Schima wallichiana (Medatang gatal) and Oxytenanthera 
nigrociliata (bamboo), which also includes forest remnants in the form of secondary 
forests in all stages of development from open grassland to scrub. Some common 
dipterocarps found this type of forests are S. roxburghii (Meranti temak nipis), 
Anisoptera spp. (Mersawa), and V. cinerea (Resak laut).

Ecologically, Gelam swamp forests are related to the peat swamp forests but their 
floristic composition is almost entirely different. Many of secondary species exist, 
namely, Macaranga maingayi (Mahang) and Stenochlaena palustris (Akar paku). Fire 
has prevented the development of peat swamp complex and promoted predomi-
nance of the fire-resistant gelam—Melaleuca cajuputi. No dipterocarps occur in 
gelam freshwater swamp forest.

6. The need for sustainably managed forests

Sustainable forest management is high on both political and scientific agendas 
of many countries and at a global level, with much recent attention being focused 
on the tropical rainforest. Forest is the most biologically deserved terrestrial 
ecosystems within which trees are central to the habitat and environmental of other 
plant and animal species. Knowledge of the biology of tree flora is therefore criti-
cal in providing a sound scientific basis to the management and conservation of 
the world’s forest resource. By its very nature, biodiversity and its conservation are 
complex and multi-faceted. With respect to forest, biodiversity may be viewed at 
the level of the forest community and constituent population of species.

The emphasis on conservation often has one dimension, traditionally focused on 
the establishment of national park for the protection of fauna or particular ecosys-
tems with little regard for hierarchy of organization and the spatial and temporal 
dynamic of biological processes [40]. Deforestation continues to keep forest stand, 
and sustainable management of forest ecosystems for the future has become a 
global environmental imperative. Within this, effective management of forest 
genetic resources is a key element in the future forest conservation.

7. Biodiversity of forest

Biodiversity is referred to as the variety of plants, animals, and microorganisms 
that exist, the genes they contain, and the ecosystems they live in. The diversity of 
life that a tree can support is incredible. A single tree in the tropical rainforest can 
house up to 2000 different species of insects, birds, amphibians, reptiles, mammals, 
fungi, mosses, and epiphytic plants. Trees are an important component of biodiver-
sity. The tropical rain forests are blessed with abundant biodiversity and are known 
to have more species per unit area than temperate areas and biodiversity decreases 
with increasing altitudes [41]. Tropical rain forests contain the mixture of species as 
compared with temperate forests which tend to be dominated by one species.

The status of biodiversity tropical rainforest as elsewhere has always been 
dynamic. Over millions of years, under natural conditions, some species have 
increased in variety or numbers and others have been reduced or lost. Some people 
wonder why we should be worried about conserving biodiversity now, in particular, 
when the world has gone on more or less as it is for so long. But natural habitats 
everywhere are being destroyed as never before and as habitats are lost, we are also 
losing various types of plants and animals. No one would have thought, even a few 
years ago, that some members from the family dipterocarpaceae in Malaysia could 
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be endangered, but now it is. With the rapid land use and cover changes, there are 
concerns that anthropogenic changes to environment are leading to too many of for-
est species being lost and biodiversity becoming seriously depleted.

Biodiversity is important because it helps to keep the environment in a natural 
balance. An ecosystem which is species rich is more resilient and adaptable to 
external stress than the one in which the range of species is limited. In a system 
where species are limited, the loss or temporary reduction of any one could disrupt 
a complex food chain with serious effects on other species in that same system.

Biodiversity is the key issue to natural conservation, and plant diversity is one 
of the important components of the biological diversity [45–47]. The diversity of 
tree species is fundamental to total forest biodiversity. The central biodiversity in 
the world are tropical and subtropical forest [42]. Central and western Amazonia 
Tropical rain forests have been considered as the two central mega-diversity areas 
in the world [48, 49], and the other tropical rain forests could be found in central 
Africa, west Africa, Madagascar, and Indo-Malaysian area [50, 51].

8. Conclusions and recommendation

Any initiatives involved in sustainable forest management and conservation 
are essential to human well-being. Therefore, to ensure a successful conservation 
effort, an understanding on the significance roles of forests among general public 
is extremely important. Promoting and raising awareness to the public toward 
forest resource management are crucial for the general public to be aware on their 
importance, roles, and threats. Understanding their intrinsic values and variability 
within and among living organisms and the systems they inhabit is critical to the 
survival of the planet, species, and mankind. In order to spread the message, the 
use of social media can be an effective way to disseminate the information far and 
wide. Another way to communicate various aspects of forest (i.e., species of flora 
and fauna, genetic, ecosystem, and environmental diversity), a street mural can be 
constructed in a public space as an approach of communicating to raise awareness to 
a public audience. Recognizing the importance of forest management and conserva-
tion is necessary toward achieving sustainable development in terms of contribu-
tion to species conservation, provision of water supply, food security, and poverty 
alleviation. These can be incorporated into education curriculum beginning from 
the primary level. Providing capacity building to the teachers on sustainable forest 
management will enhance the effectiveness of teaching and learning.

Strengthening governments’ efforts at all levels for the full implementation of 
the National Forestry Policy, especially through increased allocations of human and 
technical resources and financial could contribute toward the success of sustainable 
forest management strategy. Coordination efforts among all agencies responsible 
in the development of policy, planning, and natural resources management are 
important to ensure the ecosystem approaches and objectives of forest conservation 
can be incorporated in sectors such as forest management, agriculture, transporta-
tion, and water management. These coordinate efforts can reduce the significant 
loss of forest resources in both terrestrial and aquatic ecosystems.

Establishment of protected areas is extremely important in particular for 
endangered species and sensitive habitats. The current terrestrial protected areas 
in Peninsular Malaysia of 1.8 million ha are not sufficient for the implementation 
of full range conservation biodiversity efforts. More protected areas should be 
established to increase more habitats for rare and threatened species and sensitive 
habitats. In addition, Malaysia should establish uniform national protected areas 
system operating in the country. Currently, the protected areas are managed by 
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dynamic. Over millions of years, under natural conditions, some species have 
increased in variety or numbers and others have been reduced or lost. Some people 
wonder why we should be worried about conserving biodiversity now, in particular, 
when the world has gone on more or less as it is for so long. But natural habitats 
everywhere are being destroyed as never before and as habitats are lost, we are also 
losing various types of plants and animals. No one would have thought, even a few 
years ago, that some members from the family dipterocarpaceae in Malaysia could 
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be endangered, but now it is. With the rapid land use and cover changes, there are 
concerns that anthropogenic changes to environment are leading to too many of for-
est species being lost and biodiversity becoming seriously depleted.

Biodiversity is important because it helps to keep the environment in a natural 
balance. An ecosystem which is species rich is more resilient and adaptable to 
external stress than the one in which the range of species is limited. In a system 
where species are limited, the loss or temporary reduction of any one could disrupt 
a complex food chain with serious effects on other species in that same system.

Biodiversity is the key issue to natural conservation, and plant diversity is one 
of the important components of the biological diversity [45–47]. The diversity of 
tree species is fundamental to total forest biodiversity. The central biodiversity in 
the world are tropical and subtropical forest [42]. Central and western Amazonia 
Tropical rain forests have been considered as the two central mega-diversity areas 
in the world [48, 49], and the other tropical rain forests could be found in central 
Africa, west Africa, Madagascar, and Indo-Malaysian area [50, 51].

8. Conclusions and recommendation

Any initiatives involved in sustainable forest management and conservation 
are essential to human well-being. Therefore, to ensure a successful conservation 
effort, an understanding on the significance roles of forests among general public 
is extremely important. Promoting and raising awareness to the public toward 
forest resource management are crucial for the general public to be aware on their 
importance, roles, and threats. Understanding their intrinsic values and variability 
within and among living organisms and the systems they inhabit is critical to the 
survival of the planet, species, and mankind. In order to spread the message, the 
use of social media can be an effective way to disseminate the information far and 
wide. Another way to communicate various aspects of forest (i.e., species of flora 
and fauna, genetic, ecosystem, and environmental diversity), a street mural can be 
constructed in a public space as an approach of communicating to raise awareness to 
a public audience. Recognizing the importance of forest management and conserva-
tion is necessary toward achieving sustainable development in terms of contribu-
tion to species conservation, provision of water supply, food security, and poverty 
alleviation. These can be incorporated into education curriculum beginning from 
the primary level. Providing capacity building to the teachers on sustainable forest 
management will enhance the effectiveness of teaching and learning.

Strengthening governments’ efforts at all levels for the full implementation of 
the National Forestry Policy, especially through increased allocations of human and 
technical resources and financial could contribute toward the success of sustainable 
forest management strategy. Coordination efforts among all agencies responsible 
in the development of policy, planning, and natural resources management are 
important to ensure the ecosystem approaches and objectives of forest conservation 
can be incorporated in sectors such as forest management, agriculture, transporta-
tion, and water management. These coordinate efforts can reduce the significant 
loss of forest resources in both terrestrial and aquatic ecosystems.

Establishment of protected areas is extremely important in particular for 
endangered species and sensitive habitats. The current terrestrial protected areas 
in Peninsular Malaysia of 1.8 million ha are not sufficient for the implementation 
of full range conservation biodiversity efforts. More protected areas should be 
established to increase more habitats for rare and threatened species and sensitive 
habitats. In addition, Malaysia should establish uniform national protected areas 
system operating in the country. Currently, the protected areas are managed by 
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different networks and governed by different laws with varying degrees of protec-
tion status. Protected areas need to be better located and effectively managed to 
deal with problems of such as illegal logging, human settlements, unsustainable 
tourism, encroachment, and challenges in climate change.

The setting up of natural history museum (government- or privately-run) can 
contribute to demonstrate and educate about the importance of forest management 
and conservation. In addition, besides raising a greater awareness, the collection of 
specimens can be used for research and education by the students, communities, 
and relevant stakeholders. The museum can be used not only as a significant reposi-
tory for specimens of the threatened animal and plant populations but also serves 
as a primary source of information about historical aspects of biodiversity at the 
national, regional, and global levels.
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Located in the Indo-Burma biodiversity hotspot, Bangladesh is a tropical country 
in Southeast Asia and a transitional point for flora and fauna between the Indo-
Himalayan and Indo-Chinese subregions. About 11% land area (1,429,000 hectares) 
of the country is covered with four major forest types: mixed-evergreen forests, 
deciduous forests, mangrove forests, and freshwater swamp forests. Though 
Bangladesh is a small and densely populated country, it is the home of 1952 species 
of invertebrates, 653 fish, 50 amphibians, 147 reptiles, 566 birds, and 127 mam-
malian species of which many of them are globally threatened. We have discussed 
the latest status of all the major vertebrate groups in this chapter. Thirty-one species 
of vertebrates have gone extinct from Bangladesh over the last century. Many of the 
species are facing continuous threat of extinction due to deforestation and degrada-
tion of habitat caused by various anthropogenic activities. In this chapter, we are 
going to discuss about the current management and conservation practices and 
issues related to the forests and wildlife of Bangladesh.
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1. Introduction

Bangladesh is a very small but densely populated country with very rich biologi-
cal diversity. It is located at the cross roads of the Indo-Himalayan and Indo-Chinese 
subregions in the oriental region and is the transitional zone for the flora and fauna 
of the subcontinent and that of the Southeast Asia [1, 2]. The country is also a part 
of the Indo-Burma biodiversity hotspot, demanding high conservation priorities 
on a global aspect [3]. Because of its zoogeographical location, Bangladesh plays a 
significant role in terms of the migratory species, acting as the flyways or the stag-
ing ground for wildlife movements of the region [1].

Bangladesh has a total of 2,600,000 hectares of forest cover which is about 
17% of the total land area of the country. About 61.52% of the forestlands 
(1,600,000 hectares) is owned and managed by the Bangladesh Forest Department 
(BFD), 26.80% of unclassified forest (697,000 hectares) is under the jurisdiction 
of the deputy commissioner (executive chief of district), and 10.38% of the land 
(270,000 hectares) is private woodland and community forests, controlled by 
the community [4, 5]. Despite of having a rich biodiversity, Bangladesh has one 
of the lowest per capita forestlands in the world [6] mostly due to the high human 
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population density in the urban areas. Moreover, the country has also experienced 
one of the highest rates of deforestation in south Asia, 2600 hectares per year [7, 8].

2. Forests of Bangladesh

Even in a small land area, Bangladesh hosts four major types of forests: (a) hill for-
ests (mixed-evergreen forest), (b) sal forest (deciduous forest), (c) mangrove forest 
(natural mangrove), and mangrove plantation (Figure 1). Three other types of forest 
also contain substantial biodiversity of the country: (d) freshwater swamp forests,  
(e) homestead forest, and (f) village common forest, which is a natural forest con-
served by communities for their uses [5, 10]. Many of these forests are protected by 
laws in Bangladesh, and designated protected areas (PAs) are shown in Figure 2.

2.1 Hill forests (mixed-evergreen forests)

Hill forests are mostly mixed-evergreen forests which cover 680,000 hectares of 
land and mostly situated in the northeast and southeast parts of Bangladesh [11–13]. 
The forests of northeast are mostly fragmented, and some relatively large patches 
of mixed-evergreen forests still exist in the Chittagong Hill Tracts (CHT) in the 
southeast [14]. The dominating plants in these forests are Dipterocarpus turbinatus, 
D. pilosus, Swintonia floribunda, Hopea odorata, Syzygium grande, Salmalia insignis, 
Lophopetalum fimbriatum, and Duabunga sonnerationides. Evergreen plants dominate 
the mixed-evergreen forests; however, deciduous plants are quite common and 
abundant [5, 15]. The mixed-evergreen forests of Bangladesh support large popula-
tions of wild mammals including Asian elephants, Asiatic black bear, hoolock gib-
bon, sambar deer, wild dog, leopard, and other globally threatened species [10, 16].

2.2 Sal forests (deciduous forests)

The Sal forest or moist deciduous forests of Bangladesh cover roughly about 
120,000 hectares, which is about 0.81% land of the country. The central part of the 
country has the largest single mass of deciduous forest [17]. The single dominating 

Figure 1. 
Various forest ecosystems by protected areas in Bangladesh (Source: [9]).
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plant of this forest is Sal (Shorea robusta). Most of the other plants of this forest 
are Butea monosperma, Careya arborea, Terminalia belerica, Terminalia chebula, 
Dillenia pentagyna, Aphanamixis polystachya, Streblus asper, and Phyllanthus emblica 
[15, 18]. This ecosystem is the home of the largest population of capped langur of 
Bangladesh [10].

2.3 Natural mangrove forests and mangrove plantation

The mangrove forests cover an area of 801,700 hectares along the coast of the 
Bay of Bengal. Out of the total coastal forest, 601,700 hectares are natural man-
groves, the Sundarbans—the single largest chunk of productive mangrove forest 
of the world—and 200,000 hectares are coastal plantations [19, 20]. This forest 

Figure 2. 
Location of the protected areas (PAs) in Bangladesh (Source: [11]).
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includes fairly dense evergreen plant species, which are adapted for life under 
saline conditions and frequent inundation by the tides. Major plants of this forest 
are Heritiera fomes, Excoecaria agallocha, Sonneratia apelata, Avicennia officinalis, 
Avicennia alba, Hibiscus tiliaceus, Phoenix paludosa, and Acrostichum aureum [20].

The Sundarbans harbors 334 species of plants and 269 species of wild verte-
brates. The Sundarbans is currently the last abode of important elements of South 
Asia’s threatened megafauna, including the Bengal tiger, Ganges and Irrawaddy 
dolphins and saltwater crocodiles, a number of threatened bird species, and at least 
176 species of fish [5, 16]. The flagship tree species of Sundarbans, a mangrove 
Heritiera fomes, has also been declared as an “endangered species” in 2010 under 
the International Union for Conservation of Nature (IUCN) Red List category of 
threatened species [21].

2.4 Freshwater swamp forests

This type of forest is situated in the lowlands of the northeastern region of 
Bangladesh. Freshwater swamp forest consists of flood-tolerant evergreen trees 
of about 10–12 m in height. These trees have vast rooting system and form a close 
canopy. The major tree species of this forest are Barringtonia acutangula, Millettia 
pinnata, Saccharum spontaneum, Phragmites karka, Acanthus ilicifolius, Alpinia allu-
gas, and Schumannianthus dichotoma [5, 10]. Seeds of these trees disperse through 
water and regenerate in mudflats. The freshwater swamp forests are the home of 
many species of wading birds, reptiles, and amphibians [5].

2.5 Homestead forest

There are approximately 25.53 million homestead forests in Bangladesh [22] to 
fulfill the basic needs of the householders such as fruits, vegetables, other foods, 
and timbers. Planting native fruits and timber trees and bamboos near homesteads 
is a traditional land use practice in Bangladesh; however, amount of this forest is 
declining at an alarming rate due to various reasons. Major plants of the homestead 
forests are Mangifera indica, Artocarpus heterophyllus, Syzygium cumini, Bambusa 
spp. Areca catechu, and Musa spp. Homestead forests are the home of many threat-
ened mammals including jungle cat, fishing cat, golden jackal, Bengal fox, mon-
goose, and civets [5].

2.6 Village common forest

Village common forests are natural forests other than the government reserve 
forests near the households of the indigenous communities that are managed to 
fulfill their daily demands [23, 24] and also harbor considerable biodiversity. Most 
of the village common forests are situated in the southeastern hilly areas of the 
country. Village common forests are small forest patches but harbor a good number 
of threatened wild animals [13].

3. Protected areas of Bangladesh

Protected areas and forests of Bangladesh are home of many flagship species of 
global concern (Figure 2). Terrestrial PAs particularly in northeast and southeast 
regions of the country contain considerable biodiversity, and those in the CHT 
are part of the Indo-Burma biological hotspot. Madhupur National Park, the first 
protected forest situated in the central part of Bangladesh was established in 1962 
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under the provision of the Forest Act 1927. After the implementation of the Wildlife 
Act 1974, the legal status of the PAs was improved considerably. Several new PAs 
were declared after the signing of the Rio Convention in 1992.

A total of 41 protected areas have been declared for the conservation of wild 
animals of Bangladesh, of which 20 are wildlife sanctuaries, 17 are national parks, 2 
are special biodiversity conservation areas, 1 is marine protected area, 1 is eco-park, 
and 2 are vulture safe zones (Figure 2). Moreover, five migratory bird flyway sites 
have been declared in 2011 for the conservation of migratory birds of the coun-
try. Many globally threatened species such as Asian elephant, Asiatic black bear, 
Malayan sun bear, leopard, clouded leopard, marbled cat, hoolock gibbon, slow 
loris, Chinese pangolin, and greater hornbill are still found in those PAs [5, 10].

The Sundarbans is the home of the only viable population of Bengal tiger in the 
country. Many other threatened wild animals like saltwater crocodile, Irrawaddy 
dolphin, white-bellied sea eagle, lesser adjutant stork, rock python, and king cobra 
are still in good condition in the Sundarbans [10, 16, 20]. PAs in deciduous forests 
(particularly Madhupur NP) also support a good population of capped langur.

Biodiversity and forests of Bangladesh provide a buffer against climate change 
and provide sources of natural products of value to both local villagers and in the 
markets. Forests also serve to hold soil from excessive erosion and to maintain the 
integrity of watersheds and freshwater supplies. Tourism, both foreign and domes-
tic, to natural areas of the country has been advertised for its potential to allow 
sustainable development of ecosystems and to provide incentives to preserve these 
areas instead of converting them to other uses. Bangladesh has a great potentiality 
to develop sustainable ecotourism in the PAs spread over the whole country [25].

4. The status of wildlife diversity in Bangladesh

Bangladesh is the home of 1952 species of invertebrates, 653 fish species (251 fresh-
water; 402 marine) [2, 10, 16], 50 species of amphibians, 147 species of reptiles, 566 
species of birds including residents and migrants, and 127 species of mammals [16]. 
Many of these species are reported from Bangladesh in the last couple of decades; 
especially the number of amphibians and reptiles has grown up very fast, and it is 
expected to go even higher in near future [26, 27]. A total of 11 species of mammals, 
19 species of birds, and 1 species of reptile has gone extinct from Bangladesh over the 
last century [16]. Many species such as hoolock gibbon, long-tailed macaque, Malayan 
sun bear, Asian elephant, and gharial are at the brink of extinction and demand atten-
tion for conservation management [16]. Distribution of some distinct wildlife species 
has been mentioned with the major forest types in Bangladesh (Figure 3).

4.1 Amphibians

Among the 50 recorded species of amphibians, 46 species are found in forested 
areas of which 36 species are exclusively restricted to different types of forests 
[16]. The number of recorded amphibians from Bangladesh is even higher in other 
reports, and the reported species is up to 57 [27]. About 33% amphibian species are 
threatened in different categories (Figure 4). According to IUCN’s Red List, Fuller’s 
caecilian (Chikila fulleri) and Khare’s stream frog (Pterorana khare) are critically 
endangered and restricted to the particular forests in Bangladesh. Bush frogs like 
Doria’s pygmy frog (Chiromantis doriae), Anderson’s bush frog (Philautus andersoni), 
and pied warty frog (Theloderma asperum) are endangered species and only found 
in mixed-evergreen forests of the country. Cascade frog (Amolops marmoratus) is a 
vulnerable species and restricted to some particular hill streams of Bangladesh.
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4.2 Reptiles

A total of 30 species of turtles and tortoises, 35 species of lizards, 80 species 
of snakes, 2 species of crocodiles, and 1 gharial species has been reported from 
Bangladesh [16]. Forests of the country harbor 110 species of reptiles, of which  
98 species are exclusively restricted to the different types of forest. About 38% 
reptiles of the country are threatened under different categories (Figure 5). Marsh 
crocodile (Crocodylus porosus) has been extinct from the wild. Gharial (Gavialis 
gangeticus) is at the brink of extinction and has been categorized as “critically 

Figure 3. 
Major forest types of Bangladesh with distinct wildlife species (Source: [9]).
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endangered.” Salt water crocodile (Crocodylus palustris) is also facing different kinds 
of conservation threats and categorized as “endangered” [16].

About 87% turtle species are threatened, of which 14 species are “critically 
endangered” and 4 species are “endangered” and “vulnerable” each. Larger-sized 
turtles and tortoises are more vulnerable to local consumption for meat and are 
victim of illegal trade. Large snakes (e.g., pythons and boas) and venomous snakes 
(e.g., cobras) are also threatened due to illegal trade for skin and venom. Reticulated 
python (Malayopython reticulatus), Burmese python (Python bivittatus), monocled 
cobra (Naja kaouthia), spectacled cobra (Naja naja), and king cobra (Ophiophagus 
hannah) are frequently associated with illegal trade and are threatened with various 
categories [16].

Figure 4. 
The latest threat status of amphibians in Bangladesh (percent value, N = 50).

Figure 5. 
Latest threat status of reptiles in Bangladesh (percent value, N = 147).
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4.3 Birds

Bangladesh harbors a total of 566 species of birds [16]. A large number of birds 
(19 species) have already been extinct from the country, and currently 68 species 
of birds are facing conservation threats of various kinds (Figure 6). Among the 
regionally extinct birds, seven species were forest dwellers, six species were from 
grasslands and bamboo tickets, and five species were wetland birds. Terrestrial 
birds are more likely to face greater threats of extinction. Size and weight were 
another important factor for their extinction. Among extinct birds, 11 species 
were large sized, e.g., spot-billed pelican (Pelecanus philippensis), greater adjutant 
(Leptoptilos dubius), sarus crane (Antigone antigone), white-bellied heron (Ardea 
insignis), Indian peafowl (Pavo cristatus), and green peafowl (Pavo muticus) [16].

Out of the 10 species of critically endangered birds of Bangladesh, eight species 
are migratory, and other two species are resident. Survival of migratory birds in 
Bangladesh mostly depends on the health status of the migratory bird habitats. Two 
species of critically endangered migratory birds, spoon-billed sandpiper (Calidris 
pygmaea) and Indian skimmer (Rynchops albicollis), are only found in two isolated 
coastal sites in southern Bangladesh, and their survival is greatly dependent on the 
habitat protection [16]. The causes of declining population of critically endangered 
white-rumped vulture (Gyps bengalensis) are mostly related to the use of a lethal 
veterinary drug “diclofenac” in Bangladesh [28].

4.4 Mammals

Bangladesh is the home of 127 species of mammals [16], 10 species of primates, 27 
species of rodents, and 29 species of bats; the Asian elephant and the Bengal tiger are 
the most notable species. Forests of Bangladesh are the home of 86 species of mammals, 
of which 60 species are fully restricted to forests. Eleven species of mammals have 
already been extinct from the country. The extinct species are mostly large mammals, 
and principal causes of their extinction were uncontrolled hunting and habitat loss. 
The existing large mammals of Bangladesh are facing continuous pressure of extinction 
threats. About 40% mammals of the country are threatened, and 33% are data deficient 
(Figure 7). Nineteen species of mammals are “critically endangered,” and many of 
them are at the brink of extinction, e.g., long-tailed macaque (Macaca fascicularis), hog 

Figure 6. 
The latest threat status of birds in Bangladesh (percent value, N = 566).
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deer (Axis porcinus), sambar deer (Rusa unicolor), gaur (Bos gaurus), Malayan sun bear 
(Helarctos malayanus), Eurasian otter (Lutra lutra), clouded leopard (Neofelis nebulosa), 
leopard (Panthera pardus), and Indian pangolin (Manis crassicaudata) [16].

5. Threats to the forest and wildlife

Like most other developing countries, Bangladesh is facing different kinds of 
threats to the forest and its wildlife. With accelerating economic development and the 
growing population, it is easily understandable that many of these threats will inten-
sify in future leaving a huge challenge for conservation professionals [5, 10, 29]. Some 
of the major threats are important to discuss which have been summarized below.

5.1 Direct threats

5.1.1 Hunting and poaching

Hunting and poaching is one of the major threats for wildlife species in 
Bangladesh especially for the game species. Wild animals are hunted illegally either 
for local consumption for meat and trophies or for international trade. Poachers 
usually target animals that are in high demand in illegal market. Tigers are killed 
for the hide as well as other body parts to be used in traditional Chinese medicine. 
Other smaller cats are also poached for their hides. Deer are hunted for meat and 
skin, whereas elephants are killed for the ivory. Turtles and tortoises are poached for 
meat and demand in pet markets. Many birds like hill myna, parrots, and sunbirds 
have a great demand in illegal pet markets. Python skin and snake venom have also 
high demand in illegal markets [4, 30, 31].

5.1.2 Local and international trade

Illegal wildlife trade is one of the most serious threats to wild animals in 
the region, and Bangladesh is no exception. For its geographic location, being 

Figure 7. 
Threat status of mammals in Bangladesh (percent value, N = 127).
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conveniently located between India and Myanmar, Bangladesh is being used as a 
source of animals as well as the transit route of international wildlife trade. Wildlife 
species are killed for their meat, skins, bones, fur, and other body parts which are 
used for traditional medicine, clothing, jewelry, and trophy and also for unconven-
tional exotic food. These animal products have demands mostly in the international 
illegal market, and their destination is the traditional Chinese medicine market [32].

