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Preface

Forests play a vital role in sustaining life on Earth. They support rich biodiversity,
regulate climate, and provide essential ecosystem services like clean air, water protec-
tion, and soil conservation. Forests also serve as a lifeline for many communities, espe-
cially in rural and tribal areas, offering food, medicine, fuelwood, and income. Beyond
their ecological and social importance, forests play a crucial role in combating climate
change by absorbing carbon dioxide, storing carbon, and serving as natural barriers
against extreme weather events like floods, droughts, and storms. As the world faces
growing challenges like rising global temperatures, biodiversity loss, and increasing
pressure on natural resources, the role of forests has become more crucial than ever.

This book, Forest Science — Advances towards Sustainable Development and Climate
Resilience, highlights the growing importance of forests and agroforestry in addressing
some of today’s most pressing issues, including climate action, sustainable development,
habitat conservation, food and nutritional security, and the integration of advanced
technologies for forest monitoring and management. It brings together knowledge from
different fields to explore how forests can help solve some of the most pressing global
challenges. The chapters cover a wide range of topics, including scientific advances,
climate solutions, sustainable land use, and the social and economic aspects of forest
management. Some chapters focus on how forests act as carbon sinks and what strate-
gies can help increase their ability to absorb and store carbon. The book also includes
insights into forest certification systems. There are studies on forest health, biodiversity,
the impact of climate on forest ecosystems, and how wild edible plants can help improve
nutrition in rural areas. Others highlight the use of remote sensing and Internet of
Things (IoT) technologies to monitor forest conditions, detect environmental changes,
and support better decision-making.

Our goal with this book is to provide valuable insights for researchers, students,
policymakers and anyone interested in forests and sustainability. We believe that by
understanding and managing our forests better, we can make meaningful progress
toward a healthier planet and a better future for all.

We sincerely thank all the contributors for their hard work and dedication. We hope
this book inspires readers to appreciate the value of forests and take positive steps
toward sustainability and resilience.

Gopal Shukla

North Eastern Hill University,
Tura Campus,

Tura, Meghalaya, India
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Chapter1

Forest Carbon Sequestration

Functions and Mitigation Strategies
for Global Climate Change

Kang Xu, Guiwu Zou and Hanjian Hu

Abstract

This chapter aims to explore the critical role of forests in mitigating global climate
change by enhancing carbon sequestration. We synthesized the research of global
forests carbon sink, showcasing their significant carbon sink potential. Drawing on
previous studies, we introduced the contributions of various forest types and man-
agement practices to bolster forest carbon sequestration. Case studies of successful
nature-based solutions (NbS) projects are highlighted to illustrate effective strate-
gies for increasing forests carbon sinks. Additionally, we outlined methodologies
for quantifying forest carbon sequestration, encompassing field-based approaches,
remote sensing technologies, and advanced modeling techniques. Sustainable forest
management strategies were evaluated, with a focus on afforestation, reforestation,
conservation, and efficient utilization of forest resources, including wood products
and renewable energy integration. Furthermore, we discussed existing policy frame-
works, with a particular emphasis on the REDD+ initiative, and provide recommen-
dations to enhance their effectiveness in promoting forest carbon sequestration. In
summary, this chapter offers a holistic perspective on how forests can be leveraged as
avital tool in combating climate change.

Keywords: carbon sequestration, carbon neutrality, climate change mitigation,
forest management, greenhouse gas

1. Introduction

Climate change, driven by the relentless increase in atmospheric carbon dioxide
(CO,) and other greenhouse gases (GHGs), poses a significant threat to global ecosys-
tems and human societies. Plant photosynthesis, a vital process in the carbon cycle,
serves as the sole pathway for CO, to transition from the atmospheric reservoir into
biological organisms. The process, activities, and mechanisms that remove CO, from
the atmosphere and store it for a period are commonly referred to as carbon sinks.
Photosynthesis therefore stands as the largest natural carbon sink channel, playing
a crucial role in mitigating the impact of climate change. It is well-established that
the escalating GHG emissions, leading to an expansion of the atmospheric carbon
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pool, are the direct driver of global climate change. To achieve the ambitious goal of
limiting global warming to 2°C or below, or even 1.5°C, it is insufficient to rely solely
on reducing emissions from fossil fuels and land-use changes. We must also broaden
our approach to enhance carbon sinks, thereby paving the way for ultimate carbon
neutrality.

Global terrestrial carbon sinks, estimated at approximately 2.3 + 1.0 Gt Cyr.”',
could offset 23% of emissions from fossil fuel, thus slowing the pace of global climate
warming [1]. Forests, the land type with the largest biomass, play an indispensable
role in its function of carbon absorption against climate change. When accounting for
the carbon sink loss due to deforestation in tropical rainforests, global forest sink has
the potential to nearly offset half of fossil fuel emissions [2].

Therefore, it is crucial to understand, utilize, and tap into the full potential of
forest carbon sequestration. Not only does it involve protecting existing forests,
but it also involves promoting reforestation, afforestation, and sustainable forest
management practices, as well as various ways of utilizing resources. In this chapter,
we aim to: (1) highlight the importance of forest carbon sequestration for carbon
neutrality and climate change mitigation, (2) review global and regional forest carbon
sink potential and influencing factors, (3) detail various measurement methods for
quantifying forest carbon sequestration, and (4) discuss sustainable forest utilization
strategies, including carbon resource utilization through wooden products, renewable
energy integration, and supporting policy frameworks. Integrating research from
ecology, forestry, remote sensing, and policy analysis, this chapter focuses on the
potential of forests as carbon sinks, methods for quantifying this potential, and strat-
egies for enhancing and sustainably utilizing forest carbon sequestration to contribute
to global climate stability and sustainable development.

2. Global forest carbon sink potential
2.1 Review of recent research papers on forest carbon sequestration potential
2.1.1 Carbon sink of global forests and their potential

Forests have a crucial role in carbon sequestration through the process photosyn-
thesis, which usually leads to their classification as carbon sinks. Some studies take
the opposite view, arguing that forests are carbon sources at both global and regional
scales. Baccini et al. [3] quantified the net annual changes in the aboveground carbon
density of tropical woody live vegetation using the moderate resolution imaging spec-
troradiometer (MODIS) pantropical satellite data and argued that the world’s tropical
forests are a net carbon source of 425 Tg C yr.”! (1 Tg = 10" g) from 2003 to 2014.
Similarly, Dixon et al. [4] demonstrated that the net carbon emission of global forests is
0.9 + 0.4 Pg Cyr.”" (1 Pg = 10" g). However, mounting evidence supports the view that
forests are carbon sinks at a global scale, with carbon source status limited to specific
regions or periods [2, 5, 6]. For example, the young forests in southern Sweden switch
from carbon source to carbon sink after eight years of reforestation [7]. Intriguingly,
previous studies that argued forests as carbon sources have proven that forests are
carbon sinks. Baccini et al. [3] noted that the net carbon release from tropical forests
comprised losses of 861.7 + 80.2 Tg C yr.”* and gains of 436.5 + 31.0 Tg C yr. ™', with the
former resulting from forest growth and the latter from deforestation and decreased
carbon density due to degradation or disturbance. The 0.9 Pg C yr." net flux to the
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atmosphere of the global forest is the result of 1.6 Pg C yr.” emission from deforesta-
tion in low latitudes and 0.7 Pg C yr.”! sequestration from forest area expansion and
growth [4]. A close inspection reveals that the reason why forests are considered a
carbon source is because of deforestation.

As the main component of terrestrial ecosystem, forests account for over 80%
of the terrestrial ecosystem’s carbon sinks and sequester approximately 25% of
anthropogenic carbon emissions [8, 9]. Over time, the estimated magnitude of global
forest carbon sinks has increased. Based on the ground-based measurements, Pan
etal. [2] demonstrated that the global forest is an enduring and steady carbon sink,
segregating 3.6 + 0.4 Pg C yr. " and 3.5 + 0.4 Pg C yr.”" in the 1990s ~ 2000s and the
2010s, respectively, and neutralizing almost half of fossil-fuel emissions (7.8 + 0.4 Pg
Cyr. " in 1990 ~ 2019). Meanwhile, using the aboveground biomass, Alaniz et al.

[10] indicated that the global forest is a carbon sink segregating 0.06 + 0.58 Pg C
yr.”! from 2000 to 2019. Integrating ground and Earth observation data, Harris et al.
[11] estimated that global forests were a net carbon sink of 2.1+13.4 Pg C yr.”" during
2001-2019.

In addition to ground measurement, many researchers have estimated forest car-
bon sinks globally or regionally using processed-based models. According to “Global
Carbon Budget 2024, global forests sequestered 1.3 Pg C yr.”" during 2013-2022
based on dynamic global vegetation models (DGVMs). Another study, also based on
DGVMs, found a carbon sink of 2.15 Pg C yr.”* [12]. By upscaling eddy covariance
data with a random forest, Zeng et al. [13] demonstrated the carbon sink was 0.4 Pg
C yr.'1 from 1999 to 2019. Using CO, observations and inverse models, Schimel et al.
[14] reported that the carbon sink was 1 ~ 2 Pg C yr.”! during the 2000s. In addition,
there is a large number of studies that apply atmospheric inversions and flux mea-
surements to estimate forest carbon sinks at the regional scale [15]. Collectively, these
studies indicate that global forests function as carbon sinks, albeit they may locally act
as carbon sources.

Despite their current status as the primary carbon sink in terrestrial ecosystems,
forests possess significant potential for enhanced carbon sequestration through
management practices. The global forest area has been declining over the past few
decades (Figure 1), whereas the carbon sink capacity of forests remains enduring [2].
Through improved management, the existing global forest could offer a carbon sink
of 206 Pg C, with the majority (71%) concentrated in tropical forests [17]. Following
the 2015 Paris Agreement, parties to the UNFCCC agreed to hold global warming to
“well below” 2°C and pursue efforts to limit it to 1.5°C by reducing global CO, emis-
sions as soon as possible and reaching net-zero by mid-century. Many countries have
already taken action. For example, China proposed achieving a carbon peak in 2030
and carbon neutrality in 2060. Under a tree-planting scenario aligned with China’s
ecosystem management policy, China’s forests can sequester 5.9 + 0.5 Pg C [18]. Thus,
the global forest retains substantial potential for carbon sequestration.

2.1.2 Role of different forest types and management practices in enhancing carbon
sequestration

Tropical forests are the most efficient carbon sinks due to their rapid growth rates
and high biodiversity. Despite covering only 30% of the global tree cover, these forests
harbour 50% of the world’s carbon stored in trees (WRI, Research. (n.d.). Forest
Carbon Stocks. https://research.wri.org/gfr/biodiversity-ecological-services-indi-
cators/forest-carbon-stocks#how-much-carbon-is-stored-in-the-world-s-forests).
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Figure 1.

The global forest area over 1990—2020 (cited from [16]).

The diverse species composition allows for complex interactions that enhance growth
and resilience, which in turn boosts carbon storage [19]. Meanwhile, the intense
deforestation offsets much of their carbon sequestration. Temperate forests also play a
significant role in carbon sequestration, although their rates are generally lower than
those of tropical forests. In temperate forests, soil organic carbon (SOC) accounts for
60% of the ecosystem carbon stock [20]. The rapid expansion of forest area in this
region, particularly through national-scale afforestation and reforestation programs
in China, has been instrumental in enhancing carbon sinks [2]. Boreal forests have
slower growth rates but segregate vast amounts of carbon in soil (84%) and dead bio-
mass due to the decomposition rate at low temperatures [21]. However, the increasing
incidence of wildfires, driven by climate warming and drying, poses a great threat to
the carbon sink capacity of boreal forests [22]. From 1948 to 2014, wildfires resulted
in 789 Tg C emission in North American boreal forests alone [23]. Meanwhile, the
rising outbreaks of insects due to climate warming exacerbate carbon emissions from
living biomass. Reducing wildfires and insect outbreaks is crucial for enhancing
carbon sinks in boreal forests.

Enhancing forest carbon sequestration involves two primary strategies: increasing
forest area and elevating the carbon density of forests per unit area through manage-
ment practices. Over the past two decades, China has carried out extensive afforesta-
tion activities. Afforestation efforts in southern China during the last two decades
sequestered approximately 2.34 Pg C between 2002 and 2017, with a potential for an
additional 5.32 Pg C sequestration [24]. Maximizing the carbon sink potential per unit
area of forests is equally important. Selecting forest species that have the maximum
fitness to the local environment and maximal carbon stock enabled almost a doubling
in forest carbon sink potential [25]. Regarding tree diversity and individual density,
the diversity of species is ideal for recapturing carbon in tropical and equatorial
forests, whereas the abundance of trees is more important to maximize carbon storage
in cold and dry regions [19].

Forest management plays a pivotal role in encouraging trees to sequester more
carbon, by accelerating tree growth and soil carbon accumulation. The soil fertility
is often the limitation for forest net primary production (NPP) [26]. Fertilization
is a widely used management practice in intensive forest management. Forests in
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marginal sites, due to their low soil quality, exhibit significantly lower carbon accu-
mulation compared to forests in non-marginal lands [27]. It is important to acknowl-
edge that while fertilization may temporarily promote respiration, it ultimately
enhances the forest’s carbon sink. The first fertilization in young Norway spruce
forest initially increases forest floor respiration but the enhancement of photosynthe-
sis exceeds the floor respiration [28].

To improve tree growth and regeneration, thinning—the selective removal of trees
using single-tree or group-selection harvesting methods—can be employed. Although
the thinning reduces the carbon storage in vegetation and accelerates soil CO, emis-
sion due to the disturbance, recent research has demonstrated that moderate thinning
increases the total carbon density of forest by accelerating the tree growth and by
increasing the recalcitrant fraction of soil carbon [29, 30]. Using wood products
instead of other products that require the use of fossil fuels (e.g., plastics) is also a
by-product that enhances forest carbon sink (details in Chapter 4.2). Compared to let-
ting trees die and decompose, they can be harvested and processed into products like
garnish and building materials which can be around for decades or even centuries.
The Liberty Bell is a quintessential example; its wooden yoke, made from American
elm harvested in the 1770s, still stores carbon today.

Promoting species and structural diversity in forests is another effective and
commonly used management strategy. The positive relationships between species
diversity and forest productivity have been widely evidenced [31, 32]. A study based
on Canada’s National Forest Inventory (NFI) database revealed that increased species
evenness increased soil carbon storage by 30% [33]. Recently, many researchers have
emphasized the importance of structural diversity over species diversity in enhancing
forest productivity [34-36]. Therefore, enhancing structure diversity is a better way
to improve forest carbon sink. Simultaneously, the high species diversity also reduces
carbon losses by enhancing their resilience (resistance, recovery, and adaptability) to
various disturbances such as wildfires, insects, drought, and biological invasion [37].

2.2 Successful NbS projects that have increased forest carbon sinks

Climate change is one of the greatest challenges that mankind has ever faced, pos-
ing significant threats to the environment and nearly all aspects of human well-being
[5]. The solutions will not be immediate, even if organized in an integrated and global
manner. Against this backdrop, nature-based solutions (NbS) are emerging as an
integrated approach to solving this issue [38]. NbS was defined as “actions to protect,
sustainably manage, and restore natural or modified ecosystems that address societal
challenges effectively and adaptively, simultaneously providing human well-being
and biodiversity benefits” [39]. Girardin et al. [40] claimed that implementing NbS
such as forest protection could contribute to a 0.1°C reduction in global warming by
mid-century, under a scenario where warming peaks at 1.5°C by that time.

Numerous successful cases illustrate the effectiveness NbS in enhancing for-
est carbon sinks. The Three-North Shelterbelt Program (TNSP), known as China’s
“Great Green Wall” (GWC), has been developed for over 40 years and is one of the
most successful NbS cases. Since 1978, this program has been deployed by China to
fight the encroaching Gobi Desert and help the fortunes of its northern provinces.
Acting as a buffer between the Gobi and the rest of the mainland, the GWC is in the
middle of swelling to more than 100 billion trees along a 4500-km belt by 2050. It will
eventually stretch over one-tenth of the country. The cumulative carbon sequestration
of the TNSP was 2.31 Pg C from 1978 to 2017, which corresponded to 5% of China’s
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industrial carbon emissions in the same period [41]. Despite mixed assessments, over
66 billion trees had been planted by 2014, and scientists attribute the TNSP’ suc-

cess to repelling and, in some instances, reversing desert encroachment. By planting
native species well-adapted to the local climate, the area has transformed into an
oasis, leading to reduced local temperatures, increased soil carbon, and the creation
of new forest-related incomes in numerous rural communities. China has witnessed a
substantial increase in forest cover and associated carbon stocks, with the carbon sink
of the GWC continuing to grow [42].

Another notable NbS case is the Southern Cardamom REDD + Project in Koh
Kong Province, Cambodia. The Cardamom Rainforest Landscape is one of the
last unfragmented rainforests remaining in Southeast Asia and is a critical part of
the Indo-Burma Biodiversity Hotspot. The government pay farmers 70% above
the normal market price for their organic rice and forest stewardship, and hence
prevents farmers from clearing new land illegally in the forests. Using global best
practices for forest protection and community development, the Southern Cardamom
REDD+ project prevents more than 3 Tg C emissions annually (https://ibisrice.co.uk/
business-model/).

It is important to acknowledge that NbS may eventually reach a saturation point
where the ecosystem attains equilibrium, and sequestration is balanced by emissions.
For example, after two decades of afforestation in southern China, the growth rate of
carbon sink for these forests has begun to slow, and 71% of its carbon storage poten-
tial has been achieved by 2017 [24].

2.3 Challenges and opportunities for scaling up forest carbon sequestration
efforts globally

Forest carbon sequestration stands as a pivotal strategy in the battle against
climate change. While forests offset approximately 25% of anthropogenic GHG emis-
sions, enhancing their carbon sequestration capacity undoubtedly holds promise for
mitigating global climate change [9]. Scaling up efforts in forest carbon sequestration
presents a myriad of challenges and opportunities. Understanding these factors is
essential for enhancing the carbon sinks of forests.

One of the most parlous challenges is deforestation and land use change (LUC),
which often switch forest from carbon sinks into long-term carbon sources.
Agricultural expansion, logging, infrastructure development, and urbanization
are primary drivers of deforestation, significantly reducing forest cover and carbon
storage capacity [43]. From 1990 to 2019, the carbon emission from deforestation
in tropical forests is 2.24 Pg C yr.”! [2]. Furthermore, deforestation can exacerbate
ecosystem stress, increase the incidence of fires, and lead to higher carbon emissions
[44]. Although the rate of deforestation is declining (Figure 2), we are still far from
achieving zero deforestation.

Another shriveled challenge is the immediate and inescapable impact of climate
change itself. The intensification of the dry season and pest outbreaks accelerated
by warming temperatures cause a great deal of trees to die [45, 46]. Moreover, the
drought also triggers forest fires [47], further weakening the carbon sink of forests.
Meanwhile, global warming also enhances soil carbon emissions [21].

The third challenge is carbon sink verification and funding constraints. Forest car-
bon sequestration is a long-term and complex process; hence, accurately measuring
and verifying carbon sinks in forests can be complex and resource-intensive, posing
challenges for reporting and accountability in carbon offset programs. Meanwhile,
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Figure 2.
The global deforestation area over 1990—2020 (cited from [16]).

substantial investments are needed for large-scale reforestation, afforestation, and
sustainable land management. In 2024 alone, the Chinese government have invested
32 billion Yuan in the construction of the Three-Norths Shelter Forest. Hence, limited
access to funding can impede project implementation.

The fourth challenge is land tenure and governance issues. In tropical countries,
unclear land tenure can hinder reforestation and sustainable management efforts, as
communities may lack the incentive to invest in long-term forestry practices. The areas
with the highest recovery potential are disproportionately distributed in countries with
weak rule of law, and often in countries with large amounts of unrecognized land tenure.
At least 67% of the areas with the highest restoration potential in Madagascar must be on
untitled land, where tenure is often unclear or disputed [48]. Inconsistent policies and
lack of enforcement can undermine the effectiveness of carbon sequestration initiatives,
making it difficult to implement sustainable practices [49].

Integrating forest carbon sequestration into national climate action plans, such
as Nationally Determined Contributions (NDCs) under the Paris Agreement, can
provide essential support and funding for conservation and restoration projects.
Several opportunities are provided against these challenges. The first opportunity lies
in conserving and enhancing forest land [50]. There is still potential forestation land,
for example, the area of prioritized potential forestation land in China is 0.66 million
km? [51], and the area of high potential for restoration in tropical is 27 Mha [48]. If
all these lands are afforested, they can provide immense carbon sinks. The second
opportunity is the participation in forest carbon markets. Credits generated from for-
est carbon projects can be sold in either compliance or voluntary carbon markets. This
market provides different entities with the option to purchase forest carbon offsets to
meet emission reduction targets and allows for lower-risk investment in forest carbon
projects with strong incentives for project completion [50]. The third opportunity
lies in the wood product market. Timber buildings are low-carbon and energy-saving
buildings. Compared with reinforced and concrete buildings, wood structure buildings
reduce carbon emissions by 48.9% ~ 94.7% in the production stage of building materi-
als. During the subsequent life cycle, the greenhouse gas emissions of wood-frame
buildings are 20% ~ 50% lower than those of steel or concrete structures [52, 53].
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Furthermore, leveraging technological advancements, such as remote sensing and
satellite imagery, can enhance monitoring and verification of carbon emissions and
stocks, ensuring transparency and accountability in carbon markets (more details in
Chapter 3.5). This technology even can estimate the carbon content in dead fine wood
debris [54]. It can also monitor disturbances in forests such as wildfires, anthropo-
genic deforestation, and illegal logging in real-time, and therefore, the government
can intervene immediately. At the same time, the burgeoning artificial intelligence
(AI) technology is likely to bring about a revolution in the field of climate change in
the future (details in Chapter 3.2.2 and 3.5). By integrating information with AI, we
can achieve efficient and accurate acquisition of multi-scale forest ecosystem param-
eters [55]. The concept of Climate-Smart Forestry has also been put forward [56].

3. Quantifying forest carbon sequestration

Quantifying the carbon sequestration capacity of forests is the basis for evaluating
the ecosystem services, functioning, and carbon neutrality of forests. It is of great
significance for protecting ecosystem biodiversity and mitigating global climate
change, and hence a solution to global climate issues [18]. We introduce the primary
methods employed for measuring forest carbon sequestration, including field-based
approaches, remote sensing techniques, the eddy covariance method, process-based
modeling, and deep learning models (Figure 3).

3.1 Field-based methods: Use of field data, allometric equations, and growth
models

Field-based methods represent the earliest approaches used for estimating forest
carbon sequestration, relying on biomass data. Therefore, accurate measurement
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Forest carbon sequestration estimation methods classification system.
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of biomass has become the key point of these methods. Initially, average biomass
method obtain biomass data by direct-harvesting. Datasets consisting the relationship
between inventory data and biomass were established with the gradual advancement
of parameters for biomass measurement, and biomass expansion factor method, bio-
mass inventory method, and accumulation volume expansion method were proposed
based on these datasets.

3.1.1 Average biomass method

The average biomass method obtains biomass data through field exploration.
Standard sample plots are established based on forest type, and tree samples of vari-
ous organs are harvested. The dry mass of these samples is then measured to deter-
mine the average biomass of the standard plot. By multiplying the average biomass by
the number of plants, the biomass per unit area, or standard plot biomass, is calcu-
lated. Ultimately, carbon sequestration is determined by multiplying the standard
plot biomass by the carbon content coefficient. For example, Liu et al. [57] used this
method to estimate the aboveground biomass of karst forest stands in central Guizhou
Province. However, direct-harvest method requires a large amount of manual labour
and resources. It poses irreversible damage to plants and habitats and is not suitable
for some fragile ecosystems [58]. While the data obtained through this method are
accurate, it is challenging to scale up for large-scale and long-term studies, and it fails
to capture the dynamic changes in the continuous carbon sink capacity of forests.

3.1.2 Allometric equations and growth models

The growth models are idealized equations that describe the relationship between
biomass growth and various plant characteristics, based on the principles of relative
growth theory. The allometric scaling models have been established based on the cor-
relation between individual biomass and tree diameter at breast height (DBH) and/
or tree height, and they have been widely used in biomass estimation. The biomass of
the sample plot was calculated by sampling and felling a small number of representa-
tive standard trees within the plot. The existing allometric relationships between
measurement indicators and biomass can be expressed by allometric equations:

W:axDbandW:ax(szH)h 1)

where, W represents the biomass of various organs in the forest, D represents the
average diameter at breast height of the forest, H represents the average diameter
height, and 2 and b are parameters. Currently, relative growth models for biomass
have been well-established for different vegetation types, providing a solid founda-
tion for expanding forest carbon sequestration calculation methods [59, 60].

3.1.3 Other forest carbon sequestration measurement methods based on biomass data

With the improvement of biomass data and biomass relative growth models, and
the increasing demand for large-scale forest carbon sequestration measurement,
biomass expansion factor methods, biomass inventory methods, and accumulation
volume expansion methods based on basic biomass data have gradually emerged and
been widely applied.
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The Biomass Expansion Factor (BEF) method calculates forest carbon sequestra-
tion using the ratio of stand biomass to wood volume as the BEF. It uses the average
wood density to multiply the total volume to obtain the total biomass of certain forest
types. This method is commonly used to estimate forest biomass at a national scale.
The BEF value is the core of this method, typically derived from the expansion factor
constant proposed by the Intergovernmental Panel on Climate Change (IPCC) or
calculated using a continuous function based on forest type and age. Wu et al. [61]
estimated carbon stocks of urban greening trees and discussed the change of BEF
values in an urban environment. However, it should be noted that the BEF method
ignores the contributions of understory vegetation and soil when estimating biomass.
As large-scale forest carbon sink estimation research has become more prevalent at
the national and even global scales, the carbon pools of understory vegetation, soil,
and roots have garnered increased attention. Consequently, methods such as the
Biomass Inventory and Accumulative Volume Expansion methods have gradually
gained popularity.

The Biomass Inventory method is based on the relationship between forest
stock and biomass and calculates forest carbon sequestration by combining eco-
logical survey data and forest census data. It calculates the carbon storage density
of the tree layer in each forest ecosystem type, and then estimates the total carbon
storage per unit area of each forest type based on the ratio of tree layer biomass
to total biomass. The biomass inventory method is simple and accurate, making
it widely applied, especially suitable for long-term and large-scale forest carbon
storage and sink monitoring. However, there are shortcomings such as high labour
demand, indirect recording of carbon storage, inability to reflect dynamic effects
such as seasonal and temporal changes, and neglect of soil carbon sequestration
capacity.

The Accumulative Volume Expansion method, which is capable of measur-
ing understory biomass has been proposed. This method takes the accumulation
expansion coefficient as the core and calculates the total biomass based on forest
accumulation. It specifically consists of three parts: tree biomass carbon sequestra-
tion, understory plant carbon sequestration, and forest carbon sequestration. The
Accumulative Volume Expansion method is a continuation of the traditional biomass
expansion factor method, which fully considers the carbon sequestration of tree
species, understory, and forest land, and has the advantage of simple operation.
However, the coefficients employed are based on average data from sample plot
statistics, which may result in significant errors in the statistical results. Furthermore,
this method does not account for factors such as tree age and organic carbon decom-
position by soil microorganisms.

3.2 Remote sensing: Combination of remote sensing products and field data for
regional estimates

With advancements in satellite communication technology, remote sens-
ing has emerged as a powerful tool for acquiring large-scale vegetation data.
Consequently, methods for estimating biomass based on remote sensing data have
gained prominence. By combining these data with field observations, research-
ers can analyze the spatial distribution and temporal dynamics of vegetation,
calculate the biomass distribution in forest ecosystems, and ultimately derive the
spatiotemporal distribution of carbon, enabling the estimation of carbon seques-
tration in extensive forest areas.
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3.2.1 Data sources of remote sensing

Remote sensing data can be divided into optical remote sensing data, microwave
radar data, and Light laser detection and ranging (LiDAR) data. Optical remote sens-
ing data is the earliest remote sensing data source used for biomass estimation and is
obtained through optical remote sensing technology. It remains a key data source for
estimating large-scale forest biomass at national or global scales. This spectral passive
remote sensing technology captures the reflectance spectral characteristics of vegeta-
tion. By measuring the relationship curve between reflectance spectral characteristics
and vegetation category, chlorophyll content, and growth status, the condition and
dynamic changes of vegetation can be monitored. Optical remote sensing data has the
advantages of low cost and detailed provision of forest horizontal structure param-
eters, but data distortion is easily caused by saturation of remote sensing signals in
areas with high biomass density. Meanwhile, there are shortcomings such as sus-
ceptibility to climate conditions and inability to accurately obtain vertical structure
information of forest vegetation. Commonly used optical remote sensing datasets
include the NOAA/Advanced very high-resolution radiometer (NOVAA/AVHRR),
Landsat/Geomatic Mapper (Landsat/TM), and so on.

Microwave radar data, derived from active scanning by microwave satellites, is
less affected by weather and cloud cover and offers better insights into forest condi-
tions due to its longer wavelength. However, it can also suffer from signal saturation
in high-biomass areas, and terrain can distort data when measuring forest vertical
structure parameters. Currently, synthetic aperture radar (SAR) and polarimetric
SAR (POLSAR) are the primary sources of microwave radar data.

LiDAR data, obtained through active scanning using LiDAR technology, can be
acquired via airborne or spaceborne LiDAR. Airborne LiDAR provides precise canopy
height data but has high requirements for sensors, flight altitude, and coverage, lead-
ing to high data acquisition costs and limited suitability for large-scale monitoring of
forest vertical structure. Spaceborne LiDAR can depict spatial structure information
across large forest canopies, with the potential for global data acquisition. However,
its application on a large scale is constrained by insufficient spatial sampling continu-
ity. It entails high data acquisition costs and demanding image processing techniques,
and it may not fully capture the horizontal structure of forests.

Given the limitations of a single-source remote sensing data in estimating forest
sequestration, the multiple-source data has become the fundamental data source for
accurate forest carbon sequestration estimation. For example, Feng et al. [62] quanti-
fied carbon stock and its driving mechanism based on multi-source remote sensing
data of urban forest in China.

3.2.2 Statistical measurement and Al methods based on vemote sensing data

Statistical measurement and artificial intelligence methods are main methods
to estimate the forest carbon sequestration based on remote sensing data. The com-
monly used statistical measurement methods are regression analysis, while artificial
intelligence methods mainly include Artificial Neural Network (ANN), Random
Forest (RF), and so forth.

The Regression analysis method mainly uses forest aboveground biomass as the
dependent variable and remote sensing spectral information, vegetation index, and
texture features as independent variables to estimate the forest aboveground biomass
and calculates carbon sequestration based on the carbon content coefficient. This
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approach is straightforward, easy to interpret, and relies on minimal data processing,
making it an accessible and efficient tool for ecological studies.

The relationship between forest biomass and related factors often presents non-
linear or even more complex forms. Traditional linear regression-based estimation
of forest biomass often leads to significant estimation errors. With the development
of machine learning technology, AI methods have greatly improved the accuracy of
forest biomass estimation.

The ANN models can approach the objective function without relying on exist-
ing mathematical models through extensive training and simulation. Although the
accuracy of ANN model is much higher than that of traditional regression methods,
it cannot explain the internal mechanism of the model. Moreover, setting learning
parameters require a lot of effort and time.

The RF is an algorithm model with basic units namely decision trees. Initially, the
Bootstrap resampling method is employed to extract multiple samples, and decision
trees are modeled for each sample, with each tree serving as a classifier. Subsequently,
the prediction results from multiple decision trees (the forest) are aggregated, and the
most frequently selected category is designated as the output result. Essentially, this
constitutes an ensemble learning approach. RF is particularly suited for multivariate
large sample datasets and can mitigate the risks of overfitting and multicollinearity. Li
etal. [63] utilized RF and ANN models to estimate NPP of grasslands in the perma-
frost region of the Qinghai-Tibet Plateau. The NPP values obtained through these two
algorithms exhibited similar accuracy and a high correlation with measured values,
indicating the reliability of the results.

In general, these machine learning methods are advantageous for better char-
acterizing and leveraging the logical relationships within data, fully exploiting the
information embedded in vast datasets, and enhancing the accuracy of forest biomass
estimations. However, these methods necessitate a high degree of relevance to the
applicability of the data and research objectives, as well as a substantial amount of
data in the learning datasets, making them particularly suitable for estimating forest
biomass in the context of big data.

3.2.3 Empirical and mechanism models based on remote sensing data

With the development of remote sensing technology and the improvement of
remote sensing data, model simulation methods that integrate sample plot data,
inventory data, and remote sensing data have rapidly developed, forming remote
sensing model methods, such as the Miami model, and the Carnegie Ames Stanford
Applech (CASA) model.

The Miami model, an empirical method, estimates forest ecosystem productiv-
ity (Net Primary Productivity, or NPP) by correlating it with annual precipitation
and average temperature [64]. However, practical applications have revealed that
NPP is influenced by factors beyond precipitation and temperature, including
soil nutrients, light, and human activities. Consequently, current research typi-
cally does not directly apply the Miami model for NPP calculations. Instead, it
is considered as a representation of potential NPP under climatic influence, or
the model is refined by incorporating additional environmental variables. For
example, Sha et al. [65] used the Miami model to calculate the potential NPP of
grassland ecosystems in Inner Mongolia, compared it with measured values, and
evaluated the impact of human activities on grassland carbon sequestration while
eliminating climate factor interference.

14



Forest Carbon Sequestration Functions and Mitigation Strategies for Global Climate Change
DOI: http://dx.doi.org/10.5772/intechopen.1009089

Due to the oversimplification of the Miami model, the later Thomthwaite-
Memorial model introduced actual evapotranspiration parameters for correction,
while the Chikugo model, based on principles related to plant physiology and ecology,
introduced parameters such as net radiation and radiation dryness and changed the
model to a semiempirical model [66], which can achieve more accurate estimation
results than the Miami model. Nevertheless, due to only considering climate factors
such as solar radiation, evaporation, temperature, and moisture, the calculation
results of the Chikugo model are considered potential NPP without taking into
account key limiting factors such as soil and human interference [67].

The CASA stands as the most prevalent mechanism model based on light use
efficiency [68], and it estimates forest NPP by photosynthetic active radiation
absorbed by plants. This is achieved by multiplying APAR (absorbed photosyn-
thetically active radiation) by light use efficiency, with APAR estimable through
remote sensing:

NPP(x, t)=APAR(x, t)xg(x, t) 2)

where, ¢ is the light use efficiency. To enhance the CASA model’s applicability,
numerous studies have refined it by employing different maximum light use effi-
ciency values for various vegetation types.

Other widely adopted models for light energy utilization include C-FIX and
GLO-PEM [69]. Remote sensing-based modeling enables precise, real-time simulation
and mapping of NPP distributions. This approach leverages existing multi-source
data, emphasizes various ecosystem processes supported by data interoperability, and
yields more reliable outcomes. While empirical and mechanism models are straight-
forward and require few parameters, they fall short in explaining the underlying
physiological and ecological processes.

3.3 Eddy covariance: Measurement of forest carbon exchange

The Eddy Covariance method (EC) directly measures the net CO, exchange
between terrestrial ecosystems and atmosphere within a footprint (usually several
square-meters to several square-kilometers) based on micro-meteorological princi-
ples. Based on this, the regional scale net ecosystem productivity is estimated through
scaling [70, 71]. The calculation formula of EC can be obtained:

F. =d'w (3)

where, F( is the carbon dioxide flux, d’ is the carbon dioxide concentration, and w’
is the wind speed in the vertical direction (both take the average fluctuation of their
respective values in the vertical direction for a period of 15-30 minutes).

Key instruments required for EC includes a three-dimensional ultrasonic
anemometer, an open/closed circuit infrared CO,/H,0 gas analyzer, and measuring
instruments such as thermometer and hygrometer. Extensive research has employed
EC method to quantify the carbon balance of forest ecosystems [72, 73] and used it
for ecosystem model calibration and validation [74].

The EC method can achieve long-term continuous positioning observation of
carbon flux on a fine time scale (such as every 30 minutes), which can reflect the
impact of climate fluctuations on NEP. However, there are some limitations in the
applications of EC, mainly including: (1) Flux observation stations are often set up in
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areas with less human interference, making it difficult to balance differences in forest
age and ecosystem heterogeneity, resulting in biases in regional scale carbon sink
inference results; (2) The measured carbon flux usually does not include the impact of
disturbance factors such as logging and fires, which may overestimate the ecosystem
carbon sink at the regional scale; (3) The EC method is mainly based on the principles
of micro-meteorology. Due to factors such as missing observations, complex underly-
ing surfaces and meteorological conditions, energy budget closure, and errors in
observation instrument systems, it can cause observation errors and representative-
ness errors in carbon flux estimation.

3.4 Processed-based models: Simulation of forest carbon dynamics and future
predictions

3.4.1 Forest ecosystem processed-based models

Processed-based models are mainly used to describe ecosystem processes or
simulate the dependence of water and carbon cycles on interactive processes such as
photosynthesis, transpiration, and respiration [75], including the Biogeochemical
Cycles (Biome-BGC), Soil Carbon and Nitrogen Model (CENTURY), and so on.

The BIOME-BGC model is a biogeochemical model of vegetation, litter, soil
moisture, storage, and flux of carbon and nitrogen at multi-scale and is evolved from
the forest dynamics model. It is widely used in estimation of NPP in various forest
ecosystems. Li et al. [63] used the Biome-BGC model to simulate NPP dynamics in
broad-leaved Korean pine forests in Changbai Mountain, revealing an increasing
trend in forest carbon sequestration with tree age. The BIOME-BGC model’s flexibil-
ity in parameter adjustment for specific ecosystems allows it to represent short-term
carbon flux dynamics and simulate long-term carbon sequestration patterns and
their response to environmental changes [76]. It should be noted that the appropriate
selection and modification of model parameters can have an impact on the accuracy
of estimating NPP.

The CENTURY model, based on soil structure, simulates the biogeochemical
cycling of carbon, nitrogen, and phosphorus. It integrates temperature and precipita-
tion as driving factors to simulate and predict ecosystem productivity. In general,
process-based models feature a rigorous structure, high accuracy, and a strong mech-
anistic foundation, offering biological interpretability. However, they require numer-
ous parameters, which can be challenging to obtain completely [77]. Ecosystems’
material and energy cycles and transformations are complex, and ecological processes
vary between ecosystems, potentially leading to significant deviations. Additionally,
productivity research with different backgrounds and objectives may focus on differ-
ent ecological processes, resulting in various productivity estimates.

Processed-based models require a large amount of detailed ground information as
input data and need to adjust parameters based on spatiotemporal differences; these
will result in great uncertainties, especially in the regional application [75].

3.4.2 Processed-based coupling models

The processed-based coupling models integrates processed-based models with
other models, eliminating their disadvantages in parameter acquisition and esti-
mation error while ensuring the model mechanism, including The Atmosphere
Vegetation Interaction Model (AVIM), GLOPEM-CEVSA model, and so forth. The
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AVIM couples land surface physical processes with vegetation physiological and
ecological processes, simulating the physical exchange of heat and water between
vegetation and habitat, as well as physiological exchange processes such as photosyn-
thesis and respiration. The GLOPEM-CEVSA model couples CEVSA processed-based
model with the global production efficiency model (GLO-PEM). The model calculates
the photosynthetically active radiation absorbed by vegetation, subtracts the vegeta-
tion respiration simulated by the respiration coefficient, and obtains forest carbon
sequestration information. Zhang et al. [78] developed a GLOPEM-CEVSA model

to estimate NPP in Chonggqing and then analyzed the spatiotemporal distribution of
NPP for different vegetation types.

Process-based coupling models merge the advantages of processed-based models
and other models. Based on plant growth’ physiological and biochemical principles,
they offer biological interpretability, ensuring model stability and applicability.
Furthermore, they simplify the number of parameters and are becoming a crucial tool
for NPP estimation and prediction.

3.5 Deep learning models: Forest carbon estimation that integrating big data and
temporal-spatial mapping

Deep learning, a branch of machine learning, combines numerous simple nonlin-
ear modules to transform features into higher-level abstract features. It automatically
extracts effective features from data for prediction [79]. With the advancement of
remote sensing technology and the surge in ground observation data, ecological
remote sensing has entered the big data era. Deep learning has made progress in
simulating terrestrial ecosystems’ carbon and water cycles. For example, Ben Abbes
etal. [80] estimated soil moisture in Canadian agriculture using the Long Short Term
Memory (LSTM) method, achieving good performance and accuracy. Wu et al. [81]
simulated global forest NPP using a deep convolution model, reflecting key influenc-
ing factors for different forest types. Kaba et al. [82] estimated daily solar radiation
in Tiirkiye using Deep Neural Network (DNN), producing accurate and comparable
results. However, deep learning models still lack corresponding applications and
research in other carbon flux simulation aspects.