While wildlife poaching and trafficking pose a great threat to the flagship 
species of the country but the status of the lesser known species (e.g., golden 
jackal, civets, mongoose, and small cats), the latest situation is currently 
unknown. These animals play a vital role in the ecosystem, and if this process 
continues, the conservation of mammalian species of the country would be a 
huge challenge [32].

5.1.3 Local consumption

There are at least 29 ethnic communities in Bangladesh, and most of them find 
their protein source from wild animals. These ethnic communities are spread over 
the country, but most of them inhabit in the southeastern and northeastern part of 
Bangladesh. Ethnic communities usually hunt wild animals such as wild boar, bark-
ing deer, Indian hare, small cats, primates, mongoose, civets, squirrels, rats, bats, 
turtles and tortoises, snakes, and frogs [32].

5.1.4 Use of live animals

Some of the wildlife species have growing demand as pet or zoo animals in both 
local and international markets. Wildlife traders illegally collect the harvested animals 
from the poachers. Keeping wild animals in private collection or establishment of mini 
zoo is not legal in Bangladesh according to the existing laws, but many private collec-
tions are established in several parts of the country. Most commonly found animals of 
these private collections include but not limited to hoolock gibbon, rhesus macaque, 
pig-tailed macaque, Assamese macaque, slow loris, spotted deer, barking deer, 
marbled cat, fishing cat, civet, large birds, pythons, cobras, turtles, and tortoises. This 
is a total violation of the Bangladesh Wildlife (Conservation and Security) Act, 2012, 
as most of these animals are protected by the current laws of the country [4, 32].

5.1.5 Human-wildlife conflict

Human-wildlife conflict is currently a burning issue as it influences a group of 
people against wild animals and also against the people who want to conserve and 
restore wildlife [33]. The growing human population of Bangladesh is forcing rapid 
urbanization and habitat loss for the wildlife and also forcing wild animals to live 
in close proximity to humans. Many wildlife species of Bangladesh such as Bengal 
tiger, Asian elephant, leopard, fishing cat, golden cat, jungle cat, civets, etc. are 
facing various threats of extinction due to human-wildlife conflict [30, 31].

5.1.6 Moving vehicle as a growing threat

Roads through the natural habitats are intrusion to the wildlife habitats which 
adversely affect the wild animals. Effect of road ranges from habitat loss and frag-
mentation to the distribution pattern [34] of the animals, movement and reproductive 
behavior [35], and direct mortality by the moving vehicles [36, 37]. In Bangladesh, 
many forest areas have been bisected by roads, highways, and railway tracts which 
contribute negatively in losing biodiversity at a much faster rate. Nocturnal animals 
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are also harmed by the bright headlights at night and are often killed by the moving 
vehicle. Many threatened species are also killed by the vehicles on a regular basis.

5.1.7 Tourist pressure

Excessive and uncontrolled tourism activities pose a great threat to wild animals 
especially for small forest patches like Satchari and Lawachara National Parks. 
These parks are critical habitats for critically endangered mammalian species like 
hoolock gibbon and other primates. With the growing tourist activities in the core 
of these critical habitats especially during winter season, the daily activity of wild-
life activities is heavily impacted both diurnal and nocturnal species. The breeding 
activities are interrupted by such unwise human activities [4].

5.2 Habitat degradation and fragmentation

Habitat fragmentation and degradation are currently the most important factor 
for the biodiversity loss in Bangladesh. With the ever-growing human popula-
tion in the country and coupled up with other reasons, wildlife habitats are being 
destroyed and fragmented in an alarming rate [5, 10, 15], and as such, different 
vertebrate wildlife groups face conservation threats at various levels (Figure 8). We 
would like to summarize the major reasons of habitat degradation and fragmenta-
tion in a very brief way.

5.2.1 Illegal timber extraction

Timber harvest from the natural forests is currently banned in Bangladesh as a 
measure to restore country’s forestland. But, timber extraction is still going on, in 
many cases with the support from corrupt forest managers. It is assumed that local 
timber merchants persuade unemployed poor people to take down the large-sized 
hard wood trees from the forests and sell it to the local market. In many of this 
forestland, the upper canopy is not connected, and forests are fragmented [15]. 
Distant canopy cover creates problem to highly arboreal mammals, e.g., hoolock 

Figure 8. 
Overall threat status on the vertebrate wildlife groups in Bangladesh.
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gibbons, capped langurs, macaques, and squirrels for their movement and breeding 
activities. Fragmentation of forest also restricts the movement of mammals from 
one habitat to another, which poses more threats to their existence. Moreover, due 
to the softwood demand in plywood industry, illegal poaching of softwood trees 
is also happening in Bangladesh, which would otherwise provide food for the wild 
animals [4].

5.2.2 Fuel wood extraction

Almost all households, in and around the forests, use fuel wood for daily liveli-
hood. Majority of the fuelwoods are sourced from the nearby forests. The local 
people generally collect dead or fallen trees or branches, which do not contribute 
directly to the destruction of trees in the forest; but it has other ecological conse-
quences. Some local community members live on selling the fuelwood extracted 
from the forest. Fallen leaves collection is a major problem in deciduous forests 
in the central as well as in the northern part of the country. Leaf and fuelwood 
collectors clean up the undergrowth of the forest and also cut down seedlings which 
hinder regeneration of the forest [4].

5.2.3 Expansion of agricultural activities

Several crops are extensively cultivated on the hill slopes and in the low-lying 
areas in and around the forestland in Bangladesh. Pineapple, banana (Musa spp.), 
citrus, bean (Vigna spp.), and papaya (Carica papaya) are mainly cultivated on 
the hilltop. Paddy (Oryza spp.) is cultivated in the low land between two hills [4]. 
For making the land cultivable, local people usually clean the forest floor, burn the 
unwanted vegetation, and cultivate the desired crops, resulting in destruction of 
natural vegetation. Local farmers slowly expand their cultivation land each year, 
which causes rapid fragmentation of the forestland. Expansion of agricultural land 
is one of the major problems of deforestation in Bangladesh except the Sundarbans 
mangrove forest [5].

5.2.4 Modification of undergrowth

Alteration and modification of undergrowth vegetation is one of the major 
conservation issues, a lot of the forestlands are facing in Bangladesh. Both the 
Bangladesh Forest Department (BFD) and local community contribute to this 
factor. Collection of dead leaves from the forest floor prevents natural seed 
germination, which eventually hinder undergrowth plant diversity. The forest 
department permits local people to clean up undergrowth and eventually plant 
canes (Calamus rotang) in the forestland. The rapid growth and aggressive nature 
of canes prevents growth of other plant species. The forest department also 
encourages bamboo plant during winter season, which results the monoculture 
of bamboo undergrowth and ultimately contributes to the topsoil erosion of the 
forests [5].

5.2.5 Grazing by livestock

Deforestation is closely associated with overgrazing in many parts of the world, 
and Bangladesh is no exception [4]. Overgrazing by domesticated animals and 
farming play a major role in natural forest regeneration. Free-range cattle in the 
forestland would eliminate seedlings, which would potentially regenerate the forest. 
Grazing also accelerates soil erosion [10].
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5.2.6 Land erosion

Huge landslide during rainy season in the hilly region (Chittagong and CHT) of 
Bangladesh is quite common and one of the major reasons for the lack of vegetation 
cover of the area. Landslides change the hydrological pattern of forest and could be 
an issue for animal movement [2].

5.3 Indirect threats

5.3.1 Poor institutional capacity

The Ministry of Environment and Forests (MoEF) is the sole authority from the 
government side to implement and enforce natural resource-related activities and 
laws. The Bangladesh Forest Department and Department of Environment operates 
under the MoEF and two major wings to manage natural resources in Bangladesh. 
However, limitations like poor institutional capacity, lack of logistical and opera-
tional support, and insufficient funding and manpower are holding the country 
behind. Most of the field offices in the peripheral forest range have no vehicles or 
travel allocations to make necessary field interventions [4].

5.3.2 Lack of coordination among different agencies

There is lack of coordination in the management of biodiversity and natural 
resources among different government agencies in Bangladesh. For example, there are 
overlaps between the jurisdictions of the Bangladesh Forest Department, Department 
of Environment (DoE), and Ministry of Land (MoL). Coordination gaps or overlaps 
are also found among different projects and among different donor agencies, espe-
cially in high-profile areas like the Sundarbans. Lack of coordination is also observed 
at the transboundary level, especially between water rights and usage between 
Bangladesh and neighboring countries that are the upstream sources of water [4].

5.3.3 Policy and information gap

Information is not widely available in Bangladesh, and with regard to field level 
baseline data on natural resources, there is no single place to get everything. Aside 
from some modest university efforts, there is a dire lack of scientific data on forest, 
wetland, and aquatic species. This information is crucial for effective manage-
ment of natural resources and biodiversity of the country. There are no long-term 
monitoring efforts to evaluate any changes in species occurrence, abundance, and 
distribution in Bangladesh [4]. Bangladesh managed to have a number of sound 
environmental policies, but that is not enough, and there are many gaps. For 
example, donor-initiated conservation projects are not sustained after the funding 
tenure is over. The government either does not have their interest or no self-funding 
capability to continue the project initiated by a donor agency [32].

5.3.4 Lack of enforcement

Environmental crime is not treated as seriously as other types of crime either by 
the local communities or by the law enforcement agencies. Although there are laws 
related to natural resources in Bangladesh, enforcement of these laws is very poor. 
Poachers are often politically connected and often are protected by their leaders or 
contractors [4]. Even when a case makes it into the court, there are no incentives 
(monitory or logistic) for the forest officials who are willing to testify before court.
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forests [5].

5.2.5 Grazing by livestock

Deforestation is closely associated with overgrazing in many parts of the world, 
and Bangladesh is no exception [4]. Overgrazing by domesticated animals and 
farming play a major role in natural forest regeneration. Free-range cattle in the 
forestland would eliminate seedlings, which would potentially regenerate the forest. 
Grazing also accelerates soil erosion [10].
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5.2.6 Land erosion

Huge landslide during rainy season in the hilly region (Chittagong and CHT) of 
Bangladesh is quite common and one of the major reasons for the lack of vegetation 
cover of the area. Landslides change the hydrological pattern of forest and could be 
an issue for animal movement [2].

5.3 Indirect threats

5.3.1 Poor institutional capacity

The Ministry of Environment and Forests (MoEF) is the sole authority from the 
government side to implement and enforce natural resource-related activities and 
laws. The Bangladesh Forest Department and Department of Environment operates 
under the MoEF and two major wings to manage natural resources in Bangladesh. 
However, limitations like poor institutional capacity, lack of logistical and opera-
tional support, and insufficient funding and manpower are holding the country 
behind. Most of the field offices in the peripheral forest range have no vehicles or 
travel allocations to make necessary field interventions [4].

5.3.2 Lack of coordination among different agencies

There is lack of coordination in the management of biodiversity and natural 
resources among different government agencies in Bangladesh. For example, there are 
overlaps between the jurisdictions of the Bangladesh Forest Department, Department 
of Environment (DoE), and Ministry of Land (MoL). Coordination gaps or overlaps 
are also found among different projects and among different donor agencies, espe-
cially in high-profile areas like the Sundarbans. Lack of coordination is also observed 
at the transboundary level, especially between water rights and usage between 
Bangladesh and neighboring countries that are the upstream sources of water [4].

5.3.3 Policy and information gap

Information is not widely available in Bangladesh, and with regard to field level 
baseline data on natural resources, there is no single place to get everything. Aside 
from some modest university efforts, there is a dire lack of scientific data on forest, 
wetland, and aquatic species. This information is crucial for effective manage-
ment of natural resources and biodiversity of the country. There are no long-term 
monitoring efforts to evaluate any changes in species occurrence, abundance, and 
distribution in Bangladesh [4]. Bangladesh managed to have a number of sound 
environmental policies, but that is not enough, and there are many gaps. For 
example, donor-initiated conservation projects are not sustained after the funding 
tenure is over. The government either does not have their interest or no self-funding 
capability to continue the project initiated by a donor agency [32].

5.3.4 Lack of enforcement

Environmental crime is not treated as seriously as other types of crime either by 
the local communities or by the law enforcement agencies. Although there are laws 
related to natural resources in Bangladesh, enforcement of these laws is very poor. 
Poachers are often politically connected and often are protected by their leaders or 
contractors [4]. Even when a case makes it into the court, there are no incentives 
(monitory or logistic) for the forest officials who are willing to testify before court.
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5.3.5 Inadequate and poorly managed protected areas

Many of the forests in Bangladesh are recently declared as protected areas, but 
the actual implementation is still in very rudimentary stage (Figure 2). The idea of 
the PA is not very welcomed and well perceived by the local people, and also there 
is lack of coordination between the stakeholders and the government. Although 
there are dozens of PAs in the country, many are 500 hectares or less: too small to 
provide adequate habitat to preserve biodiversity. In addition, protected area system 
includes only forestland and does not include some of the most critically important 
wetland habitat of the country.

5.3.6 Corruption

Corruption is evident at all levels of the government system in Bangladesh where 
biodiversity and forest conservation are an integral part. It is expected that folks with 
strong political connections or wealth can circumvent existing laws to obtain individ-
ual favors, rights to use protected land, and immunity to environmental crimes [4].

5.3.7 Lack of awareness

Most country people are not properly aware of the importance of maintaining a 
healthy biodiversity and its conservation. Being a developing country, Bangladesh 
is fighting with poverty, high population density, and lack of education. Most local 
stakeholders have no idea about the existing laws of the land, especially with regard 
to environmental crimes [32].

5.3.8 Climate and biophysical changes

Climate change is being recognized as a global crisis threatening any forms of 
life on the face of earth. The biophysical changes in the environment have an under-
lying effect on the present and future biodiversity in Bangladesh [19]. Some of these 
biophysical factors are changes in temperature and precipitation pattern, sea level 
rise, frequent natural disasters, increase of salinity in the southern coast, drastic 
changes in upstream water flow, high sedimentation in inland water, etc. [38].

5.3.9 Alternate income and recent human migration

Most people living in and around the forests and protected areas support them-
selves using forest resources collected either legally or illegally. Bangladesh already 
has a very high population density, and this problem has been intensified by allow-
ing thousands of outside people settled in by the government in the southeastern 
part of the country. The presence of large refugee camps of Rohingya people from 
Myanmar in Teknaf Wildlife Sanctuary has already been identified as a major threat 
for the biodiversity of the region. With no other income options, these Rohingya 
people are engaged in unsustainable practices in forest resources along the coast. 
This problem would even go out of control if it is not taken seriously and a solution 
is chalked out by the governments of the two neighboring countries [2, 13].

6. Conclusion

The high and rapidly growing population of Bangladesh places a great strain on 
the natural resources, and PAs are no exception [39]. The situation in Bangladesh 
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is not atypical; the majority of PAs around the world, not only those in developing 
countries or the tropics, face a variety of problems [40]. Among many others, 
shortage of skilled manpower, insufficient logistics, political influence, cor-
ruption, and lack of interagency coordination are some of the major reasons for 
the improper enforcement of law. Review and proper implementation of laws; 
institutional development; promotion of collaboration among different agencies; 
habitat protection and restoration; and human-wildlife conflict mitigation are 
some of the urgently needed factors for the conservation of wildlife and forest in 
Bangladesh.

Although there are lots of limitations, Bangladesh has several laws and poli-
cies that still safeguard the existing forest and wildlife species, and we hope that 
proper implementation of these laws would help to thrive the unique biodiversity 
and diverse wildlife of the country. Some of the important laws and policies 
for the conservation of forest and wildlife of Bangladesh are Forest Act, 1927; 
Wildlife (Conservation and Security) Act, 2012; Environment Conservation 
Act, 1995; Environment Protection Act, 2000; Climate Change Trust Act, 2010; 
Biological Diversity Act, 2012; Forest Policy, 1994; Environment Policy, 1992; 
Wetland Policy, 1998; and Coastal Zone Policy, 2005. The country needs to work 
hard to implement these laws and eliminate corruption from the government 
system.

The Bangladesh Forest Department (BFD) is the primary government agency 
that deals with forests and forest management and monitoring of biodiversity. 
The BFD manages PAs, forests, and most biodiversity activities in the field and 
operates through three management plan divisions. BFD’s Wildlife Crime Control 
Unit (WCCU) was established in 2013 to combat wildlife trafficking and coor-
dinate efforts with other agencies both national and international. Bangladesh 
Forest Department’s capability for preventing wildlife crimes is currently not 
sufficient, and the country should invest more resources and manpower to the 
agency.

The BFD manages two large safari parks: Bangabandhu Safari Park, Gazipur, 
and Dulahazra Safari Park, Cox’s Bazar. These facilities maintain animals in near 
natural conditions and also serve as a repository for animals that have been con-
fiscated through the illegal wildlife trade. The BFD also manages a few botanical 
gardens around the country, and the National Botanical Garden in Dhaka displays 
many native and exotic species sells roses and fruit trees to the public, and engages 
in minor activities in the field; their space limitations prevent the addition of new 
species that may need ex situ conservation.
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Abstract

Colombia is a key actor related with the adoption of the relevant UNFCC 
provisions referred in the context of obtaining result-based payments for 
REDD+ actions. Since 2012, the Colombian Forest Monitoring System (SMByC, 
Spanish acronym) has generated wall-to-wall historical information about the 
deforestation process over the last 27 years at national and regional levels. The 
SMByC generates a methodology that integrates tools for the preprocessing 
and semi-automated processing of satellite imagery to detect and quantify the 
loss of forest cover by deforestation. Also, the SMByC has done an extensive 
literature review, collecting qualitative and quantitative information to identify 
how the drivers of deforestation (illicit crops, illegal mining and postconflict 
scenario) could result in an increased forest lost during a postconflict scenario. 
Given that Colombia is a country conformed by regions that have differentially 
socioeconomic and environmental conditions, the study shows how the methods 
could generate official information and specifies the context of deforestation 
process of those regions.

Keywords: forest monitoring, deforestation, drivers, postconflict

1. Introduction

The Institute of Hydrology, Meteorology and Environmental Studies—IDEAM 
(Spanish acronym) is the forestry authority in Colombia, among other responsibili-
ties. Since 2012, in coordination with the Ministry of Environment and Sustainable 
Development, the operation of the Forest and Carbon Monitoring System for 
Colombia, SMByC, began as a functional tool to generate annual official informa-
tion on the monitoring of the forest cover and deforestation, early warnings for 
deforestation, and to estimate carbon stocks and GHG emissions related to natural 
forests.
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The SMByC complies with the provisions of the relevant decisions of the 
United Nations Framework Convention on Climate Change—UNFCCC and 
the Intergovernmental Panel on Climate Change (IPCC) in its guidelines of 
good practices, and operates under the principles of transparency, complete-
ness, comparability, consistency and precision. Likewise, it complies with 
the requirements established by National Statistics Agency (DANE, Spanish 
acronym) to be considered as official information. For the generation of this 
type of information, the SMByC developed a specific methodology through 
a publicly available digital satellite image processing protocol [1, 4, 25] and 
updated in [23]. All the information generated by the SMByC is available on the 
Web page of the system, with the exception of the one that has restrictions on 
use, at link [2].

The information generated by the SMByC allows the IDEAM to carry out its mis-
sion activities to monitor the biophysical resources of the nation, especially those 
related to forest resources, generating statistics, reports, maps and official reports 
that give an account of their status and dynamics. More information on the indica-
tors can be found in [3].

The main components of the SMByC are: (i) monitoring of forest/deforestation, 
(ii) monitoring of biomass in natural forests, and (iii) causes and agents of defor-
estation. The SMByC is an instrument that generates crucial information to design 
and implement national policies on climate change and forests.

2. Methods

2.1 Forest and deforestation definitions

We defined a forest as a piece of land mainly covered by trees that might 
contain shrubs, palms, guaduas, grass, and vines, in which tree cover predominates 
with a minimum canopy density of 30%, a minimum canopy height (in situ) 
of 5 m at the time of identification, and a minimum area of 1.0 ha. Commercial 
forest plantations, palm crops, and planted trees for agricultural production 
are excluded. This definition is in line with the criteria defined by the UNFCCC 
in decision 11/CP.7 [9], the definition adopted by Colombia under the Kyoto 
Protocol [10], and the definition of forest cover used by the Colombian National 
Greenhouse Gas Inventory [11].

Deforestation is defined as the direct and/or induced conversion of forest cover 
to another type of land cover in a given time [12].

2.2 Forest and deforestation monitoring

The SMByC developed a digital image processing protocol to assess the distribu-
tion, extension, and changes in forest cover in Colombia [6–8]. This protocol is 
implemented through the use of LANDSAT images [13]. The LANDSAT program 
of satellite images has several advantages for the monitoring of forest cover, such as 
a good record of images through time (historical availability), high temporal and 
spatial resolution, easy access to data, and possibilities of program permanence. The 
image processing protocol applied for the forest monitoring includes the following 
four major phases: (i) the digital preprocessing of satellite images, (ii) digital image 
processing, (iii) data validation, and (iv) monitoring data reporting. These phases 
are summarized in 12 methodological steps [14], described below in each technical 
phase.

37

Colombian Forest Monitoring System: Assessing Deforestation in an Environmental Complex…
DOI: http://dx.doi.org/10.5772/intechopen.86143

2.2.1 Phase 1: digital preprocessing of satellite images

In this phase, corrections, calibrations, radiometric normalizations, exact co-
registration, and reduction in atmospheric effects are applied, to assure the compara-
bility of images and to ensure that the detection of changes is not due to this type of 
factors. The specific steps followed during image preprocessing are as the following:

2.2.1.1 Step 1: images select and download

For each reference year, the SMBYC downloads the entire Landsat satellite pro-
gram (7 ETM+ and OLI 8), image catalog with L1T level (reflectance surface), and 
selects all those images with less than 90% cloud cover available between January 1 
and December 31 of the reference year. We give special emphasis for the images of 
the last quarter of the year that compiles the highest deforestation effect, mainly at 
the Amazon region in Colombia.

Images affected since 2003 by the failure in the Scan Line Corrector of Landsat 
7 ETM+ are processed applying a masking. To optimize this task, the SMByC 
developed a specific tool implemented in QGIS® [15]. When Landsat data does not 
provide sufficient cloud-free coverage, images from the CBERS, RapidEye, ASTER, 
and Sentinel 2 satellites programs are used.

2.2.1.2 Step 2: stacking bands

In order to archive the complete images, each image is reconstructed by stacking 
all bands, excluding the thermal infrared wavelength bands. In case of Landsat 8 
OLI, the aerosols and cirrus layers are also excluded.

Given the large number of images used (for example, more than 1400 images 
were used in 2015), specific algorithms have been developed to facilitate handling 
and processing, all of which are available for download:

• Algorithm to stack the bands [16].

• Algorithm to rename the images according to the SMByC structure [17].

• Algorithms to extract information from Landsat metadata files [18].

2.2.1.3 Step 3: geometric correction

For the construction of the annual image composite, it is necessary to have 
an exact co-registration at the pixel level among all the images acquired for each 
scene. The L1T products supplied by the Earth Resources Observation and Science 
Center (EROS) usually have an exact correspondence of the pixels. However, before 
performing the interpretation, a review of each image is made and those that do not 
meet this condition are adjusted.

2.2.1.4 Step 4: cloud masking and shadow

This allows masking and eliminates areas of clouds, banding, shadows, or haze. 
Before performing a change analysis, a semiautomated procedure is executed to inte-
grate the results of the masks produced with different filtering tools implemented 
by the IDEAM with a QGIS Plugin named cloud masking [15], (see Figure 1). For 
additional documentation on the operation of the Cloud masking tool, refer [19].
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2.2.1.5 Step 5: radiometric normalization

We used relative radiometric normalization of the images to adjust the radio-
metric values in order to reduce the variability between the images due to atmo-
spheric differences, lighting, sensor calibration, and geometric distortions, among 
others. This step allows the images of different years to be comparable and ensures 
that the changes detected are not due to this type of factors [20, 21]. Python scripts 
are available to execute this procedure—ARRNorm [22].

2.2.1.6 Step 6: generation of the annual composite of images

This step uses all satellite images available for Colombia of the corresponding 
year, allowing for each pixel a series of annual time values that include the reflec-
tance surface data valid for that year. The main metric used is the annual median 
of each spectral band, which has shown good results for the detection of changes. 
Thus, for each observation unit, a single radiometric value of annual reflectance 
surface is obtained in each one of the radiometric bands (Red, NIR, and SWIR-1 
and SWIR-2). The creation of these annual composites for the whole country is 
done through specific tools developed in the Python language [23]. Figure 2 shows 
the final result of the phase 1 using an RGB combination 453 that remarks the 
healthy vegetation distribution (brown tones), related mainly to forest distribution.

Although the use of the annual median values of reflectance reduces the areas 
without information, the error by omission could also increase if the forest cover 
changes occur during the last year’s months. To avoid this problem, after the process 
described above, a visual verification and manual adjustment of the results is 
performed using the data of the last pixel of the year (last pixel) and the last  
available image of the last year’s quarter.

2.2.2 Phase 2: digital image processing

This involves the automated detection of changes in forest areas using algo-
rithms, the visual verification of detected changes, and the execution of a quality 
control protocol.

Figure 1. 
Example of cloud masking filters available in tool developed by IDEAM.
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2.2.2.1 Step 7: detection of changes

To identify forest cover change, a direct and automated method is used applying 
the principal component analysis (PCA), over the image annual composite gener-
ated in the previous step, to then make a reclassification of the values of the pixels 
to the value of the corresponding class. The legend and the values assigned in the 

Figure 2. 
Annual image composite of surface reflectance for the year 2017 (Landsat ETM and Landsat 8 OLI images 
from January 1 to December 31).
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reclassification for each class are as follows: (1) stable forest, (2) stable nonforest, 
(3) deforestation, (4) regeneration, and (5) without information (corresponding to 
masked data). To adjust the areas without information detected for each reporting 
period, a time series analysis is applied to verify the temporal consistency. For this 
process, the information from the most recent reporting period is considered, and the 
areas “without information” are adjusted compared with the other reporting periods.

2.2.2.2 Step 8: visual verification of the changes detected

Once the PCA process has been executed by scene or set of scenes, each inter-
preter codes each pixel to the corresponding thematic class, obtaining a preliminary 
forest change map with the following classes or strata:

1. Stable forest

2. Deforestation

3. No information

4. Regeneration

5. Stable Nonforest.

For this step, each interpreter uses the following information: (i) the last images 
of each reference year, (ii) the annual composite images for each reference year, and 
(iii) the median compounds for the last quarter of the reference year. By imple-
menting this step, we seek to evaluate and revise the first version of the map of 
forest cover change in order to identify inconsistencies with respect to the changes 
detected in previous years and to generate an adjusted version of the map.