Convolutional Neural Networks (CNN) are commonly used deep learning algo-
rithms that have good processing capabilities for problems with large amounts of
information, deeper data mining, and can more efficiently extract feature patterns.
By hierarchically extracting spatial and temporal feature patterns, CNNs excel at deep
data mining and efficiently capturing complex relationships between inputs and out-
puts. These models achieve high prediction accuracy by learning intricate mapping.
Studies indicate that the deeper the computational depth, the more advantageous it
is for classification and prediction [83], particularly accurate and efficient in solving
multi-dimensional ecological data.

3.6 Integrated monitoring and prediction system for forest carbon sink

The quantification of forest ecosystem carbon sequestration is an important
scientific basis for formulating policies to carbon emission mitigation and sink
enhancement. The continuous improvement of carbon sink estimation methods has
brought abundant data sources, creating possibilities for the accuracy of estima-
tion and the formulation of subsequent countermeasures. The inconsistency of
forest carbon sequestration estimation methods will bring great uncertainty to the
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estimation results, and need to take measures to establish an integrated monitoring
and prediction system for forest carbon sink. It is necessary to construct an integrated
forest ecosystem carbon balance measurement system based on multiple methods
and multi-source data, from the perspectives of multiple processes and scales, that
integrates “sky-air-ground”.

For along time, a large amount of observation and research work has been carried
out on the carbon balance of forest ecosystems, laying a solid foundation for explor-
ing the laws of forest carbon sinks and understanding the potential of forest carbon
sinks. However, it is necessary to strengthen the observation of key areas of forest
carbon sinks.

Firstly, it is necessary to strengthen the observation of underground carbon pools,
especially changes in soil carbon pools because regular observation of soil carbon
pools with unified standards is still insufficient [84, 85]. Extensive research has
focused on the observation of aboveground carbon pools in forest ecosystems and can
be combined with remote sensing methods to reflect changes in vegetation carbon
pools at different spatiotemporal scales. In addition, it is necessary to strengthen the
observation of carbon sinks in ecosystems affected by human interference because
traditional ecosystem observations are usually established in ecosystems with less
human interference. However, for the carbon sequestration function of forests,
human activities, including human interference and ecosystem management, have
an undeniable impact. The role of human activities in the national scale terrestrial
ecosystem carbon sink still needs to be systematically investigated; Especially, there
is still a lack of observation on the horizontal transfer and changes of organic carbon
caused by forest logging, livestock grazing, and so on, which urgently needs to be
strengthened.

The process-based ecosystem carbon cycle model is an important tool for pre-
dicting changes in forest carbon sinks. Many carbon cycle models can effectively
simulate the response of natural ecosystems’ carbon cycle processes to climate
change [86, 87], but it is difficult to demonstrate the impact of human activities
on ecosystems [88]. For example, only a few models can characterize the impact of
forest management on ecosystem carbon sources and sinks [12]. Most models do
not consider the lateral transport of organic carbon in terrestrial ecosystems [89]
and the impact of forest age on carbon sinks [90]. Therefore, accurately quantify-
ing the contributions of various components of natural and human activities to the
potential for enhancing forest ecosystems remains a great challenge. Considering
that China’s terrestrial ecosystem carbon sink has largely benefited from ecologi-
cal projects such as returning farmland to forests and afforestation in the past few
decades [91], it is crucial to construct a natural and human coupled ecosystem
carbon cycle process model for accurately predicting the carbon sink potential of
forest ecosystems and quantitatively distinguishing the contributions of natural and
human factors.

In addition, the model is difficult to simulate the response of forest ecosystem
carbon sinks to extreme climate events [92]. Therefore, strengthening the prediction
of forest carbon sink stability is crucial for accurately predicting changes in forest
carbon sinks and enhancing ecosystem management. It is necessary to establish a car-
bon cycle parameter dataset suitable for forest ecosystems in the natural and human
coupled ecosystem process model, considering the ecosystem’s response to extreme
climate events and other processes, to improve the accuracy and spatiotemporal
resolution of model simulation.
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4. Sustainable forest management utilization strategies

4.1 Forest management for enhancing carbon sinks: Afforestation, reforestation,
conservation, and sustainable management

Forests are the largest and most stable biomass and organic carbon pool in
the world. In the 2010s, global forest biomass carbon accumulated at a rate of
0.50 + 0.20 Pg Cyr.™", highlighting the importance of forests in climate mitigation
strategies [6]. Through effective forest management activities such as afforestation,
reforestation, conservation, and sustainable management, the carbon sink function
of forests can be significantly maintained or further enhanced, thereby combating
global climate change.

Afforestation and reforestation remain the natural-based solution for climate
change mitigation. Natural ecosystems beyond existing forests, agriculture, and
urban land could support an additional 900 million hectares of continuous forest.
This would mean an increase in forest area of more than 25% and a cumulative
carbon storage of 200 Pg C at maturity [93]. This value is astonishing, equivalent
to approximately 70% of the total atmospheric carbon concentration attributed to
human activities. However, there may not be sufficient land supporting for such
extensive af/reforestation. A 60% increase in global forest cover could potentially
lead to a more than doubling of food prices due to land conflicts against food produc-
tion [94]. Researchers argue that the 200 Pg C estimate is excessive, suggesting that
the actual carbon sequestration potential of af/reforestation may be less than half of
200 Pg C [95]. Between 1990 and 2020, the global area of planted forests increased by
123 million hectares, but the annual growth rate declined from 5.13 million hectares
during 2000-2010 to 4.06 million hectares during 20102020 [96]. In addition to the
impact on the carbon cycle, forests may also influence the climate through biophysi-
cal mechanisms. The decrease in albedo (reflectivity) resulting from af/reforestation
(as forests have a darker color than soils, snow, and low vegetation) could offset a
substantial portion of the carbon sequestration benefit and even contribute to local
warming. In high-latitude regions covered by snow and ice or in mid-latitude arid
regions dominated by sand or saline-alkali soils, where albedo is typically high, affor-
estation activities can disrupt highly reflective surfaces, leading to a warming effect
that may even counteract the carbon sequestration benefits [97, 98].

Compared to af/reforestation, the conservation and sustainable management
of existing forests incur lower costs and do not change the original land types.
Therefore, they do not pose competition issues with other land uses, such as agri-
cultural land [99]. On the other hand, natural forest ecosystems possess unique
functioning that support higher biodiversity and provide additional benefits, includ-
ing soil conservation, mitigation of air, and water pollution, among others [99].
Newly established forests inevitably alter the original community composition and
structure. While monocultures of fast-growing tree species can effectively sequester
carbon, they are weak in the ecosystem services and functioning that depend on
biodiversity, which are inherently present in natural forests. Furthermore, as forests
age, their carbon sequestration capacity may gradually decline, ultimately leading to
a continuous reduction in carbon sequestration [100] and even a potential transition
into carbon sources. Consequently, the sustainability of forest carbon sequestration,
the challenges in quantifying changes in carbon stocks, and the environmental and
socio-economic impacts of large-scale af/reforestation programs limit the adoption of
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forestry activities in climate mitigation strategies [101]. Determining how to manage
forests, where to plant, how to plant, and which tree species to plant will become the
primary focus of future efforts to enhance the climatic contributions of forestry.

4.2 Carbon resource utilization: Wood products as sustainable carbon storage

Land-use changes account for 10% of total emissions (1.0 + 0.7 Gt C yr.'l) [1],
with deforestation being a primary driver of vegetation and soil carbon loss beyond
agricultural activities. Over two-thirds of the carbon sink from forests has been
negated by tropical deforestation [2]. Most felled forests are used for producing
wood products, paper, or directly as fuel. All these are harvested wood products
(HWP), with a specialized definition provided by UNFCCC as “wood-based materi-
als harvested from forests, which are used for the production of commodities such as
furniture, plywood, and paper and paper-like products, or for energy, and other fiber
products from non-timber sources, such as rattan or bamboo, could also be consid-
ered wood products.” [102].

HWPs not only provide economic value but also serve as crucial means for achiev-
ing carbon neutrality through storing carbon absorbed by forests and replacing
fossil fuels [103]. HWPs are generally categorized into: Long-Lived Products (LLPs),
including sawn wood, wood-based panels, and other industrial roundwood; Short-
Lived Products (SLPs), such as paper and paperboard products; and Very Short-Lived
Products (VSLPs), directly harvested or recycled waste from other wood product
for energy. The lifetime of different HWPs varies significantly. For LLPs, especially
construction products or furniture, their lifespan can exceed 40 years, but for SLPs
or VSLPs such as paper and firewood, their life span is only 1-2 years [104]. LLPs
can serve as an efficient and stable carbon sink through long-term carbon storage.
Compared with other carbon sequestration technologies such as carbon capture and
storage (CCS) and carbon capture, utilization, and storage (CCUS), there are no
technical barriers or potential leakage risks, and it also promotes sustainable manage-
ment of forests. Through rational logging and afforestation, the health and stability
of forest ecosystems can be maintained, supporting multiple ecological functioning
and services such as biodiversity conservation and soil and water conservation [105].
Therefore, LLPs offer significant climate benefits, whereas SLPs and VSLPs often
serve as sources of greenhouse gas emissions.

The carbon stored in HWPs is becoming an important tool for mitigating climate
change in many countries and regions. Studies indicated that the current global net
carbon sequestration of HWPs amounts to 335 million tons of CO, equivalent (CO,e)
per year (2015), projected to reach 441 million tons of CO,e per year by 2030 [106].
This is equivalent to offsetting emissions under certain scenarios. The demand for
HWPs is expected to continue growing in most countries by 2060, coinciding with
the majority of countries “carbon neutrality” or “net-zero targets” set before 2060.
Thus, at a national or regional scale, HWPs play a vital role as a “buffering agent”
against climate change. However, caution is needed as the carbon sequestration
provided by HWPs may significantly decline or even fail to offset historical emissions
after 2060, due to decline demand for sawn wood and paper [107]. The increasing use
of HWPs may also impact agricultural productivity, exacerbate land competition, and
cause food price fluctuations. Increased demand for wood leading to deforestation
can result in environmental degradation and soil erosion, subsequently reducing local
agricultural productivity. Furthermore, af/reforestation action for producing HWPs
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may intensify competition for agricultural land, leading to higher food prices and an
increased risk of hunger as mentioned in Section 4.1.

4.3 Renewable energy integration: Synergies with renewable energy projects
4.3.1 Forest biomass energy

Forest biomass used for energy or biofuels can be sourced directly from natural
ecosystems. As a primary biomass source from forests, it includes organic products
or residues derived directly from living or recently dead trees, which constituted
nearly half of the world’s harvested forest biomass [108]. Forest residues, comprising
branches, treetops, and stumps, result from forest production and forest manage-
ment, as well as bioenergy-specific woody crops. One prominent form of forest
biomass energy is bioenergy from forest residues. The residue from forest tending
and thinning constitutes the primary type of forest residue. For example, in China,
tending and thinning residues account for 87% of the national total amount (133.05
million t; [109]). The common method for dealing with these forest residues is on-site
burning rather than leaving them to decompose naturally because of occupying land
and posing a risk of forest fire [110]. On-site burning leads to a series of issues such as
air pollution and reduced land productivity [111]. Reusing the forest residue as forest
bioenergy as a substitute for fossil fuels in power generation is considered a viable
option to reduce GHG emissions in the power system, with biomass-derived electric-
ity capable of reducing greenhouse gas emissions by 86-93% [112].

In addition to residue from forest production and management, specific woody
crops are another source of forest biomass for energy. Short-rotation (3-15 years)
techniques for growing species such as poplar (Populus), willow (Salix), eucalyptus/
gum trees (Eucalyptus), and perennial grasses (Miscanthus), have been widely used
over the past 2-3 decades. The sustainable management of forests can provide a
significant amount of biomass for energy production, contributing to both energy
security and climate change mitigation. By 2050, energy crops will surpass firewood
as the primary source of biomass energy, contributing approximately 20% of the
global energy supply, with wood crops playing a major role in this contribution [113].
Many agricultural countries and regions, such as the United States, promote short-
rotation woody crops as they can serve as feedstocks for bioenergy, provide farmers
with a stable income stream, and simultaneously avoid frequent soil disturbance
while enhancing soil health, including improvements in soil structure, microbial
lifespan, nutrient density, and carbon levels [114].

The integration of forest biomass energy into global energy systems holds signifi-
cant potential for future development. As the demand for renewable energy continues
to grow, the use of forest residues will become increasingly important. These sources
of bioenergy not only contribute to energy security and climate mitigation but also
provide economic opportunities for rural communities. However, ensuring sustain-
able harvesting of forest residues will also emerge as a key focus in future forest
management. Excessive extraction leads to reduced soil carbon input and loss of
unique habitats, consequently resulting in soil degradation, decreased biodiversity,
and disruption of ecosystem services [115, 116]. Balancing the utilization of forest
residues with other purposes is crucial for avoiding conflicts and maximizing the
overall benefits to ecosystems. Therefore, establishing and adhering to sustainable
forestry solutions is of paramount importance to avert these adverse effects.
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4.3.2 Coupling with other renewables

Deploying large-scale renewable installations requires vast areas. Large quanti-
ties of renewables were located in forests, and deploying them led to the loss of
large amounts of forest area. It shows that over 9% of solar farms have conflicts with
forests globally, with three-fourths of that located directly in forest areas [117]. For
onshore wind energy, nearly 18% were located in the forests. It takes a higher land-use
footprint (installed capacity per land area) of wind farms compared to fossil fuels
and other renewables [118, 119]. Vegetation removal, turbine foundation, and road
expansion resulted in large clearing areas of forests [120]. Furthermore, to decrease
the potential wind weakness downstream, it requires a distance of 7-10 rotor diam-
eters between turbines to maximize the power generation, which takes large-scale
landscape areas [121].

The fast expansion of renewable energy infrastructure poses a great threat to the
carbon sequestration ability of vegetation [122] as well as other ecosystem function-
ing and services [123]. In forest ecosystems particularly, this has manifested through
decreased vegetation indices [124], habitat fragmentation [125], and biodiversity loss
[126]. Whether renewable mitigation could offset the loss of carbon stock and sink
from deforestation and how to couple forestry and renewable development will be a
very important study field.

The integration of solar photovoltaic (PV) systems with forest conservation is
crucial for balancing renewable energy development and ecological protection. A
key method is site selection optimization. Remote sensing technology, geographic
information systems (GIS), life cycle assessment can be integrated to determine
the optimal location of solar PV installations to minimize the occupation of forest
land. By comprehensively analyzing the potential of solar energy, land-use patterns,
soil types, and slope conditions, solar PV projects could be directed to bare land or
degraded cropland, thereby reducing pressure on forests [127]. Another way is to
develop the “forest-photovoltaic” system, in which solar panels are installed on the
upper part of forest land while maintaining photosynthetic activities in the lower
part [128]. Compared with the concept of forest photovoltaics, Agriphotovoltaics
(APV), which combines photovoltaic systems and agricultural land, was proposed as
early as 1982, using available space under solar panels mainly for crop growth [129].
Balancing power generation and crop yield with APV can increase land productiv-
ity by 70-80%, as the shading provided by solar panels can reduce evaporation and
improve water efficiency [130]. With the widespread use of APV, there have also been
many technological innovations in the forest-photovoltaic field. For example, install-
ing “solar trees” on the edge of forests or beside mountain roads not only preserves
the mountain landscape but also reduces construction costs and minimizes the loss of
forest carbon sinks [128].

The impact of wind energy on forest fragmentation is nearly inevitable and
extends throughout its entire life cycle. On the one hand, by adopting turbines
with greater height and longer blades, we can capture more wind energy at higher
altitudes and improve land use efficiency (i.e., higher installed capacity per unit of
land), thereby minimizing the disruption to forest habitats. Using narrow roads or
temporary access routes during construction could limit the disturbance to forest
ecosystems. Implementing forest management plans that prioritize biodiversity
conservation and ecosystem services can mitigate the negative impacts of wind
farms.
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4.4 Policy frameworks: Existing policies and recommendations for improvement

In response to the aforementioned sustainable development strategies for forest
carbon sinks, an increasing number of countries and regions have adopted corre-
sponding policies to ensure their smooth implementation.

4.4.1 REDD+ policy framework and support

Developing countries established the “REDD+” framework to protect forests as
part of the Paris Agreement. “REDD” stands for “Reducing emissions from deforesta-
tion and forest degradation in developing countries” The “+” stands for “additional
forest-related activities that protect the climate, namely sustainable management of
forests and the conservation and enhancement of forest carbon stocks”.

The REDD+ program operates through a results-based financing mechanism,
where developing countries are provided with payments for reducing deforestation
and forest degradation. This provides a strong incentive for developing countries
to implement climate change mitigation policies. For example, studies have shown
that REDD+ projects have led to significant reductions in deforestation and forest
degradation rates in tropical regions [131]. The REDD+ framework has also fostered
international cooperation, with developed countries providing financial and techni-
cal support to developing countries to implement REDD+ strategies. Currently, a total
of 60 developing countries have reported REDD+ activities to the UNFCCC, with 17
of these countries reporting a reduction of nearly 11.6 billion tons of GHG emissions,
which is over twice the net GHG emissions of the United States [132]. Forests pro-
tected and discovered under the “REDD+” framework provide food, energy, shelter,
income, and medicine to over 1.6 billion people globally.

4.4.2 Other projects and initiatives

In addition to REDD+, there are numerous other initiatives and af/reforestation
projects aimed at addressing climate change and environmental degradation. These
national projects and initiatives involve both developed and developing countries and
cover a wide range of fields, including renewable energy, energy efficiency, sustain-
able agriculture, and conservation of biodiversity.

In 2006, the UN Environment Programme proposed the Billion Tree Campaign
(BTC). At the WEF Annual Meeting in 2020, governments from multiple coun-
tries and representatives from 300 businesses jointly adopted the BTC initiative
(2020-2030) aimed at promoting large-scale reforestation investments and enhanc-
ing the global capacity to address climate change, slow down biodiversity loss, and
other global challenges. China’s ecological restoration projects, such as the TNSP
(more details in Chapter 2.2), the Natural Forest Protection Project (NFPP), and the
Grain for Green Program (GGP), are characterized by their large scale (with the GGP
covering 82% of the country’s land area), long duration (the TNSP has spanned over
40 years), and significant benefits. These projects have set a commendable example
for many countries. Not only have they improved the ecological environment, but
they have also adjusted the structure of agriculture and animal husbandry industries,
promoting the development of rural economies. Another 15 km wide and 8000 km
long “Great Green Wall” has been built across the African continent, spanning from
Mauritania to Djibouti, to halt the encroachment of the Sahara Desert [133].
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In West Africa, the carbon sequestration resulting from forest restoration is equiva-
lent to approximately 27% of the region’s total GHG emissions and is projected
to reach 30% by 2030 [134]. The “National Greening Program” launched by the
Philippines in 2011 aimed to plant 1.5 billion trees on 1.5 million hectares of land to
increase forest cover and enhance carbon sequestration capacity. Some countries
implement afforestation initiatives within urban areas. For example, the Million Trees
LA initiative intends to improve Los Angeles’s environment through planting 1 million
trees. A 35-year 1-million-tree planting project can result in direct carbon sequestra-
tion of 448,000 t CO, and reduce emissions from power plants associated with urban
building energy use by 576,000 t CO, [135]. Additionally, it offers benefits such as
esthetic enhancement, stormwater runoff reduction, energy savings, and air quality
improvement.

Many af/reforestation projects and policies have not only addressed the issue
of land degradation but also, to a certain extent, alleviated poverty, enhanced food
security, and improved economic prospects for people. However, policies promoted
at the national or regional level may, under the guise of “mitigation,” conceal a series
of issues such as infringement on land use, interspecies conflict, and water resource
depletion, ultimately causing greater harm to fragile local ecosystems and the com-
munities that depend on these [136].

5. Conclusion

Forests, as the largest carbon sink in terrestrial ecosystems, play an irreplaceable
role in mitigating climate change. However, we are currently facing a series of chal-
lenges, such as deforestation, forest degradation, forest aging, and the need for more
accurate quantification of forest carbon sequestration. To address these challenges, it
is crucial to leverage advanced technologies for monitoring, accounting, and model-
ing carbon stocks and sinks. These technologies, combined with efficient forest
management and strategic use of forest resources, are essential for maintaining the
carbon sequestration function of global forests and thereby creating emission reduc-
tion spaces for other sectors. Moreover, it is imperative to fully tap into the multifac-
eted functions of forests. Beyond their carbon sequestration capabilities, forests also
support biodiversity conservation and provide essential ecosystem services such as
surface carbon storage, soil conservation, and water retention, which contribute to
human well-being. Promoting sustainable forest utilization strategies, including the
use of wooden products for carbon resource utilization, integrating renewable energy
sources, and establishing supportive policy frameworks, is vital for enhancing forest
carbon sequestration and ensuring the sustainable development of global forests.
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Chapter?2

Forest Carbon Stock and
Management Strategies for Riverine
Forests in Sudan

Abubakr A.A. Osman and Emad H.E. Yasin

Abstract

Riverine forests play a crucial role in carbon sequestration and sustainable forest
management in Sudan. This chapter explores the species’ ecological significance,
growth patterns, and economic importance, while highlighting its contribution to
mitigating climate change through carbon stock accumulation. Riverine forests are
vital components of Sudan’s ecosystem, supporting biodiversity, local livelihoods,
and the timber industry. The chapter further examines forest management strate-
gies, including thinning, volume estimation, and carbon stock assessment methods,
which are essential for sustainable utilization. The importance of accurate biomass
estimation, both destructive and non-destructive, is underscored to ensure effec-
tive carbon stock monitoring. Given the increasing global concerns over greenhouse
gas emissions, the role of Sudan’s riverine forests in carbon sequestration is critical.
Sustainable management strategies, including afforestation, controlled harvesting,
and conservation policies, are necessary to maintain these forests’ ecological and
economic benefits. Through proper implementation of these strategies, riverine
forests can contribute to climate change mitigation and sustainable land-use practices
in Sudan.

Keywords: riverine forests, carbon sequestration, forest management, biomass
estimation, climate change mitigation, sustainable forestry

1. Introduction

Riverine forests play a crucial role in the global carbon cycle through their dynamic
exchange of CO, with the atmosphere [1-4]. These unique ecosystems serve as vital
carbon sinks, absorbing substantial amounts of atmospheric CO, during photosyn-
thesis and storing it as fixed biomass in trees, shrubs, and soil organic matter [5-8].
This carbon sequestration function is particularly important in Sudan, where riverine
forests along the Nile and other waterways form ecological corridors that maintain
regional climate stability and support biodiversity. However, these critical ecosystems
face mounting threats from agricultural expansion, unsustainable logging, and land-
use changes that are altering their biomass and carbon-storage capacity [9, 10]. The
carbon stocks in Sudan’s riverine forests are particularly vulnerable to fluctuations
caused by selective harvesting, regeneration patterns, and conversion to farmland, all
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of which significantly impact carbon fluxes to the atmosphere and local temperature
regulation [11, 12]. These pressures create an urgent need for accurate assessment and
sustainable management of these forest resources to maintain their climate-regulation
services.

The pressing need for precise measurement of carbon storage in Sudan’s riverine
forests reflects broader global concerns about rising atmospheric CO, levels [9, 13, 14].
As carbon emissions continue to increase worldwide, international agreements like the
Kyoto Protocol have established frameworks for emission reductions, with particular
attention to forest carbon stocks in developing nations [15-18]. Sudan’s participation
in such agreements creates obligations to monitor and report on forest carbon stocks,
making accurate measurement essential for verifying progress toward climate com-
mitments [16, 17, 19]. The United Nations Framework Convention on Climate Change
(UNFCCC) has further emphasized the critical importance of reliable carbon-stock
assessments for all nations, particularly those with significant forest resources like
Sudan [20]. Beyond compliance with international agreements, robust carbon mea-
surement systems are fundamental for developing effective climate change mitigation
strategies at national and local levels [20-23]. In the Sudanese context, this means
creating tailored approaches that account for the unique characteristics of riverine
forests, including their linear distribution, species composition, and hydrological
dependencies.

The management of Sudan’s riverine forest carbon stocks represents a significant
opportunity for climate change mitigation while addressing local development needs
[2, 4, 10, 24]. These ecosystems are particularly efficient carbon sinks due to their
high productivity and substantial biomass accumulation in relatively narrow riparian
zones [1, 14, 25, 26]. As these forests grow, they continuously remove carbon from
the atmosphere, storing it in woody tissues, leaves, and root systems [6, 9, 12, 14].
However, realizing their full carbon sequestration potential requires implementation
of science-based management strategies that balance conservation with sustainable
use [4, 27]. Key approaches include selective thinning to enhance the growth of high-
carbon species, precise volume estimation to guide harvesting decisions, and regular
carbon stock assessments to monitor changes over time [28]. The accuracy of these
management interventions depends fundamentally on reliable biomass estimation
methods, whether through destructive sampling of representative trees or non-
destructive techniques using allometric equations and remote sensing technologies.
Such methods must be carefully calibrated for Sudan’s unique riverine forest spe-
cies, which may differ significantly from the global models typically used in carbon
accounting [29-32].

The challenges facing Sudan’s riverine forests highlight the complex interplay
between climate change mitigation, ecosystem conservation, and human develop-
ment needs [33]. On one hand, these forests represent a natural climate solution that
can contribute to global carbon sequestration efforts while providing essential eco-
system services like water filtration, flood control, and habitat provision [34, 35]. On
the other hand, they face intense pressure from local communities who rely on them
for fuelwood, construction materials, and agricultural land [36]. This tension under-
scores the need for management strategies that recognize both the global importance
of forest carbon stocks and the local realities of resource dependence [4, 37]. Recent
advances in carbon measurement technologies, including improved allometric
equations for African tree species and the application of satellite-based monitoring
systems, offer new opportunities for tracking carbon stocks in Sudan’s riverine forests
with greater precision and lower costs [29, 30, 38]. These technological developments,
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combined with community-based forest management approaches, could help rec-
oncile conservation goals with local livelihoods while contributing to international
climate commitments [30]. The case of Sudan’ riverine forests thus presents both a
significant challenge and a promising opportunity for demonstrating how tropical
forest ecosystems can be effectively managed for carbon sequestration alongside
other ecological and social benefits [39]. As climate change impacts intensify across
Africa, the preservation and sustainable management of these critical ecosystems will
become increasingly important for both climate adaptation and mitigation efforts
in the region [40, 41]. Therefore, this chapter further examines forest management
strategies, including thinning, volume estimation, and carbon stock assessment
methods, which are essential for sustainable utilization. The importance of accurate
biomass estimation, both destructive and non-destructive, is underscored to ensure
effective carbon stock monitoring.

2. Methodology

We relied on secondary data sources to accomplish the objectives outlined in
the book chapter. Specifically, we gathered credible and relevant information using
Scopus, Google Scholar, and Web of Science. These platforms were chosen because
they offer extensive access to high-quality scientific publications and are equipped
with user-friendly search features. Additionally, their widespread use in academic
institutions ensures availability through university subscriptions.

3. Results and discussion
3.1 Forest resources and Acacia nilotica in Sudan
3.1.1 Forests resources in Sudan

Forests are indispensable at the local, national, and global levels, providing critical
resources and environmental stability. Local communities, particularly those near
forests, depend on them for food, fuel, and raw materials [42, 43]. However, excessive
and unregulated exploitation has degraded many forests, altering their ecological
composition [44, 45].

Nationally, forests contribute significantly to economies through timber, lumber,
and other wood-based industries [24, 46]. Despite the rise of alternative materials,
global timber demand continues to grow, increasing pressure on forest ecosystems.
Beyond economic benefits, forests play a fundamental role in sustaining environ-
mental systems by regulating climate, preserving biodiversity, and maintaining water
cycles [47, 48].

Forests offer both tangible and intangible benefits. They supply timber and non-
timber products, while delivering essential ecological services such as flood control,
carbon sequestration, and soil conservation [10, 49]. Although large, productive
forests still exist, their finite nature demands sustainable management to prevent
irreversible depletion [26, 50].

The loss of forests threatens not only biodiversity but also global climate stabil-
ity. Protecting these ecosystems is crucial for future generations, requiring balanced
policies that support conservation alongside responsible resource use. Sustainable
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forestry practices, reforestation efforts, and stricter regulations are necessary to
ensure forests continue supporting life on Earth.

3.1.2 Acacia nilotica species

Acacia nilotica (L.) Willd. ex Del., locally referred to as Sunt, is a valuable, mul-
tipurpose legume tree species. This plant has a broad distribution across the tropical
and subtropical regions of Africa. The species comprises nine recognized subspecies,
each occupying distinct geographical ranges. Notably, seven of these subspecies are
native to various African regions, while four are specifically found in Sudan [51, 52].

3.1.2.1 Description

Acacia nilotica (family Leguminosae, subfamily Mimosoideae) typically reaches a
height of 15-30 meters and a trunk diameter of 2-3 meters. In young trees, the bark
is pale green and salty to the taste, while in mature specimens, it turns nearly black,
with deep vertical fissures revealing a gray to pinkish inner layer that secretes a red-
dish, low-grade gum. The leaves are bipinnate, with 3-10 pairs of pinnae measuring
1.3-3.8 cm, each bearing 10-20 pairs of small leaflets approximately 2-5 mm long.
Young trees are armed with slender, straight, light-gray spines arranged in axillary
pairs, usually 3-12 in number and 5-7.5 cm long, though these are generally absent
in mature trees. The flowers are bright golden yellow and form spherical heads,
1.2-1.5 cm in diameter, borne singly or in whorls on peduncles 2-3 cm long at the
branch tips. The pods, measuring 7-15 cm, are green and fuzzy (tomentose) when
immature, turning greenish-black and remaining indehiscent at maturity. They are
deeply constricted between seeds, giving a bead-like appearance. Each pod typically
contains 8-12 compressed, dark brown, glossy seeds with a hard outer coat [53-55].

3.1.2.2 Growth pattern

Acacia nilotica typically germinates following rainfall during the wet season. While
the majority of seeds (around 95%) lose viability within 2 years, a small proportion
can remain viable and germinate for up to 15 years after dispersal. Germination is
enhanced by environmental disturbances, such as fire or passage through the diges-
tive tract of animals. Seedling growth is vigorous in moist areas near water sources but
significantly slower in open grassland environments. The species can begin flowering
and fruiting as early as 2 to 3 years after germination, with reproductive activity often
accelerated during years of abundant rainfall. Flowering generally occurs between
March and June, followed by pod development from July to December. Leaf shed-
ding predominantly takes place during the dry season, from June to November, and
seedpods are typically dispersed between October and January [53-56].

3.1.2.3 Distvibution

Acacia nilotica (L.) Willd. ex Del., commonly referred to as Sunt, is a valuable
multipurpose leguminous tree widely distributed across tropical and subtropical
regions of Africa. The species comprises nine subspecies, each occupying distinct
geographical zones, with seven found in Africa and four occurring specifically in
Sudan [51, 52, 55]. In Sudan, the subspecies tomentosa and nilotica are prevalent,
particularly in low-lying floodplains, known as Mayas along the Blue Nile and its

38



Forest Carbon Stock and Management Strategies for Riverine Fovests in Sudan
DOI: http://dx.doi.org/10.5772/intechopen.1010986

Figure 1.
Map of documented native and exotic occurrences of the species.

tributaries. These Mayas are seasonally inundated during floods, with water persisting
for up to 6 months. Meanwhile, the subspecies adstringens is typically found along
seasonal riverbanks and valleys in the Kordofan and Darfur regions (Figure 1) [55].

3.1.2.4 Ecology

There is some evidence that A. nilotica is a weed in its native habitat, e.g., South
Africa [53-57]. However, in many other regions, it is deliberately cultivated for
forestry purposes and for rehabilitating degraded lands [57-59]. While A. nilotica is
commonly used as a browse species, its overutilization—especially when appropriate
stocking rates are not maintained—can contribute to land degradation. The species
thrives particularly well in riverine alluvial soils and black cotton soils, and it is also
capable of growing in saline, alkaline, and calcareous pan soils [60]. A. nilotica is
adapted to a range of climates from subtropical to tropical and can tolerate extreme
temperatures exceeding 50°C as well as drought conditions. Nonetheless, it requires
sufficient moisture for optimal growth. Young plants are vulnerable to frost, and
trees of all age classes can be negatively impacted by severe frost. The species is also
sensitive to fire, with both seedlings and saplings being particularly susceptible.

Its natural habitat spans regions with an average annual rainfall between 250 and
1500 mm [55, 61].

3.1.2.5 Thinning

When Acacia nilotica stands become overcrowded, it is essential to thin them
promptly to restore optimal growing conditions. Thinning practices, especially in
riverain forests, should follow the principle of “thinning from below,” which involves
removing suppressed and intermediate trees to promote the growth of dominant
individuals while maintaining a relatively closed canopy. Depending on site quality,
commercial thinning can begin between the ages of 6 and 20 years [62-64].

Plantations of A. nilotica located between Sennar and Damazin are typically
managed on a 30-year rotation cycle, primarily for the production of railway sleepers.
To sustain this management system, plantations are subject to a systematic thinning
schedule and yield regulation plan [65].
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Jackson [63] proposed a five-stage thinning regime for A. nilotica plantations,
recommending thinning at ages 6, 9, 12, 15, and 20 years. By the 20th year, the stand
should be reduced to approximately 50 trees per feddan (equivalent to 125 trees per
hectare), with a spacing of roughly 9 x 9 meters [65-67].

3.2 Forest carbon stock and measurement techniques
3.2.1 Volume estimation

Tree volume is commonly estimated using direct volume equations, particularly
for individual trees or tree groups. In this method, the tree is modeled as a geometric
solid, most often a cylinder. The basic formula used is:

V=%*D2*H (1)

where D is the diameter at breast height (DBH) and H is the total height, which yields
the volume of an idealized cylinder. However, since actual tree shapes deviate from
perfect cylinders, a form factor is applied to adjust the calculated volume. This form
factor serves as a reduction coefficient that accounts for taper and shape irregulari-
ties, thereby providing a more accurate estimate of true tree volume [68-70].

3.2.2 Volume table

A volume table is a tabulated tool that provides average tree volume estimates
based on one or more measurable tree dimensions. It expresses the relationship
between tree volume (the dependent variable) and readily measurable attributes such
as diameter at breast height (DBH) and total height (independent variables) [71].

The primary goal of constructing a volume table is to enable fast, cost-effective,
and non-destructive estimation of tree volume using easily obtainable field measure-
ments. Once an accurate volume has been determined for a tree, it can be applied to
other trees of similar diameter, height, form, and growing conditions within the same
locality [70, 72].

3.2.3 Types of volume table

Volume tables can be categorized into several types based on their construction
approach and the number of independent variables they incorporate. These include
local volume tables, which are specific to species or a particular site or region; general
volume tables, applicable across broader areas; form-class volume tables, which
adjust for tree form variations; harmonized curve volume tables, based on smoothed
volume curves; and equation-based volume tables, which rely on mathematical
volume functions [73, 74].

3.2.4 Tariff system

The term tariff, of Arabic origin, has long been used in European forestry to refer
to specific types of local volume tables that estimate tree volume based solely on
diameter measurements [68, 73-75]. Tariff tables are typically constructed using the
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linear relationship between tree volume and basal area, particularly within even-aged
forest stands [68, 73-75]. Two tariff systems have been developed: the odd-numbered
tariff system (Table 1) by Hetherington and Elsiddig [73] and the even-numbered
tariff system (Table 2) by Osman [76].

3.2.5 Greenhouse gas overviews

Greenhouse gases (GHGs) are components of the atmosphere that trap heat,
thereby contributing to the greenhouse effect. These gases include both naturally
occurring substances, such as carbon dioxide (CO,), which are released through natu-
ral processes and human activities, and synthetic gases like fluorinated compounds
that are exclusively anthropogenic [23]. Carbon dioxide is the most significant green-
house gas emitted through human activities. In 2014, CO, made up approximately
80.9% of greenhouse gas emissions in the United States attributed to human sources
[77]. Although CO, is a natural part of the Earth’s carbon cycle—circulating among
the atmosphere, oceans, terrestrial systems, and living organisms—human activities
have disrupted this balance by both increasing emissions and impairing the function
of natural carbon sinks such as forests. The rise in atmospheric CO, concentrations
since the Industrial Revolution is primarily due to human-driven emissions, despite
the continued presence of natural sources Figure 2 [79-81].

Tariff no. Equation R2

3 V=3599¢g-0.009 0.889
5 V =5343g-0.024 0.960
7 V =7545g-0.024 0.986
9 V=9640g-0.024 0.998
11 V =11.541¢g-0.040 0.996
13 V =13499 g-0.047 0.989
15 V=15433g-0.056 0.990
17 V=1713g- 0.066 0.990
19 V =1918 g- 0.060 0.989

Table1.

Tariff equations for odd-numbers [73].

Tariff no. Equation R2

4 V=0.006 + 4407 g 0.965
6 V=0.009 +6256¢g 0.982
8 V=0.02+7963¢g 0.980
10 V=0.002+9809¢g 0.989
12 V=0.025+12118 g 0.963
14 V=0167 + 14654 g 0.988

Table 2.

Tariff equations for even-numbers [76].
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Figure 2.
Anthropogenic sources of (a) nitrous oxide and (b) methane [78].

3.2.6 Carbon pools and carbon stock

Carbon stock refers to the quantity of carbon stored within a given “pool,” which is
areservoir or system capable of accumulating or releasing carbon over time [82, 83].
These pools can store carbon through both physicochemical and biological processes.
Depending on the scale and context, a carbon pool may represent a vegetation type,
an ecosystem, a specific land area, or even an entire country [84, 85]. In terrestrial
ecosystems, five principal carbon pools are typically recognized: above-ground
biomass, below-ground biomass, dead wood, litter, and soil organic matter [9, 38,
86]. Carbon dioxide (CO,), fixed by plants during photosynthesis, is allocated across
these pools, with above-ground biomass often forming the largest and most visible
component of carbon storage in forest ecosystems [61, 87, 88].

According to the GRID-Arendal/UNEP [89], the largest carbon stocks are gener-
ally found in tropical regions and high-latitude ecosystems. In tropical areas, carbon
is predominantly stored in vegetation biomass, while in high-latitude ecosystems, it
is mostly sequestered in permafrost and peat soils. The amount of carbon stored in
an ecosystem varies by species composition, climate, soil type, and other ecological
variables. Terrestrial ecosystems overall store about three times more carbon than the
atmosphere, with an estimated 2100 gigatonnes (Gt) of carbon sequestered in vegeta-
tion, litter, and soil organic matter [9].

Within forest ecosystems, approximately 46% of total carbon stocks are found,
with 39% located in forest soils, including their organic layers. However, the distribu-
tion of carbon varies significantly between tropical and boreal forests. For instance,
while tropical forests store about 50% of their carbon in soils, boreal forests store
approximately 84% in soil layers. Notably, the boreal forests of Russia, Canada, and

2



Forest Carbon Stock and Management Strategies for Riverine Forests in Sudan
DOI: http://dx.doi.org/10.5772/intechopen.1010986

Alaska alone are responsible for nearly half of the global forest carbon stock, whereas
tropical forests contribute around 37% [9, 14, 85, 90].

3.2.7 Estimation biomass and carbon

Estimating the accumulated biomass within forest ecosystems is crucial for
evaluating forest productivity and sustainability. It provides insights into the poten-
tial carbon emissions—particularly in the form of carbon dioxide (CO,)—that may be
released during deforestation or forest-burning events [14, 91]. In addition, biomass
estimation allows for the calculation of the amount of atmospheric CO, that forests
are capable of sequestering, thereby contributing to climate change mitigation efforts.

Accurate assessments of forest biomass are essential for a range of applications,
including sustainable timber extraction, monitoring carbon stock changes, and
analyzing the dynamics of the global carbon cycle. Forest biomass can be measured
using field-based methods, such as destructive sampling and allometric equations, or
through remote sensing and GIS technologies, which offer broader spatial coverage
and repeated temporal monitoring [1, 14, 30, 88, 92].

3.2.7.1 Field-based biomass estimation methods

There are two primary field methods used for estimating forest biomass. The first
is the destructive method, often referred to as the harvest method, which is consid-
ered the most direct and accurate approach for determining above-ground biomass
and carbon stock in forest ecosystems [9, 13, 38, 91, 93]. This technique involves fell-
ing all trees within a defined plot and separately weighing the components—such as
stems, branches, and foliage—both in fresh and oven-dried conditions to determine
dry biomass [75, 94-97].

Despite its accuracy, the destructive method is limited in scope due to its labor-
intensive, time-consuming, and costly nature. It is also unsuitable for large-scale
applications and cannot be used in degraded or conservation-sensitive areas with rare
or endangered species [32, 91, 98, 99]. However, it remains valuable for developing allo-
metric equations used to estimate biomass over larger regions (Figure 3) [5, 101, 102].