2.2.2.3 Step 9: quality control

The quality control process involves monitoring all the technical steps executed, 
from the download of the satellite images and the intermediate products to the final 
results of the Forest Change Map and Forest Cover Map. The SMByC has consolidated a 
set of tools to guarantee the quality, completeness, and consistency of the data, through 
a Python script executed in ArcGIS© to produce quality control reports for each scene.

2.2.3 Phase 3: thematic accuracy assessment

Thematic accuracy assessment allows generating reliability metrics of the 
official forest monitoring data generated to: (1) avoid bias, which means to avoid 
a systematic underestimate or overestimate of forest cover and forest change, and 
(2) to reduce uncertainty as much as possible [24], in line with guidelines proposed 
by the Global Forest Observation Initiative (GFOI). This procedure applies user’s 
precision (commission error) and the producer’s precision (omission error) fol-
lowing recommendations developed by [25] over the forest change map. For the 
execution of thematic accuracy assessment, a team of four experts is formed under 
the following structure:

• A leader of the evaluation, in charge of coordinating the interpreters, who 
designs and implements a probabilistic sample. The leader performs the consoli-
dation and verification of the interpretation as well as the accuracy analysis.
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• Three interpreters, with extensive experience in visual and digital interpretation, 
who are trained to apply the forest definition in medium-resolution optical images.

2.2.3.1 Step 10: sampling design

This analysis consists of the implementation of a stratified random sampling. 
The size of the sample (n) is selected following [26]. The assigned proportion of 
each class uses a proportional allocation based on the area of each stratum com-
pared to the total area allocated [27]. The proportions of each of the strata are based 
on the forest change map for the reference year, which are as follows: (1) stable 
forest, (2) stable nonforest, and (3) deforestation. Additionally, each stratum is 
subdivided based on a deforestation risk map that identifies two main areas (low 
risk and high risk) based on the historical trends of deforestation.

Equation (1) shows the math expression used to calculate the proportion   ( W  i  )   of 
mapped area   ( A  m,i  )   for each stratum  i , related to the total area of all classes   ( A  tot  )  :

   W  i   =    A  m,i   ____  A  tot  
    (1)

The classes with the largest mapped area are assigned a p-value of 0.9, consider-
ing that these classes have a high accuracy, while the change classes, high-risk defor-
estation areas (DEF-AR) and low-risk deforestation areas (DEF-BR), are assigned a 
p-value of 0.8, considering that for these classes, there is a greater uncertainty and 
therefore less accuracy.

The standard error (Si) associated to each class is calculated as the square root of 
the variance. The total size of the sample (n) is calculated as the sum of the products 
of the area ratio (  W  i   ), associated to each class i, multiplied by the standard errors 
(Si) of each class, and divided by a general standard error of the classification (So), 
squared Eq. (2)

  n =   [  
 ∑ 
i=1

  
n
    ( W  i    S  i  ) 

 ________  S  o  
  ]    

2

   (2)

For each reference year, a value of 0.005 is assumed for the expected general 
standard error of classification. The assigned proportion of each stratum is based 
on a simplified approach to the optimum, based on the proportion of area of each 
stratum compared to the total area allocated. Thus, the smallest strata are adjusted 
by minimizing the variance estimator for the accuracy of these user classes, in 
accordance with the recommendations of [25].

2.2.3.2 Step 11: sampling implementation

The sampling implementation, as well as the sampling point interpretation, is 
done in Acatama, a self-developed software that is available for QGIS at https://
bitbucket.org/smbyc/qgisplugin-acatama.

2.2.3.3 Step 12: sampling points interpretation

The interpreter team performs a visual interpretation of each unit of verifica-
tion (point), applying the forest and deforestation definitions adopted by the 
SMByC. This procedure is applied using Acatama tool [14] that allows defining a 
fixed spatial reference scale for interpretation, using all the satellite data available. 
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reclassification for each class are as follows: (1) stable forest, (2) stable nonforest, 
(3) deforestation, (4) regeneration, and (5) without information (corresponding to 
masked data). To adjust the areas without information detected for each reporting 
period, a time series analysis is applied to verify the temporal consistency. For this 
process, the information from the most recent reporting period is considered, and the 
areas “without information” are adjusted compared with the other reporting periods.

2.2.2.2 Step 8: visual verification of the changes detected

Once the PCA process has been executed by scene or set of scenes, each inter-
preter codes each pixel to the corresponding thematic class, obtaining a preliminary 
forest change map with the following classes or strata:

1. Stable forest

2. Deforestation

3. No information

4. Regeneration

5. Stable Nonforest.

For this step, each interpreter uses the following information: (i) the last images 
of each reference year, (ii) the annual composite images for each reference year, and 
(iii) the median compounds for the last quarter of the reference year. By imple-
menting this step, we seek to evaluate and revise the first version of the map of 
forest cover change in order to identify inconsistencies with respect to the changes 
detected in previous years and to generate an adjusted version of the map.

2.2.2.3 Step 9: quality control

The quality control process involves monitoring all the technical steps executed, 
from the download of the satellite images and the intermediate products to the final 
results of the Forest Change Map and Forest Cover Map. The SMByC has consolidated a 
set of tools to guarantee the quality, completeness, and consistency of the data, through 
a Python script executed in ArcGIS© to produce quality control reports for each scene.

2.2.3 Phase 3: thematic accuracy assessment

Thematic accuracy assessment allows generating reliability metrics of the 
official forest monitoring data generated to: (1) avoid bias, which means to avoid 
a systematic underestimate or overestimate of forest cover and forest change, and 
(2) to reduce uncertainty as much as possible [24], in line with guidelines proposed 
by the Global Forest Observation Initiative (GFOI). This procedure applies user’s 
precision (commission error) and the producer’s precision (omission error) fol-
lowing recommendations developed by [25] over the forest change map. For the 
execution of thematic accuracy assessment, a team of four experts is formed under 
the following structure:

• A leader of the evaluation, in charge of coordinating the interpreters, who 
designs and implements a probabilistic sample. The leader performs the consoli-
dation and verification of the interpretation as well as the accuracy analysis.
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During this procedure, we also perform the classification and identify the nonclas-
sified samples (Figure 3).

We used the satellite data as reference data for the sampling point interpretation 
for periods before and after annual composite generated in Step 6. Also, we used 
Google Earth Engine, Bing images, or other high-resolution image repositories if 
available.

2.2.3.4 Step 13: error matrix and confidence intervals

Thematic accuracy assessment of the forest cover and deforestation data for 
the reference year is done by constructing a confusion matrix [20], using the data 
generated in the previous step. Subsequently, from the error matrix, a new matrix is 
constructed and is expressed in terms of the proportion of the estimated area.

2.2.4 Phase 4: calculations and reports

To calculate the deforested area between two analysis periods, only the areas 
with available data in the two analysis periods are considered, so the associated  
(un)certainty that the event occurred in the period is analyzed.

Forest losses detected after one or several dates without information were not 
included in the reports in order to avoid overestimated rates due to different factors 
(e.g., high cloudiness or sensor failures). After each deforestation monitoring 
period, an analysis of consistency of the time series is performed, verifying that 
each pixel marked as deforestation has not been marked in the previous periods (at 
least 6 years) as deforested. If this is the case, the most recent result is corrected 
and marked as no forest (NB) or the specific area is reviewed retrospectively. The 
same procedure is applied for “forest recovering,” maintaining the same check 
process in which a pixel marked as deforested could not be assigned as “forest” 
class until after 6 years.

Figure 3. 
Acatama QGIS© tool. Verification window for sampling point interpretation.
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The implementation of this methodology allowed to identify the changes in 
forest cover (expressed in hectares) for the last 27 years in Colombia, generating 
reports for the years 1990, 2000, 2005, 2010, and 2012, and five annual reports 
for the years 2013–2017. Figure 4 presents the workflow implemented. Additional 
information is available at [28].

3. Results and discussion

3.1 Forest cover in Colombia

In 2017, the natural forest area in Colombia was 59'312.369 ha, which represented 
51.9% of the continental and insular Colombian territory (Figure 5). At a regional 
level, some provinces show high forest cover like Amazonas (97.3%), Vaupés (96.5%), 
and Guainía (92.9%). Likewise, other departments like Atlántico (1.4%), Sucre 
(2.6%), and Cesar (8.7%) have the smallest area of their territory with natural forests.

Figure 4. 
Methodological workflow applied in the digital image processing protocol V.2 (Source [11]).
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Figure 5. 
Forest cover in Colombia for the year 2017 (green) and deforestation distribution for the period 2013–2017 (red).

3.2 Patterns of forest loss in Colombia

In the last 27 years (1990–2017), Colombia lost more than 6.7 million ha of 
natural forest. Only in the last 5 years (2013–2017), a forest loss of 783,899 ha was 
identified. Deforestation has mainly been concentrated in the so-called “Colombian 
Amazon deforestation arc,” located between the departments of Putumayo, 
Caquetá, Meta, and Guaviare. Other deforestation hotspots are Serranía de San 
Lucas (Antioquia and Bolívar departments), Chocó department, and Catatumbo 
(Norte de Santander department) (see Figure 5).

In regional terms, the Colombian Amazon presented the highest deforestation in the 
last 5 years (2013–2017), accumulating 46% of the total deforestation, especially in areas 
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such as the so-called “Sabanas del Yarí—4” (limits of Meta and Caquetá departments), 
northwest of the Guaviare department—2, Meta department—3, and the middle and 
lower sectors of the Río Caguán basin—1 (Caquetá  department), (Figure 6).

During 2017, the deforestation in Colombia raised to 219,973 ha, an increase 
of 23% compared with the deforestation reported for the year 2016. In total, 65% 
of forest loss was concentrated in the Colombian Amazon deforestation arc.

It is important to mention that deforestation is ostensibly less in areas such as National 
Natural Parks, Indigenous Lands, and Afro Colombian community Lands, compared 
with the rest of the country. In 2017, in 723 municipalities, at least 1 ha was deforested.

Overall, 74% of the deforestation in the whole country was concentrated in 25 
municipalities, being San Vicente del Cagüan (Caquetá department), Cartagena 
del Chairá (Caquetá department), San José del Guaviare (Guaviare department), 
La Macarena (Meta department), and Calamar (Guaviare department), the ones 
with the largest deforested area.

3.3 Rates of forest loss

At the national level, in 2017, the deforestation rate in Colombia was −0.38, which 
is the highest value of the last 17 years, only overpassed by the rates registered in the 

Figure 6. 
Main deforestation hotspots in the Colombian Amazon (period 2013–2017).
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1990s. At the regional level, there were departments with deforestation rates ostensi-
bly lower than the national average, such as the case of the departments of Amazonas 
(−0.01%), Vaupés (−0.04%), and Vichada (−0.09%). On the contrary, the deforesta-
tion rate in Antioquia (−0.96), Caquetá (−0.92), and Guaviare (−0.8) was ostensibly 
higher than the national average. In these cases, the government should put special 
attention because they are well above the average world deforestation rate of −0.21% 
[26], and even above countries such as Indonesia (−0.7%) or Bolivia (−0.5%).

3.4 The early warning system

The implementation of the described methodology has allowed to identify 
the main recent active cores of deforestation for the year 2018. IDEAM generates 
four deforestation early warning bulletins per year that are available through the 
institutional platform. These bulletins are based on the digital image processing of 
low spatial resolution (MODIS Terra/Aqua), medium spatial resolution (sentinels 
1 and 2), and high spatial resolution satellite data (Planet Scope), with the use of 
automated change detection algorithms, to detect quarterly (inclusive monthly) 
the main forest loss cores. With these bulletins, users can know the distribution 
and geographic location of the early alerts (including specific coordinates) or the 
location of the active deforestation nuclei (maps with tonalities indicate the mag-
nitude of the alert), to detect the forest areas with loss of natural forest (Figure 7). 
This information is useful as a basis for effective control to carry out timely actions 
against activities such as the illegal mining, illicit crops, praderization, illegal log-
ging, conversion to agricultural crops, and forest fires, among others.

In 2018, it was identified that the arc of deforestation in the Colombian Amazon 
is the area that concentrated the greatest warning of deforestation, mainly in the 
first and fourth quarters. Other areas with active deforestation cores are Catatumbo 
(Norte de Santander department), Serranía de San Lucas (Antioquia and Bolivar 
departments), Paramillo (Antioquia and Córdoba departments), and some sectors 
of Cauca and Chocó departments.

Likewise, the IDEAM performs an analysis of active fires [29] as a proxy of active 
deforestation, which monitors the possible occurrence of burning areas or active fires. 
This platform (see Figure 8) allows to access active fire information on a daily basis or 
an aggregated basis for the national, departmental, and regional levels since 2000.

3.5 Drivers and agents of deforestation

Agricultural and livestock activities generate the greatest pressures on natural areas, 
by establishing productive systems that are characterized by low levels of productivity 
and for promoting new zones of colonization or expansion from the existing ones [30]. 
Traditional agricultural production represents about 10% of the total agricultural pro-
ductive area of the country [2, 31]. The activity represented about 7% of the new land 
transformed between 2005 and 2012, mainly impacting the Andean and Amazonian 
regions, among which 86% of the agricultural land transformed in Colombia is distrib-
uted. However, livestock, especially cattle, which is one of the main economic activities 
of the country, appears as the main driver of deforestation at the national level. Overall, 
we have estimated that 51% of the total forest loss was due to the increase of areas in 
pastures, in theory to settle livestock productive systems [11].

The production of illicit crops, in particular coca leaf, has also been recognized 
as an important cause of deforestation [32]. Although its direct impact is usually 
reduced compared to other causes of deforestation, the fragmentation of the forest 
matrix caused by this driver has a decisive indirect impact on the advance of the 
agricultural frontier [4]. In 2017, the estimated proportion of forest loss due to illegal 
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crops is 6% [33] and is primarily concentrated in the hotspots of deforestation of 
the country. Another smaller but still important driver of deforestation is forest fires 
related to land tenure conflicts, certain agricultural management practices, activities 
such as hunting, pest and weed control, and expansion of crops and pastures for 
livestock [34, 35]. In our work, we identified that 2800 ha were deforested by 117 fires 
in 61 municipalities, which is equivalent to 2.3% of the total deforested in the period 
of 2014–2015 [4, 36]. Likewise, illegal mining is having an important effect on forest 
loss. In total, we quantified the direct loss of natural forest cover associated with 
alluvial gold exploitation activities in 2681 ha for the year 2014 [37]. In 2015, defores-
tation associated with alluvial gold mining reached 7890 ha (7% of national defor-
estation) and was concentrated mainly in three natural regions (Pacific, Andes, and 
Caribbean) [33]. A study carried out by UNODC and the Government of Colombia 
indicates that 38% of the territory affected by alluvial gold exploitation at the 
national level registers the presence of illicit crops [5, 37]. In the territories affected 
by coca, the phenomenon of alluvial gold exploitation has been growing rapidly, in a 
pattern of clear spatial and social association between the two activities [4].

Figure 7. 
Deforestation early warning persistence for the year 2018.
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Finally, since the peace talks began between Colombia’s government and the 
Revolutionary Armed Forces of Colombia (FARC) in 2012, experts warned that 
the postconflict period could have negative consequences of forests, mainly due to 
access to areas that were restricted during the conflict and the lack of planning for 
the sustainable development of these territories [38, 39]. In the vast majority of cases, 
the areas with the greatest forest presence and the threat of deforestation are located 
in small- and medium-sized municipalities (up to 100,000 inhabitants), where the 
end of the conflict would surely increase its development at expenses of the removal 
of vast areas covered by natural forests. Even in the most environmentally optimistic 
postconflict scenario, it can be expected that at least during a transitional period, the 
first economic benefits at the end of the conflict will come from the abundant natural 
capital available in the region. In this context of accelerated economic growth with 
few restrictions, forests will continue to be one of the most affected resources [4].

4. Conclusions

Colombia is considered a forestry country. The natural forest area covers 
59′312.369 ha, which represents 51.9% of continental and insular Colombian territory. 
Nevertheless, in the last 27 years (1990–2017), Colombia lost more than 6.7 million ha 

Figure 8. 
Active fire platform at IDEAM’s web portal [29].
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of natural forest, and in the last 5 years (2013–2017), the estimated forest loss was of 
783,899 ha. This finding ranks Colombia within the top 15 countries with one of the 
highest forest covers on earth (52%) and shows the high utility and need to maintain 
and improve the Forest and Carbon Monitoring System for Colombia—SMByC.

Overall, the SMByC is a prominent tool to help the country to accomplish with 
its commitments in terms of minimizing deforestation and carbon emissions in the 
coming decade. Forest monitoring indicators have a special importance to follow one 
of the goals established at 2030 for the Sustainable Development Goals—SGD, related 
to the conservation of at least 50% of the continental and insular territory covered 
by forests. Here, we show that based on the optimal use of digital image processing 
protocol, it is possible to generate reliable official information on the distribution, 
extension, and changes in forest cover at the national level. The SMByC will certainly 
play a key role on facing the expected changes of the ongoing climate change.

Since many of the armed conflicts in tropical regions occur in areas with high forest 
cover, like the one we have had in Colombia, the main challenges for both society and 
government are to take advantage of the great opportunity contributing toward peace-
building, reducing deforestation, while promoting sustainable development [40].
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Finally, since the peace talks began between Colombia’s government and the 
Revolutionary Armed Forces of Colombia (FARC) in 2012, experts warned that 
the postconflict period could have negative consequences of forests, mainly due to 
access to areas that were restricted during the conflict and the lack of planning for 
the sustainable development of these territories [38, 39]. In the vast majority of cases, 
the areas with the greatest forest presence and the threat of deforestation are located 
in small- and medium-sized municipalities (up to 100,000 inhabitants), where the 
end of the conflict would surely increase its development at expenses of the removal 
of vast areas covered by natural forests. Even in the most environmentally optimistic 
postconflict scenario, it can be expected that at least during a transitional period, the 
first economic benefits at the end of the conflict will come from the abundant natural 
capital available in the region. In this context of accelerated economic growth with 
few restrictions, forests will continue to be one of the most affected resources [4].

4. Conclusions

Colombia is considered a forestry country. The natural forest area covers 
59′312.369 ha, which represents 51.9% of continental and insular Colombian territory. 
Nevertheless, in the last 27 years (1990–2017), Colombia lost more than 6.7 million ha 

Figure 8. 
Active fire platform at IDEAM’s web portal [29].
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Chapter 4

Deforestation in India: 
Consequences and Sustainable 
Solutions
Rima Kumari, Ayan Banerjee, Rahul Kumar, Amit Kumar, 
Purabi Saikia and Mohammed Latif Khan

Abstract

Deforestation is one of the most pressing environmental issues that the world 
is facing currently. It is the conversion of forested land to non-forested land by 
humans. Deforestation occurs when a land dominated by naturally occurring trees 
is converted to provide certain services in response to the human demand. The 
indiscriminate felling of trees has resulted in a reduction of 3.16% in the global 
forest cover from 1990 to 2015. Although India has seen an increment in the total 
forest cover of ca. 1%, still there are certain regions in the country that have sought 
a decrease in the forest cover. The main reasons attributed to the reduction in forest 
cover are shifting cultivation, rotational felling, other biotic pressures, diversion of 
forest lands for developmental activities, etc. Continuous illicit cutting of trees has 
impacted the microclimatic conditions, hydrological cycle, soil quality, biodiversity, 
etc. of the country, thereby making the country more vulnerable for any unevent-
ful happening. Sustainable forest management practices, alternatives for shifting 
cultivation, promotion of plantation outside the forest and the usage of certified 
forest products, etc. are some of the measures that can be adopted to curb the rate 
of deforestation.

Keywords: deforestation, forest cover, sustainable solutions

1. Background

Forest is a conditional renewable resource which can be regenerated but needs 
a certain period of time to maintain its sustainable functioning. In India, the forest 
resources have been found to be depleting at a pace which is much high [1]. Rapid 
industrialization, urbanization and over-exploitation have resulted not only in 
decline but also in permanent loss of forest cover to an alarming rate [2]. The major 
driver behind all these factors is the uncontrolled population growth of humans 
which leads to the dramatic increase in the demand for wood and forest products. 
The over-exploitation of forest resources has taken place beyond the sustained 
yields to fulfil the needs of humans, thus bringing a change in the net forest cover 
[2, 3]. With the current rate of population explosion, the world population could be 
expected to increase from 7.6 billion to about 10 billion in the next 30 to 35 years [4]. 
The growing demand for food can be expected to rise by 50% in the given period, 
and it is a matter of serious concern. Rational utilization and proper management of 
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forest cover of ca. 1%, still there are certain regions in the country that have sought 
a decrease in the forest cover. The main reasons attributed to the reduction in forest 
cover are shifting cultivation, rotational felling, other biotic pressures, diversion of 
forest lands for developmental activities, etc. Continuous illicit cutting of trees has 
impacted the microclimatic conditions, hydrological cycle, soil quality, biodiversity, 
etc. of the country, thereby making the country more vulnerable for any unevent-
ful happening. Sustainable forest management practices, alternatives for shifting 
cultivation, promotion of plantation outside the forest and the usage of certified 
forest products, etc. are some of the measures that can be adopted to curb the rate 
of deforestation.
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1. Background

Forest is a conditional renewable resource which can be regenerated but needs 
a certain period of time to maintain its sustainable functioning. In India, the forest 
resources have been found to be depleting at a pace which is much high [1]. Rapid 
industrialization, urbanization and over-exploitation have resulted not only in 
decline but also in permanent loss of forest cover to an alarming rate [2]. The major 
driver behind all these factors is the uncontrolled population growth of humans 
which leads to the dramatic increase in the demand for wood and forest products. 
The over-exploitation of forest resources has taken place beyond the sustained 
yields to fulfil the needs of humans, thus bringing a change in the net forest cover 
[2, 3]. With the current rate of population explosion, the world population could be 
expected to increase from 7.6 billion to about 10 billion in the next 30 to 35 years [4]. 
The growing demand for food can be expected to rise by 50% in the given period, 
and it is a matter of serious concern. Rational utilization and proper management of 
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the forest resources are the most viable ways to prevent mass destruction of forests 
and large-scale species extinction. It is necessary to find the links between the 
growing demands and meeting the demands in a sustainable manner. The scope of 
future studies must focus on the solution to establish this link by incorporating the 
principles of forestry, restoration ecology and natural resource economics.

Deforestation occurs when a land initially dominated by naturally occurring tree 
species is converted to provide certain services in response to the human demand. 
The UN Food and Agricultural Organization (FAO) has defined deforestation as 
the conversion of forest to another land use or the long-term reduction of tree canopy 
cover below the 10% threshold. Forest areas around the world are majorly cleared 
for agriculture, logging, mining and large-scale developmental projects. The 
Food and Agricultural Organization [5] coordinated the Global Forest Resources 
Assessment (FRA) which reported a 3.16% decline in the global forest cover from 
1990 to 2015, and the total forest cover stands at about 30.6% in the present time 
compared to 31.6% in 1990. The rate at which the forest cover is declining poses 
a direct threat in the near future if not checked. With an estimated annual loss 
of 18.7 million acres, it is evident that future demands on forest resources would 
certainly lead to immense competition among nations [6]. Recently, in 2016, a 
study from the Maryland University reported that 73.4 million acres of the global 
tree cover were lost. Such a destruction of this essential and self-sustaining resource 
puts the implementation of the principle of sustainable development as mentioned 
in the Brundtland Report and Sustainable Development Goals of the 1992 of Rio 
Earth Summit in the state of question. And, it is an urgency to conserve the forests 
of which a vital part is already lost.

The value of forest is simple to understand but sometimes tough to quantify. 
The various values of the forest have been shown in Figure 1. Forest has a major 
contribution on the global economy and supports livelihood of the majority of rural 
populations in the world [7]. The direct uses of forest are most easy to quantify as it 
is directly related to economic returns. The indirect use and option value although 
play a major role in defining the valuation of the forest resources are seldom quanti-
fied and are being intangible in nature [8]. There is also a no-use value of the forest 

Figure 1. 
Different values of forests ecosystems
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resources which considers leaving the current forest intact as a heritage for the 
future generation and for satisfaction and happiness of the current population. 
But, these eco-centric views alone cannot suffice the support for a change in policy 
and land use pattern. There are some other important values of forests that are 
difficult to quantify. One of the major roles that forests play is that it acts as a major 
carbon sink [9–11]. Plants utilize carbon dioxide in the process of photosynthesis 
and store it in the form of carbohydrates, and these carbohydrates reach the soil as 
dead organic matter and contribute to soil carbon sink. When forests are cleared, 
less CO2 is absorbed by plants, and atmospheric CO2 concentration increases with 
the passage of time due to unavailable sink. Also, there is a marked reduction in soil 
organic carbon with the loss of vegetation cover, thereby affecting the productivity 
of the ecosystem. Productivity is believed to be an indicator of carbon assimila-
tion capacity, and hence the more productive the forests are, the more carbon it 
stores [12–14]. The tropical forests are among the most productive as well as the 
most threatened ecosystem in present time with the maximum rate of deforesta-
tion. Thus, it is imperative to control the rate of deforestation in order to avoid the 
adversities associated with it.

2. Impacts of deforestation

The value and functions of forests are immense and diverse. Similarly, the 
impacts of deforestation are global and commune the whole forest community. 
One of the major constraints in understanding the true impact of desertification on 
forests is the inadequacy and imprecise form of data.

2.1 Impacts on global climate

The effect of large-scale deforestation is global, but it is necessary to assess its 
impacts on microclimate, regional climate and global climate to form a holistic 
understanding of mechanism [15]. The association of deforestation with the 
increased CO2 concentration in the atmosphere and changes in the mass balances 
and surface energy can result in climate change at the local and global level [16]. 
The change in land use pattern especially the clearing of forest cover affects both 
hydrometeorological and global CO2 concentrations leading to more warming as 
CO2 readily absorbs infrared radiation [17]. Clearing tree cover and vegetation leads 
to increase in albedo of the region as bare soil reflects more solar radiation than 
vegetation, which again is a factor for altering regional radiation flux [15, 18]. One 
of the noticeable changes in regional climates occurs when the cloud formation 
shifts to higher elevations from lowland plains as a result of deforestation in the 
later area [19]. In a global scale, deforestation leads to warmer and drier weather 
due to the synergistic effect of reduced evapotranspiration, increased albedo and 
CO2 concentration that triggers desertification, loss in biodiversity and melting of 
polar ice caps, ultimately leading to food insecurity. All these effects are successors 
of extremes in climate variation that are produced by the large-scale reduction in 
forest cover [20]. The estimated quantity of CO2 added to the atmosphere due to 
deforestation in the tropics is roughly two billion tonnes [21]. It is interesting to note 
that the CO2 emissions due to clearing of forest will almost be equivalent to 25% 
of what is added to the atmosphere due to anthropogenic emissions [22]. The shift 
in climate is somehow correlated to reducing forest cover. Further researches can 
clearly define the mechanisms and pathways by which these shifts are progressing 
and how they can be mitigated.
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resources which considers leaving the current forest intact as a heritage for the 
future generation and for satisfaction and happiness of the current population. 
But, these eco-centric views alone cannot suffice the support for a change in policy 
and land use pattern. There are some other important values of forests that are 
difficult to quantify. One of the major roles that forests play is that it acts as a major 
carbon sink [9–11]. Plants utilize carbon dioxide in the process of photosynthesis 
and store it in the form of carbohydrates, and these carbohydrates reach the soil as 
dead organic matter and contribute to soil carbon sink. When forests are cleared, 
less CO2 is absorbed by plants, and atmospheric CO2 concentration increases with 
the passage of time due to unavailable sink. Also, there is a marked reduction in soil 
organic carbon with the loss of vegetation cover, thereby affecting the productivity 
of the ecosystem. Productivity is believed to be an indicator of carbon assimila-
tion capacity, and hence the more productive the forests are, the more carbon it 
stores [12–14]. The tropical forests are among the most productive as well as the 
most threatened ecosystem in present time with the maximum rate of deforesta-
tion. Thus, it is imperative to control the rate of deforestation in order to avoid the 
adversities associated with it.