The second method is non-destructive biomass estimation, which allows for
biomass assessment without harvesting trees. This approach is especially relevant for
ecosystems containing protected or threatened species, where felling is not feasible
[91, 98, 99]. Non-destructive techniques typically involve climbing trees to measure
physical parameters or using measurements such as diameter at breast height (DBH),
tree height, volume, and wood density to estimate biomass through allometric equa-
tions [91, 102, 103].

3.3 Sustainable management strategies for Acacia nilotica

Acacia nilotica requires integrated management approaches to balance ecological
benefits with socioeconomic value. Silvicultural practices must optimize productivity
while maintaining sustainability. Studies show that 5-10 year rotation cycles can yield
10-25 m® ha™' y with improved genotypes and resource conservation, enhancing long-
term productivity [104, 105]. However, intercropping risks in arid zones necessitate
careful planning as it can significantly reduce crop yields [106, 107].

Community-based forest management (CBFM) has proven effective for A. nilotica
conservation. Successful cases in Sudan and Uganda demonstrate that empowering
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Figure 3.
Destructive sampling process for tree biomass estimation: A = Stands were cut at a height of 40 cm diagonally,
B = Fresh biomass measuring of biomass components, C = Biomass sampling, and D = Biomass drying [100].

local communities enhances forest management [108, 109], while in Tanzania,
CBFM has led to effective woodland protection and flora recovery [110, 111]. Nepal’s
Annapurna Conservation Area shows higher forest basal area and biodiversity in
community-managed areas [112]. Key success factors include community participa-
tion, clear resource boundaries, and tangible benefits for local people.

The species’ climate resilience makes it valuable for adaptation strategies. A.
nilotica can withstand extreme temperatures and drought, making it suitable for
arid land rehabilitation [53, 113]. Its potential distribution in Australia is expected
to expand due to increased water-use efficiency from rising CO, levels [114, 115].
Biotechnological advances like direct regeneration from nodal segments and indirect
organogenesis support propagation, though their invasive potential requires careful
management [116, 117].

Policy frameworks must align ecological and economic goals. Initiatives like
REDD+ can build on existing land management strategies [118], while success-
ful Sahel restoration practices include enclosures and assisted regeneration [119].
Effective reforestation should incorporate ecological indicators and community
engagement [120], with secure land tenure and benefit-sharing ensuring sustain-
ability [118]. These integrated approaches can maximize A. nilotica’s contributions to
sustainable development while addressing management challenges.
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3.4 Carbon sequestration potential and deforestation challenges in Sudan

Sudan faces significant environmental challenges due to deforestation and
forest degradation, primarily driven by agricultural expansion, unsustainable
wood harvesting, and fuelwood consumption for brick production. These activi-
ties have led to substantial carbon emissions and reduced sequestration capacity.
For instance, the brick-making industry alone consumes 508.4 x 10> m’ of wood
biomass annually, emitting 455,666 t CO,-equivalent [121]. Land-use changes
have further altered carbon dynamics, with dense forest cover declining while
bare land and light forest cover increase [122, 123]. In Ghana’s Sudan savanna
zone, forest degradation released 554,684.96 Mg CO,, with only 31.84% offset by
sequestration [124].

Despite these pressures, certain tree species, particularly Acacia nilotica and
related varieties, show strong potential for carbon sequestration. In Sudan, Acacia
seyal outperformed Eucalyptus microtheca, storing 370 tons of CO, per hectare com-
pared to 176 tons [125]. A. nilotica also demonstrates high sequestration capacity,
with an estimated 11.92 tons/hectare in Indonesian stands [126, 127] and the second-
highest soil nitrogen content among 15 tree species, indicating robust carbon storage
potential. However, as an invasive species, its management requires careful planning
to avoid ecological disruption.

National and subnational forest conservation policies have had limited success
in mitigating deforestation, particularly in tropical regions [128]. While India has
projected increased forest cover through policy interventions, Sudan’s efforts face
implementation gaps. Community-based forest management has shown promise in
improving sustainability [129], but stronger enforcement and local engagement are
needed. Sustainable practices like agroforestry and native species cultivation can
enhance livelihoods while aiding carbon mitigation [39].

Renewable energy development offers another pathway to reduce emissions.
Sudan has abundant solar, wind, and biomass resources [130, 131], with A. nilotica
contributing to biomass production. Expanding renewables could curb deforestation
linked to fuelwood demand while improving energy security.

Overall, Sudan’s deforestation crisis demands urgent action. Strengthening forest
conservation, promoting high-sequestration species like Acacia, and investing in
renewable energy are essential to restoring carbon balances and achieving climate
resilience. Without effective policies and sustainable land-use practices, emissions
will continue to rise, exacerbating environmental degradation.

3.5 Economic importance and utilization of Acacia nilotica

Acacia nilotica is a highly valuable multipurpose tree species with significant eco-
nomic importance across Africa and the Indian subcontinent. It has been traditionally
utilized for tannin production, timber, fuelwood, fodder, and medicinal applications.
3.5.1 Industrial and commercial uses

The bark and seeds of A. nilotica are rich in tannins, making them essential for

leather tanning [132]. Its gum, though inferior to gum arabic (A. senegal), serves as
a substitute in food and pharmaceutical industries [133]. The wood is exceptionally
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durable, shock-resistant, and nearly twice as hard as teak, making it ideal for
construction, tool handles, and cart manufacturing. Additionally, its high calorific
value (4950 kcal/kg) and slow-burning properties make it a preferred fuelwood and
charcoal source.

3.5.2 Medicinal applications

A. nilotica has been widely used in traditional medicine. The bark treats hemor-
rhages, colds, diarrhea, tuberculosis, and leprosy, while the roots are used as an
aphrodisiac, and the flowers help heal syphilis lesions [134]. It also acts as a powerful
astringent, molluscicide, and algaecide.

3.5.3 Agroforestry and land rehabilitation

Subspecies indica and cupressiformis are commonly planted as windbreaks and
for soil stabilization. In India, A. nilotica thrives in degraded saline-alkaline soils (pH
up to 9) and is used to rehabilitate wastelands, including coal mine spoils and tannery
effluent-affected areas [135]. Over 50,000 hectares of the Chambal ravines have been
successfully restored using this species.

Given its diverse economic uses—ranging from timber and fuel to medicine and
land reclamation—A. nilotica remains a crucial species for sustainable livelihoods and
environmental management [136].

3.6 Challenges and future perspectives in Acacia nilotica management

Accurate carbon stock measurement in Acacia nilotica plantations faces significant
technical barriers. Tree height measurement proves more challenging than diameter
at breast height assessments, impacting biomass calculations [137]. Stand density
variations affect biomass distribution, while soil nitrogen storage fluctuates with
stand age and depth [138, 139]. Current, allometric models often produce inaccurate
estimates for mixed-species forests, necessitating species-specific equations [140].
These measurement challenges highlight the need for improved protocols considering
stand age, density, and soil composition.

Emerging technologies offer promising solutions for monitoring A. nilotica eco-
systems. Remote sensing tools like LiDAR and drone imagery provide detailed forest
structure data [141], while Al algorithms enable vegetation classification and change
detection [142]. However, developing countries face implementation barriers due to
limited infrastructure [142], underscoring the need for capacity building.

Policy gaps significantly hinder conservation efforts. West Africa’s experience with
neglected crops demonstrates the importance of institutional capacity [143], while
South Africa’s wetland conservation struggles reveal policy harmonization challenges
[144]. Effective governance requires multi-scalar approaches [145] and better imple-
mentation of international agreements [146].

Reforestation strategies must address ecological and social factors. A. nilotica
shows tolerance to moderate salinity (4 g/l NaCl), suggesting potential for saline
land rehabilitation [147]. Successful restoration requires integrated approaches
combining soil management, native species use, and community engagement [148,
149]. Karst region studies emphasize the need for social-ecological frameworks
[150], highlighting the importance of holistic planning for large-scale reforestation
programs.
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4, Conclusion

Riverine forests, particularly Acacia nilotica, play a pivotal role in Sudan’s forest
ecosystems, offering ecological, economic, and climate-related benefits. These for-
ests serve as critical carbon sinks, significantly contributing to global and regional
climate change mitigation efforts through carbon sequestration. However, unsus-
tainable land-use practices, deforestation, and climate variability threaten their
ability to provide long-term environmental services. Effective forest management
strategies, including controlled thinning, volume estimation, biomass assessments,
and carbon stock monitoring, are essential to maintain sustainability. Advances in
remote sensing, GIS, and Al-driven carbon estimation models can further enhance
the accuracy of forest carbon stock assessments, aiding in better conservation plan-
ning. Additionally, the economic significance of riverine forests extends to timber
production, fuelwood supply, gum Arabic extraction, and medicinal applications,
emphasizing the need for sustainable utilization. The integration of community-
based forest management, agroforestry practices, and afforestation initiatives can
promote conservation while ensuring local livelihoods. Addressing these challenges
requires strong governance frameworks, adherence to international climate agree-
ments (e.g., Kyoto Protocol, Paris Agreement, REDD+), and collaborative policy
interventions. If managed effectively, Sudan’s riverine forests can enhance biodi-
versity conservation, boost economic resilience, and contribute to global carbon
reduction efforts, reinforcing their crucial role in climate change adaptation and
mitigation.
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Chapter 3

Assessing Forest Health of Sanjay

Gandhi National Park, Mumbai,
Maharashtra, India

Ravindra Medhe and Chaitanya Kolekar

Abstract

Forest health is a crucial factor in the growth of forests. A healthy forest always
grows tremendously. Forest health determines its productivity, structure, resilience,
composition, process and function. There is a need to study the health of forests in
Sanjay Gandhi National Park, which is encompassed by Mumbai’s metro city. Sanjay
Gandhi National Park is one of Maharashtra’s most famous and influential national
parks. This study used satellite imagery data from sentinel-2A, which has a 10-metre
spatial resolution with 13 bands. Four different indices have been calculated to
perform weighted overlay analysis. Out of which, three indices, NDVI, GNDVI and
Modified Soil Adjust Vegetation Index (MSAVI), are used to perform weighted over-
lay analysis, and Moisture Stress Index (MSI), a hydrological index, is used to define
the moisture stress to relate with the health of the forest. Sanjay Gandhi National Park
(SGNP) is categorized into three types according to their health status: low-healthy
forests, healthy forests and very healthy forests. Low-healthy forests acquired 39.52%,
healthy forests acquired 36.51% and very healthy forests acquired 3.36% of the total
area of Sanjay Gandhi National Park.

Keywords: forest health, weighted overlay, vegetation index, Sanjay Gandhi National
Park, remote sensing, remote sensing, GIS

1. Introduction

Forest health is a condition that helps to regulate the structure, composition,
processes, function, productivity and resilience of forest ecosystems over time and
space [1]. Forests get disturbed worldwide due to urbanization, industrialization,
illegal mining, overharvesting, habitat degradation and other unsustainable manage-
ment practices [2]. Health is a very crucial factor in any forest. It determines the effect
on the environment. A healthy forest always makes its surroundings healthy, and a
healthy environment keeps the forest healthy. Forest health assessment is essential to
determine appropriate measures for sustainable forest ecosystems [3]. Healthy forests
are more stable and vigorous in response to different stresses, disturbances and resource
restrictions [4]. As technology advances day by day, remote sensing (RS), geographi-
cal information systems (GIS) and global positioning systems (GPS) are becoming
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practical tools for monitoring and determining forest health [5]. Although the forests
experienced drought, fires, disease outbreaks and pollution, they have evolved world-
wide. They have also fought artificial disturbances and stresses that affect the condition
of forests, either directly through cutting and clearing or indirectly through invasion
of exotic species, pollution and climate change [6]. Forest area in the whole world, as
a proportion of total land area, decreased from 32.5 to 30.8% in the last three decades
between 1990 and 2020. This depicts a net loss of 178 million hectares of forest, which
is about equal to the size of Libya. Forest areas were reduced due to the expansion of
agricultural land and increased due to the natural expansion of forests. Sixty-seven mil-
lion hectares of forest burned annually between 2003 and 2012, and 35 million hectares
of forest area were damaged due to the outbreaks of forest insect pests [7].

The National Forest Policy of India 1988 deliberates on achieving a goal of 33% of
the country’s geographical area covered by a forest. The forest cover includes lands of
more than 1 hectare in area and has a tree canopy density of more than 10%. The total
forest cover in India is 21.71%, out of which only 3.04% is a very dense forest that hasa
tree canopy density of more than 70%, 9.33% is a moderately dense forest which has 40
to 70% of tree canopy density, and 9.34% is an open forest that has tree canopy density
between 10 and 40%. Maharashtra is India’s 5th largest state in forest cover, with 16.51%
of land covered by forest [8]. This study is based on four indices, NDVI, GNDVI, MSAVI
and MSI, which are useful in vegetation analysis. Each index has its specific values that
help analyze forest health. An integrative study of these indices is performed through a
weighted overlay by giving the appropriate weights to each index. Weighted overlay has
been done on only three indices except MSI, a hydrological index. Each index carries equal
weight because all these three indices are equally crucial to detecting forest health.

Sentinel-2A satellite data is utilized to assess the health of the SGNP forest;
sentinel-2A’s multispectral imager can capture data across 13 bands, providing vital
information on the vegetation’ state. SGNP is one of Maharashtra’s most famous and
influential national parks. It is situated within Mumbai and is the only national park
encompassing the world’s metropolitan city. There is a need to study the health of
various forests in Maharashtra, a very underrated research subject. However, it gives a
proper way to protect these forests with the help of GIS techniques. The main objec-
tive of this study is to determine the forest health of SGNP, which can be consummate
by differentiating between forest types based on a canopy cover.

2. Review of literature

Spatiotemporal forest health assessment for Sariska National Park (SNP) India,
ecosystem management under regional climatic inconsistencies. This study was
conducted in SNP to determine the forest health and changes from 1972 to 2018.
This study used satellite datasets of Landsat and Sentinel-2, combining data of some
climatic parameters. Indices, such as NDVI, MSI, DVI and MSAVI-2, were calculated
to find the relation between rainfall and these indices. This study shows the changes
in forest cover in the past 46 years by representing the dense forest and open forest
cover in the percentage. This study also represented the change detection of agricul-
ture, settlement and temperature during the study period. Overall, this study depicts
changes in the health of the forest concerning climatic parameters [9].

Aigbokhan, John worked on forest health analysis using remote sensing and
GIS techniques. A Case Study of Omo Forest Reserve, Ogun State, Nigeria. This
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study was conducted to assess the health status of the Omo Forest reserve. They
used a satellite image of Landsat 8 (OLI-TIR) to perform vegetation indices.

These indices were used to process the weighted sum overlay analysis further to
determine the health status of the forest. This study shows the map with four
reclassified categories, that is, non-forest, unhealthy, moderately healthy and very
healthy. The result of the study indicates an area of these reclassified categories in
percentage: non-forest covered about 6%, unhealthy forest covered 25%, mod-
erately healthy forest spread in about 44% and very healthy forest covered about
25% of the study area [10].

Roshani et al. researched assessing forest health using remote sensing-based indi-
cators and fuzzy analytic hierarchy process in Valmiki Tiger Reserve, India. This study
is based on an assessment of the forest health of Valmiki Tiger Reserve. They derived
some datasets from remote sensing data, such as vegetation indices, forest fragmen-
tation, rainfall and soil types. Vegetation indices like advanced vegetation index,
normalized difference vegetation index and normalized difference moisture index
were calculated and multiple buffer zones for various features were also created. The
final interpretation of these data was done using a fuzzy analytic hierarchy process.
These layers were used to create a forest health map with the help of the weighted
overlay method. The result indicates that the forest cover area is divided into various
categories. Non-forest areas covered about 19%, unhealthy forests covered 13% and
moderately healthy forests, which were found to be the largest forest area, covered
about 37% of the total study area [11].

Larasati et al. studied utilizing the normalized difference vegetation index
(NDVI) transformation for healthy forest assessment. This study was conducted
in Nanggala III National Park, a nature conservation area, and it aims to assess the
level of health of the forest in Nanggala III National Park. This study uses the trans-
formation of vegetation index and field observation, while the purposive sampling
method was used. Indicators for assessing forest health level using analysis of vegeta-
tion index (NDVI) using Landsat 8, recorded in 2015. The forest area in Nanggala
IIT Natural Park is categorized as a healthy forest. The vegetation densities in the
medium with an area of 97.74 ha (10.09%), sparse vegetation densities in the area
of 26.28 ha (2.71%) and non-vegetation cover (cloud and build area) amounted to
4572 ha (4.72%) [12].

3. Datasets and tools

To analyze the forest health of SGNP, satellite data of sentinel-2A were down-
loaded from the Google Earth Engine website (https://code.earthengine.google.
com). Sentinel-2A is a satellite that provides high-resolution images of the Earth’s
surface, including vegetation and is helpful for vegetation analysis. Sentinel-2A’s
multispectral imager can capture data across 13 different bands, including three
in the “red edge”, which provide vital information on the state of vegetation. The
greenness component can show variations in photosynthetically active vegetation,
and the red-edge band is linked to the chlorophyll content of leaves. The shortwave
infrared (SWIR) bands can help identify variations in vegetation stress and mois-
ture content. ArcGIS Pro performs the different indices using the spatial analyst
tool, the raster calculator. A weighted overlay of these indices has also been done
using this software.
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Figure 1.
Study area: (a) India, (b) Maharashtra, (c) SGNP and (d) Forest types — SGNP.

4. Study area

The SGNP is between 72° 53’ and 72° 58’ East longitude and 19° 88’ to 19° 21’ North
latitude and lies within the city limits of Mumbai. Mumbai is the world’s second-largest
metropolitan city and the only city that enwinds a National Park. The total area of
the National Park is 103 km* [13]. The SGNP has categorized various forest types,
containing 82.39 km” of reserved forest, 0.21 km” of protected forest and 20.76 km” of
un-classed forest. The SGNP is also divided into different zones according to the impor-
tance of the forest, that is, core zone (CZ) of 76.92 km?, Eco-Tourist Zone (Eco-TZ) of
0.45 km?, Buffer Zone (BZ) or multiple use zone of 5.89 km? (Figure1) [14].

5. Methodology
See Figure 2.
5.1 Vegetative indices

Vegetative indices are used to depict the greenness and forest health of SGNP.
These are four indices: NDVI (Normalized Difference Vegetation Index) is a ratio of
the red and NIR band that shows the greenness of a region, and its value range lies
between —1 and + 1. MSI (Moisture Stress Index) is a hydrological index that speci-
fies water availability and is helpful to show forest health. The MSAVI (Modified
Soil Adjust Vegetation Index) is the vegetative index, which minimizes the bare soil
effect on vegetation and has a range value between —1 and + 1 [9]. GNDVI shows the
chlorophyll variation of plants through the greenness of plants:
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Methodological Framework.
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5.2 Integrative analysis of vegetative indices

This study is based on four different indices useful in vegetation analysis. Each
index has its specific values that help analyze forest health. An integrative study of
these indices is performed through a weighted overlay by giving the appropriate
weights to each index. Weighted overlay has been done on only three indices except
MSI, a hydrological index. Each index carries equal weight because all these three
indices are equally crucial to detecting forest health.

6. Results
6.1 Forest health status

Forest health is a broad term, as a forest contains not only trees, bushes and grasses
but also the animals and waterbodies within it. So, a healthy forest is just a reflection
of healthy surroundings. MSI (Moisture Stress Index) gives us a comprehensive view
of moisture availability, which is an essential factor in the growth of the forests. Less
moisture stress depicts the healthy growth of vegetation, and more moisture stress
creates difficulty in vegetation growth. All these three vegetation indices (NDVI,
GNDVI and MSAVI) are vital in determining forest health. The weighted overlay of
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these indices provides an appropriate status for forest health. The range from 0.5 to
0.6 represents an open forest (39.52%, Figure 3) with less tress density. Range from
0.6 to 0.7 represented a moderately dense forest (36.51%, Figure 4) with a moderate
density of trees. A range of more than 0.7 represents a dense forest (3.36%, Figure5),
which also depicts the forest’s high density and healthy growth (Figure 6). Open for-
est, moderately dense forest and dense forest is later described as low-healthy forest,
healthy forest and very healthy forest, respectively. Low-healthy forests acquired
39.52%, healthy forests acquired 36.51% and very healthy forests acquired 3.36% of
the total area of Sanjay Gandhi National Park.

Forest health is directly related to its density. High density shows healthy forest
growth and less density shows minimum growth. So, we can conclude that dense
forest is a very healthy forest, followed by moderately dense forest and open forest,
which are less healthy.

6.2 Vegetative indices
This study was conducted with the help of four indices. Of these four, three

indices, that is, NDVI, GNDVI and MSAVI, are vegetative and MSI is a hydrological
index.
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Figure 3.
Open Forest.
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Figure 6.
Weighted Overlay.

6.2.1 Normalized difference vegetative index (NDVI)

NDVTI is calculated by measuring the difference between near-infrared (NIR) and
red light. Vegetation strongly reflects NIR but absorbs or has low reflectance of red
light. NDVI ranges from —1.0 to 1.0 (Figure 7).

Generally, the values less than 0 indicate water bodies. Very low values, such as 0.1
or less, indicate barren lands. Range from 0.2 to 0.5 indicates sparse vegetation. Dense
vegetation ranges from 0.6 and above.

6.2.2 Green normalized difference vegetation index (GNDVI)

GNDVI (Green Normalized Difference Vegetation) is a vegetative index indicating
plants’ greenness or photosynthetic activity. It is more sensitive to chlorophyll varia-
tion in the crop than NDVI and has a higher saturation point (Figure 8).

Generally, the range between —1 and O represents the water bodies, bare soil and
rocks. Values greater than 0 indicate the vegetation—the more intense the green, the
denser the vegetation cover.

6.2.3 Modified soil adjusted vegetation index (MSAVI)

MSAVT is a vegetation index which minimizes the bare soil effect on the reflec-
tance of vegetation. Usually, it is used in areas covered mainly by bare soil or rock, but
it can also be used in normal vegetation areas (Figure 9).

The range between —1.0 to 0.2 indicates the water and bare soil. Seed germination
and leaf development stages are indicated between 0.2 to 0.4 and 0.4 to 0.6, respec-
tively. A range greater than 0.6 indicates dense vegetation enough to cover the soil.

So, we conclude here that the forest in SGNP is mature and moderately dense to dense
because most of the areas show values greater than 0.6.
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Figure 8.
Green Normalized Diffevence Vegetation Index.

6.2.4 Moisture stress index (MSI)

MSI is a combination of vegetative and hydrological indices which depict the water
content of leaves in vegetation. It shows the moisture stress in a given area (Figure 10).
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Figure 10.
Moisture Stress Index.

Unlike other vegetation indices, this index is a reverse index because higher values
show high moisture stress and low water content, adversely affecting vegetation
growth.
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7. Conclusion

Forest ecosystems play a vital role in human life. Nevertheless, speedy industrial-
ization, urbanization and vehicle increases adversely affect the forest ecosystem. So,
a forest health assessment is necessary to achieve the goal of ecologically sustainable
development. Forest areas near metropolitan cities, like SGNP, are affected more
and earlier and are surrounded by three cities: Mumbai, Thane and Vasai-Virar. This
study delineated these effects on the forest of SGNP through various indices and
their weighted overlay analysis. Weighted overlay of NDVI, GNDVI and MSAVT has
been categorized into three forest types according to their canopy cover: open forest,
moderately dense forest and dense forest, which is later described as low-healthy for-
est, healthy forest and very healthy forest, respectively. Low-healthy forests acquired
39.52%, healthy forests acquired 36.51% and very healthy forests acquired 3.36% of
the total area of Sanjay Gandhi National Park. The non-forest area includes built-up,
barren land and waterbodies acquired 20.32% of the total area. Moisture stress index
(MSI) shows low moisture stress in healthy and healthy forests, medium moisture
stress in forest areas of low-healthy forests and high moisture stress in barren land
and built-up areas. So, this study also concluded that moisture and water availability
can directly affect the health of vegetation.

Abbreviations

DVI Differentiate Vegetation Index

FAO Food and Agriculture Organization

FSI Forest Survey of India

GIS Global Information System

GNDVI Green Normalized Difference Vegetation Index
GPS Global Positioning System

MSAVI Modified Soil Adjust Vegetation Index

MSI Moisture Stress Index

NDVI Normalized Difference Vegetation Index
OLI-TIR Operational Land Imager and Thermal Infrared
SNP Sariska National Park

SGNP Sanjay Gandhi National Park

SWIR Shortwave Infrared

UNEP United Nations Environment Programme
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Chapter 4

Utilization of Remote Sensing
Technology and IoT for Forest
Condition Monitoring and
Environmental Analysis

Asep Denih

Abstract

Forest monitoring is essential for environmental conservation and resource
management, addressing deforestation, climate change, illegal activities, and natural
disasters. This book chapter explores the application of remote sensing technol-
ogy and the Internet of Things (IoT) for accurate, efficient, and sustainable forest
condition monitoring. Remote sensing technologies, such as Landsat, MODIS, and
Sentinel, track land cover changes, vegetation health, and illegal activities, while
vegetation indices like NDVI and EVI assess ecosystem conditions. IoT technology,
with real-time sensors measuring temperature, humidity, soil moisture, and air
quality, provides continuous data for early risk detection. This integrated approach
combines large-scale data collection with real-time analysis, empowering stakehold-
ers to address forest challenges effectively. The integration of IoT with Geographic
Information Systems (GIS) enhances spatial analysis, supporting informed decision-
making for forest conservation. By adopting these innovations, forest ecosystems
can be better preserved, ensuring sustainability and resilience against environmental
threats.

Keywords: forest monitoring, remote sensing, internet of things (IoT), geographic
information systems (GIS), vegetation indices

1. Introduction

Monitoring the state of forests and their ecosystems means protecting the sustain-
ability of the area as one of the components of the ecosystem, which is very impor-
tant. Forests have a main role in absorbing carbon, protecting air balancers, providing
habitats for various flora and fauna, and supporting human life with different natural
energy sources. However, threats to forests, such as deforestation, climate change,
illegal activities, and natural disasters, continue to increase, so efficient and effective
monitoring procedures are needed [1].
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Modern technology has introduced new solutions to the challenges of forest moni-
toring, namely through remote sensing technology and the internet of things (IoT).
Remote sensing technology can collect regional data remotely without requiring a
physical presence in the field. By utilizing sensors installed on satellites or aircraft,
this technology is able to generate various ecological parameters, such as green land
area, forest degradation rate, and land cover change [2]. This technology can also
monitor forest conditions periodically to create early changes. Using satellite imagery
from a variety of sources, such as Landsat, MODIS, and Sentinel, he shared accurate
information and covered a wide zone.

On the other hand, IoT technology [1] opens up opportunities for real-time forest
monitoring by using a network of sensor features connected to IoT sensors that can
measure various area parameters such as temperature, humidity, and air quality.
Information collected from IoT sensors can be accessed directly through the internet
network to better respond to changes in forest conditions [3]. Recent advancements in
IoT technology include the use of low-power wide-area networks (LPWAN) and sat-
ellite communication, enabling sensors to operate efficiently in remote forest regions
with limited connectivity. These innovations significantly enhance the reliability and
scalability of IoT-based forest monitoring systems.

IoT can also use bonus sensors, such as sound and cameras, to find human activi-
ties or wild animals in the forest. The integration of IoT technology with geographic
information systems (GIS) strengthens the ability to visualize location-based
information [2]. Furthermore, the integration of artificial intelligence (AI) with
IoT and GIS has shown great potential in predictive forest risk management, such as
identifying patterns that indicate possible deforestation or wildfires. These capabili-
ties provide stakeholders with valuable tools for proactive forest conservation. This
approach provides a deeper insight into the distribution of regional conditions within
the forest which helps in analyzing more comprehensively.

Global efforts, including the use of open data platforms and international col-
laboration, have further amplified the impact of these technologies. These initiatives
aim to make forest monitoring systems more accessible and effective for conservation
efforts worldwide.

This book chapter explains in depth the use of remote sensing technology and IoT
for forest monitoring. In the discussion, the types of sensors used, how this technol-
ogy works, and its effectiveness in supporting conservation efforts are explained.
Not only that, the review also includes analytical procedures used to evaluate forest
health, such as the Normalized Vegetation Index (NDVI) and Enhanced Vegetation
Index (EVI), which can take into account the state of vegetation periodically [3].
Through this technology, monitoring the state of forests can be tried more accurately,
effectively, and efficiently to support appropriate decision-making to conserve and
manage forests in a sustainable manner [4].

2. Remote sensing technology for forest monitoring

Remote sensing technology is an important tool in monitoring forest conditions.
This technology can collect data about changes and forest conditions without going
directly to the site. Remote sensing involves using sensors that are usually placed on
satellites or airplanes to monitor various environmental parameters, such as the area

of green land, the level of damage caused by fires, changes in land cover, and the level
of forest health [5].
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The information generated from remote sensing is very useful for various
purposes, such as detecting illegal logging activities, monitoring plant health, and
considering the consequences of climate change on forest ecosystems. Thus, the data
obtained can be used to make more appropriate decisions in forest conservation and
natural energy resource management [6].

The advantage of this technology is its ability to provide accurate data, cover a
large area quickly, and collect data in hard-to-reach locations. In addition, remote
sensing can also carry out periodic monitoring so that changes that occur in the forest
can be detected more quickly and efficiently. This is certainly very important in
efforts to protect forests and mitigate environmental disasters [3].

2.1 Sensor types and satellite imagery

Remote sensing utilizes sensors installed on satellites to collect information about
the environment, including forests. These sensors are divided into two main catego-
ries: optical and radar sensors. Both have different characteristics and functions in
collecting environmental data [4].

1. Sensor optics

Optical sensors use sunlight reflected by the Earth’s surface to collect data. These
sensors work on a wide range of wavelengths, from visible light to infrared [3].
Some satellites that use optical sensor technology include the following:

a.Landsat

The Landsat satellite series has operated since 1972 and is often used in remote
sensing. The satellite is equipped with a multispectral sensor capable of record-
ing information from a portion of the wavelength range. Information from
Landsat is useful for observing land change, vegetation monitoring, forest
health, and finding land cover changes over time [6].

b.MODIS (Moderate Resolution Imaging Spectroradiometer)

These sensors are attached to NASA’s Terra and Aqua satellites. MODIS can re-
cord data with a wide coverage daily for more frequent monitoring. MODIS data
are used for large-scale analyses such as monitoring forest fires, climate change,
and vegetation distribution [5].

c.Sentinel

As part of the Copernicus program managed by the European Space Agency
(ESA), the Sentinel satellite has several variants with different types of sensors.
For example, Sentinel-2 is equipped with a multispectral optical sensor capable
of providing high resolution for environmental monitoring, such as vegetation
changes, agriculture, and forest health [7].

2.Sensor radar

Unlike optical sensors, radar sensors do not rely on sunlight to work. These sen-
sors utilize microwaves emitted from satellites and reflected to collect data. This
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technology is particularly effective for observation in adverse weather conditions
or at night [8]. Some satellites that use radar sensors include the following:

a.Sentinel-1

As part of the Copernicus program, Sentinel-1 uses Synthetic Aperture Radar
(SAR) technology to produce high-quality imagery regardless of weather or
lighting conditions. These data are very useful for monitoring deforestation, soil
movement, and soil moisture conditions [6].

b.RADARSAT

Developed by Canada, RADARSAT uses radar technology capable of detecting
changes on the Earth’s surface. RADARSAT imagery is very useful for forest map-
ping, analysis of land change patterns, and identification of climate change and
natural disasters [5].

2.2 Vegetation analysis with vegetation index (NDVI/EVTI)

Vegetation analysis using vegetation indices such as the Normalized Difference
Vegetation Index (NDVI) [9] and Enhanced Vegetation Index (EVI) [10] has become
a commonly used method in remote sensing. This method plays an important role in
monitoring forest health conditions, land cover changes, and forest degradation rates.
These two indices can help researchers evaluate the state of vegetation extensively and
periodically and provide an accurate picture of forest ecosystem dynamics [9].

Normalized Comparative Vegetation Index (NDVI) is an index used to measure
vegetation health using light reflection from the plant surface. The NDVI bottom
concept is a comparison between the reflection of near-infrared (NIR) rays and red
visible light (Red) captured by satellite sensors. Healthy plants have a lot of chloro-
phyll, reflect more NIR rays, and absorb red light, creating a large NDVI value [6].
The NDVI formula is

_ (NIR—Red)

NDVI =
(NIR + Red)) @

NDVI values range from —1 to 1. A value close to 1 indicates lush and healthy
vegetation. In contrast, a value close to 0 or negative indicates an area with little or no
vegetation, such as open land, water bodies, or areas that have experienced deforesta-
tion. Uses of NDVI include the following:

1. Forest health monitoring: NDVI is often used to observe forest health patterns,
including identifying areas experiencing stress due to drought or pollution [11].

2.Land cover analysis: With NDVI, researchers can compare vegetation changes
over time by identifying deforestation or other changes in land cover [6].

3.Forest degradation detection: Declining NDVI values indicate a decline in
vegetation health resulting from human activities, climate change, or natural
disasters such as forest fires [8].
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While NDVI is very useful, the Enhanced Vegetation Index (EVI) was developed
to address some limitations, especially its sensitivity to atmospheric and saturation
influences in dense vegetation areas. EVI uses more advanced atmospheric correction
and adds a blue light spectrum to reduce the effects of fog or dust, making it more
accurate in areas with dense vegetation [3].

(NIR - Red)

EVI=Gx
(NIR+C, xRed —C, x Blue + L) (2)

Where
1. G is the gain factor (usually 2.5),
2.C1 and C2 are atmospheric correction coefficients,

3.L is the stabilization factor that reduces the noise from the ground background
effect.

Uses of EVI:

1. Dense vegetation monitoring: EVI is particularly effective in areas with very
dense vegetation, such as tropical rainforests. This index distinguishes the varia-
tion of vegetation health conditions in areas with high NIR reflection [12].

2.Seasonal change analysis: EVI plays an important role in evaluating seasonal
climate change in forests, especially in areas experiencing dry and wet season

cycles [13].

3.Environmental degradation studies: EVI helps researchers identify regions
that show signs of degradation, both caused by human activities and natural
factors [12].

2.3 The use of remote sensing in the analysis of lost Greenland

The use of satellite imagery, such as Landsat 8, has proven to be an effective
method of analyzing land cover changes, including the loss of green areas such as
Greenland. By utilizing the NDVI (Normalized Difference Vegetation Index) algo-
rithm, researchers can accurately map vegetation cover based on the reflection of the
light spectrum captured by the satellite. This analysis can identify areas with declin-
ing vegetation, which is an important indicator of the impact of urbanization, climate
change, or other human activities.

In a case study in Bogor City, Python programming offers flexibility and
efficiency in processing satellite image data. Libraries such as raster, NumPy,
and Matplotlib speed up data processing, produce informative visual maps, and
perform statistical analysis to detect vegetation trends over time. This approach
not only highlights areas experiencing vegetation loss but also provides a robust
framework for understanding the impacts of urbanization and supporting sus-
tainable urban planning [14].

79



Forest Science — Advances towards Sustainable Development and Climate Resilience

Remote sensing technology combined with advanced data analysis plays a crucial role
in monitoring environmental changes. These technologies not only improve our ability to
detect and measure the loss of green areas but also provide valuable insights into design-
ing mitigation and adaptation strategies to face evolving environmental challenges.

The analysis shown in Figure 1 shows the results of combining various Landsat 8
imagery channels to analyze vegetation in the observed region. By utilizing specific bands
(such as Band 4, Band 5, and Band 6), the spectral properties of vegetation, clouds, and
cloud shadows become distinguishable, a detailed examination of vegetation cover.

The combination of these bands, often through the NDVI or other vegetation indi-
ces, enhances the ability to identify green vegetation. In the final image, areas with
healthy vegetation are shown in bright green, while areas without vegetation look
darker. The presence of clouds and their shadows is an important factor in ensuring
accurate vegetation analysis, as these elements can interfere with spectral reflection
data. By identifying and removing clouds and their shadows precisely, researchers can
focus their analysis on actual vegetation signals without experiencing distortion.
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Figure 1.

Results of canal combinations: vegetation analysis.
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This approach improves the accuracy of vegetation monitoring and supports a
wider range of applications, such as land cover classification, environmental monitor-
ing, and change detection over time. The results of this analysis greatly contribute to
sustainable land management and conservation planning in urban and rural areas.

The analysis in Figure 2 compares vegetation analysis images before and after the
radiometric calibration process. It demonstrates that there is no noticeable change in
the color brightness between the two images. This outcome is expected because the
radiometric calibration process on bands 4, 5, and 6 primarily adjusts the pixel value
range from 0 to 65,535 to 0-1 without altering the visual representation of the data [15].

Radiometric calibration is an important first step in remote sensing data process-
ing to ensure the consistency and accuracy of satellite images. By standardizing pixel
values, this process performs better comparisons between datasets, regardless of
differences in sensor characteristics, atmospheric conditions, or lighting variations
during data capture. Although the visual appearance of the image does not change,
radiometric calibration ensures that the numerical data generated from the image is
reliable for quantitative analysis. Fortunately, the radiometric technology of calibra-
tion in Landsat satellite imagery is currently more advanced, so this process can be
handled automatically by satellite systems.

This step is very important in vegetation analysis, as it improves the accuracy
of indices such as NDVI so that the resulting values truly reflect the health condi-
tions and density of vegetation. The calibrated data provides a solid foundation for
advanced analysis, monitoring of environmental changes, evaluation of vegetation
dynamics, and supporting decision-making in land management and conservation
efforts.

Figure 3 shows the overlay process, in which the administrative map of Bogor City
is superimposed on the Landsat 8 imagery. This step aligns administrative boundaries
with the corresponding geographic coordinates of the Landsat data, thus ensuring
accuracy and spatial fit.

The overlay technique is an important step in geospatial analysis because it
combines different layers of data to produce more comprehensive insights. In this
case, the administrative map helps to provide context to the vegetation analysis by

Before Radiometric Calibration After Radiometric Calibration

-6.25 -6.25
-6.50 " -6.50
-6.75 -6.75
-7.00 -7.00

<7.25 -7.25

Latitude
Latitude

-7.50 -7.50

-1.75 -7.75

-8.00 -8.00

-8.25 -8.25 J
106.00 106.25 106,50 106.75 107.00 107.25 107.50 107.75 106,00 106.25 106,50 106.75 107.00 107.25 107.50 107.75

Longtitude Longtitude

Figure 2.
Comparison of vegetation analysis images before and after radiometric calibration.
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Figure 3.
Cloud removal process and cloud shadows.

clearly depicting the study area within the administrative boundaries of Bogor City.
This spatial alignment can help researchers evaluate vegetation conditions in a given
region, monitor land use patterns, and analyze environmental changes within an
administrative framework.

The combination of satellite imagery with administrative maps is very beneficial
for urban planning, environmental management, and policymaking. By integrating
these data sources, stakeholders can make better decisions regarding land use, conser-
vation, and sustainable development strategies in urban areas. This overlay approach
also improves the visualization of the analysis’s results, making the findings easier for
various parties to understand and apply.

Figure 4 depicts the process of overlaying and cropping the image used to focus
the analysis on the Bogor City area in the Landsat 8 imagery. The original satellite
image covers a significantly larger area, with Bogor City occupying only 0.32% of the
entire image. To optimize computational efficiency and focus the analysis, the image
is cropped to isolate the region of interest.

Before cropping, the image matrix size is 7787 x 7669, encompassing a vast amount
of unnecessary data outside the city’s boundaries. After the cutting process, the
matrix size is reduced to 624 x 425, significantly reducing the volume of data that
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Figure 4.

Image overlay and cropping process.
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Figure 5.
Cloud vemoval process and cloud shadows.

must be processed. This reduction in data processing is hundreds of times faster
without sacrificing spatial resolution or analysis quality.

This approach highlights the importance of pre-processing steps, such as admin-
istrative boundary overlay and image cropping, in geospatial analysis. These steps
ensure that computing resources are focused on the area being studied, thereby
increasing efficiency and accuracy. The cropped imagery provides a clearer picture of
vegetation and land use conditions in Bogor City, making it more practical for urban
planning, environmental monitoring, and other local applications.

Figure 5 shows the process of removing clouds and shadows on satellite imagery to
ensure more accurate vegetation analysis. This process uses Band Quality Assessment
(BQA) to identify cloud pixels and shadows, where clouds are shown in dark gray
while shadows are shown in black. These elements often interfere with vegetation
analysis by distorting the reflectance data.

After the process of cloud and shadow removal, the resulting vegetation analysis
image reveals the cleared area with valid pixel values. The white area in the processed
image shows the region where the cloud and shadow data have been successfully
covered, and the underlying vegetation information is used accurately.