2. Impacts of deforestation

The value and functions of forests are immense and diverse. Similarly, the 
impacts of deforestation are global and commune the whole forest community. 
One of the major constraints in understanding the true impact of desertification on 
forests is the inadequacy and imprecise form of data.

2.1 Impacts on global climate

The effect of large-scale deforestation is global, but it is necessary to assess its 
impacts on microclimate, regional climate and global climate to form a holistic 
understanding of mechanism [15]. The association of deforestation with the 
increased CO2 concentration in the atmosphere and changes in the mass balances 
and surface energy can result in climate change at the local and global level [16]. 
The change in land use pattern especially the clearing of forest cover affects both 
hydrometeorological and global CO2 concentrations leading to more warming as 
CO2 readily absorbs infrared radiation [17]. Clearing tree cover and vegetation leads 
to increase in albedo of the region as bare soil reflects more solar radiation than 
vegetation, which again is a factor for altering regional radiation flux [15, 18]. One 
of the noticeable changes in regional climates occurs when the cloud formation 
shifts to higher elevations from lowland plains as a result of deforestation in the 
later area [19]. In a global scale, deforestation leads to warmer and drier weather 
due to the synergistic effect of reduced evapotranspiration, increased albedo and 
CO2 concentration that triggers desertification, loss in biodiversity and melting of 
polar ice caps, ultimately leading to food insecurity. All these effects are successors 
of extremes in climate variation that are produced by the large-scale reduction in 
forest cover [20]. The estimated quantity of CO2 added to the atmosphere due to 
deforestation in the tropics is roughly two billion tonnes [21]. It is interesting to note 
that the CO2 emissions due to clearing of forest will almost be equivalent to 25% 
of what is added to the atmosphere due to anthropogenic emissions [22]. The shift 
in climate is somehow correlated to reducing forest cover. Further researches can 
clearly define the mechanisms and pathways by which these shifts are progressing 
and how they can be mitigated.
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2.2 Impact on hydrology and soil quality

The global water cycle depends on the amount and distribution of precipitation for 
which one of the influencing factors is evapotranspiration [23]. There is a direct effect 
on drinking water on the basis of quality and quantity, fisheries and aquatic habitats, 
occurrence of flood and drought, life of dams on account of increase siltation and 
agriculture due to poor quality irrigation and crop yield [24, 25]. It must be recognized 
that the protective role of forests is operative and has a major impact on urban water 
resources [26]. Forests play an important role in maintaining the watersheds [27]. 
The degraded or degrading watersheds can be recovered by forestation, but once the 
forest or vegetation cover is lost, the watershed becomes vulnerable to erosion. This 
erosion leads to siltation in the downstream areas and consequently reduces the depth 
of river bed increasing the chances of flood. There are two main effects of deforesta-
tion that increase the chances of flooding. One is by reducing the tree fountain effect, 
i.e. interception and moisture uptake by the trees would cease after deforestation 
reducing the moisture holding capacity of soil that leads to greater runoff and erosion. 
And other is by the process of soil compaction and poor soil structure that will lead 
to reduced organic matter content of soil devoid of vegetation cover [28]. There are 
severe long-term effects on soil as a cause of deforestation. During slash-and-burn 
or shifting cultivation, an area of forests clears and exposes the bare soil to weather 
extremes of high solar insolation and heavy rainfall [29]. In the absence of the forest 
cover and organic matter, soil could not accommodate heavy precipitation, and the 
fertile layers of soil used to be easily washed away ultimately reduces the long-term 
productivity. The effect on soil is dependent on the interrelation and synergistic effect 
of evapotranspiration and infiltration that are directly altered due to loss in vegetation 
cover [23].

Deforestation directly increases erosion and siltation rates. There is an increased 
risk of flooding in Yangtze River basin in China and the major river basins in 
East Asia and the Amazonian basin [23, 30]. The slopes and terrains are more 
vulnerable to such situations. There are formations of shallow gullies which may 
be accounted for the concentrated flow of runoff that prevails due to long-term 
erosion. Cultivation and ploughing along the slopes cause rapid erosion in the areas 
with less vegetation cover [31]. In the Loess Plateau, the slopes of steepness greater 
than 15° showed shallow gully erosion as a result of cultivation activities [32]. The 
availability of dead vegetation can reduce the surface runoff from the early season 
rain and check soil erosion [33]. It is necessary to sustain the forest and vegetation 
cover to maintain the soil productivity and water quality of both the surface and 
underground sources.

2.3 Impact on biological diversity

Forests are very rich in biodiversity and store a vast gene pool, and the majority 
of species occur in the tropical forests. It consists of two-thirds of all known species 
and 65% of 10,000 species that are recognized as endangered by the International 
Union for Conservation of Nature (IUCN) [34]. The biodiversity could be regarded 
as an important asset that is necessary to conserve for future utilization. The World 
Health Organization states that the traditional people, almost 80% of them, rely 
on the local biodiversity for traditional medicines. A loss in the biodiversity may 
directly affect their health care and well-being [35]. Another most noticeable 
impact of deforestation is the increasing human-wildlife conflict. The decreasing 
forest cover is limiting the habitats of many species due to which is forcing them 
to intrude with human welfare [36]. There are increasing instances of invasion 
and animal killing. The northern margin of West Bengal, India, forms a significant 
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portion of the Himalaya Biodiversity Hotspot. The area has observed heavy frag-
mentation in the last decade, and as a result, there was a huge loss in the agricultural 
crop and both human and elephant life due to conflicts. There are reports of mortal-
ity of 20 elephants and 50 persons annually from this area [37]. It is also estimated 
that if deforestation in the Himalayas continue at the current rate, the dense forest 
cover (>40% canopy cover) will be restricted to 10% of land area in the Indian 
Himalayas by 2100. This may lead to a significant loss of 366 endemic plants and 35 
endemic vertebrates [38]. The loss in biodiversity is of global concern irrespective of 
regional and local importance. Conserving the forest and an increase in forest cover 
certainly find a positive correlation with the increase and sustenance of biodiver-
sity. Conversion of forest land to agricultural fields and other land use could be a 
threat to major loss in biological diversity in the near future.

2.4 Impact on economic and social welfare

Forests contribute to the world economy in terms of timber production and 
other forest produces. There are different contributions of forest as a means of 
direct employment in forestry services and other value-added contributions as 
recreation and aesthetics. The loss of tropical forest cover annually may account 
for about 45 billion US dollars [39]. The destruction of forest eliminates the 
sources of economic gain directly obtained and also eliminates the potential 
gain from the resources that the forest sustains as biodiversity, soil and water. 
Also, the destruction of forest increases the negative externalities in the form of 
increasing CO2 concentration, risk of flood and human-wildlife conflict [40]. 
The proximity of settlements to protected areas further intensifies the chances of 
human-wildlife conflict (HWC). It is reported that settled households face high 
risk of HWC due to their close proximity of the Kanha National Park in Central 
India [41]. Deforestation has its social influence in the form of long-term effect. 
Development is a serious concern for indigenous community as it certainly leads 
to a change or shift of their culture and tradition. The cultural and religious 
aspects of the community are seldom preserved amid infrastructural advance-
ment that leads to land and social conflict [42]. In a study of household survey 
from rural areas of Madhya Pradesh and Chhattisgarh state of India, it was found 
that the poorest of the local community gained about 30% of their living from 
forest produce which was claimed to be even higher than the returns from agri-
culture. Also, forest provides an option as safety net during the period of crisis in 
rural areas [43]. Various ecological services provided by the forests have been lost 
due to deforestation which in turn has immediate effects on the local communities 
dependent on these services for their daily needs. The inclusive approach for the 
sustainable management of forest resource is a vital consideration that considers 
economy as a subset of the society which in itself is a subset of the environment. 
Such considerations can help sustaining the constantly declining forest cover and 
its long-term impacts.

3. Forest cover status in India

The forest cover was found to be increased by ca. 1% for the year 2017 which 
is 21.54% of the total geographic area when compared to that of forest cover 
status in 2015 which is a positive sign towards the constant efforts that are being 
put in to protect the forest (Figure 2). This positive change in the forest cover 
is mainly attributed to the conservation and management practices that include 
afforestation activities, participation of local peoples for better protection 
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dependent on these services for their daily needs. The inclusive approach for the 
sustainable management of forest resource is a vital consideration that considers 
economy as a subset of the society which in itself is a subset of the environment. 
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is 21.54% of the total geographic area when compared to that of forest cover 
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measures in plantation areas and traditional forest areas, expansion of trees 
outside forest, etc. Also, with this increase in the forest cover, the country has 
procured 8th position among the top 10 countries reporting the greatest annual 
forest area gain. Although there has been an increase in the total forest cover in 
India, still there are certain regions within the country that has sought a reduc-
tion in the same (Figure 3). The main reasons attributed for this reduction are 

Figure 2. 
Forest cover status in India for the last 30 years (1987 to 2017).

Figure 3. 
MODIS-based land use/land cover map of India for the year (a) 2001 and (b) 2017.
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shifting cultivation, rotational felling, other biotic pressures, diversion of forest 
lands for developmental activities, etc. [44]. A transition in the various forest 
cover classes has also occurred over the past. The present status of forest cover 
(%) of India belonging to various forest cover classes has been shown in  
Figure 4. It has been found that there is a reduction in the moderately dense 
forest and an increment in the open forest depicting degradation of forest cover 
to some extent. Changes within the forest cover classes result in decrease in the 
production capacity, thereby leading to forest degradation [45]. Control and 
regular check of these activities can help in strengthening the conservatory 
efforts of forest protection. This is the necessity of the present time to conserve 
the forests in order to sustain the vital ecosystems and the major carbon sink to 
combat the effects of global climate change and ultimately maintain the environ-
mental balance.

4. Case studies of forest disturbances from different parts of India

Forests are an invaluable resource that is being subjected to so many threats. In 
order to protect our forests, it is very much necessary to understand the reasons 
behind their destruction. Differentiating the agents and causes of deforestation 
will enable in understanding the same [36]. Several disturbances within the 
forest directly or indirectly contribute in destruction of the forest. This can be 
interpreted from the results obtained while surveying in different forest patches 
in India.

4.1 Disturbances in the forests of Arunachal Pradesh

Arunachal Pradesh is one of the states that has more than 75% forest cover and 
has the maximum very dense forest cover type [44]. The state is highly diverse in 
terms of climate as well as forest cover with tropical, sub-tropical, temperate and 
alpine forests having higher NDVI (≥7.0) [46]. However, the pressure on for-
est resources is consistently increasing with the rise in population, development 

Figure 4. 
Forest cover (%) of India for the year 2017 (Source: [44]).
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order to protect our forests, it is very much necessary to understand the reasons 
behind their destruction. Differentiating the agents and causes of deforestation 
will enable in understanding the same [36]. Several disturbances within the 
forest directly or indirectly contribute in destruction of the forest. This can be 
interpreted from the results obtained while surveying in different forest patches 
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4.1 Disturbances in the forests of Arunachal Pradesh

Arunachal Pradesh is one of the states that has more than 75% forest cover and 
has the maximum very dense forest cover type [44]. The state is highly diverse in 
terms of climate as well as forest cover with tropical, sub-tropical, temperate and 
alpine forests having higher NDVI (≥7.0) [46]. However, the pressure on for-
est resources is consistently increasing with the rise in population, development 

Figure 4. 
Forest cover (%) of India for the year 2017 (Source: [44]).
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activities, large number of wood-based industries and unsustainable land use 
practices resulting in their degradation [47]. This has also resulted in decrease in 
the forest cover of the state [44]. Several disturbances were being observed dur-
ing the field survey in the forests of Arunachal Pradesh during 2007 to 2010. The 
major disturbances that were found include lopping, cut stumps, litter collection, 
soil removal, grazing, fire, NTFP collection and fuelwood collection (Figure 5). 
Of these, fuelwood collection was found to be the most recurrent activity followed 
by grazing. Generally, fuelwood collection has not been considered as the major 
cause of deforestation but leads to the same in certain regions with reduced forest 
area such as in the Philippines, Thailand and parts of Central America [36]. Forest 
fire has also been observed as an occasional event in certain parts of Arunachal 
Pradesh. Fires are generally used as a tool in clearing the forest for shifting cultiva-
tion which is one of the major agricultural practices performed in the state. Fires 
when used responsibly act as a valuable tool in managing forest and agriculture, but 
when abused, it can lead to deforestation [48, 49]. Other disturbances that can be 
an indicator of deforestation include NTFP collection and presence of cut stumps in 
certain forests. Forests of the state are highly diverse in endemic as well as nonen-
demic species, which need intensive monitoring and management to conserve the 
species-rich ecosystems from ever increasing anthropogenic pressure and changing 
climatic conditions [50].

4.2 Disturbances in the forests of Madhya Pradesh

Madhya Pradesh is among one of the states of India which is endowed with rich 
and diverse forests and comprises the largest forest cover in the country [44]. This 
is mainly because of the efforts that the state has put in to conserve and harness this 
invaluable resource through innovative measures like community participation and 
decentralization (MP) [51]. Even after these continuous efforts, there are certain 
regions within the state where the occurrence of several types of disturbances in 
the forest has been found. The common disturbances that were being observed 

Figure 5. 
Major disturbances in the forests of Arunachal Pradesh.
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during the field survey (2017–2019) include fire, grazing, fuelwood collection, 
forage removal, litter collection, NTFP collection, lopping, thatch collection, root 
collection, soil removal, etc. (Figure 6). Among all these fire has been found as the 
major recurrent type of disturbance in the forests of Madhya Pradesh. Other major 
disturbances were grazing followed by fuelwood collection. Since every type of 
deforestation is not intentional but some which are the results of amalgamation of 
anthropogenic and natural factors like wildfires and subsequent overgrazing can 
prevent the growth of young trees [52] and thus eventually degrade the quality and 
productivity of the forest.

4.3 Disturbances in the forests of Jharkhand

The name of the state ‘Jharkhand’ itself connotes ‘area of land covered with 
forests’ and has been exhibiting a unique relation with forests since time imme-
morial [53]. During the forest cover assessment [44], a net increase of 29 sq. km 
in the forest cover has been observed in the state which is mainly because of the 
plantation and conservation efforts within recorded forest areas. Although, there 
was an increment of 314 sq. km in the forest cover within the recorded forest areas, 
because of the felling of trees outside the forests area, its effect on forest cover has 
been offset. Also, several types of disturbances can be seen within the forest areas 
during the field survey (2016–2018), and the major disturbances were fuelwood 
collection, grazing, forage removal, lopping, cut stumps, thatch collection, root 
collection, soil removal, litter collection and NTFPs collection (Figure 7). Most 
of these disturbances were occasional in nature. Although these disturbances are 
not that recurrent, a regular check is necessary in order to prevent the forests from 
degrading and in achieving a sustainable forest cover. The forest management strat-
egies should focus on the increasing demands of different timber and non-timber 
forest produce to conserve the plant diversity of the natural forests of the state [54].

Figure 6. 
Major disturbances in the forests of Madhya Pradesh.
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during the field survey (2017–2019) include fire, grazing, fuelwood collection, 
forage removal, litter collection, NTFP collection, lopping, thatch collection, root 
collection, soil removal, etc. (Figure 6). Among all these fire has been found as the 
major recurrent type of disturbance in the forests of Madhya Pradesh. Other major 
disturbances were grazing followed by fuelwood collection. Since every type of 
deforestation is not intentional but some which are the results of amalgamation of 
anthropogenic and natural factors like wildfires and subsequent overgrazing can 
prevent the growth of young trees [52] and thus eventually degrade the quality and 
productivity of the forest.

4.3 Disturbances in the forests of Jharkhand

The name of the state ‘Jharkhand’ itself connotes ‘area of land covered with 
forests’ and has been exhibiting a unique relation with forests since time imme-
morial [53]. During the forest cover assessment [44], a net increase of 29 sq. km 
in the forest cover has been observed in the state which is mainly because of the 
plantation and conservation efforts within recorded forest areas. Although, there 
was an increment of 314 sq. km in the forest cover within the recorded forest areas, 
because of the felling of trees outside the forests area, its effect on forest cover has 
been offset. Also, several types of disturbances can be seen within the forest areas 
during the field survey (2016–2018), and the major disturbances were fuelwood 
collection, grazing, forage removal, lopping, cut stumps, thatch collection, root 
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of these disturbances were occasional in nature. Although these disturbances are 
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degrading and in achieving a sustainable forest cover. The forest management strat-
egies should focus on the increasing demands of different timber and non-timber 
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5. Joint Forest Management in India: a case study

Forest management and protection by the local communities is an age-old 
practice in India which can be traced back to the protective nature of the Bishnoi 
Community of Rajasthan towards the local forest and animals as the black buck. 
The idea of community-based forest management emerged in an administrative 
level in the 1970s and 1980s. The declaration of the Government of India in June 
1990 marked the establishment of Joint Forest Communities in different India 
states as per the National Forest Policy of 1988. The Earth Summit of 1992 provided 
with a clear objective of Sustainable Forest Management to which India responded 
in a positive way. From an increase in the forest cover, non-timber forest product 
(NTFP) to conservation of native flora and fauna, a whole new realm of forest 
management strategy by the collaboration of forest departments and local com-
munities aided in decelerating the degradation of natural forest in India [55]. The 
Participatory Forest Management (PFM) is equivalent to an informal contract in 
which the local communities are allowed to consume a portion of harvest and NTFP 
if they protect and conserve it for 5–10 years. In India there is no legal authority of 
the local community on the forest resource where as in other countries as in Nepal 
the Community Forest User Groups (CFUG) are registered under their Forest Act, 
1993 [56]. It is the positive effort of the local communities of India that the area 
under Joint Forest Management increased from 22,017,583 ha to 2,144,000 ha in 
March 2006 with 106,482 recognized Joint Forest Management committees coun-
trywide [57].

6. Mitigation measures to curb deforestation

Deforestation is a major environmental challenge which has been persistent 
from the past, and the situation is more worsened at present. Therefore, there is an 
urgent need to focus on the mitigative measures in order to prevent the distress-
ing effects of deforestation in the near future. In order to alleviate the problem 
of deforestation, the strategies should be based on the underlying causes of the 
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same. Also, the strategies for mitigating the problem of deforestation require its 
effective implementation that needs the recognition of the roles of national, state 
and municipal governments along with the pro-active role of the civil society and 
private society [36]. The continuous increase in the human population especially 
in the developing countries has resulted in enhanced pressure on the forests for 
human settlements and other land use practices. A reduction in the growth rate 
of human population plays a crucial role in reducing the practice of deforestation 
[36]. Alternatives to slash-and-burn agriculture can be adopted as a strategy to 
mitigate the deforestation by boosting the agricultural and forestry productions for 
the shifting cultivators ([58, 59]). The sustainable alternatives for slash-and-burn 
cultivation will assist the poor farmers in leading a better life without destroying 
additional forests [60]. Public policies and laws with greater security, accessibility 
to the minimal inputs required to maintain or enhance food production and an 
opportunity to the cultivators to market their products will aid in the sustainability 
of shifting cultivation systems [61].

Another strategy that can be applied to control the rate of deforestation is 
through the adoption of sustainable agroforestry, sustainable logging, agro-pastoral 
production systems, etc. [62]. The sustainable forest management practices can 
be promoted only if it is ecologically, economically and socially sustainable [36]. 
Agroforestry has been considered as one of the methods to curb deforestation which 
in turn aid in reduction of CO2 emissions and mitigation of climate change effect 
[63, 64]. The adoption of agroforestry practices has resulted in an increase in the 
income of agroforestry adopters as compared to that of non-agroforestry adopters 
and has also contributed towards improving soil fertility, reducing deforestation 
and conserving soil and water [65]. The provision of protected areas is one of the 
key steps towards an attempt to reduce deforestation which is generally motivated 
through biodiversity conservation [34]. Also, the global endeavours to reduce tropi-
cal deforestation are dependent heavily on the establishment of protected areas. It 
has been found that protection reduced deforestation as approximately 10% of the 
protected forests would have been deforested if they would have not been protected 
[66]. Tropical protected areas reduced deforestation which was liable for around 
one-tenth of total anthropogenic carbon emissions, thus playing a significant role in 
mitigating the effects of climate change and protecting biodiversity and ecosystem 
services [67]. Similarly, a total loss of 15.4% in the unprotected mangrove cover 
was compensated by the 15.7% rise in the protected mangrove cover (protected by 
government as per Ramsar Convention) which resulted in a net increase of 13.3% 
in mangrove cover across India in the last 25 years [68]. Implementation of forest 
certification can be among one of the strategies to control deforestation around the 
world. Forest certification is a process through which the producers identify their 
products in the marketplace and receive greater market accessibility and higher 
prices for their products by fulfilling certain stringent sustainable forestry stan-
dards [69]. Certification has played an important role in protecting Penten forests 
from 1986 to 2007, and the certified forests experience 20 times less deforestation 
than non-certified areas [70]. Thus, certification of forest can play a major role in 
controlling deforestation since the timber certification was found to be negatively 
related with deforestation, i.e. the increase in the certification process has resulted 
in a declination in the deforestation rate [71].

7. Role of Indian government in forest conservation

The Government of India has been continuously putting significant efforts in 
terms of conserving the forest resources. They have not only taken measures to 
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conserve the present forest cover but also have initiated several measures to increase 
the forests and tree cover of the country. Both the national and state governments 
are jointly responsible for the sustainable management of the forest resources in 
India. Various steps, rules and laws have been brought and implemented in order to 
conserve the forest cover of India. Some of these rules and laws are [72]:

• The Indian Forest Act, 1927: The act is an amalgamation of laws relating to 
forests, the transit of forest produce and the duty leviable on timber and other 
forest produces. It defines the procedures for declaring an area of a reserved 
forest, a protected forest or a village forest by the state government. With the 
amendment in the Act in 2012, it also prohibited the fresh clearances in forests 
and setting fire in a reserved forest.

• Forest Conservation Act, 1980 (with an amendment in 1988): The main 
purpose of the proposition of this act was to conserve the forests and to look 
into the matters connected therewith or ancillary or incidental thereto. With 
the implementation of this act, a prior approval of the Central Government is 
required for any sort of diversion of forest areas for the non-forestry purposes.

• [73]: The establishment of the National Forest Policy was also among one of 
the steps taken by the Government of India in order to ensure compensatory 
afforestation, essential environmental safeguards, sustainable utilization, 
maintenance, restoration and enhancement of forest areas.

• Wildlife Protection Act, 1972: The wildlife protection act was enacted basically 
to protect wild animals, birds and plants and for matters connected therewith 
or ancillary or incidental thereto with a view to ensure the ecological and 
environmental security of the country.

• The Scheduled Tribes and Other Traditional Forest Dwellers (Recognition of 
Forest Rights) Act, 2006: The act was framed with the purpose to recognize 
and vest the forest rights and occupation in forest land in forest dwelling 
scheduled tribes and other traditional forest dwellers who have been residing 
in such forests for generations but whose rights could not be recorded. These 
recognized rights of the forest dwelling scheduled tribes and other traditional 
forest dwellers include the responsibilities and authority for sustainable use, 
conservation of biodiversity and maintenance of ecological balance which in 
turn aid in strengthening the conservation regime of the forests while ensuring 
livelihood and food security of the forest dwellings scheduled tribes and other 
traditional forest dwellers.

Apart from these laws, the Government of India has also established Forest 
Survey of India (FSI), an organization under the Ministry of Environment, Forest 
and Climate Change, whose primary work is to gather and evaluate the country’s 
forest wealth through a nationwide survey to measure forest areas [74]. This in turn 
aids in determining the factors and drivers behind the loss or gain in forest cover of 
any particular region in India. Another council, i.e. the Compensatory Afforestation 
Fund Management and Planning Authority (CAMPA), was established by the 
Government of India in 2009 as a National Advisory Council under the chairman-
ship of the Union Minister of Environment, Forest and Climate Change for the 
monitoring, technical assistance and evaluation of compensatory afforestation 
activities. This was particularly meant to promote afforestation and regeneration 
activities as a way of compensating for forest land diverted to non-forest uses [75]. 
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Certain scheme such as Integrated Forest Protection Scheme (IFPS) was being for-
mulated by the government to save the forests from fire. The scheme was designed 
by combining the forest fire protection and management technique along with 
forest conservation. Various other missions and programmes such as the National 
Mission for a Green India (NMGI) and National Afforestation Programme (NAP) 
were also being launched by the Government of India where the main aim of NMGI 
was to improve the quality of five million hectares of degraded forests and to bring 
another five million hectares of non-forest areas under forest cover through social 
and farm forestry. On the other hand, the NAP was launched with the objective to 
develop the forest resources with people’s participation, with a focus on improving 
the livelihood of the forest-fringe communities, especially the poor [75].

The Ministry of Environment, Forest and Climate Change has been optimistic 
in strengthening the role of women in conservation of forest at local community 
levels since long. The National Forest Policy [73], for the first time, acknowledged 
the necessity of including woman members in forestry schemes. The Joint Forest 
Management Policy of 1990 mandated woman representatives not less than 40% 
in general body and 50% in executive body of the local forestry institutions like the 
JFM committee. Later in 2002, the Biodiversity Authority of India reframing the 
local biodiversity management committee structure mandated the reservation of 
one-third of its members as women. Thus, this understanding of the role of women 
in the local-level conservation measures and implementation of related rules has 
aided in improving the management of forest in rural regions of the country [76].
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aided in improving the management of forest in rural regions of the country [76].
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Abstract

Vegetation in the urban area showed not only a difference in species composition 
but also lower diversity compared with that of the natural area. Successional trend 
was normal in natural area, but that in urban areas showed a retrogressive pattern. 
Korean mountain ash (Sorbus alnifolia (Siebold & Zucc.) K.Koch), a shade intoler-
ant species, dominated such a retrogressive succession. The vegetation decline is due 
to changes of mesoclimate and soil properties that imbalanced distribution of green 
space induced as the result of urbanization. In recent years, new environmental 
stress due to climate change is imposed additively to this forest decline. Drought is 
the very environmental stress. Drought-induced plant damage started from wither-
ing of leaves of plants introduced for landscaping in the urban area. Over time, 
branches died and death of the whole plant body followed. In particular, damage of 
Korean mountain ash, the product of retrogressive succession, was remarkable. As 
retrogressive succession has already progressed much, thus such phenomenon could 
be recognized as crisis of urban forest.