This preprocessing step is essential to improving the reliability of vegetation indi-
ces generated from satellite imagery, such as NDVI. By eliminating distortions caused
by clouds and their shadows, this analysis provides a more realistic representation of
vegetation health conditions and coverage. This process supports accurate monitoring
of environmental conditions and is critical for a wide range of applications, including
land use planning, agricultural management, and ecological studies.

3. Utilization of the internet of things (IoT) in forest monitoring

The internet of things (IoT) has opened up new opportunities for forest monitor-
ing and management. Using a network of interconnected features, IoT can collect
real-time area information from various sensors placed in the field [14]. This technol-
ogy provides practical access to data, which means it is linked to the state of the forest
to carry out more efficient and responsive monitoring of changes or threats to forest
ecosystems. Forest monitoring with IoT links some of the key components that work
in an integrated manner:
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1. Area sensor: This sensor is placed in various positions in the forest to measure
area parameters such as temperature, humidity, pollution level, soil moisture,
and severity of the rays. Data collected by the area sensor can be used to find
microclimate changes or early signs of forest fires [5].

2.Sound sensors and cameras: IoT sensors and sound cameras often find human or
wild animal activities. Sound sensors can detect engine noise, which could indi-
cate illegal activities such as illegal logging. Cameras connected to IoT networks
can also transmit real-time photos and videos, making it easier to monitor forest
conditions directly [16].

3. Communication network: IoT features require a communication network to
send information to a processing center. Technologies such as LPWAN (Low
Power Wide Area Network), GSM networks, and even more so satellites connect
sensors in remote locations. This network technology can effectively transmit
information from sensors scattered at some point [17].

4. Data processing platform: The information collected by IoT sensors is processed
through a platform capable of analyzing and presenting data in an easy-to-un-
derstand format. The platform’s Artificial Intelligence (AI) technology can help
predict events, such as wildfires or changes in rainfall patterns, based on the data
collected [18].

Benefits of Using IoT in Forest Monitoring:

1.Early detection of forest fires: IoT sensors can detect fire risks early by monitor-
ing temperature and humidity in real-time. These data can be used to provide
early warning and help authorities take preventive measures.

2.Forest ecosystem health monitoring: The health condition of forest ecosystems
can be monitored comprehensively through data obtained from humidity,
temperature, and air quality sensors. For example, these data can detect environ-
mental stresses on trees due to drought or pollution.

3.Law enforcement against illegal activities: IoT also helps monitor illegal activities
within forests, such as illegal logging or illegal hunting. Sound sensors and cam-
eras can detect human presence and suspicious activity and then alert authorities
for further action.

4. Wildlife conservation: Sensors installed to monitor wildlife activity provide data
on their migration patterns, habits, and habitats. This information can be used to
maintain the balance of ecosystems and protect endangered species.

3.110T sensors for environmental quality monitoring

IoT sensors have an important role in monitoring the quality of the forest envi-
ronment by measuring various related variables, such as temperature, air humidity,
soil moisture, and air quality. These sensors are strategically placed in the field, and
continuous and real-time monitoring is very useful for tracking changes in environ-
mental conditions and detecting early signs of potential threats to forest ecosystems.
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1. Temperature sensor

Temperature sensors measure the air and soil temperature in forests, which are
important indicators of environmental conditions. Dramatically rising tempera-
tures, especially during the dry season, can indicate the risk of wildfires. In ad-
dition, temperature fluctuations provide useful data for studying microclimate
change and its effects on plant and animal life in forests [19].

2. Air humidity sensor

Air humidity sensors measure the level of humidity in an area within a forest. This
level of humidity can vary depending on the season and weather changes. The data
generated are very useful for monitoring forest fire risk and plant health conditions.
For example, very low humidity can increase the risk of wildfires, while high humid-
ity can indicate areas that favor the growth of certain types of crops [19].

3. Soil moisture sensor

Soil moisture sensors measure the moisture content in the soil, which is important
for assessing the availability of water for forest vegetation. These data are useful for
monitoring plant health conditions and detecting early signs of drought or climate
change. Soil moisture also plays an important role in the study of forest ecosystems
because it is closely related to biological activities, such as the decomposition of
organic matter and the distribution of nutrients that affect soil fertility [20].

4. Air quality sensor

Air quality sensors in forests can measure concentrations of pollutants such

as carbon dioxide (CO2), carbon monoxide (CO), ozone (03), sulfur dioxide
(SO2), and air particles. High concentrations of pollutants can come from hu-
man activities around forests or from forest fires. Air quality sensors also detect
changes in air composition due to seasonal changes or other environmental phe-
nomena. These data are important in assessing ecological health and identifying
threats to flora and fauna within forests [21].

These sensors in IoT networks can perform continuous data collection and real-

time information transmission to monitoring centers. The advantages include the
following:
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1. Early detection of fire risk: A combination of temperature, air humidity, and soil

moisture data can detect conditions that increase the risk of wildfires. With this
data, preventive measures can be taken immediately to reduce potential losses.

2. Monitoring climate change impacts: Long-term data obtained from soil tem-

perature and humidity sensors can aid in the study of microclimate changes in
forests. This information provides insights into how global climate change is
affecting local ecosystems.

3. Effective natural resource management: Soil moisture and air quality data can help

forest managers make decisions based on accurate data, for example, in determining
conservation or reforestation strategies appropriate to environmental conditions.
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3.2IoT integration with geographic information systems (GIS)

Integrating the internet of things (IoT) with geographic information systems
(GIS) improves area monitoring and analysis expertise. By mixing information
collected by IoT sensors in the field with GIS platforms, the data obtained can be
visualized in real-time and analyzed spatially. This is particularly useful in forest
monitoring, where users can view the geographical distribution of area conditions as
well as analyze the changes that occur in an area in more detail [22].

1.Real-time data collection from IoT sensors

Field-installed IoT sensors continuously collect environmental data, such as air
temperature, air humidity, soil moisture, and air quality. This data is typically
sent to a central server via a communication network such as LPWAN, GSM, or
satellite. On those servers, the raw data is stored and ready for further analysis.
This integration can help provide up-to-date information to monitor environ-
mental conditions in real-time [23].

2.Real-time visualization on GIS platforms

The data collected by IoT sensors in the field can be directly uploaded to the GIS platform,
where the information is visualized in the form of interactive maps. The GIS platform
shows information in layers, sharing data on each area variable, such as soil moisture tem-
perature and air quality, to be analyzed separately or coinciding with a digital map. This
visualization looks at the distribution of area conditions and recognizes certain patterns,
such as areas with high temperatures that are prone to fires or zones with low humid-

ity. For example, a forest zone faces a significant increase in temperature or shrinkage

in moisture. In this regard, GIS maps can share visual warnings, helping stakeholders to
quickly follow up and avoid further risks such as forest fires or area degradation [16].

3. Spatial data analysis for decision making

The integration of IoT data with GIS is not only for visualization but also sup-
ports deeper spatial analysis. This analysis is useful in assessing environmental
impacts and changes in forest ecosystems [24].

IoT (internet of things) devices and geographic information systems (GIS)
complement each other in many applications to collect, analyze, and visualize
location-based data. Integration of IoT devices with the GIS of various sectors, such
as transportation, agriculture, health, and city management, to efficiently manage
spatial data (Figure 6) [25].

1.NodeMCU V3 CH340

NodeMCU V3 CH340 is a microcontroller board based on ESP8266, a WiFi
module that can connect to the internet network. The NodeMCU V3 has a CH340
chip as a USB-to-serial converter, making it easier to program and communicate
with computers via USB. These boards are widely used in IoT projects because
they support wireless connections and are equipped with GPIO (General Pur-
pose Input Output) to connect various sensors and modules. NodeMCU V3 is
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Figure 6.
Sensors and materials.
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ideal for projects such as home automation, environmental monitoring, and
remote data-driven applications.

2.GPS module UBLOX NEO-6 M-V2

The UBLOX NEO-6 M-V2 GPS module is a GPS signal receiver used to determine
geographic location accurately. It has a fast antenna and satellite signal search
system and obtains real-time location data such as latitude, longitude, and speed.
The UBLOX Neo-6 M-V2 GPS is often used in IoT projects that require location
information, such as vehicle tracking, navigation, or other applications that
require geographic data.

3.Sensor DHT11

The DHT11 sensor is an easy-to-use and popular temperature and humidity sensor
for IoT projects. It can measure temperature in the range of 0-50°C and humidity in
the range of 20-90% RH with sufficient accuracy for non-critical applications. These
sensors transmit data in digital form, making it easy to connect with microcon-
trollers such as NodeMCUs. DHT11 is often used to monitor environmental condi-
tions in smart home projects, smart farms, or weather monitoring devices.

4. Cable jumper

Jumper cables are small cables used to connect electronic components on a
breadboard or to connect sensors and modules with microcontrollers. These
cables come in different types, such as male-to-male, male-to-female, or female-
to-female, which can perform connection flexibility. Jumper cables are essential
in IoT projects because of the quick and easy connection between various com-
ponents, especially at the prototype stage.
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Figure 7.
Sensor installation.

Figure 7 shows the installation of a series of sensors consisting of UBLOX
NEO-6 M GPS material, DHT11 temperature and humidity sensors, and a NodeMCU
V3 CH340 microcontroller. These components are connected via a breadboard
using jumper cables to facilitate connection and experimentation. The CH340 V3
NodeMCU is a control center that wants to receive position information from GPS
material as well as temperature and humidity information from the DHT11 sensor.

Figure 8.
Field survey process and placement of environmental monitoring sensors in forest areas.
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Figure 9.
Digital map-based environmental monitoring website display for fovest sensor data.

The information collected by the sensor can then be sent via a NodeMCU WiFi con-
nection, monitoring the state of the area remotely in real-time.

Figure 8 explains the location survey activities in forest areas to place environ-
mental monitoring sensors. These sensors are designed to collect environmental data
in real-time, including air temperature, humidity levels, and geographical coordinate
points in the form of latitude and longitude. These data are also equipped with a
record of the date and time of collection so that the information received is accurate
and relevant to the current conditions.

Figure 9 shows the implementation of the monitoring system through an interac-
tive website. This website can access the information collected by the sensor directly.
The temperature, humidity, and geographical position of each information collection
point can be displayed as an easy-to-understand digital map. With this system, users
can effectively monitor the state of the forest and get a reflection of the atmosphere of
the area in a certain position without being located in the field.

4, Conclusions

Remote sensing technology and the internet of things (IoT) in forest monitoring
have opened the way for more accurate, effective, and prolonged monitoring proce-
dures for forest area conditions. Through remote sensing, ecological information can
be collected on a wide scale and non-invasively using sensors installed on satellites
and aircraft. With accurate results and lightning speed, this technology can monitor
various parameters such as vegetation health, land cover change, and illegal activities.
Vegetation indices such as NDVI and EVI are meaningful analytical tools that take
into account the health of forest ecosystems in an orderly manner.

Meanwhile, IoT technology can carry out real-time monitoring through various
sensors placed in the field. These sensors can measure temperature, humidity, air
and soil, and air quality. The information produced can be accessed directly and
analyzed practically to find threats in early areas, such as fires or forest degradation.
Integrating IoT with remote sensing and geographic information systems (GIS)
continues to strengthen monitoring expertise with detailed position-based informa-
tion visualization.
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Forest managers, researchers, students, and authorities can benefit from practic-
ing remote sensing technology and IoT in forest monitoring. This technology supports
proactive forest conservation and more informed decision-making to conserve forest
ecosystems and natural energy sources.

Recommendations include prioritizing investment in advanced sensor networks,
capacity-building programs for forest managers, and the integration of artificial intel-
ligence (AI) for predictive analysis. Encouraging international collaboration and open
data sharing can further enhance the scalability and effectiveness of forest monitor-
ing systems globally.

Acknowledgements

The author would like to thank the University of Pakuan for helping and par-
ticipating with the research team in Bogor, Indonesia, which provided facilities,
infrastructure, and resources for this research. Furthermore, the author would like to
thank all parties involved, both individually and organizationally, either directly or
indirectly, for supporting the materials for the preparation of this book chapter from
the research data that has been carried out.

Conflict of interest

The authors declare no conflict of interest.

Notes/thanks/other declarations
The author would like to express gratitude to all collaborators and contributors

who have provided technical and academic assistance in the research process and
book preparation, as well as access to research facilities and resource support.

Author details

Asep Denih
University of Pakuan, Bogor, West Java, Indonesia

*Address all correspondence to: asep.denih@unpak.ac.id

IntechOpen

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

90



Utilization of Remote Sensing Technology and IoT for Forest Condition Monitoring...

DOI: http://dx.doi.org/10.5772/intechopen.1008985

References

[1] Goswami S, Gosmawi R, Verma G.
Artificial intelligence-based internet of
things for industry 5.0. In: Kalloniatis C,
editor. The Role of Cybersecurity in

the Industry 50 Era. London, UK:
IntechOpen; 2024. Available from:
https://www.intechopen.com/
online-first/89614

[2] Selmy SAH, Kuche DE, Yang Y.
Geospatial data: Acquisition, applications
and challenges. In: Exploring Remote
Sensing - Methods and Applications.
London, UK: IntechOpen; 2024.
Available from: https://www.intechopen.
com/online-first/1192070

(3] Espindola RP, Ebecken NFF. Advances
in remote sensing for sustainable forest
management: Monitoring and protecting
natural resources. Revista Caribefia de
Ciencias Sociales. 2023;12(4):1605-1617.
Available from: https://revistacaribena.
com/ojs/index.php/rccs/article/
view/2924

[4] Mahjoobi E, Rafiei F. Exploring the
potential of geospatial data: An In-depth
investigation. In: Abdalla RM, editor.
Exploring Remote Sensing - Methods and
Applications. London, UK: IntechOpen;
2024. Available from: https://www.
intechopen.com/online-first/1193409

[5] Lechner AM, Foody GM, Boyd DS.
Applications in remote sensing to forest
ecology and management. One Earth.
2020;2(5):405-412. Available from:
https://linkinghub.elsevier.com/retrieve/
pii/S2590332220302062

[6] GaoY, Skutsch M, Paneque-Galvez J,
Ghilardi A. Remote sensing of forest
degradation: A review. Environmental
Research Letters. 2020;15(10):103001.
Available from: https://iopscience.iop.
org/article/10.1088/1748-9326/abaad7

91

[7] Torresan C, Benito Garzén M,
O’Grady M, Robson TM, Picchi G,
Panzacchi P, et al. A new generation

of sensors and monitoring tools to
support climate-smart forestry practices.
Canadian Journal of Forest Research.
2021;51(12):1751-1765. Available from:
https://cdnsciencepub.com/d0i/10.1139/
cjfr-2020-0295

[8] Kanga S. Advancements in remote
sensing tools for forestry analysis.
Sustainable Forestry [Internet]. 13 Oct
2023;6(1):1-24. Available from: https://
systems.enpress-publisher.com/index.
php/SF/article/view/2269

[9] Kulkarni R, Honda K. Estimating rice
LAI using NDVTI: A method for plant
conservation education. In: Vegetation
Index and Dynamics - Methodologies
for Teaching Plant Diversity and
Conservation Status. London, UK:
IntechOpen; 2023. Available from:
https://www.intechopen.com/
chapters/1155592

[10] Dutta D, Balha A, Kumar

Das P, Jain P, Lukose L, Akram W.
Assessment of ecological disturbance
caused by flood and fire in Assam
forests, India, using MODIS time
series data of 2001-2011. In: Remote
Sensing. London, UK: IntechOpen;
2021. Available from: https://www.
intechopen.com/books/remote-sensing/
assessment-of-ecological-disturbance-
caused-by-flood-and-fire-in-assam-
forests-india-using-modis-tim

[11] Dainelli R, Toscano P, Di Gennaro SF,
Matese A. Recent advances in unmanned
aerial vehicle forest remote sensing—A
systematic review. Part I: A general
framework. Forests. 2021;12(3):327.
Available from: https://www.mdpi.
com/1999-4907/12/3/327



Forest Science — Advances towards Sustainable Development and Climate Resilience

[12] Diccion AJL, Duran JZ. Modeling and
forecasting cumulative Evi anomalies
using sarima for biophysical monitoring:
A case study In the Philippines.

The International Archives of the
Photogrammetry, Remote Sensing

and Spatial Information Sciences.
2021;XLVI-4/W6:141-146. Available
from: https://isprs-archives.copernicus.
org/articles/XLVI-4-W6-2021/141/2021/

[13] Venter ZS, Scott SL, Desmet PG,
Hoffman MT. Application of landsat-
derived vegetation trends over South
Africa: Potential for monitoring land
degradation and restoration. Ecological
Indicators. 2020;113:106206. Available
from: https://linkinghub.elsevier.com/
retrieve/pii/S1470160X20301436

[14] Denih A. In: Kurnia E, editor.
Estimasi Evapotranspirasi Menggunakan
Teknologi Pengindraan Jauh di

Kota Bogor. Sleman: Komojoyo

Press; 2023. Available from: https://
komojoyopress.com/2023/04/10/
estimasi-evapotranspirasi/

[15] Trevisiol F, Mattivi P, Mandanici E,
Bitelli G. Cross-sensors comparison of
popular vegetation indexes from landsat
TM, ETM-=, OLI, and sentinel MSI

for time-series analysis over Europe.
IEEE Transactions on Geoscience and
Remote Sensing. 2024;62:1-16. Available
from: https://ieeexplore.ieee.org/
document/10360186/

[16] Raju PS, Lakshmi Priya S. Green IoT
framework for deep forest surveillance.
In: Proceedings of 2023 International
Conference on Signal Processing.
London, UK: IEEE; 2023. pp. 1-5.
Available from: https://ieeexplore.ieee.
org/document/10170016/

[17] Ahmad S, Uyanik H,

Ovatman T, Sandikkaya MT, De
MaioV, Brandi¢ I, et al. Sustainable
environmental monitoring via energy

92

and information efficient multinode
placement. IEEE Internet of Things
Journal. 2023;10(24):22065-22079
Available from: https://ieeexplore.ieee.
org/document/10210671/

(18] Krishnamoorthy M, Asif M,

Kumar PP, Nuvvula RSS, Khan B,

Colak I. A design and development of
the smart forest alert monitoring system
using IoT. Journal of Sensors [Internet].
8 Jan 2023;2023(1):1-12. Available

from: https://onlinelibrarywiley.com/
doi/10.1155/2023/8063524

[19] Rodrigues CC, da SKP, W de B

P, ATM B, de AJFS, PSdaSC, etal.

IoT sensory platform for monitoring
temperature, relative humidity of the air
and CO2 in situ. Revista Ibero-Americana
de Ciéncias Ambientais. 2022;13(2):278-
291. Available from: https://www.
sustenere.co/index.php/rica/article/
view/7062

[20] Coelho AD, Dias BG, de Oliveira
Assis W, de Almeida Martins F,

Pires RC. Monitoring of soil moisture
and atmospheric sensors with internet
of things (IoT) applied in precision
agriculture. In: 2020 XIV Technologies
Applied to Electronics Teaching
Conference (TAEE). New York,

USA: IEEE; 2020. pp. 1-8. Available
from: https://ieeexplore.ieee.org/
document/9163766/

[21] Mittal U, Pawar A, Varshney G,
Yadav'Y, Sharma R, Satyajeet. IoT based
smart monitoring of environmental
parameters and air quality index. In:
2021 IEEE 8th Uttar Pradesh Section
International Conference on Electrical,
Electronics and Computer Engineering
(UPCON). New York, USA: IEEE;

2021. pp. 1-5. Available from: https://
ieeexplore.ieee.org/ document/9667665/

[22] Safari Bazargani J, Sadeghi-
Niaraki A, Choi SM. A survey of GIS



Utilization of Remote Sensing Technology and IoT for Forest Condition Monitoring...
DOI: http://dx.doi.org/10.5772/intechopen.1008985

and IoT integration: Applications
and architecture. Applied
Sciences. 2021;11(21):10365.
Available from: https://www.mdpi.
com/2076-3417/11/21/10365

[23] Cui F. Deployment and integration of
smart sensors with IoT devices detecting
fire disasters in huge forest environment.
Computer Communications.
2020;150:818-827. Available from:
https://linkinghub.elsevier.com/retrieve/
pii/S014036641931360X

[24] Chen L, MaoY, Zhao R. GIS
application in environmental monitoring
and risk assessment. In: 2022 3rd
International Conference on Geology,
Mapping and Remote Sensing
(ICGMRS). New York, USA: IEEE; 2022.
pp- 908-917. Available from: https://
ieeexplore.ieee.org/document/9849269/

[25] Denih A, Kurnia E. In:

Kurnia E, editor. Sistem informasi
geografis terintegrasi dengan internet of
things (IoT) serta penerapan studi kasus.
Sleman: Komojoyo Press; 2022

93






Chapter 5

Perspective Chapter: FSC Forest
Certification and New Technologies
as Allies of Sustainable Forest
Management in Mexico

Emily Garcia Montiel, Pablito Marcelo Lopez Serrano,
Eusebio Montiel Antuna, Jesus Alejandro Soto Cervantes
and Alma Angelina Herndndez Rodriguez

Abstract

A primary objective of forest certification is to ensure that forest management
operations and administration provide opportunities for social, economic and envi-
ronmental development. This mechanism was created to achieve forest sustainability
through good forest management practices. It also helps to maintain transparent and
accountable processes in forestry companies, as well as defined processes to promote
the quality of operations. The emergence of new geospatial technologies derived from
different remote sensing platforms is transforming forest monitoring and manage-
ment in different ways. These technologies not only improve the efficiency of forest
monitoring but also generate information that can contribute to the conservation and
sustainable management of forest resources, so it is expected that the integration of
information derived from these technologies, such as aerial forest biomass, as an indi-
cator of forest sustainability and FSC environmental criteria and indicators assess-
ment tools will facilitate certification through the detection of patterns and prediction
of changes in forest ecosystems. This chapter highlights the importance of the global
trend of continuous improvement in forest management processes, certification, and
the incursion into new technologies, which together could represent important differ-
ences for sustainable forest management in Mexico.