Keywords: drought, forest decline, retrogressive succession, Seoul, urban forest

1. Introduction

Urbanization expanding globally is recognized as a major causing environmen-
tal change [1]. Reduction of habitat size, fragmentation, and imbalanced distribu-
tion of green space due to urbanization led to influences on dynamics of vegetation 
remaining in urban area [2, 3]. Increases of temperature, precipitation, and 
nitrogen deposition due to urbanization also altered abiotic conditions of habitat 
patches remaining in urban area [1, 4]. These changes influence habitat quality, 
and, consequently, the species composition, species diversity, and functional 
diversity of vegetation remaining there [3, 5, 6], which in turn affect the ecosystem 
functions [7].

Forests are the typical types of urban green space [8]. Urban forests function as 
habitat of native species as well as recreation site for citizens [9, 10]. Urban forests 
can play a role of refugia of rare and threatened species and thus can display high 
conservation value [11, 12]. Among urban landscape elements, forest has substan-
tially different site history, intensity of management and disturbance, and conse-
quently different species composition from other landscape elements [3, 12, 13]. 
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Urban forests are remnants of former continuous forests, a result of succession or 
artificial plantation [14]. They can also include urban orchards, urban park, cemeter-
ies overgrown by trees, or residential garden [12, 13].

Land transformation and increase of impervious surface cover affect forests 
throughout the landscape through increased local temperatures and altered eco-
system processes. Anthropogenic drivers of global change, i.e., land-use change, 
introduction of exotic species, pollution, and climate change, affect forest composi-
tion and function across the landscape [15]. In particular, change of land-use pattern 
including urbanization and their effects on remaining vegetation constitute one of 
the major factors influencing on natural ecosystems [16, 17]. In the case of forests, 
about 70% of remaining forest around the world is within 1 km from the forest’s edge 
[18]. Therefore, it is very difficult that they maintain integrate structure and healthy 
function. As land is transformed into urbanized area, the effects of the transforma-
tion on the remaining vegetation are getting more apparent. Increased local tempera-
ture and altered hydrologic and nutrient cycle, land transformation, and increased 
impervious surface cover have been recognized as elements affecting forest health 
and resilience to other stress factors [19–21]. Those remaining natural forest patches 
are still critical in terms of air quality improvement, flooding reduction, urban heat 
island effect mitigation, and supply of other ecosystem services that are important 
to both human societies and natural environment [22–24]. Therefore, understanding 
how urbanization affects structure and function of remnant forest ecosystems is 
critical to both conservation and management of this ecological resource.

One of the principal changes that urbanization induced is the increase of land 
covered by impervious surfaces such as asphalt and concrete pavement, concrete 
buildings, and tightly compacted soils. Percentage-paved land surface is an appro-
priate proxy for urban heat island effects as a main factor increasing the land 
surface temperature [25, 26]. Urban heat islands develop around areas with high 
heat absorptive capacity such as asphalt, concrete buildings, bare ground, and other 
developed lands, which heat up rapidly and increase local temperature greatly com-
pared with surrounding natural areas [27, 28]. In an area that natural forest is con-
served to urbanized area, land surface temperature increased more than 70% and 
soil moisture decreased about 15%. These changes of the microclimate in urbanized 
areas can affect vegetation remaining there [29]. Trees growing in areas covered by 
impervious surface densely represented low drought resilience compared with trees 
in forested areas [30] and experienced severer moisture stress and insect damage 
compared with trees in intact forests [31]. In general, increased impervious surface 
cover increases water stress and vulnerability to drought and thus makes trees in 
intensively urbanized landscapes more sensitive to cavitation and lower protection 
from embolism formation [32].

Increasing urbanization could aggravate the impact of climate change on forest. 
Increasing temperature accompanies severer and more frequent droughts that 
could increase tree mortality [33, 34]. Even though most forest species can tolerate 
changes in mean climatic conditions, it is not clear that they could withstand the 
extreme weather events like drought [35, 36].

Thus, the synergistic effects of extreme weather events, like drought and 
temperature increase in relation to urbanization, could influence severely on the 
health and resilience of forests remaining in urban areas [37, 38]. A decline of forest 
health and the following changes in species composition and vegetation structure 
would lead to change of ecosystem function and ultimately alter ecosystem services 
in those ecosystems [39, 40].

In Korea, forest began to show decline symptoms around the industrial com-
plexes and large cities [41, 42]. Further, change of mesoclimate due to excessive 
land use in urban area led to changes of vegetation structure and dynamics as well 
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as soil properties [39, 42–48]. In addition, new environmental stress due to climate 
change is imposed additively to this forest decline and thereby incites degradation 
of urban forest in recent years.

This chapter addresses the following: (1) landscape structure in Seoul, (2) 
changes of mesoclimate and soil due to imbalanced distribution of greenery space, 
(3) retrogressive succession due to such environmental changes, and (4) drought-
induced tree mortality.

Forest decline here includes deforestation, forest degradation, or a combination 
of both based on the definition of FAO [49].

2. Study area

Seoul, the capital of South Korea, is located in the Central Korean Peninsula and 
covers 605 km2 of land (126°46′15″ to 127°11′15″ E longitude, 37°25′50″ to 37°41′45″ 
N latitude; Figure 1). Topography of Seoul is the typical basin that Han River runs 
through the center and is backed by mountains. The elevation of the study area 
ranges from 20 to 800 m above sea level. The parent rock of the mountainous areas 
around Seoul is usually composed of granite and gneiss, and the flat land beside 
rivers and streams is consisted of alluvium. Soil in these areas was classified into 
the Suam, Osan, Asan, and Anryong series, which developed on gneiss and granite 
bedrock [39, 50]. The climate of Seoul is continental, with warm and moist sum-
mers and cold and dry winters. From 1981 to 2010, the mean annual temperature 
was 12.5°C and the mean annual precipitation was 145.1 cm [51].

The mountainous vegetation of Seoul is consisted of four major plant communi-
ties distributed along an elevation gradient: the Korean red pine (Pinus densiflora 

Figure 1. 
A map showing the study area, Seoul, the capital of South Korea. (1) Mt. Nam, (2) Mt. Bukhan, (3) Mt. 
Surak, (4) Mt. Bulam, (5) Mt. Acha, (6) Mt. Daemo, (7) Mt. Cheonggye, (8) Mt. Jeombong.
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Siebold & Zucc.) community in the mountain peaks and around the residential 
area, the Mongolian oak (Quercus mongolica Fisch. ex Ledeb.) community in the 
upper slopes, the hornbeam (Carpinus laxiflora (Siebold & Zucc.) Blume) commu-
nity in the lower slopes, and the sawleaf zelkova (Zelkova serrata (Thunb.) Makino) 
community in the mountain valleys [52]. East Asian alder (Alnus japonica (Thunb.) 
Steud.) stands remained in the plains and valleys of lowlands that escaped from 
urbanization [53–55]. Much of the natural forest in the Seoul metropolitan area 
disappeared due to extensive deforestation for fuel, building material, and other 
purposes during the twentieth century [56]. The human population of Seoul has 
increased from 2.4 million in 1960 to 9.8 million as of 2010 [57]. During this period, 
the percentage of green space decreased from 70% in 1960 to 29% in 2015, mostly 
to accommodate residential area [54, 56, 58]. Korean government designated most 
of the forested mountains in suburban areas of Seoul as greenbelt zones in order 
to prevent further loss of green space. Under the current greenbelt ordinance, no 
commercial, industrial, or urban development is permitted in those forests [58].

3. Methods

An ecological map to grasp landscape structure was obtained from Seoul City 
[59]. Landscape ecological analyses of the maps were determined with ArcGIS 
program (ver. 10.0).

Soil samples were collected from 150 grids, dividing 2 km × 2 km intervals, 
throughout the entire area of Seoul (all 605 km2). Soil properties were measured 
for pH, Ca2+, Mg2+, and Al3+ contents, which can explain acidification and its 
effects. Soil pH was measured with a benchtop probe after mixing the soil with 
distilled water (1:5 ratio, weight per volume) and filtering the extract through 
Whatman No. 44 paper. Exchangeable Ca2+, Mg2+, and Al2+ concentrations were 
measured after extraction with 1 N ammonium acetate (pH = 7.0 for Ca2+ and Mg2+ 
and pH = 4.0 for Al3+) and using inductively coupled plasma (ICP) atomic emission 
spectrometry (Shimadzu ICPQ-1000) described in Allen [60].

Vegetation data were collected in the urban areas (Mts. Nam, Daemo, Bulam, 
Acha, Surak, Bukhan, and Cheonggye) and a natural area (Mt. Jeombong) 
(Figure 1). Vegetation survey was conducted in 66 plots, with 8, 10, 7, 8, 10, 
4, 10, and 9 plots in each of the following sites: Mts. Nam (Mt. N hereafter), 
Daemo (Mt. D), Bulam (Mt. Bl), Acha (Mt. A), Surak (Mt. S), Bukhan (Mt. 
Bk), Cheonggye (Mt. Cg), and Jeombong (Mt. J), respectively. The size of each 
plot was 20 m × 20 m. All the plant species in each plot were identified using the 
Korea Plant Name Index [61]. For major tree species, stem diameters (at breast 
height for mature trees or at stem base for seedlings and saplings) were measured 
and sorted by diameter classes. The vegetation survey was conducted by apply-
ing the phytosociological procedure of Braun-Blanquet [62]. Dominance of each 
species in each plot was estimated by ordinal scale (1 for ≤5% up to 5 for ≥75%), 
and each ordinal scale was converted to the median value of percent cover range 
in each cover class. Relative coverage was regarded as the importance value of 
each species. Relative coverage was determined by dividing the cover fraction of 
each species by the summed cover of all species in each plot and then multiplying 
by 100. A matrix of importance values for all species in all plots was constructed 
and used as data for ordination using detrended correspondence analysis (DCA) 
[63]. To describe and compare species diversity and dominance among sites, rank 
abundance curves [55, 64, 65] were plotted. The Shannon-Wiener diversity index 
(H′) [65] was also calculated for each stand in each site.
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Meteorological data to confirm drought state were obtained from the Korea 
Meteorological Administration (https://data.kma.go.kr). The amount of evapo-
transpiration and evaporative demand was obtained by applying a method of 
Blaney and Criddle [66].

Field survey for investigating drought-induced plant damage was carried out 
from May to early July before rainy season in 2017 and from July to August in 2018. 
Survey in 2018 focused on verifying the result assessed in 2017 survey.

Field survey was conducted by recording degree of leaf surface injury of all 
plants appearing along the trampling path. Damage degree was classified into 
five groups based on the percentage of injury showed on leaf surface: very severe 
(V, more than 75% of total leaf area damaged), severe (IV 50–75% damaged), 
moderate (III, 25–50% damaged), slight (II, less than 25% damaged), and none 
(I, 0%) (Figure 2). We regarded the plant that all leaves were withered as dead 
individual in survey of 2017 and confirmed the result in the survey of 2018. The 
length of trampling path where field survey was conducted was about 4.0 km, 
and horizontal range was within 10 m in both sites.

4. Landscape structure

As the result of analysis on the landscape ecological map generated for Seoul, 
urban area occupied the widest as 60.8% of total area, secondary forests (12.7%), 
plantations (8.6%), river and reservoir (5.6%), landscape architectural plantation 
(4.5%), agricultural fields (2.5%), grasslands (2.4%), inaccessible area (2.3%), and 
bare ground (0.7%) followed (Figure 3). Forests composed of secondary forests 
and plantations and agricultural fields were usually concentrated to the city’s fringe, 
and the urban center has little vegetation. Moreover, vegetation in the urban center 
was of low ecological quality, as most were fragmented into small patches and 
consisted of species introduced by landscape architects without ecological consid-
eration or exotic plants [39, 40]. Therefore, green space showed severe imbalanced 
spatial distribution (Figure 3).

Figure 2. 
Photos showing the grades for assessing drought-induced plant damage. I, none damaged; II (slight), less than 
25% damaged; III (moderate), 25–50% damaged; IV (severe), 50–75% damaged; V (very severe), more than 
75% damaged.
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to prevent further loss of green space. Under the current greenbelt ordinance, no 
commercial, industrial, or urban development is permitted in those forests [58].
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[59]. Landscape ecological analyses of the maps were determined with ArcGIS 
program (ver. 10.0).
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throughout the entire area of Seoul (all 605 km2). Soil properties were measured 
for pH, Ca2+, Mg2+, and Al3+ contents, which can explain acidification and its 
effects. Soil pH was measured with a benchtop probe after mixing the soil with 
distilled water (1:5 ratio, weight per volume) and filtering the extract through 
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plot was 20 m × 20 m. All the plant species in each plot were identified using the 
Korea Plant Name Index [61]. For major tree species, stem diameters (at breast 
height for mature trees or at stem base for seedlings and saplings) were measured 
and sorted by diameter classes. The vegetation survey was conducted by apply-
ing the phytosociological procedure of Braun-Blanquet [62]. Dominance of each 
species in each plot was estimated by ordinal scale (1 for ≤5% up to 5 for ≥75%), 
and each ordinal scale was converted to the median value of percent cover range 
in each cover class. Relative coverage was regarded as the importance value of 
each species. Relative coverage was determined by dividing the cover fraction of 
each species by the summed cover of all species in each plot and then multiplying 
by 100. A matrix of importance values for all species in all plots was constructed 
and used as data for ordination using detrended correspondence analysis (DCA) 
[63]. To describe and compare species diversity and dominance among sites, rank 
abundance curves [55, 64, 65] were plotted. The Shannon-Wiener diversity index 
(H′) [65] was also calculated for each stand in each site.
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Meteorological data to confirm drought state were obtained from the Korea 
Meteorological Administration (https://data.kma.go.kr). The amount of evapo-
transpiration and evaporative demand was obtained by applying a method of 
Blaney and Criddle [66].

Field survey for investigating drought-induced plant damage was carried out 
from May to early July before rainy season in 2017 and from July to August in 2018. 
Survey in 2018 focused on verifying the result assessed in 2017 survey.

Field survey was conducted by recording degree of leaf surface injury of all 
plants appearing along the trampling path. Damage degree was classified into 
five groups based on the percentage of injury showed on leaf surface: very severe 
(V, more than 75% of total leaf area damaged), severe (IV 50–75% damaged), 
moderate (III, 25–50% damaged), slight (II, less than 25% damaged), and none 
(I, 0%) (Figure 2). We regarded the plant that all leaves were withered as dead 
individual in survey of 2017 and confirmed the result in the survey of 2018. The 
length of trampling path where field survey was conducted was about 4.0 km, 
and horizontal range was within 10 m in both sites.

4. Landscape structure

As the result of analysis on the landscape ecological map generated for Seoul, 
urban area occupied the widest as 60.8% of total area, secondary forests (12.7%), 
plantations (8.6%), river and reservoir (5.6%), landscape architectural plantation 
(4.5%), agricultural fields (2.5%), grasslands (2.4%), inaccessible area (2.3%), and 
bare ground (0.7%) followed (Figure 3). Forests composed of secondary forests 
and plantations and agricultural fields were usually concentrated to the city’s fringe, 
and the urban center has little vegetation. Moreover, vegetation in the urban center 
was of low ecological quality, as most were fragmented into small patches and 
consisted of species introduced by landscape architects without ecological consid-
eration or exotic plants [39, 40]. Therefore, green space showed severe imbalanced 
spatial distribution (Figure 3).

Figure 2. 
Photos showing the grades for assessing drought-induced plant damage. I, none damaged; II (slight), less than 
25% damaged; III (moderate), 25–50% damaged; IV (severe), 50–75% damaged; V (very severe), more than 
75% damaged.
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5. Spatial structure of urban heat island

Spatial structure of the urban heat island in Seoul was investigated based on 
temperature data measured at 23 automatic weather stations (AWSs) in the Seoul 
metropolitan area.

Figure 4 shows the average spatial distribution of air temperature in the Seoul 
metropolitan area for each season and the whole year for 20 years from 1998 to 2017. 
A relative warm area extends in the east-west direction, and warm cores are pro-
nounced in residential and commercial area with high-story buildings and heavy 
traffics. A relative cold area is observed in mountainous areas, which is near the 
borderline of Seoul except the southwestern and southeastern borderlines where 
the sprawling expansion of urbanization has already progressed.

Cities are often referred to as urban heat islands, with the urban center having 
the highest temperatures. This is primarily due to the low amount of vegetation in 
urban center compared to the suburbs and beyond (Figure 1). Cities also use large 
amounts of energy, and emit this energy as waste heat, further exacerbating the 
urban heat island effect.

On the other hand, forests and other vegetation types use large amounts of 
solar energy and evaporate water by means of transpiration to cool leaf surfaces. 
Evaporative water used through transpiration also contributes in reducing air 
temperatures in urban areas. Forests and other vegetation can also contribute 
indirectly to temperature reduction by reducing urban energy consumption 

Figure 3. 
A map showing spatial distribution of vegetation and land-use types in the Seoul metropolitan area (redrawn 
from Seoul City [59]).
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through intercepting and using solar energy and by reducing building energy 
demand through shading and reducing wind speed. Therefore, low vegetation 
coverage in urban center results in larger temperature gradients between urban 
center and urban fringe or beyond [67–69]. Indeed, Seoul’s heat island effect is 
very large [27, 70], as the temperature difference between the urban center and 
boundary was about 5°C (Figure 4).

The urban heat island is closely linked to the land-use pattern (Figure 3). 
Buildings, asphalt, and concrete pavement absorb solar radiation and emit long-wave 
radiation that warms the atmosphere [71–73]. Moreover, those artificial structures 
hold heat for extended periods. This heat moves from buildings, asphalt, and con-
crete pavement to the cool air as the air temperature decreases after sunset to form 
atmospheric temperature inversion (warm air over cold air) [74–77]. Therefore, 
many cities located in basins with limited ventilation like Seoul experience serious 
air pollution problems. The ventilation of an urban basin can be limited not only by 
orographic barriers but also by urban heat island-induced circulations and/or the 
capping effect of temperature inversions. Furthermore, land-use and land-cover 
changes caused by urbanization alter the dynamics of temperature inversions and 
urban heat islands, thereby affecting air quality in an urban valley [78].

Figure 4. 
Spatial distribution of air temperature in the Seoul metropolitan area averaged for each season and year.
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demand through shading and reducing wind speed. Therefore, low vegetation 
coverage in urban center results in larger temperature gradients between urban 
center and urban fringe or beyond [67–69]. Indeed, Seoul’s heat island effect is 
very large [27, 70], as the temperature difference between the urban center and 
boundary was about 5°C (Figure 4).

The urban heat island is closely linked to the land-use pattern (Figure 3). 
Buildings, asphalt, and concrete pavement absorb solar radiation and emit long-wave 
radiation that warms the atmosphere [71–73]. Moreover, those artificial structures 
hold heat for extended periods. This heat moves from buildings, asphalt, and con-
crete pavement to the cool air as the air temperature decreases after sunset to form 
atmospheric temperature inversion (warm air over cold air) [74–77]. Therefore, 
many cities located in basins with limited ventilation like Seoul experience serious 
air pollution problems. The ventilation of an urban basin can be limited not only by 
orographic barriers but also by urban heat island-induced circulations and/or the 
capping effect of temperature inversions. Furthermore, land-use and land-cover 
changes caused by urbanization alter the dynamics of temperature inversions and 
urban heat islands, thereby affecting air quality in an urban valley [78].
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Spatial distribution of air temperature in the Seoul metropolitan area averaged for each season and year.
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Figure 5. 
Spatial distribution of physicochemical properties of soil, such as pH, Ca2+, Mg2+, and Al3+, in the Seoul 
metropolitan area.

Temperature inversions are frequently observed in most urban areas includ-
ing Seoul. Temperature inversion results in poor dispersion of pollutants. Strong 
thermal inversion induces pollutant accumulation and thereby become a primary 
cause of the heavy air pollution. In addition, Seoul is backed by mountains, which 
intensified the accumulation of pollutants generated in the city itself and blown 
from other regions, particularly China, which is relatively closely located to Seoul.

In recent decades, East Asia has been significantly industrialized and urbanized 
through its rapid economic growth. The industrialization and urbanization have 
resulted in adverse effect on air quality not only in this region but also in neighbor-
ing countries [78].

6. Effects of urban mesoclimate on soil physicochemical properties

Temperature gradient between urban center and suburbs results in a local cir-
culation of air. As air heated in urban center rises and relatively cool air of suburbs 
flows into urban center, a micro-current is formed. In this air circulation process, 
temperature inversion layer formed in the urban air inhibits the vertical movement 
of air, and thereby the polluted air from urban center comes down on the urban 
fringe [77]. Such an air circulation occurring through interaction of temperature 
differences between urban and suburban areas and temperature inversion can trans-
port light gaseous air pollutants from the urban center to the urban fringe [74, 79].

Spatial distribution of soil properties reflected the effects of such an air circula-
tion. Soil pH tended to be lower in grids in the urban fringe than in grids within 
the urban center (Figure 5). Ca2+ and Mg2+ concentrations of soil followed the pH 
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trends (Figure 4), but Al3+ concentration was the vice versa as it was higher in the 
urban fringe than in the urban center (Figure 4). Most of these chemical properties 
of soil are strongly related to soil acidification and to each other (Figure 5).

Soil acidification in those sites was due to deposition of acid precipitates, such as 
SOx and NOx [46]. Gaseous SOx and NOx are transformed to sulfuric acid (H2SO4) 
and nitric acid (HNO3) as they interact chemically with water in the air and soil and 
are deposited in dry and wet form on soil [80, 81].

Acidified soils of the urban periphery contained lower concentrations of basic 
cations, such as Ca2+ and Mg2+, than soils in the urban center, because they were 
leached through cation exchange mechanisms [82]. But higher concentrations of Ca2+ 
and Mg2+ in soils in the urban center are also related to deposition of heavy particulate 
probably from building materials (e.g., cement concrete; [83]) or to direct applica-
tions of calcium chloride (CaCl2) used for melting snow. In addition, acidified soil 
releases the Al3+ ion when soil is particularly acidified to below pH 4.5. Such an Al3+ 
ion inhibits plant cell division and consequently retards plant growth as a toxic ion 
[84]. These serial changes in soil chemistry are known to cause forest decline [82].

Changes of those soil properties tend to be intensified compared with the result 
of the former research [39].

7.  Responses of urban forest on the changed mesoclimate and soil 
properties

Mongolian oak (Quercus mongolica) forests are the most widely distributed and 
dominant forest of the late successional stage in Korea [85]. The DCA ordination 
(Figure 6) showed that stands in the urban area (Mts. Nam, Acha, Daemo, Bulam, 

Figure 6. 
Stand ordination of the Mongolian oak forest established in urban and suburban areas around Seoul.
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Figure 7. 
Rank-abundance curves of the Mongolian oak forests established in 10 study areas.

Bukhan, Cheonggye, and Surak) were clustered in the left corner of the graph, with 
stands in the natural area (Mt. Jeombong) on the opposite end of axis I. This result 
shows that species composition in the urban forest was differed from that in the 
natural forest.

Species richness was usually lower in the urban areas than that in natural areas 
although a few exceptional areas exist such as Mts. Surak, Bukhan, Bulam, and 
Cheonggye (see x-axis in Figure 7). The slope of species rank-dominance curve was 
steeper in sites with low species richness than that in sites with high species richness 
and thereby showed lower evenness (Figure 7).

Mongolian oak stands established in urban area showed a difference even in suc-
cessional trend from those in natural area. In mountains located on urban area, the 
diameter class distribution of major trees in these Mongolian oak stands revealed 
that oaks dominated the larger diameter classes, while Sorbus alnifolia dominated 
the smaller diameter classes. On the other hand, Mongolian oak dominated all 
diameter classes in natural areas (Figure 8).

Size distributions of trees are useful indicators for understanding the structure 
of tree populations and for predicting dynamics of them [86–88]. The diameter 
class distribution of plant populations has generally been computed as frequency 
histograms [89]. Frequency distribution patterns of each diameter class indicate 
the potential change of the population in a plant community. A plant population, 
where young individuals are numerous and mature ones are fewer, is recognized as 
having a reverse J-shaped diameter distribution pattern [90, 91]. It is recognized 
that the population that shows a reverse J-shaped distribution pattern can persist 
continuously [90–93]. On the other hand, the normal population pattern with fewer 
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juveniles relative to adults is typically replaced by another population in the future 
[92, 93], but a bimodal pattern is shown in a population that is regenerated with 
periodic disturbance [94, 95].

Based on this principle, it is expected that Mongolian oak stands in the natu-
ral area could be maintained continuously, whereas urban oak stands would be 
replaced by Korean mountain ash. Considered that Mongolian oak stands are the 
representative vegetation of the late successional stage in the Korean peninsula [85], 
this successional trend could be interpreted as being retrogressive [95].

As was mentioned above, the Mongolian oak forests in urban area of Seoul 
had different species composition, lower diversity, and retrogressive successional 

Figure 8. 
Frequency distribution of diameter classes of major tree species composed of the Mongolian oak forests 
established in several mountains of Seoul and in Mt. Jeombong as a natural area.
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trends compared to those in natural area (Figures 6–8). These differences are 
likely due to the development of thin canopy crowns in overstory composed of 
Mongolian oaks, which have been exposed to severe air pollution stress over long 
years [39, 47, 48]. By increasing the supply of light and precipitation to the forest 
floor, thin crowns of canopy trees cause dense growth of subcanopy trees, such as 
the Korean mountain ash. Therefore, vegetation structure and successional trends 
change over time [96–99]. Once the subcanopy layer becomes denser, light again 
decreases, and species richness can be expected to decline, a pattern we observed in 
our urban forests (Figure 7).

Retrogressive succession, signs of which appeared in our urban oak communi-
ties, is usually caused by frequent or intense disturbance [100, 101]. Although such 
situations have been frequently observed in the vicinity of industrial complexes 
exposed to severe air pollution [102–107], it is a very rare phenomenon in urban 
areas. Retrogressive succession would be expected where pollution damage to 
forests is usually intense and acute. However, pollution in most urban areas is less 
severe than near industrial sites but is chronic [106]. Although we could observe 
signs of severe air pollution damage from analyzing the vegetation structure in 
Seoul, severe visible damage on vegetation surface was not found as observed in 
forests near the industrial areas [50, 108]. Therefore, our results in Seoul could be 
explained as resulting from synergistic interactions between chronic air pollution 
and urban climate, rather than resulting solely from severe pollution [109]. Air cir-
culation specific to urban area from interaction of atmospheric temperature inver-
sions and microcurrents occurred due to local temperature differences, and soil 
acidification due to air pollutants transported along the air circulation interact to 
cause a change in vegetation structure and consequently change vegetation dynam-
ics. From these results, we can recognize a new type of forest decline in Mongolian 
oak stands as a general phenomenon occurring on the upper slopes surrounding the 
Seoul basin [39, 53, 54].

8. Occurrence of drought due to climate change

Although annual precipitation showed a variation, precipitation when the 
amount was low, for example, 2014 and 2015, fell short of the threshold that 
temperate forest can be persisted in this region (Figure 9). Considering that annual 
mean temperature in Seoul is 12.2°C, precipitation more than 100 cm is required to 
maintain temperate forest [110, 111]. But precipitations in 2014 and 2015, 80.89 cm 
and 79.21 cm, did not fulfill the level.

Trends of monthly mean precipitation and potential evapotranspiration also 
showed very dangerous pattern (Figure 9). Gaps between precipitation and 
potential evapotranspiration during spring and fall seasons in 2017 when drought-
induced plant damage was investigated were far bigger than that between mean 
values of them. In 2018, rainfall during spring season is far more than that of 
normal year, while that during rainy season, usually July to August, was very short 
(Figure 10). Consequently, rainfall pattern was deviated greatly from the normal 
pattern. Patterns in 2014 and 2015 when precipitation was very short resembled 
that in 2018. Water budget in 2014 and 2015 evaluated based on relationship 
between precipitation and potential evapotranspiration was more severe. Potential 
evapotranspiration exceeded precipitation.

From those results we can deduce that plants would endure severe water defi-
ciency during growing season particularly. In fact, drought-induced plant damage 
investigated in urban forest of Seoul reflects those results.
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Figure 9. 
Changes of annual precipitation for recent 30 years in Seoul. Considered annual mean temperature is 12.2°C; 
precipitation more than 100 cm is required to maintain temperate forest. But years, which is not fulfill the level, 
for example 2014 (80.89 cm) and 2015 (79.21 cm) appear in recent years due to climate change.

Figure 10. 
Mean monthly trends of precipitation and potential evapotranspiration in 2014, 2015, 2017, and 2018 compared 
with mean values for recent 30 years from 1981 to 2010 in Seoul. Seoul, which is attributed to Asian monsoon 
climate zone, usually shows water balances with deficits in the spring season of the year, but the phenomenon 
was severer in 2017 and showed very different pattern in 2018. Patterns in 2014 and 2015 when precipitation 
was very short resembled that in 2018. Potential evapotranspiration exceeded precipitation in 2014 and 2015. 
Potential evapotranspiration was obtained applying a method of Blaney and Criddle [66]. Data were derived 
from Korea meteorological agency (https://data.kma.go.kr).
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showed very dangerous pattern (Figure 9). Gaps between precipitation and 
potential evapotranspiration during spring and fall seasons in 2017 when drought-
induced plant damage was investigated were far bigger than that between mean 
values of them. In 2018, rainfall during spring season is far more than that of 
normal year, while that during rainy season, usually July to August, was very short 
(Figure 10). Consequently, rainfall pattern was deviated greatly from the normal 
pattern. Patterns in 2014 and 2015 when precipitation was very short resembled 
that in 2018. Water budget in 2014 and 2015 evaluated based on relationship 
between precipitation and potential evapotranspiration was more severe. Potential 
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Figure 9. 
Changes of annual precipitation for recent 30 years in Seoul. Considered annual mean temperature is 12.2°C; 
precipitation more than 100 cm is required to maintain temperate forest. But years, which is not fulfill the level, 
for example 2014 (80.89 cm) and 2015 (79.21 cm) appear in recent years due to climate change.

Figure 10. 
Mean monthly trends of precipitation and potential evapotranspiration in 2014, 2015, 2017, and 2018 compared 
with mean values for recent 30 years from 1981 to 2010 in Seoul. Seoul, which is attributed to Asian monsoon 
climate zone, usually shows water balances with deficits in the spring season of the year, but the phenomenon 
was severer in 2017 and showed very different pattern in 2018. Patterns in 2014 and 2015 when precipitation 
was very short resembled that in 2018. Potential evapotranspiration exceeded precipitation in 2014 and 2015. 
Potential evapotranspiration was obtained applying a method of Blaney and Criddle [66]. Data were derived 
from Korea meteorological agency (https://data.kma.go.kr).
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9. Drought-induced plant damage

Drought-induced plant damage was shown in Table 1. Among canopy trees and 
understoried trees, S. alnifolia showed very severe damage (Table 1). C. scabrida, 
 P. sargentii, and Crataegus pinnatifida showed severe damage, and Q. mongolica, 
 Q. serrata, and Q. variabilis showed severe damage depending on site.  
R. pseudoacacia, Q. acutissima, Q. dentate, and P. rigida showed moderate damage, 
and  P. densiflora, Alnus hirsuta var. sibirica, Carpinus laxiflora, and Styrax obassia 
showed moderate damage depending on site. Fraxinus rhynchophylla,  
F. mandshurica, and Lindera obtusiloba showed slight damage. On the other hand, 
Sorbus commixta and Acer pseudosieboldianum did not show any visible damage. 
Among shrubs, Parthenocissus tricuspidata showed very severe damage depending 
on site. S. incisa showed severe damage, and Juniperus rigida, Symplocos chinensis 
for. Pilosa, and Weigela florida showed severe damage depending on site. Callicarpa 
japonica,  R. mucronulatum, Lespedeza cyrtobotrya, Viburnum erosum, and Smilax 
sieboldii showed moderate damage. On the other hand, Corylus heterophylla showed 
slight damage.

Around 310 damaged plants in 34 species were observed (Table 1). Sorbus 
alnifolia, Robinia pseudoacacia, Q. mongolica, P. densiflora, etc. were the most 
damaged plants.

Around 107 plants in 7 species died due to drought (Table 1). Sorbus alnifolia, 
Castanea crenata, Robinia pseudoacacia, Q. mongolica, etc. were the plants that died 
the most.

Life form Species Damage 
degree

No. of damaged 
individuals

No. of dead 
individuals

Tree and
understory 
tree

Sorbus alnifolia V 100 96

Castanea crenata IV 3

Robinia pseudoacacia III 50

Prunus sargentii IV 9 1

Quercus mongolica I – IV 27 6

Pinus densiflora I – III 23

P. rigida III 1

Quercus serrata II – IV 15

Sorbus commixta I 1

Q. variabilis II – IV 8 1

Q. acutissima III 2

Alnus hirsuta var. sibirica II - III 2

Fraxinus mandshurica II 1

Acer pseudosieboldianum I 1

F. rhynchophylla II 2

Carpinus laxiflora I- III 2

Q. aliena I - V 2 1

Q. dentata III 1

Lindera obtusiloba II 2

Styrax obassia II - III 3
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Drought-induced plant damage started from withering of leaves of plants intro-
duced for landscaping in the urban area. Over time, branches died and death of the 
whole plant body followed. We regarded these phenomena due to that they were 
introduced without ecological consideration at this time. But die-off of Ligustrum 
obtusifolium, Callicarpa japonica, Euonymus japonicas, etc., which were introduced 
by reflecting potential natural vegetation, and/or Pinus densiflora, Buxus koreana 
etc., which are familiar with present concrete ground or changes of Anthropocene, 
began to be observed.

As drought continues, plant damage spreads toward the urban forest beyond 
the residential area in the urban center. Damage of exotic plants, such as Robinia 
pseudoacacia, Crataegus scabrida, etc., or plants introduced for landscaping such as 
Prunus serrulata var. spontanea, Rhododendron yedoense for. Poukhanense, etc. was 
observed first of all. But damage of the native plants began to appear soon after. In 
particular, damage of Sorbus alnifolia, the product of retrogressive succession [39], 
was remarkable. As retrogressive succession has already progressed much and thus 
the number of individuals of Sorbus alnifolia increased greatly (Figure 7), it can be 
recognized as crisis of urban forest.

Retrogressive succession from forests of stable late successional stage such as 
Quercus or Carpinus dominated forests to Sorbus alnifolia or Styrax japonica domi-
nated forests, which favor infertile and instable environment of early successional 
stage, has progressed in urban area of Seoul by complex interactions of chronic air 
and soil pollution, and urban microclimate regime is changed by excessive land 
use [39]. Not only biodiversity decreases remarkably but also vegetation stratifica-
tion became simple, and thus both ecological diversity and ecosystem stability 
deteriorated severely in the place that retrogressive succession occurred [39].

In this situation, severe drought due to climate change continued for several 
years and threatened ecological stability of the region substantially. Annual precipi-
tation of the region, which experiences severe drought at present, falls short to the 
level, about 1000 mm, that temperate forest can establish in this region [110].  

Life form Species Damage 
degree

No. of damaged 
individuals

No. of dead 
individuals

Shrub

Fraxinus sieboldiana I 1

Juniperus rigida III - IV 4 1

Indigofera kirilowii II 1

Stephanandra incisa IV 20

Rhododendron mucronulatum III 8

Viburnum erosum III 1

Smilax sieboldii III 1

Rhododendron schlippenbachii III 3

Lespedeza cyrtobotrya III 2

Symplocos chinensis for. pilosa III - IV 2

Corylus heterophylla II 1

Parthenocissus tricuspidata I - V 2

Weigela florida III - IV 7

Callicarpa japonica III 2 1

Table 1. 
Degree of leaf surface damage, the number of damaged plants, and the number of dead plants due to drought 
in an urban forest (Mt. Bulam) of Seoul, central Korea.
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Drought-induced plant damage started from withering of leaves of plants intro-
duced for landscaping in the urban area. Over time, branches died and death of the 
whole plant body followed. We regarded these phenomena due to that they were 
introduced without ecological consideration at this time. But die-off of Ligustrum 
obtusifolium, Callicarpa japonica, Euonymus japonicas, etc., which were introduced 
by reflecting potential natural vegetation, and/or Pinus densiflora, Buxus koreana 
etc., which are familiar with present concrete ground or changes of Anthropocene, 
began to be observed.

As drought continues, plant damage spreads toward the urban forest beyond 
the residential area in the urban center. Damage of exotic plants, such as Robinia 
pseudoacacia, Crataegus scabrida, etc., or plants introduced for landscaping such as 
Prunus serrulata var. spontanea, Rhododendron yedoense for. Poukhanense, etc. was 
observed first of all. But damage of the native plants began to appear soon after. In 
particular, damage of Sorbus alnifolia, the product of retrogressive succession [39], 
was remarkable. As retrogressive succession has already progressed much and thus 
the number of individuals of Sorbus alnifolia increased greatly (Figure 7), it can be 
recognized as crisis of urban forest.

Retrogressive succession from forests of stable late successional stage such as 
Quercus or Carpinus dominated forests to Sorbus alnifolia or Styrax japonica domi-
nated forests, which favor infertile and instable environment of early successional 
stage, has progressed in urban area of Seoul by complex interactions of chronic air 
and soil pollution, and urban microclimate regime is changed by excessive land 
use [39]. Not only biodiversity decreases remarkably but also vegetation stratifica-
tion became simple, and thus both ecological diversity and ecosystem stability 
deteriorated severely in the place that retrogressive succession occurred [39].

In this situation, severe drought due to climate change continued for several 
years and threatened ecological stability of the region substantially. Annual precipi-
tation of the region, which experiences severe drought at present, falls short to the 
level, about 1000 mm, that temperate forest can establish in this region [110].  

Life form Species Damage 
degree

No. of damaged 
individuals

No. of dead 
individuals

Shrub

Fraxinus sieboldiana I 1

Juniperus rigida III - IV 4 1

Indigofera kirilowii II 1

Stephanandra incisa IV 20

Rhododendron mucronulatum III 8

Viburnum erosum III 1

Smilax sieboldii III 1

Rhododendron schlippenbachii III 3

Lespedeza cyrtobotrya III 2

Symplocos chinensis for. pilosa III - IV 2

Corylus heterophylla II 1

Parthenocissus tricuspidata I - V 2

Weigela florida III - IV 7

Callicarpa japonica III 2 1

Table 1. 
Degree of leaf surface damage, the number of damaged plants, and the number of dead plants due to drought 
in an urban forest (Mt. Bulam) of Seoul, central Korea.
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In addition, aggravation of spring drought, which comes from reduction of snow 
fall due to temperature rise during winter season and temperature rise and evapora-
tion increase due to climate change, incites vegetation damage [37, 38].

Climate change does not induce temperature rise only simply but accompanies 
diverse and complex environmental changes likewise drought that we experience 
now. Moreover, vegetation damage spreads into various native plants beyond several 
sensitive plants. Environmental change due to climate change may cause additive 
retrogressive succession into poor vegetation near to open woodland rather than 
simple change from the deciduous broad-leaved forest to the evergreen broad-
leaved forest as the general public think.

The damage of Castanea crenata and Prunus sargentii was severe, and damage of 
Q.mongolica and Carpinus laxiflora, which composes late successional vegetation, 
was also found. Of more concern is that most plants without any relation with spe-
cies and life form over all layers composing vegetation stratification such as canopy 
tree, understory tree, shrub, and herb layers were injured or died. For example,  
P. densiflora and Q. variabilis, which composes vegetation of the representative dry 
land and Juniperus rigida, Weigela florida, Rhododendron mucronulatum, etc., which 
forms their undergrowth, were damaged or died. Indeed, serious phenomenon 
progressed around us. Continuous monitoring and synthetic consideration for 
preparing on climate change are urgently required.

10. Conclusion

In Seoul, the capital of South Korea, most flat plains and hilly terrain were 
transformed from the natural land surface to the artificial impervious one with 
the increase of population due to both birth and influx from the rural area. 
Consequently, green space shows imbalanced spatial distribution as it is restricted 
to the urban fringe, where the land is mountainous and thus development is dif-
ficult topographically and deficient in urban center. This imbalanced distribution 
of green space led to severe urban heat island effect, and the effect was followed by 
temperature inversion. Subsequently, this change produced altered air circulation 
patterns specific to city, particularly city with basin-type topography like Seoul 
[77, 79]. Movement of air pollutants from urban area is likely dominated by this air 
circulation. In this process, relatively heavy particulates are felled in urban center, 
while light gaseous pollutants are transported to the forested area in urban bound-
ary. Spatial distribution of physicochemical properties of soil reflects the trends. 
Forest of this area experiences retrogressive succession from Mongolian oak forest 
of the late successional stage to Korean mountain ash forest of the earlier succes-
sional stage as it is continuously exposed to air pollutants blowing from urban 
center, and soil is acidified due to the effect. As the results of such changes, urban 
Mongolian forest shows decline symptom that species composition is different and 
species diversity is lower than that in natural landscape. Further, the result increases 
vulnerability to environmental stresses related to climate change including drought.

Plant damage due to drought begun from withering of leaves of plants intro-
duced for landscaping in the urban park. Over time, branches died and death of 
the whole plant body followed. As drought continues, plant damage spreads toward 
the urban forest beyond the residential area in the urban center. Damage of exotic 
plants or plants introduced for landscaping was observed first of all. But damage of 
the native plants began to appear soon after. In particular, damage of Sorbus alnifo-
lia, the product of retrogressive succession, was remarkable. As retrogressive suc-
cession has already progressed much and thus the number of individuals of Sorbus 
alnifolia increased greatly, it was surmised as the level so that this phenomenon can 
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be recognized as crisis of urban forest. In this situation, severe drought due to cli-
mate change is being continued for several years; annual precipitation of the region, 
which experiences severe drought at present, records less than 1000 mm; the level 
approaches the threshold of ecological condition that forest can be established. In 
this respect, continuous monitoring and synthetic measure based on the results for 
coping with drought due to climate change are urgently required.
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Chapter 6

Prologue: Sustainable 
Development, Economic Growth 
and the Fate of Tropical Forests
Gabriel de Oliveira, Nathaniel A. Brunsell,  
Yosio E. Shimabukuro and Carlos A.C. dos Santos

1. Tropical deforestation and its actors

We are experiencing, especially in the past few years, critical discussions, both 
in science and in the general public, about the role of tropical forests to support 
a more sustainable world, and how we can act to protect these ecosystems [1, 2]. 
There is a significant concern, especially in developing countries, on how to obtain 
economic growth using the natural resources within the areas covered by pristine 
forests without compromising future generations to meet their own needs.

The sustainable development is based on the balance or trade-offs between 
economic, environmental and social sustainability. It seems to be a simple equation; 
however, it is important to consider that many actors are included in these three 
pillars, and to find a common point between them is often complicated. So, how 
to convince a farmer that it is not possible to extend the area used for agriculture 
because there is a natural preserved area nearby? Or how to convince mining 
companies that it is not possible to clear-cut the forest for oil/natural gas explora-
tion since the land is located within an indigenous reserve? And how to convince the 
urban population that is better to preserve the forest standing instead of producing 
meat or corn for their food needs or oil/natural gas for their transportation? As we 
can see, this balancing is not easy to achieve, especially when we talk about develop-
ing countries and their need to make economic growth at all costs.

Most of the funding to protect the tropical forests against deforestation in 
developing countries comes from developed countries that need to achieve their 
own goals on reducing emissions of carbon to the atmosphere, thus mitigating the 
impacts caused by climate change. This started in the mid-1990s with the Kyoto 
Protocol and has been ratified more recently, in 2015, with the Paris Agreement. 
There has been a considerable scepticism, especially in the population of third 
world countries, about the fact that developed countries feel entitled to the areas 
covered by tropical forests, especially the Amazon, because they fund programs 
to protect and study these regions, and they are neither completely wrong nor 
completely right. There are two things to be highlighted here. The first is that no 
country should feel entitled to the vast and luxurious Amazon forest just because 
they send funds for protection and research. The second is that yet the majority 
of the Amazon forest belongs to Brazil, and for the indigenous people who live 
there, this ecosystem acts as a large carbon sink and an enormous source of water 
to the atmosphere and is of fundamental importance to the survival of future 
generations.
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2. An integrative knowledge for an integrative action

Tropical forests influence the terrestrial climate system due to the exchanges of 
energy, water and carbon between the surface and the atmosphere. In addition to 
providing water vapour to the environment, influencing the atmospheric general 
circulation and contributing to regional precipitation, these ecosystems are impor-
tant in the global carbon cycle [3, 4]. Consequently, deforestation in the tropics 
can result in changes on the availability of energy at the surface for the evaporative 
processes and in the amount of carbon released the atmosphere.

Recent research has shown that tropical forests are a system in biophysical 
transition [5, 6]. In order to understand the effects of this transition on the environ-
ment, and vice-versa, it is necessary to focus on the trade-offs between biodiversity 
loss and ecosystem services. Yet this balancing between economic growth and 
sustainable development in tropical regions is still far from being solved, there are a 
few things that we can do to address some of the issues caused by deforestation: the 
construction of strategies and conservation plans by the public stakeholders using 
the knowledge obtained by academic research. That is the only way that we can 
assure that the tropical regions and their forests will help the future generations by 
mitigating the impacts of climate change.

This section of the book aims to provide the reader with a comprehensive overview 
of the current state-of-the-art in habitat fragmentation, natural recovery, soil ero-
sion, river discharge, land-atmosphere exchanges, water cycle, carbon balance, and 
resilience of the forests to extreme events, taking into consideration the drivers of land 
degradation and deforestation and further transitions under a climate change scenario.

We hope the issues addressed here contribute to a more integrative knowledge 
of the impacts of deforestation in the environment and help to the understanding 
both of the public stakeholders and general population that there is just one way to 
obtain benefits from tropical forests: keep the trees standing.
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2. An integrative knowledge for an integrative action

Tropical forests influence the terrestrial climate system due to the exchanges of 
energy, water and carbon between the surface and the atmosphere. In addition to 
providing water vapour to the environment, influencing the atmospheric general 
circulation and contributing to regional precipitation, these ecosystems are impor-
tant in the global carbon cycle [3, 4]. Consequently, deforestation in the tropics 
can result in changes on the availability of energy at the surface for the evaporative 
processes and in the amount of carbon released the atmosphere.

Recent research has shown that tropical forests are a system in biophysical 
transition [5, 6]. In order to understand the effects of this transition on the environ-
ment, and vice-versa, it is necessary to focus on the trade-offs between biodiversity 
loss and ecosystem services. Yet this balancing between economic growth and 
sustainable development in tropical regions is still far from being solved, there are a 
few things that we can do to address some of the issues caused by deforestation: the 
construction of strategies and conservation plans by the public stakeholders using 
the knowledge obtained by academic research. That is the only way that we can 
assure that the tropical regions and their forests will help the future generations by 
mitigating the impacts of climate change.

This section of the book aims to provide the reader with a comprehensive overview 
of the current state-of-the-art in habitat fragmentation, natural recovery, soil ero-
sion, river discharge, land-atmosphere exchanges, water cycle, carbon balance, and 
resilience of the forests to extreme events, taking into consideration the drivers of land 
degradation and deforestation and further transitions under a climate change scenario.

We hope the issues addressed here contribute to a more integrative knowledge 
of the impacts of deforestation in the environment and help to the understanding 
both of the public stakeholders and general population that there is just one way to 
obtain benefits from tropical forests: keep the trees standing.

Author details

Gabriel de Oliveira1*, Nathaniel A. Brunsell1, Yosio E. Shimabukuro2  
and Carlos A.C. dos Santos3

1 Department of Geography and Atmospheric Science, University of Kansas, 
Lawrence, KS, USA

2 Brazilian National Institute for Space Research, Sao Jose dos Campos, SP, Brazil

3 Academic Unit of Atmospheric Sciences, Federal University of Campina Grande, 
Campina Grande, PB, Brazil

*Address all correspondence to: gabrieloliveira@ku.edu

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

99

Prologue: Sustainable Development, Economic Growth and the Fate of Tropical Forests
DOI: http://dx.doi.org/10.5772/intechopen.90648

[1] Lambin EF, Geist HJ, Lepers E. 
Dynamics of land-use and land-cover 
change in tropical regions. Annual 
Review of Environment and Resources. 
2003;28:205-241. DOI: 10.1146/annurev.
energy.28.050302.105459

[2] Kalamandeen M, Gloor E,  
Mitchard E, Quincey D, Ziv G, 
Spracklen D, et al. Pervasive rise of 
small-scale deforestation in Amazonia. 
Scientific Reports. 2018;8:1600

[3] Malhi Y, Pegoraro E, Nobre AD, 
Pereira MGP, Grace J, Culf AD, et al. 
Energy and water dynamics of a central 
Amazonian rain forest. Journal of 
Geophysical Research-Atmospheres. 
2002;107:1-45

[4] Stark SC, Breshears DD, Garcia ES, 
Law DJ, Minor DM, Saleska SR, et al. 
Toward accounting for ecoclimate 
teleconnections: Intra- and inter-
continental consequences of altered 
energy balance after vegetation change. 
Landscape Ecology. 2016;31:181-194. 
DOI: 10.1007/s10980-015-0282-5

[5] Davidson EA, de Araújo AC, Artaxo P, 
Balch JK, Brown IF, Bustamante MM, 
et al. The Amazon Basin in transition. 
Nature. 2012;481:321-328. DOI: 10.1038/
nature10717

[6] Aragao L, Anderson LO, 
Fonseca MG, Rosan TM, Vedovato LB, 
Wagner FH, et al. 21st century drought-
related fires counteract the decline 
of Amazon deforestation carbon 
emissions. Nature Communications. 
2018;9:536

References



101

Chapter 7

Estimating Aboveground Biomass 
Loss from Deforestation in the 
Savanna and Semi-arid Biomes of 
Brazil between 2007 and 2017
Eduarda Martiniano de Oliveira Silveira,  
Marcela Castro Nunes Santos Terra, Fausto Weimar Acerbi-Júnior  
and José Roberto Soares Scolforo

Abstract

Brazilian Savannas and Semi-arid woodlands biomes exhibit high levels of 
aboveground biomass (AGB) associated with high rates of deforestation. The 
state of Minas Gerais (MG), southeast of Brazil, encompasses landscape varia-
tions ranging from Savanna and Atlantic Forest to Semiarid woodlands. The 
understanding of land-cover changes in these biomes is limited due to the fact that 
most of the efforts for estimating forest cover changes has been focused on the 
tropical rain forests. Hence, the question is: What is the total amount of AGB loss 
across Savanna and Semi-arid woodland biomes in MG state, during the period 
2007–2017? We first used a total of 1914 field plots from a forest inventory to 
model the AGB using a combination of remote sensing and spatio-environmental 
predictor variables to produce a spatial-explicit AGB map. Second, from a global 
map of forest cover change (GFC), we obtained deforestation patches. As a result, 
from 2007 to 2017, the Savanna and the Semiarid woodland biomes lost together 
508,042 ha of native vegetation in MG state, leading to 21,182,150 Mg of AGB loss 
(4.65% of total AGB). In Savannas and Semi-arid woodland biomes in MG state, 
conservation initiatives must be implemented to increase the forests protection and 
expand AGB.

Keywords: aboveground biomass, land-cover changes, remote sensing, 
spatial analysis

1. Introduction

The high levels of biomass found in Brazil’s forest biomes associated with land-cover 
changes, such as deforestation and fires, make Brazil one of the five biggest carbon 
dioxide-emitting nations globally [1]. Brazil has a total area of about 8,514,877 km2, 
from which 7% occurs in Minas Gerais (MG) state, southeast region (586,528 km2). 
This large area encompasses landscape variations and vegetation types ranging from 
Savanna and Atlantic Forest to Semi-arid woodland (Figure 1) [2]. The current 
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understanding of land-cover changes in the so called “forgotten ecosystems”—Savanna 
and Semi-arid woodland biomes—is still limited [3, 4] due to most of the efforts for 
estimating forest cover changes have been focused on the tropical rain forests, with far 
less attention dedicated to the less humid seasonal region [5].

The Brazilian Savanna (also known as Cerrado) is a heterogeneous 
biome [6], dominated by grasslands, shrublands, and woodlands [7, 8]. 
Savannas are mixed tree-grass systems characterized by a discontinuous tree 
canopy in a continuous grass layer [9]. Tree cover is highly variable such that 
they range from sparsely “treed” grasslands to heavily “treed” woodlands, often 
along a gradient of increasing precipitation, but also modified by edaphic fac-
tors and fire regimes [10, 11]. Semi-arid woodland (also known as Caatinga) is 
an ecosystem occupied by seasonally dry tropical forests, which is characterized 
by leaf deciduousness during the prolonged dry season. Semi-arid woodland 
biome is located in areas with high temperatures and low amount of rain, being 
characterized as the region with the greatest meteorological limitations and 
water-stress in MG [12].

These biomes exhibit high levels of terrestrial carbon stocks and biomass 
[13, 14], estimated mainly from remotely sensed data [15, 16]. In general, these 
data are empirically linked to AGB measurements of field plots, ranging from 
simple linear regression to complex machine learning algorithms (MLA) [17, 18], 
and regression Kriging technique [19, 20]. Landsat images are the most medium-
resolution data commonly used due the longest data record along with a spatial 
resolution of 30 m. However, Savannas and Semi-arid woodland biomes are the 
Brazilian biomes that have most suffered human-induced disturbances [5, 21, 22], 
and are among the most fragmented and threatened ecosystems in the world [23]. 

Figure 1. 
(a) Geographic location of Brazil; (b) the Savannas and Semi-arid woodland biome in Minas Gerais (MG) 
state, Brazil; (c) average annual precipitation in MG state; (d) average annual temperature in MG state; and 
(e) elevation of MG state.
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The expectations regarding their future are not very optimistic. For instance, 
based on recent trends in deforestation [24], the Savannas may effectively no 
longer exist in 25 years’ time [25, 26]. Estimates indicate between 39 and 55% of 
the Brazilian Savannas have already been modified [27]. Tropical dry forests are 
among the most threatened and overlooked biomes, where conversion to pasture 
and agriculture are major threats [24].

Hence, the question is: What is the total amount of aboveground biomass 
(AGB) loss across Savanna and Semi-arid woodland biomes in MG state, during 
2007–2017?

In order to answer this question, we assessed the reduction of AGB due to defor-
estation. We produced a spatial-explicit AGB map from forest inventory measures 
linked with remote sensing and spatio-environmental predictor variables and we 
also used a reliable global map of forest cover change [28] to measure the AGB loss.

2. Savanna and Semi-arid woodland biomes in MG state

The Minas Gerais (MG) state is located in the southeast Brazil (Figure 1a), 
encompassing the Savanna (57%) and Semi-arid woodland (2%) biomes (Figure 1b). 
The Brazilian Savannas comprise vegetation types of shrub savanna (shrub type of 
savanna, encompassing both herbaceous vegetation, and scattered small trees), wood-
land savanna (savanna formation with twisted trees and shrubs up to 8–10 m high and 
with a grass understory), and densely wooded savanna (forest formation with trees up 
to a height of 20 m) [7]. Semi-arid woodland represents the vegetation type of decidu-
ous forest. Semideciduous forests are present in both biomes (Table 1).

The climate variability of MG state indicates a negative precipitation and a 
positive temperature gradient from south to north (Figure 1c, d). This variability 
helps to explain the predominance of these biomes. The elevation ranges from 30 to 
2824 m and the greatest altitude variation is found in the eastern region (Figure 1e).

Vegetation 
types

Spatial distribution Panoramic view Aerial view Landsat TM
R3 G2 B1

Shrub savanna 
(Ss)

Woodland 
savanna (Ws)

Densely 
wooded 
savanna (Dws)
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3. Aboveground biomass modeling

In order to model and map the AGB within Savannas and Semi-arid woodland 
biomes in MG state, we used a total of 1914 field plots (10 × 100 m), spatially well 
distributed (Figure 2), established from 2006 to 2008 during the implementa-
tion of the Project “Forest Inventory of Minas Gerais,” conducted by the Federal 
University of Lavras (UFLA), MG, Brazil. The plots comprised five vegetation 
types: Shrub savanna—Ss, Woodland savanna—Ws, Densely wooded savanna—
Dws, Deciduous forest—Df, and Semideciduous forest—Sf. The trees used to 
determine the AGB (2060 trees) were all from destructive sampling campaigns, 
scaled and divided into categories according to diameter and height, proportioned 
by the relative density of species. The methodology is described in Ref. [29].

The plots presented high AGB variability due to different degrees of anthropiza-
tion, different site conditions, different successional stages, and presence of trees 
with different diameters and heights. The descriptive statistics for each vegetation 
type (Table 2) highlight the structural variability among them. High biomass and 
standard deviation values were observed in semideciduous and deciduous forest. 
The lowest biomass value in shrub savanna occurs because this vegetation type is 
characterized by herbaceous vegetation with scattered bushes and small trees.

To model the AGB, we used two groups of predictive variables to train the 
random forest (RF) [30] regression algorithm:

1. Remote sensing:

• Six reflective spectral bands from Landsat TM: B1 (blue), B2 (green), B3 
(red), B4 (NIR), B5 (SWIR 1), and B7 (SWIR 2);

• Three vegetation indices from Landsat TM: Normalized Difference Vegetation 
Index (NDVI), Enhanced Vegetation Index (EVI), and Vegetation Index Soil-
Adjusted (SAVI);

• Seventeen monthly data of six Moderate Resolution Imaging 
Spectroradiometer (MODIS) product composites: MOD9Q1—Surface reflec-
tance; MOD13Q1—Vegetation index; MOD44B—Vegetation Continuous 
Cover/Fields; MOD17A2H—Gross primary productivity; MOD15A2H—LAI/
FPAR; and M11A2—Land Surface Temperature and Emissivity.

Vegetation 
types

Spatial distribution Panoramic view Aerial view Landsat TM
R3 G2 B1

Deciduous 
forest (Df)

Semideciduous 
forest (Sf)

Table 1. 
Vegetation types comprised on Savannas and Semi-arid woodlands biomes of the Minas Gerais (MG) state.
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2. Spatio-environmental data:

• Nineteen climatic variables of 1 km2 of spatial resolution from WorldClim 
dataset [31].

• Digital elevation model (DEM) with 30 m of spatial resolution developed 
from the Shuttle Radar Topography Mission (SRTM).

• Geographical coordinates (latitude and longitude).

From Landsat TM, we acquired 35 images to cover the study area (one image 
date by scene completely cloud-free). Four MODIS tiles were necessary to cover 
MG state, namely, h13v10, h13v11, h14v10, and h14v11. We selected one image per 
month to explore the temporal resolution of these products.

Figure 2. 
Plots spatially distributed in Savanna and Semi-arid woodland biomes of MG state. Ss = shrub savanna; 
Ws = woodland savanna; Dws = densely wooded savanna; Df = deciduous forest; and Sf = semideciduous 
forest.

Vt Savanna Semi-arid woodland

Min Mean Max SD Min Mean Max SD

Ss 1.08 13.83 49.67 10.72 — — — —

Ws 10.81 57.12 177.97 30.67 — — — —

Dws 10.02 36.10 170.23 22.86 16.59 22.84 33.08 6.15

Df 38.26 119.88 279.41 51.03 10.61 74.68 295.45 55.63

Sf 10.34 97.74 398.16 63.58 — — — —

Vt  =  vegetation types; Min  =  minimum; Max  =  maximum and SD  =  standard deviation; Ss  =  shrub savanna; 
Ws = woodland savanna; Dws = densely wooded savanna; Df = deciduous forest; and Sf = semideciduous forest.

Table 2. 
Descriptive statistics of the aboveground biomass (AGB, Mg/ha) estimated for each vegetation type.
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The RF regression algorithm was adopted due to its capability to select and 
rank important variables for AGB prediction. We adopted a stratified random 
forest approach based on the five native vegetation types of our study area, 
so we created five individual RF models. The accuracy of the models was ana-
lyzed based on the statistical precision: mean absolute error (MAE, in %) and 
root mean squared error (RMSE, in Mg/ha) (Table 3). Many factors, such as 
saturation of remotely sensed data, complex forest stand structures, quality 
and quantity of sample plots, selection of suitable variables, and the modeling 
algorithms, can affect the accuracy of AGB estimation [15]. In our study, the 
challenge affecting AGB estimation is related to the complex forest stand struc-
tures of tropical forests, which increase the data heterogeneity, impairing the 
performance of the modeling algorithm.

To derive the AGB maps, we created continuous cells with dimensions of 1 ha 
(100 × 100 m) covering all vegetated areas in MG state. In each cell containing 
the selected variables values, we applied the RF regression model to predict the 
AGB. We thus merged the AGB maps of each individual vegetation type to generate 
the final AGB map.

The total AGB estimate for Savanna and Semi-arid woodland biome is 
363,290,145 and 92,200,203 Mg, respectively, ranging from 3.66 to 214.40 Mg/ha 
(Figure 3). At a broad scale, it has long been recognized that the distributions of 
these biomes are mainly governed by precipitation and its seasonality [12]. The high 
values of Savannas and Semi-arid woodland’s AGB are concentered in the west and 
south part of the state, where densely wooded savannas and semideciduous forests 
are more representative, followed by the north region, where deciduous forests and 
woodland savannas are predominant. Moreover, these forests have experienced 
anthropogenic disturbances, such as exploitation of vegetation for charcoal produc-
tion, cattle grazing, and conversion for agricultural practices, and are also in an 
advanced degradation stage.

The low AGB values obtained for the middle region of the state occurred due to 
climatic effects related to a geographical barrier (Espinhaço Range), which gener-
ates an unfavorable situation for vegetation growth, and also due to the predomi-
nance of shrub savannas. The lower overall humidity and the stronger climate 
seasonality certainly have a negative impact on plant growth [32]. The edaphic 
component also plays an important role in vegetation structure. Therefore, despite 
the presence of “enclaves” of highly fertile soils, where dry forests predominate 
[33], there is a general trend towards sandier soils, like the Cambisol and Lythollic 
Neossol. These soils generally have low fertility that, together with the physical 
characteristics, low precipitation and high temperatures, create conditions that are 
unfavorable for plant growth.

Vegetation types Stratified model

RMSE (Mg/ha) MAE (%)

Shrub savanna (Ss) 7.72 54.73

Woodland savanna (Ws) 14.53 31.51

Densely wooded savanna (Dws) 16.47 23.62

Deciduous forest (Df) 42.76 34.74

Semideciduous forest (Sf) 51.25 37.84

Table 3. 
Random forest models analysis by root mean squared error (RMSE, in t/ha) and mean absolute error (MAE, 
in %).
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Similarly, aboveground carbon (AGC) maps were produced by Refs. [13] and 
[29]. Both mapped the spatial distribution of AGC stocks of the arboreal vegetation 
in Brazilian biomes of Savanna, Atlantic Forest, and Semi-arid woodland in MG 
state. They found the lowest weighted average of carbon stock per hectare in the 
Savanna Biome, particularly in the central, northern, and northwestern regions of 
MG state.

4. Deforestation analysis

To analyze the deforestation across the Minas Gerais state from 2007 to 2017, 
we used the Global Forest Change (GFC) map [28]. These authors mapped global 
annual loss at a spatial resolution of 30 m, based on Landsat time series. Forest loss 
was defined as a stand-replacement disturbance or the complete removal of tree 
cover canopy at the Landsat pixel scale. Forest was defined as canopy closure for all 
vegetation taller than 5 m in height. From these maps, we calculated the deforesta-
tion density (N/ha) within Savanna (Figure 4) and Semi-arid woodland (Figure 5) 
biomes in MG state, as well as deforestation areas from 2007 to 2017. We masked 
the deforestation polygons into our five vegetation types (Shrub savanna—Ss, 
Woodland savanna—Ws, Densely wooded savanna—Dws, Deciduous forest—Df, 
and Semideciduous forest—Sf).

For the Savanna biome, the spatial analysis showed deforested areas concen-
trated on the northeast region of the biome, with exception in the year 2008 with 
high density in the south region. The vegetation loss between 2007 and 2017 was 
423,798 ha. From this total, 11.97% of the deforested areas were in 2007, while 

Figure 3. 
The spatial distribution of aboveground biomass (AGB) in Savanna and Semiarid woodland biomes in Minas 
Gerais state.



Forest Degradation Around the World

106

The RF regression algorithm was adopted due to its capability to select and 
rank important variables for AGB prediction. We adopted a stratified random 
forest approach based on the five native vegetation types of our study area, 
so we created five individual RF models. The accuracy of the models was ana-
lyzed based on the statistical precision: mean absolute error (MAE, in %) and 
root mean squared error (RMSE, in Mg/ha) (Table 3). Many factors, such as 
saturation of remotely sensed data, complex forest stand structures, quality 
and quantity of sample plots, selection of suitable variables, and the modeling 
algorithms, can affect the accuracy of AGB estimation [15]. In our study, the 
challenge affecting AGB estimation is related to the complex forest stand struc-
tures of tropical forests, which increase the data heterogeneity, impairing the 
performance of the modeling algorithm.

To derive the AGB maps, we created continuous cells with dimensions of 1 ha 
(100 × 100 m) covering all vegetated areas in MG state. In each cell containing 
the selected variables values, we applied the RF regression model to predict the 
AGB. We thus merged the AGB maps of each individual vegetation type to generate 
the final AGB map.

The total AGB estimate for Savanna and Semi-arid woodland biome is 
363,290,145 and 92,200,203 Mg, respectively, ranging from 3.66 to 214.40 Mg/ha 
(Figure 3). At a broad scale, it has long been recognized that the distributions of 
these biomes are mainly governed by precipitation and its seasonality [12]. The high 
values of Savannas and Semi-arid woodland’s AGB are concentered in the west and 
south part of the state, where densely wooded savannas and semideciduous forests 
are more representative, followed by the north region, where deciduous forests and 
woodland savannas are predominant. Moreover, these forests have experienced 
anthropogenic disturbances, such as exploitation of vegetation for charcoal produc-
tion, cattle grazing, and conversion for agricultural practices, and are also in an 
advanced degradation stage.

The low AGB values obtained for the middle region of the state occurred due to 
climatic effects related to a geographical barrier (Espinhaço Range), which gener-
ates an unfavorable situation for vegetation growth, and also due to the predomi-
nance of shrub savannas. The lower overall humidity and the stronger climate 
seasonality certainly have a negative impact on plant growth [32]. The edaphic 
component also plays an important role in vegetation structure. Therefore, despite 
the presence of “enclaves” of highly fertile soils, where dry forests predominate 
[33], there is a general trend towards sandier soils, like the Cambisol and Lythollic 
Neossol. These soils generally have low fertility that, together with the physical 
characteristics, low precipitation and high temperatures, create conditions that are 
unfavorable for plant growth.

Vegetation types Stratified model

RMSE (Mg/ha) MAE (%)

Shrub savanna (Ss) 7.72 54.73

Woodland savanna (Ws) 14.53 31.51

Densely wooded savanna (Dws) 16.47 23.62

Deciduous forest (Df) 42.76 34.74

Semideciduous forest (Sf) 51.25 37.84

Table 3. 
Random forest models analysis by root mean squared error (RMSE, in t/ha) and mean absolute error (MAE, 
in %).

107

Estimating Aboveground Biomass Loss from Deforestation in the Savanna and Semi-arid Biomes…
DOI: http://dx.doi.org/10.5772/intechopen.85660

Similarly, aboveground carbon (AGC) maps were produced by Refs. [13] and 
[29]. Both mapped the spatial distribution of AGC stocks of the arboreal vegetation 
in Brazilian biomes of Savanna, Atlantic Forest, and Semi-arid woodland in MG 
state. They found the lowest weighted average of carbon stock per hectare in the 
Savanna Biome, particularly in the central, northern, and northwestern regions of 
MG state.

4. Deforestation analysis

To analyze the deforestation across the Minas Gerais state from 2007 to 2017, 
we used the Global Forest Change (GFC) map [28]. These authors mapped global 
annual loss at a spatial resolution of 30 m, based on Landsat time series. Forest loss 
was defined as a stand-replacement disturbance or the complete removal of tree 
cover canopy at the Landsat pixel scale. Forest was defined as canopy closure for all 
vegetation taller than 5 m in height. From these maps, we calculated the deforesta-
tion density (N/ha) within Savanna (Figure 4) and Semi-arid woodland (Figure 5) 
biomes in MG state, as well as deforestation areas from 2007 to 2017. We masked 
the deforestation polygons into our five vegetation types (Shrub savanna—Ss, 
Woodland savanna—Ws, Densely wooded savanna—Dws, Deciduous forest—Df, 
and Semideciduous forest—Sf).

For the Savanna biome, the spatial analysis showed deforested areas concen-
trated on the northeast region of the biome, with exception in the year 2008 with 
high density in the south region. The vegetation loss between 2007 and 2017 was 
423,798 ha. From this total, 11.97% of the deforested areas were in 2007, while 

Figure 3. 
The spatial distribution of aboveground biomass (AGB) in Savanna and Semiarid woodland biomes in Minas 
Gerais state.



Forest Degradation Around the World

108

3.76% was in 2011. Analyzing the Semi-arid woodland biome, the spatial analysis 
did not indicate a clear pattern, with deforestations areas scattered along the biome. 
The vegetation loss between 2007 and 2017 was 84,244 ha. From this total, 16.44% 
of the deforested areas were in 2013, while 3.57% was in 2008.

Overall, from 2007 to 2017, the Savanna and the Semi-arid woodland biomes lost 
together 508,042 ha of native vegetation (Figure 6). We identify a continued loss of 
natural vegetation types for both biomes during the analyzed period.

Reference [5] provided consistent information on historical and recent vegeta-
tion cover changes in the Brazilian Savannas and Semi-arid woodland biomes from 

Figure 4. 
Annual deforestation density (N/ha) across Savanna biome in MG state from 2007 to 2017.
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1990 to 2010, based on the analysis of Landsat imagery acquired over a systematic 
sample of 10 × 10 km size units. Although their analysis was not “wall to wall,” their 
study covered the whole area of these biomes in Brazil. They estimated that the 
Savanna lost approximately 11,787,000 ha of tree cover between 1990 and 2010. 
For the Semi-arid woodland biomes, their results showed that the tree cover loss 
was 2,533,500 ha. For Savannas, the annual rates of change were −0.79 from 1990 
to 2010, −0.44 from 2000 to 2010, and −0.61 from 1990 to 2010. Considering the 
Semi-arid woodland biome, the annual rates of change for 1990–2000, 2000–2010 
and 1990–2010 were −0.19, −0.44, and −0.32, respectively

Figure 5. 
Annual deforestation density (N/ha) across Semi-arid woodland biome in MG state from 2007 to 2017.
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According to their results, the average annual rate of change is higher in the 
Savanna than in the Semi-arid woodland biome. On the contrary, our analysis showed 
contrasted results, where Semi-arid woodland biome presented higher annual rate 
of change than the Savanna biome (Table 4). The discrepancies can be explained by 
the different land-cover maps used as basis for analysis, the area of analysis (Brazil 
versus Minas Gerais state), and the analyzed period. Another important point is that 
GFC only include vegetation taller than 5 m in height in their analysis, thus not always 
capturing deforestation under shrub savannas vegetation types.

According to the results obtained from the GFC, the tropical dry forests of South 
America had the highest rate of tropical forest loss due to deforestation dynamics in 
Argentina (Chaco woodlands), Paraguai, and Bolivia. Brazil presented the largest 

Figure 6. 
Annual deforestation area (ha) and relative variations in annual deforestation rates (%) across Savannas and 
Semi-arid woodland biome in MG state from 2007 to 2017.

Annual rates of change Savanna Semi-arid woodland

2006–2007 — —

2007–2008 −43.33 −58.08

2008–2009 5.64 152.33

2009–2010 50.19 −41.21

2010–2011 −65.02 −20.65

2011–2012 165.75 253.73

2012–2013 −29.06 10.68

2013–2014 55.83 −15.62

2014–2015 −21.00 −22.99

2015–2016 31.13 −27.43

2016–2017 −2.09 −25.03

Average 14.80 20.57

Table 4. 
Relative variations (%) in annual rates of natural vegetation loss.
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decline in annual forest loss, with a high of over 40,000 km2/year in 2003 to 2004 
and a low of under 10,000 km2/year from 2000 through 2003 and a high of over 
20,000 km2/year in 2011 to 2012 [28]. Although the decline of Brazilian deforesta-
tion is well documented, recent studies are reporting high deforestation rates. 
For example, between 2001 and 2012, according to the GFC data set, more than 
8,300,000 ha of forest were lost in Mato Grosso, a Brazilian state inserted in the 
Amazon biome [34].

In the period from 2000 to 2015, tropical dry forests in the north of MG state 
undergone a considerable change in land cover, expressed as 982,000 ha [35]. From 
2002 to 2008, the GFC data estimated 2,000,000 ha of forests were lost per year in 
the Amazon biome. From 2006 to 2008 rates then felt to 1,000,000 ha. Significant 
deforestation occurred in 2010 and 2012, when loss rates increased to approximately 
1,500,000 ha per year [36]. Ref. [37] analyzed forest loss patterns across Amazon 
biome over a 14-year period (2001–2014). Their results showed that Amazonian for-
est losses are moving away from the southern Brazilian Amazon to Peru and Bolivia 
and the number of deforestation patches less than 1 ha increased over time. This last 
result presents a significant challenge on remote sensing change detection, highlight-
ing the use of high resolution images to capture small scale deforestation.

5. Estimating aboveground biomass loss from deforestation

The deforestation across Savanna biome in MG state (423,798 ha) generated an 
AGB loss of 16,549,138 Mg from year 2007 to 2017 (Figure 7). This amount repre-
sents about 4.56% of the total AGB in 2007 (363,290,145 Mg). The higher AGB loss 
occurred in the year 2017 (2,231,755 Mg), followed by the year 2007 (2,050,366 Mg). 
The lower AGB loss occurred in the year 2011 (586,282 Mg). The high rates of defor-
estation were found during 2007, 2016, and 2017, indicating that along 10 years, 
Brazil is not avoiding deforestation across Savannas biome in MG state, with a 
decrease from 2007 to 2011 and an increase from 2011 to 2017. Compared to other 
Brazilian states and even to studies in Savannas and Semi-arid woodland in MG 
state, our deforestation rates are underestimated. This fact is because we analyzed 
deforestation patches within our five vegetation types, not considering all vegetation 

Figure 7. 
Savanna’s aboveground biomass loss (AGB/Mg) and deforested areas from 2007 to 2017.
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types which occur in MG state. Another point is the problems associated with the 
use of the GFC map. This product does not capture herbaceous plant, may leading to 
an underestimate of deforestation into shrub savannas.

The deforestation across Semi-arid woodland biome in the MG state (84,244 ha) 
generated an AGB loss of 4,633,011 Mg from year 2007 to 2017 (Figure 8). This 
amount represents about 5.02% of the total AGB in 2007 (92,200,203 Mg). The 
higher AGB loss occurred in the year 2013 (761,271 Mg), followed by the year 2012 
(694,546 Mg). The lower AGB loss occurred in the years 2008 (183,203 Mg), 2010 
(238,628 Mg), and 2011 (209,485 Mg). These results indicate an increase in defores-
tation from years 2012 and 2013 and a decrease towards 2017.

In summary, the total AGB loss from 2007 to 2017 of Savannas and Semi-
arid woodland biomes in MG state was 21,182,150 Mg (4.65% of total AGB) 
due to 508,042 ha of deforestation. The remaining AGB of Savanna and 
Semi-arid woodland biomes is 346,741,007 Mg and 87,567,192 Mg, totaling 
434,308,198 Mg.

The absolute values of AGB loss are expressive. The implications of such AGB 
loss are vast. Biomass loss usually leads to impacts on carbon and nutrients cycles 
[38, 39] and possibly on regional and global climate [40]. Biomass density (the 
quantity of biomass per unit area—Mg dry weight per ha) determines the amount 
of carbon emitted to the atmosphere (such as CO2, CO, and CH4 through burning 
and decay) when ecosystems are disturbed. Although biomass density over biomes 
may change little over time, the biomass density of individual stands and plots is 
continuously changing and the sum of these changes is largely responsible for the 
net sources and sinks of terrestrial carbon [39].

Furthermore, biomass loss is intrinsically linked with biodiversity loss. Both 
biomass and biodiversity are important drivers of ecosystem functions and services 
and may represent key elements in climate change mitigation. The potential for 
forest regeneration in these areas is often limited by continuous disturbances and 
climate change effects [41] worsening this issue. Previous studies have suggested a 
positive relationship between forest productivity and biodiversity at global scales 
[42], as well as at the regional level in tropical biomes [43]. Biodiversity is needed 
for maintaining primary productivity and nutrient uptake and can also improve 
water quality by removing nitrates through niche partitioning [44].

Figure 8. 
Semiarid woodland’s aboveground biomass loss (AGB/Mg) and deforested areas from 2007 to 2017.
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6. Conclusion

We analyzed the aboveground biomass loss from deforestation in the Savanna 
and Semi-arid biomes of Brazil between 2007 and 2017. In summary, from 2007 to 
2017, the Savanna and the Semi-arid woodland biomes lost together 508,042 ha of 
native vegetation, leading to 21,182,150 Mg of AGB loss (4.65% of total AGB). The 
remaining AGB in 2017 is 434,308,198 Mg.

Our study provides a contribution to the knowledge of the deforestation impact 
on aboveground biomass on Brazilian Savanna and Semi-arid woodland biomes. 
Our results indicate that land-cover changes continue to reduce the AGB/carbon 
storage of the Savanna and Semi-arid woodland biomes in MG state. Due to the 
expressive absolute values of AGB loss, conservation initiatives in Savannas, and 
Semi-arid woodland biomes in MG state, such as law protection, creation of new 
protected areas (parks), payments for ecosystem services must be implemented to 
increase the forests protection and expand AGB.

As major challenge, we highlight the problems associated with the use of the 
global forest cover map to realize deforestation analysis under Savannas and Semi-
arid woodland biomes. This product does not distinguish forests from plantations 
and even herbaceous plant, leading to an underestimate of deforestation patches. 
In this sense, a more accurate global forest cover map would significantly improve 
our estimates.
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6. Conclusion

We analyzed the aboveground biomass loss from deforestation in the Savanna 
and Semi-arid biomes of Brazil between 2007 and 2017. In summary, from 2007 to 
2017, the Savanna and the Semi-arid woodland biomes lost together 508,042 ha of 
native vegetation, leading to 21,182,150 Mg of AGB loss (4.65% of total AGB). The 
remaining AGB in 2017 is 434,308,198 Mg.

Our study provides a contribution to the knowledge of the deforestation impact 
on aboveground biomass on Brazilian Savanna and Semi-arid woodland biomes. 
Our results indicate that land-cover changes continue to reduce the AGB/carbon 
storage of the Savanna and Semi-arid woodland biomes in MG state. Due to the 
expressive absolute values of AGB loss, conservation initiatives in Savannas, and 
Semi-arid woodland biomes in MG state, such as law protection, creation of new 
protected areas (parks), payments for ecosystem services must be implemented to 
increase the forests protection and expand AGB.

As major challenge, we highlight the problems associated with the use of the 
global forest cover map to realize deforestation analysis under Savannas and Semi-
arid woodland biomes. This product does not distinguish forests from plantations 
and even herbaceous plant, leading to an underestimate of deforestation patches. 
In this sense, a more accurate global forest cover map would significantly improve 
our estimates.
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Chapter 8

Economic Impacts of the 
Anthropic Effects of the 
Deforestation on the Rural 
Populations of Mali
Amadou K. dit Amobo Waïgalo

Abstract

Deforestation in rural surroundings in Mali is the main problem determining 
the deterioration of the quality of the environment with consequent climate change 
(drought, erosion and decrease in rainfall). More than 70% of the Malian’s popula-
tion is predominantly rural, with a poverty line of 48.7% in 2017. Their main source 
of energy comes from the consumption of firewood and charcoal. The Mali Sahelian 
country suffered for nearly two decades, from 1968 to 1985, a long cycle of drought 
that has weakened its ecosystem. Population pressure in the 1970s and 1980s 
increased demand for farmland. This has resulted in massive deforestation in favor 
of cereal and cash crops. Since rural agriculture is extensive and has low productiv-
ity, the populations find that wood is used as an alternative to offset the decline in 
their agricultural income. From the analysis of the results obtained, anthropogenic 
factors significantly impacting deforestation with negative and positive effects are 
pasture and firewood consumption. The variable associated with population growth 
is negative and significant at 5%. Population growth positively affects forest cover 
regeneration.

Keywords: anthropic, deforestation, economic impacts, firewood, forest, population

1. Introduction

Mali is a vast country of West Africa with a surface of 1,241,238 km2. In 2018, 
its total population rose to 18,338,322 inhabitants1, that is to say, a low density of 
approximately 15 inhabitants per km2. The essence of its economy rests on agricul-
ture and the breeding including more of the 2/3 of its total population evolving in 
the sector. More than 70% of the Malian population is rural. The incidence of pov-
erty 2 of the Malian population which accounted for 46.8% in 2016 knew a fall of 
1.9% in 2017. However, this fall of the rate of incidence of poverty would be ascrib-
able in the good crop year of 2017–2018 cereal productions. In 2017, poverty was 
accentuated in rural medium, with a threshold of 53.6%. At the same period, the 

1 https://contrymeters.info
2 The INSTAT brings back this rate to the proportion of the population which does not manage to spend 
178,000 F CFA to satisfy its basic needs per annum.
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real growth rate of the GDP was about 5.4%. On the other hand between 2016 and 
2017, the rate of inflation passed from −1.8 to 1.8%, that is to say, a clear increase of 
2% [1]. The rate of inflation which results in the impact that the rise in the price of 
goods has on the purchasing power of the consumers is relatively low. It indicates 
that apart from the agricultural sector, few economic alternatives are offered to the 
rural medium in order to easily integrate the nonagricultural market.

Mali Sahelian country knew a long cycle of dryness between 1968 and 1985. For 
this period, the rains were done rare. It had as consequences the degradation of the 
grounds, the recurring dryness, a reduction in vegetable cover with a considerable 
reduction of spaces of grazing ground and a deceleration of the growth of the live-
stock. During years 1970 and 1980, the Sahelian countries made considerable great 
strides of the demographic growth which resulted thereafter in an expansion of the 
cultivated grounds, less grounds put in fallow and the exhaustion of the grounds. 
During nearly one century, the essence of the marketing policy of the colonizers 
rested on the cultures of revenue. The imposition of the cultures of revenue by 
the colonial capacities more contributed to deforestation with as a corollary the 
degradation of the not very fertile grounds. Thus, 60–93% of the energy needs of 
the Sahelians come from wood [2]. Between 1990 and 2005, deforestation passed 
from 84,000 to 144,000 hectares. It results primarily from the human intervention. 
During this interval of period, the total surface of artificial afforestation passed 
from 5000 to 65,000 hectares [3].

The economic activities of the rural populations of Mali are mainly dependent 
on the agriculture which constitutes their principal source of income. With that the 
exploitation of the forest resources is added (nonwoody forest products, woodcut, 
pharmacopeia, etc.) which come to them in complement from incomes for the 
periods of welding.

With the accentuated effects of the climatic change, these populations are 
more and more confronted with falls of their mean level of productivity, which 
impacts negatively on their level of incomes. Consequently, to compensate for the 
fall of their agricultural incomes and the abuse of the local forest resources, they 
are increasingly inclined with the expansion of cultivable surfaces with an aim of 
increasing the agricultural output per hectare. It has as a corollary the excessive 
firewood cut for the charcoal (domestic consumption and sale on the urban mar-
kets), with less afforestation with regard to the local trees. The excessive anthropic 
pressures on these resources limit their productivities and exacerbate local and 
community conflicts.

Indeed, in front of these factors impacting the standard of living of these popu-
lations, they find as alternative the migration, the rural migration, nonagricultural 
gold washing and other activities (small trade and seasonal work in the large cities). 
These various factors thus make it possible to compensate for those which would 
have positive and significant impacts on deforestation. For this study, except the 
above-mentioned factors, it is also a question of determining the socio-economic 
and anthropic effects which impact positively and negatively deforestation. It will 
make it possible to pose a real not very used econometric diagnosis by the engineer-
ing departments which primarily focus on the descriptive analysis of the data that 
they produce.

Considering these various factors, one would be brought to analyse and inter-
pret the bond of dependence between the deforestation and the variation of the 
economic (macroeconomic indicator determined by the GDP per capita and the 
poverty line) and demographic (evolution of the size of the population and man-
power of the pupils having the level of the second cycle) factors. And a thorough 
comprehension of the anthropic actions (pasture of the cattle, consumption of 
the firewood and charcoal, the breeding, the expansion of surfaces of food crops 
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and production of food crops) in bond with deforestation will make it possible 
to corroborate the immediate and indirect causes as well as the consequences of 
deforestation.

For this study, we will use a suitable econometric model which will enable us to 
determine the explanatory variables which have impacts on deforestation. It will 
enable us to make recommendations as regards public policy for better apprehend-
ing the immediate and indirect causes of deforestation generated by the people.

Moreover, deforestation in Mali appears more and more as a phenomenon which 
mobilizes the government, local populations, the nongovernmental organizations 
and international organizations to limit these socio-economic impacts on the 
populations.

2. Methodology

2.1 Medium of study and data acquisition

From its surface, Mali is the 23e vastest country in the world. It is located 
between the 10e and 25e degrees of northern latitude and between the 4e degree of 
east longitude and the 12e degree of western longitude. The climate is at the same 
time very dry and very heat for the 3/4 of the country, except in the extreme South, 
being in part of the area of Sikasso. In the Far North, the Sahara, precipitations’ 
ring average is lower than 250 mm and exceeds 100–150 mm with difficulty. On 
the other hand, in the extreme North, the rains are quasi non-existent. The Sahel 
sheltering the semi-desert central areas receives on average less than 500 mm of rain 
per annum. The South is subhumid with average precipitations lower than 750 mm 
per annum. The lowest value of the average annual temperature is of 28°C and 
highest is of 32°C3.

The whole of the data collected for this study is secondary data. They are time 
series and cover the periods going from 2003 to 2012. The data made up are car-
ried mainly on deforestation and of the macroeconomic and sociodemographic 
variables. The collected data come from the sources of the National Institute of the 
Statistics—INSTAT of Mali, the World Bank, the reports/ratios of study and the 
sites: perspective.usherbrooke.ca and ps://donnees.banquemondiale.org.

2.2 Specification of the model and processing of data

Two models of regression will be used to analyse the direct and indirect bonds 
between deforestation and the variables from which it would result. The estimate 
of the first regression will relate to ordinary least squares (OLS) in order to identify 
the immediate causes of deforestation. The second stage will be specified with 
the model logarithmic curve in order to explain the relative variations (in %) of 
deforestation following the variations (in %) of the macroeconomic and sociode-
mographic variables. The data processing will be made by the Stata software.

First stage of the specification of the model

  Def =  β  0   +  β  1   ManLi +  β  2   FWC +  β  3   SFC +  β  4   PFC + ε  (1)

Def: annual decline of forest cover (km2).
ManLi: manpower of the livestock (number).
FWC: firewood overall consumption (tons).

3 https://fr.m.wikipedia.org consulted the 14/02/2019 at 15. 32
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2.1 Medium of study and data acquisition
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sheltering the semi-desert central areas receives on average less than 500 mm of rain 
per annum. The South is subhumid with average precipitations lower than 750 mm 
per annum. The lowest value of the average annual temperature is of 28°C and 
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The whole of the data collected for this study is secondary data. They are time 
series and cover the periods going from 2003 to 2012. The data made up are car-
ried mainly on deforestation and of the macroeconomic and sociodemographic 
variables. The collected data come from the sources of the National Institute of the 
Statistics—INSTAT of Mali, the World Bank, the reports/ratios of study and the 
sites: perspective.usherbrooke.ca and ps://donnees.banquemondiale.org.

2.2 Specification of the model and processing of data

Two models of regression will be used to analyse the direct and indirect bonds 
between deforestation and the variables from which it would result. The estimate 
of the first regression will relate to ordinary least squares (OLS) in order to identify 
the immediate causes of deforestation. The second stage will be specified with 
the model logarithmic curve in order to explain the relative variations (in %) of 
deforestation following the variations (in %) of the macroeconomic and sociode-
mographic variables. The data processing will be made by the Stata software.

First stage of the specification of the model

  Def =  β  0   +  β  1   ManLi +  β  2   FWC +  β  3   SFC +  β  4   PFC + ε  (1)

Def: annual decline of forest cover (km2).
ManLi: manpower of the livestock (number).
FWC: firewood overall consumption (tons).

3 https://fr.m.wikipedia.org consulted the 14/02/2019 at 15. 32
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SFC: surface of food crops (hectare).
PFC: production of food crops (tons).
β1, 2, 3, 4: coefficients.
β0: constant.
ε: term of the error.
Second specification of the model

  LnDef =  β  0   +  β  1   LnPop +  β  2   LnTEEFII +  β  3   LnGDPC + U  (2)

Ln: neperian logarithm.
Def: annual decline of forest cover (km2).
Population: population of the inhabitants (number).
ETPF II: total of the population having the level from Fundamental II (number).
GDPC: gross domestic product per capita ($).
β1,2,3,4: coefficients.
U: constant.

3. Econometric estimate, results and discussions

3.1 Anthropic actions

The anthropic actions having impacts on deforestation are caused directly by 
human activities. Among those we have the pressures exerted by the animals on 
spaces of grazing ground, the woodcut for multiple uses, the extension of cultivable 
surfaces for cereals and the production of food crops.

In the model of estimate between the anthropic deforestation and actions, it 
arises that R2 = 0.8789, which would explain why 87.89% of the causes of deforesta-
tion are due to the explanatory variables of the model, that is, to the human activi-
ties. There is adequacy of the model. It arises that the model is overall significant 
since the value of Prob(F-statistic) is associated to be lower than 5%. As a whole, 
variables ManLi, FWC, SFC and PFC have overall a significant impact on the 
degradation of forest cover. More specifically, only variables ManLi and FWC have 
a significant impact on the degradation of forest cover (Table 1).

3.1.1 The pasture

The value of the coefficient associated with the variable ManLi is negative and 
significant to 10%. It indicates an opposite relation between the deforestation and 
the number of the cattle. It is obvious that the increase in the livestock in rural 
medium of Mali is one of the causes of the reduction of the level of deforestation. 
Therefore, the increase in livestock impacts negatively the degradation of vegetable 
cover (graminaceous grasses, fodder and Graminaceae). It allows a rapid restoration 
of the forest cover made up of woody species. It appears thus that it is the overgraz-
ing which leads to the abuse of the forest resources.

Space pastorales in rural medium of Mali are sufficiently available, and their ratio-
nal use allows the reduction of the deforestation which induces an increase in forest 
cover. The breeding thus appears as an essential factor which impacts deforestation 
negatively. The elasticity of reduction of the degradation of the forest surface being 
of 6.66%, which implies that the increase of 1% of animals constitutes the livestock, 
would reduce the deforestation by 6.66%. It implies that the increase of the livestock 
through the production of the organic manure enriching the ground improves the 
agricultural productivity and contributes to the increase of the forest cover of 6.66%.
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The large stockbreeders in rural medium being mainly wandering have a good 
perception of the traditional management of the natural resources. Most of the 
share of the livestock occupies spaces of grazing ground according to the variation 
of the seasons and the availability of fodder. It allows thus fast reconstitution of the 
vegetation after one period when space pastorales are almost unexploited [2].

3.1.2 The firewood consumption

The firewood overall consumption is positively correlated with deforestation. 
Its coefficient is positive and has a threshold of significativity of 5%. The firewood 
consumption by the households is thus one of the principal reasons of the defor-
estation in rural medium of Mali. That is means that as the consumption of the 
firewood increases, the decline of forest cover also increases. Thus, the elasticity of 
the variation of the firewood consumption with regard to the increase in deforesta-
tion is 26.30%. Any increase in the firewood consumption of 1% implies an increase 
of 26.30% of the forest degradation.

Indeed, that who corroborate with the idea according to which more the share of 
the countries of Africa Subsaharian use like principal energy wood. Nigeria does not 
make exception since the increase in its forest decline results mainly from the wood 
consumption due to a demand in increasing. This request results from an increasing 
population of need for sources of energy and building machineries for the houses 
[4]. In the Sahel and in Africa, the local wood energy consumption would be one of 
the principal causes of deforestation. With that the fall of the pluviometry char-
acterized by dryness is added to the Sahel which decimates the population of the 
woody species [5].

In Mali, the proportion of the households which use the firewood or coal 
passed from 77% in 2001 to 77.6% in 20164. Also in rural medium as in urban 
environment of Mali, the use of wood thus constitutes the first source of energy. 
It is thus used as charcoal for cooking and in the manufacture of boxes and is 

4 Data resulting from the investigation of the periods active from April 2017 to March 2018, into 
Consumption, Poverty and Welfare of Households of the National Institute of Statistics—INSTAT of Mali.

Variable Coefficient Std. error t-Statistic Elasticity

C −17802.08 6641.227 −2.680541 −277.5293

ManLi −0.000171 6.67E-05 −2.558930 * −6.661940

FWC 0.004886 0.001659 2.945847 ** 26.29780

SFC 0.000105 0.000185 0.566668 NS 0.255692

PFC −0.000200 0.000217 −0.922393 NS −0.676106

R-squared 0.878947

Adjusted R-squared 0.757894

Akaike information criterion 12.71521

Schwarz criterion 12.82478

Hannan-Quinn criter. 12.47876

Durbin-Watson stat 1.879230

Prob(F-statistic) 0.040414

Note: *** = significant 1%, ** = significant 5%, * = significant 10%, NS = not significant.

Table 1. 
Anthropic factors determining deforestation.
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SFC: surface of food crops (hectare).
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ε: term of the error.
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population of need for sources of energy and building machineries for the houses 
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passed from 77% in 2001 to 77.6% in 20164. Also in rural medium as in urban 
environment of Mali, the use of wood thus constitutes the first source of energy. 
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4 Data resulting from the investigation of the periods active from April 2017 to March 2018, into 
Consumption, Poverty and Welfare of Households of the National Institute of Statistics—INSTAT of Mali.

Variable Coefficient Std. error t-Statistic Elasticity

C −17802.08 6641.227 −2.680541 −277.5293

ManLi −0.000171 6.67E-05 −2.558930 * −6.661940

FWC 0.004886 0.001659 2.945847 ** 26.29780

SFC 0.000105 0.000185 0.566668 NS 0.255692

PFC −0.000200 0.000217 −0.922393 NS −0.676106

R-squared 0.878947

Adjusted R-squared 0.757894

Akaike information criterion 12.71521

Schwarz criterion 12.82478

Hannan-Quinn criter. 12.47876

Durbin-Watson stat 1.879230

Prob(F-statistic) 0.040414

Note: *** = significant 1%, ** = significant 5%, * = significant 10%, NS = not significant.

Table 1. 
Anthropic factors determining deforestation.
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used to cover the roofs of the concessions. In rural and urban medium, there are 
many electric posts which are made containing wood. The mortars, the rammers, 
the hoe, cart, etc. are also designed containing wood. That who confers on wood 
multiples uses.

3.1.3 The expansion of surfaces of the food crops

The coefficient determining the expansion of surfaces of food crops is posi-
tive and nonsignificant. An increase of 1% of cultivable surfaces increases the 
deforestation of 0.25%. It shows that compared to the other above-mentioned 
factors, the increase in surfaces of food crops impacts little on the deforestation 
in rural medium of Mali. The country has sufficient bottom funds, of arranged 
plains and irrigated perimeters where cereal culture is made. That is the case of 
the Office zone of Niger which counts with him only an agricultural potential of 
2,458,506 ha including 1,907,406 ha suitable, 1,445,000 ha irrigable by gravity 
and a surface of 131,000 ha exploited 5. These great installations were conceived 
since the colonial period. It would limit the impact of the expansion of surfaces 
of food crops on deforestation. Another factor not less significant is that the 
farmers who extend their cultivable surfaces take more and more conscience of 
the risk which weighs on the environmental pollution through deforestation. The 
trees resulting from local species are thus protected by the farmers and certain 
regulations in force.

Many studies highlight the positive impact and the degree of significativity 
which the increase in cultivable surfaces has on the degradation of forest cover, 
but the bond established in the Malian context proves the opposite. The models 
of development of agriculture in Africa, Asia and Latin America, based on rice 
growing, tend to increase considerably agricultural surfaces which would be the 
principal cause of the deforestation of the tropical forests [6].

3.1.4 Production of food crops

The coefficient determining the production of food crops impacting deforesta-
tion in Mali is negative and nonsignificant. If the agricultural productivity increases 
by 1%, deforestation decreases by 0.68%. In other words the level of reduction of 
deforestation decreases less proportionally than the increase in the agricultural 
productivity. The most of the agricultural productivity, the more high will be the 
reduction of deforestation but in a less significant way. A high agricultural output 
ensures a sufficient income and puts the farmer safe from economic and food needs. 
These factors return to him less vulnerable.

A successful agriculture is that which gives better results in terms of increase in 
the agricultural productivity through an intensive culture and the safeguarding of 
the environmental quality leading to less of deforestation [7].

3.2 Economic and socio-demographic determinants of the deforestation

Economic and socio-demographic factors which determine deforestation are 
estimated by the function neperian logarithm. The model is well specified since 
R2 = 0.9712, which indicates that 97.12% of the variations of the variable dependent 
on the model are explained by the explanatory variables. Given that the value of 
Prob(F-statistic) is lower than 5%, the model is overall significant. The model is 
thus adequate (Table 2).

5 Consulted the 18/02/2019 on https://www.maliweb.net.
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3.2.1 The level of education

The coefficient associated with education is negative and nonsignificant. An 
increase of 1% of the level of education reduces the deforestation of a rate of 0.16% 
in rural medium of Mali. It indicates that the rate of deforestation decreases with 
the increase in the level of education. This reduction of the level of deforestation 
in connection with that of education, secondary level, is done in a less significant 
way since the impact is not considerable. Nevertheless, the level of education is a 
very significant factor making it possible to understand the stakes related to quality 
and the environmental pollution. With regard to the secondary school between 
2009 and 2014, the net rate of enrolment was 36% for men and 23% for women6. So 
that the impact of the reduction ratio of deforestation is more considerable in rural 
medium of Mali, it is necessary that the policies adopt a programme of elimination 
of illiteracy on a large scale. This policy must promote the access for the attack of a 
minimal level at the secondary school for the adults.

3.2.2 The demographic factor

The negative and significant sign of the demographic growth to the threshold of 
5% indicates that it negatively impacts the degradation of forest cover in medium 
of rural of Mali. In other words, the demographic growth affects the regeneration 
of forest cover positively. Elasticity relating to the variation of the population is 
−6.08%. Any increase in the population of 1% reduced the degradation of the 
forest cover of 6.08%. The rural migration and seasonal worker are the principal 
reasons of this fall of the destruction of forest cover. With the place that their 
principal source of income comes only from the wood sale, the rural ones prefer 
the rural migration towards the urban centres for other remunerative employment. 
Agriculture principal source of income for the rural young people is forsaken with 
the profit of gold washing. The migration of the rural young people is also one of 
the principal causes of fall of the anthropic pressure on the forests. With that the 
recurrence of the community conflicts between farmers and stockbreeders is added 
and even sometimes between sedentary farmers who are at the origin of internal 
displacements. From these factors, cultivable surfaces which shelter many forest 
resources are thus saved by the extensive agriculture and the extensive pasture. 

6 Base data of the UNICEF, consulted the 19/02/2019 at 12:01 PM on < https://www.unicef.org > 
infobycountry

Variable Coefficient Std. error t-Statistic

C 124.4731 20.12615 6.184648

LETPF II −0.161668 0.223772 −0.722465 NS

LPOP −6.083446 0.892867 −6.813383 **

LGDPC −2.036184 2.714014 −0.750248 NS

R-squared 0.971229

Adjusted R-squared 0.928074

Durbin-Watson stat 2.951644

Prob(F-statistic) 0.042844

Note: ** = significant 5%, NS = not significant.

Table 2. 
Anthropic factors determining deforestation.
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That who is explained by this effect regulator the pressure anthropic. The demo-
graphic factor, i.e. the number of inhabitants which accounts a country, is quoted in 
many scientific works as a factor which is positively correlated with deforestation. 
This assertion is the subject also of controversy on this subject.

Moreover, the rate of deforestation can increase because of the increase in 
population which induces significant anthropic needs. The growth of the popula-
tion created enormous food needs, which impacts on the demand for arable lands 
which results in the deterioration of forest cover. The growth of a population is 
also accompanied by a keen demand out of firewood, structural timber and woody 
forest products. Of another share, the demographic growth can induce technologi-
cal progress and institutional changes which will contribute to reduce devastating 
effects of the forest [8].

3.2.3 The gross domestic product per capita

Gross domestic product, that is, the income per capita, is negatively correlated 
with deforestation. But its coefficient is nonsignificant. For any increase of 1% of 
the annual income per capita, deforestation decreases by 2.03%. The improvement 
of the living conditions of populations, through the increase in their incomes, is 
an essential factor of reduction of deforestation. The higher the income per capita, 
the more the degradation of forest cover is reduced, and the less is the rate of the 
environmental pollution in bond with deforestation.

Indeed, the gross domestic product per capita significantly affects various 
manners of restoration of forest cover. That is the Asian case of four countries of 
which the Philippines, Indonesia and Malaysia, and Brazil. By reducing poverty, 
the increase in gross domestic product per capita positively affects forest cover 
and the expansion of the roads. On the other hand, the increase in gross domestic 
product has a negative influence on forest cover through the expansion of cultivable 
surfaces. It is the case of the Asian countries where the principal causes of reduction 
of the forest surface are explained by the economic growth with an elasticity of 
−0.76% and −0.06% in Brazil [9].

4. Conclusion

With the instar of the other continents, Sub-Saharan Africa is confronted with 
enormous challenges and more particularly those concerning the climatic changes. 
The Mali Sahelian country faces the same stakes related to the climatic changes 
and the deterioration of the quality the environment. Because of the growth of its 
population, the request for the forest resources is large. This request results from 
an enormous requirement in consumption for wood which constitutes the first of 
energy for the households. The consequence is the loss of a woody potential due to 
anthropic actions which emanate several factors. The level of development of the 
country with its average income per capita offers few alternatives for the rural and 
urban populations to use other more accessible sources of energy.

Indeed, the results obtained show that the increase in population is accompa-
nied by a significant level of reduction of deforestation. The principal reason of 
the negative effect that the increase in population has on deforestation is the rural 
migration and the migration. These two factors reduce the effects of the anthropic 
pressure on deforestation. While migrating and urbanizing the rural populations, 
find other alternatives to compensate for their sources of income primarily coming 
from agriculture and the wood sale. It has as a corollary the reduction in the exploi-
tation of the cultivable surfaces and that of the woodcut for domestic uses.
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Indeed, the rural populations by changing life mode adopt other more suitable 
means of power consumption induced by institutional measurements. It causes the 
decrease in the demand out of firewood, structural timber and woody and nonwoody 
forest products. Political, lawful and legislative measurements quite suitable would 
encourage the rural and urban populations with a moderation in wood consumption.

However, the level of education affects deforestation negatively but in a non-
significant way. Thus, significant challenges are to be raised in order to increase 
the rate of elimination of illiteracy in rural medium. Education is thus a powerful 
means making it possible for the populations to understand the consequences 
related to the environmental pollution.

The abundance of the cultivable ground and pastoral space availability makes 
Mali a country with potential strong agro-pastoral. The majority of nomads being 
large stockbreeders have ways of life very related to nature and the forest. It enables 
them to put methods and traditional techniques into practice favorable to the nature 
conservation, thus inducing a rational use of spaces of grazing ground. Therefore, 
the breeding appears as determining which impacts deforestation negatively. It 
wants to say that the mode of breeding as practised by the rural stockbreeders sup-
ports the restoration of forest cover.

However, the principal cause of deforestation in rural medium of Mali results 
from the wood consumption. It constitutes the principal source of energy for the 
rural and urban populations since the level of their average incomes offers few 
alternatives for the use of other sources of energy (solar, wind and thermal). Wood 
is also used for multiple uses, the coating of the roofs of house, construction of 
boxes and manufacture of farm equipments.

Deforestation in rural area of Mali is the result of several institutional and 
regulatory factors. The inadequacy of these measures makes their implementation 
difficult. Mali is weakened in a sociopolitical context marked by insecurity due 
to the presence of several armed groups in a large part of the country. The state is 
therefore unable to implement an effective strategy to combat deforestation and, 
moreover, mitigate the devastating effects of forest cover. Suddenly, rural popula-
tions become direct actors in the preservation of their forest resources. If the state 
wants to put in place long-term effective environmental policy measures, the 
involvement of rural people would be fundamental.

However, the implementation of certain institutional, that is, legislative and reg-
ulatory, measures is not followed by a policy of large-scale application. Stakeholders 
involved in the use of forest resources must be made aware of the strict application 
of these laws and regulations in order to minimize the excessive cutting of wood. As 
more than half of Mali’s rural population is not literate, it is necessary to convey the 
message of the content of the laws governing forest resource management policy in 
the local language. Several communication channels, such as rural radio broadcast-
ing and sensitization sessions on the importance of preserving forest resources with 
local people, should be explored as alternatives. As a result, environmental issues 
may be better understood by an uninformed population regarding the consequences 
of climate change. This will have a positive impact on the behaviour of rural popula-
tions in terms of wood consumption and reduced destruction of forest cover.

In addition, other more appropriate policy measures need to be taken to signifi-
cantly reduce the use of wood for domestic purposes. These measures concern the 
limitation of exploitation rates of forest resources so that the rate of use or exploita-
tion does not exceed the rate of recovery of forest resources. To limit the impact 
of deforestation, the public authorities, in particular the Malian State, must grant 
property rights to individuals in certain protected forest areas. The granting of 
marketable permits and negotiable access rights to forest resources to loggers would 
be an alternative to significantly reduce deforestation.
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In fact, to reduce the consumption of wood as a source of energy, the State must 
promote the use of substitutable energy. This is to convince rural households of the 
utility of improved stoves and solar cookers for more economic and environmental 
purposes. This would allow rural households and loggers to devote a good deal of 
their time to other more profitable income-generating activities.
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In fact, to reduce the consumption of wood as a source of energy, the State must 
promote the use of substitutable energy. This is to convince rural households of the 
utility of improved stoves and solar cookers for more economic and environmental 
purposes. This would allow rural households and loggers to devote a good deal of 
their time to other more profitable income-generating activities.
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