Keywords: forest certification, new technologies, sustainability, impacts, Mexico

1. Introduction
The importance of forests for the economy, society and biodiversity protection

requires that they be managed in a sustainable manner to preserve all their func-
tions [1]. In Mexico, the relevance of forests is reflected in the environmental,

95 IntechOpen



Forest Science — Advances towards Sustainable Development and Climate Resilience

economic and social benefits they provide. The forest ecosystem in Mexico pro-
vides several vital services that are important for sustainability, such as support
services like soil formation, primary production, nutrient cycling and biological
control, other services include provision services, such as water, food, raw materi-
als for different sectors, renewable resources, genetic, medicinal and ornamental
resources. It also provides regulation services by regulating the climate and air
quality and by reducing damage from natural disasters. In addition, cultural
services such as scenic beauty, science, education and recreation, all these services
are strategic for collective social and economic development in harmony with the
environment.

Mexico is one of the 12 megadiverse countries in the world and is home to 70% of
the world’s flora and fauna species; it has 138.7 million hectares of forest area, which
represents 70.6% of Mexican territory [2]. The importance of this sector for climate
change mitigation and adaptation is reflected in the capture of 188 million tons of
carbon dioxide (CO,). In Mexico, 11.87 million people live in forest areas, of which 3.6
million are indigenous peoples. This population conforms to a modality of social land
tenure in our country, classified into ejidos and communities, which are structured
in agrarian groups. By 2021, according to [2], timber forest production amounted to
9.3 million m® of roundwood, of which 8.1 million m? came from native forests and
only 1.2 million m® from commercial plantations. According to the National Forestry
Information System [3], in the last decade, the value of timber and non-timber
production reached an average value of 71,021.15 million pesos and the forestry sector
generated 266,336 direct jobs. However, production levels remain below the existing
potential for harvesting, processing and marketing.

These ecosystems include coniferous forests, broadleaf forests, mountain mesophyll
forests, evergreen and sub-evergreen forests and deciduous and sub-deciduous forests.
These ecosystems constitute an essential element for the development of human life.

In Mexico, 66.7 million hectares are wooded forest areas, representing 48.1%, mainly
covered by forests and jungles. Of these, 34.8 million hectares correspond to the forest
area for forest ecosystems, representing 25.1% (Table 1, Figure 1) [2].

Under this scenario, the forestry sector in Mexico faces different environmental
problems such as deforestation, according to the National Forestry Commission [2], in
the last two decades, approximately 207,665 hectares have been lost annually, in addition
to social problems such as population pressure and migration, poverty and marginaliza-
tion, rural security and economic problems associated with employment. The deficient

Ecosystem Forestareain ha Percentage (%)
Forests 34,846,607 251
Rainforests 30,332,322 219
Mangrove 947,893 0.7
Other associations 527,054 04
Xerophytic scrub 56,200,206 40.5
Other forest areas 15,841,147 114
Total 138,695,230 100

Source: Own elaboration based on CONAFOR, 2024.

Table 1.
Distribution of forest area in Mexico.
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Figure 1.
Spatial distribution of forest ecosystems in Mexico.

design and development of public policies for rural areas, lack of technological develop-
ment, governance, social organization, development of social capital and climate change,
among other factors, can explain the accelerated process of deterioration of forest
ecosystems. In view of these challenges and as a global strategy to promote the sustainable
development of forests, forest certification was born in the 1990s as a voluntary mecha-
nism that promotes proper management from the environmental, social and economic
point of view [4]. According to Zubizarreta et al. [5], forest certification is an indepen-
dent third-party assessment system that determines whether forest management meets
ecological, economic and social standards. The certification aims to guarantee that forests
are sustainably managed based on standards to assure consumers that the products they
purchase come from properly managed forests [6].

In the world, there are different forest certification systems, such as the Forest
Stewardship Council (FSC), the Lembaga Ekolabel Indonesia (LEI), the Sustainable
Forest Initiative (SFI) of the United States and the Programme for the Endorsement
of Forest Certification Schemes (PEFC), [7] however, two of the most recognized
and relevant are the Programme for the Endorsement of Forest Certification Schemes
(PEFC) and the Forest Stewardship Council (FSC) [8]. The PEFC has 296,914,877
million hectares certified worldwide and 13,010 chain of custody certificates in 43
countries [9], while the FSC has 160,446,739 million hectares certified and 63,784
chain of custody certificates in 89 countries, including Mexico [10].

Mexico was one of the first countries to adopt Forest Stewardship Council (FSC)
certification in 1993 and was the global headquarters of the FSC from 1993 to 2003. To
date, it is the only international certification system operating in Mexico. FSC has ten
international principles that all forestry operations must adhere to before they can receive
FSC forest management certification. These principles cover a wide range of issues, from
maintaining high conservation values to community relations and labor rights, as well as
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monitoring the environmental and social impacts of forest management. These principles
were designed to be applicable worldwide and relevant to all types of forest ecosystems, as
well as to a wide range of cultural, political and legal settings [10].

Throughout the more than 30 years since the emergence of this certifying body,
different certification modalities have been developed to cover all the links in the
forestry sector’s production chain. This is the case in Mexico, where there is (a) FSC
forest management certification, which confirms that a specific area of the forest is
being managed in accordance with FSC principles and criteria. On the other hand,
(b) the chain of custody guarantees that products from FSC-certified forests are
separated and identified from other non-certified materials throughout the entire
processing, manufacturing and distribution chain. Also, (c) ecosystem services are
the benefits that people obtain from nature. Forests provide society with a wide range
of benefits, from reliable flows of clean water to productive soils and carbon seques-
tration. In FSC-certified forests, valuable ecosystem services are protected, in 2018,
the FSC introduced a procedure to demonstrate, ensure and communicate the posi-
tive impact of responsible forest management on ecosystem services. These verified
positive impacts aim to facilitate payments for ecosystem services and provide access
to other benefits, thus adding commercial value.

Another form of certification arises as retailers see added value in promoting the
fact that a product or its packaging is FSC certified. This is where FSC’s (d) promo-
tional license comes into play. This means that if a company buys finished products
with the FSC label from an FSC-certified company and sells them to end users, it
can apply for a promotional license from FSC. These licenses allow companies to use
the FSC trademarks to promote these products without the need for certification.
Likewise, organizations that use, but do not sell, FSC-certified products within their
business can apply for a promotional license.

120°0'0"W 110°0'0"W 100°0'0"W 90°0'0"W

10°0'0"W 100°0'0"W 90°0'0"W

Figure 2.
Distribution of FSC-certified forest area in Mexico.
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State Certified area (Has) Percentage
Durango 617,392.80 41.23
Chihuahua 440,611.09 29.42
Quintana Roo 126,874.59 8.47
Oaxaca 96,800.90 6.46
Campeche 88,614.40 592
Estado de México 50,808.89 3.39
Sinaloa 30,082.78 2.01
Puebla 12,558.62 0.84
Michoacdn 10,967.82 0.73
CDMX 10,960.03 0.73
Jalisco 5902.03 0.39
Veracruz 3273.04 0.22
Hidalgo 1372.04 0.09
Tlaxcala 1205.60 0.08
Total 1,497,424.63 100
Table 2.

Distribution of certified forest hectares in Mexico by state.

Currently, Mexico has 1.50 million certified hectares distributed across fourteen
states (Figure 2). Durango, Chihuahua, Quintana Roo, Oaxaca and Campeche are
the states with the highest number of certified forest hectares, standing out from
the others by a considerable difference (Table 2), distributed in 106 forest manage-
ment certificates, in addition to 284 chain of custody certificates and 23 promotional
licenses for the use of the FSC trademark [11]. Some studies have been carried out to
determine the impact of forest certification on the three elements of sustainability,
the social, environmental and economic aspects. Although some studies do not report
arelevant development in certain indicators that make up forest certification, there
are others that show the value that forest properties acquire by having this interna-
tional seal. One of the main reasons why organizations voluntarily seek forest certifi-
cation is that through forest certification, they are able to guarantee better prices for
their products and entry into new markets. In recent years, the number of certified
forest hectares has been increasing, raising the question of whether certification is
effective for forest properties and to what extent it has achieved the main purpose
for which it was created [12]. Effectiveness in terms of forest certification refers to its
ability to reduce deforestation and degradation while maintaining economic viability
for forest owners and managers [4].

2. Impacts of forest certification

During the period 2010-2020, the world has lost approximately 4.7 million hect-
ares of natural forest area [13], as well as biodiversity at an accelerated rate [14] due to
different pressures such as the expansion of agriculture, livestock, forestry and other
anthropogenic activities [15, 16]. Loss of biodiversity and climate change are some
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of the environmental and socioeconomic repercussions that have caused phenomena
such as deforestation [17]. On the other hand, forestry regulations are periodically
revised and so is FSC certification. However, given this update, the impacts of forest
certification on the social, economic and environmental conditions of forests can
sometimes not be concluded [18]. Nevertheless, in the face of this environmental
crisis, forest certification is a tool that has a positive impact on biodiversity conser-
vation. Throughout more than a decade of forest certification, studies have found
positive impacts in different aspects.

For example, Matias et al. [7] report that vascular plant communities are more
abundant and richer in FSC-certified forest properties than in non-certified
properties, also revealed as another biodiversity indicator that mammals are more
abundant in certified properties than in non-certified properties, this may be due to
the specifications contained in the different FSC criteria and indicators, such as the
requirement to maintain a minimum percentage of the property for exclusive use of
biodiversity conservation and maintain the focus on high conservation values [11].
According to Yamamoto et al. [17], forest certification has the potential to improve
sustainable forest management, which is its main objective [19]. They report that
FSC, in general, produces positive environmental impacts compared to non-certified
properties. Specifically, in temperate forests, there are positive impacts on flora, fauna
and ecosystem services, highlighting the preservation of species and increasing forest
biodiversity in terms of tree richness and density [20].

On the other hand, biodiversity contributes to the generation of ecosystem
services, which could be defined as direct and indirect benefits that forests provide
to people’s wellbeing [21], including tangible goods such as timber, other timber and
non-timber products, carbon sequestration, soil retention, cultural, recreational
and spiritual values [22]. The results of a study conducted by Palus et al. [23] show
that forest certification contributes positively to the provision of ecosystem services.
According to this study, forest owners consider that the greatest impact of forest
certification is obtained in biomass provision, water production, erosion control
regulation and other natural risks. Additionally, they state that certification helps
to promote cultural values of ecosystems such as esthetic, scientific and educational
values.

Forest certification has become a strategic tool for companies, specifically to access
environmentally sensitive markets and comply with sustainability commitments,
[24]. Some of the motivations in economic and social terms for achieving certification
are reaching new markets and increasing sales volume and profit margin. In addition
to these tangible reasons, there are other intangible reasons, such as gaining market
credibility, improving organizational image and upholding ethical and moral values,
[5, 25]. According to Dick et al. [26], although there is no clear consensus on the rela-
tionship between forest certification and good business performance in financial and
economic terms, given that there is the possibility that these efficiency results existed
prior to certification, attributed to good business practices, or even to the prior adop-
tion of other quality management systems such as ISO 9001, ISO 14001 or ISO 50001.
However, some studies conclude that, although it is complex to attribute good busi-
ness performance to certification, the forest companies with the best practices and
financial efficiency are those that have adopted forest certification [27].

The economic goals of forest certification lie in accessing the timber market in
developed countries and ensuring that exported products achieve better prices.
Certification promotes forest companies to raise their ecological quality, which in
turn provides a competitive effect on exports [28]. Forest certification also plays an
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important role in the global trade of forest products, with one of its objectives being
to create barriers for producers who use illegal timber, contributing to deforestation,
forest degradation and harm to indigenous peoples [29].

Forest certification regulates global trade in products and is a tool to ensure that
trade in forest products does not compromise the sustainability of these resources
[30]. In addition, certification is sometimes a requirement for entering interna-
tional markets [31]. On the other hand, it is considered an element that brings
improvements in the internal processes of forestry organizations and promotes
good relations between companies and their partners (suppliers, customers and
stakeholders) [8, 32, 33].

A well-managed, economically viable and orderly forest should impact social
benefits for the community. Thus, according to Eleine Juliana Malek and Abd Rahman
Abdul Rahim [8], one of the motivations for seeking certification is to ensure social
development. According to Tricallotis [34], some of the social problems that existed
in Chile (similar conditions to Mexico) when forest certification emerged were poor
to modest labor conditions for workers, poor training, poor performance in occupa-
tional health and safety and overwork, among others, as well as conflicts with indig-
enous communities over land tenure and few benefits for society. FSCs principles 2-5
seek to guarantee that the community maintains its rights and enjoys the benefits of
forest resources for its optimal development [35].

Zubizarreta et al. [31] find a series of external and internal motivations that dif-
ferent studies have addressed, which are the motivations considered by owners in the
different countries where forest certification exists. Depending on their conditions
and circumstances, the different forest companies may consider them as drivers to
seek and maintain certification (Table 3).

We can add to the above findings of Garcia-Montiel et al. [36] where a group of
30 experts were consulted as decision-makers to determine which principles, criteria
and indicators are considered the most relevant while implementing forest certifica-
tion. For decision-makers, the environmental principle occupied the first place with
40.26% of importance in the implementation of forest certification, followed by the
social principle and the economic principle with 32.15 and 27.59% of importance,
respectively. Regarding the criteria, forest management and production, biodiver-
sity and forest protection were considered to be the most relevant. Regarding the
indicators, the results indicated that forest certification in Mexico can have a positive
impact on the existence of educational institutions and community services such as
water, energy, medical services and drainage. It also influences the quality of forest
management plans, investment in forest management, machinery and equipment,

Internal factors External factors

Moral (values of forestry companies) Market motivation
Continuous learning Prestige

Improved economic and operational results Compliance with regulations

Improved performance

Economic benefits

Source: Own elaboration based on Zubizarreta et al. [31].

Table 3.
Internal and external motivations for forvest certification.
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environmental services, recreation, tourism, research, development and community
education, as well as planning for the conservation of biological diversity.

These motivations could be used as a testimony so that forest properties that are
not yet interested in certification take them into account in their decision to join
the recognition of their good practices or see certification as a method for achiev-
ing improvements and benefits. According to Garcia et al. [37], forest monitoring,
forest protection, chemical use reduction and biodiversity conservation are envi-
ronmental aspects where certified properties perform better than non-certified
properties. Similarly, other planning practices, such as forest management pro-
grams, best management practices, care of the harvesting area and treatment of
endangered species, are also moderately better in certified properties. In this same
study, it was found that in the social aspect, certified farms showed significant
changes in the existence of agreements that recognize the legal or traditional rights
of the communities, workers have better benefits and working conditions, as well
as in the existence of norms that regulate the use of community services, and the
inhabitants of certified forest ejidos have significantly greater access to secondary
and higher education. For the economic aspect, significant changes were found
in certified properties in the existence of program budgets, the efficient use of
resources, the freedom of workers to organize, the existence of an accounting
system and year-round contracts.

3. New technologies in forest management

Forest management is a process of planning and executing activities for the
administration and use of forests in order to make them sustainable, i.e. environ-
mentally responsible, socially beneficial and economically viable. A permanent tree
cover is an indicator of good forest management, since it ensures a continuous supply
of quality water, protects soils from erosion, maintains biological diversity, provides
medicinal plants, edible fruits and mushrooms and allows recreation and other
productive activities.

In Mexico, there is the figure of technical forest service providers or forest
managers, and in order to manage forests, they use the basis of silviculture, which
guarantees an adequate and optimal use of the resource that currently must have a
sustainability approach. Forest managers must properly manage forests to achieve
one or more specific management objectives with respect to the continued produc-
tion of forest products and services, without reducing their inherent values and
ensuring future productivity [38]. For this purpose, forest management programs
are employed that must contemplate not only sustainable harvesting systems but also
the permanent provision of forest ecosystem services. However, forest management
of forest ecosystems in Mexico, particularly in a global context marked by the afore-
mentioned factors of climate change and the pressure to meet growing demands for
natural resources, presents increasingly complex challenges.

This represents a challenge for forest managers, while also offering a wide range
of opportunities for creativity in developing management models and strategies for
managing the resources under their responsibility, as well as internalizing the value of
the forest in biodiversity conservation, provision of hydrological services and carbon
sequestration [39]. Under this scenario, alternatives are urgently needed to adapt new
innovative approaches that not only optimize the exploitation of resources but also
ensure their conservation for future generations.
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Therefore, the study and monitoring of forest ecosystems have entered a pro-
cess of innovation worldwide with the use of technologies derived from satellite
remote sensing and sensors carried on unmanned aerial vehicles (UAVs). In parallel,
algorithms and machine learning methods have been developed through artificial
intelligence (AI) applied mainly to the processing and collection of data to measure
and evaluate forest ecosystems. In this sense, Al promises to be an innovative tool
that will help foresters make more efficient decisions in forest management since its
potential allows the prediction of natural and anthropogenic disasters, such as forest
fires, as well as the optimization of resource management through predictive models.
According to Sotomayor [40], these innovations will allow the transformation of
traditional forest management practices, making them more accurate and efficient in
decision-making to sustainably manage forest resources.

Despite the potential of new integrated technologies in forest management, in
several developing countries, such as Mexico, they are still in their initial stages.
The main barriers to the inclusion of these technologies lie in the initial invest-
ment in equipment and the specialization of human resources, in addition to the
fact that the implementation of these technologies depends on public policies that
promote their use, as well as on international cooperation to overcome technical and
financial limitations. For this reason, different educational and forestry research
institutions in Mexico are beginning to include new methodological approaches for
the training of new forestry professionals, as well as in the development of forestry
research projects and technologies that allow faster and, in many cases, more precise
processes in the study of the structure of forest ecosystems. Some isolated efforts
demonstrate these technologies to be novel tools, with different multispectral
sensors that provide greater detail with very high-resolution images, which allow
monitoring the vigor and health of vegetation, as well as identifying changes in
forest mass, land use and/or deforestation, fires, pests and illegal logging. In addi-
tion, these technologies have acquired great importance for the quantification
of resources, through the more accurate estimation of aerial forest biomass, as
an important parameter for monitoring and assessing the current state of forests
and, therefore, facilitate better decision-making in the planning and use of forest
resources. These applications have led to forest certification as one of the alterna-
tives that promotes the accreditation of a forest area with indicators that guarantee
sustainability. The coherent integration of forest certification and new technologies
promotes the competitiveness of products that have been produced with forest raw
materials from sustainably and responsibly managed forests. In addition to being
useful tools to assess the condition of certified forest areas and their surroundings
through geospatial data in near real time of forest condition, allowing to reduce
certification audits and ensure its monitoring that impacts on social, environmental
and economic benefits to society.

4, Technical services in northern Mexico

Through a personal consultation with the main people responsible for technical
services in northern Mexico, who carry out various activities of planning, implemen-
tation and forest harvesting in forest management programs, they consider that FSC
forest certification has had a positive impact on the different areas of sustainability.

The following are the opinions expressed literally, with respect to their point of
view of the main benefits that forest certification has brought in Mexico:
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* “The conservation of biodiversity, contributes to the mitigation of climate

change, gives added value to products from forests”

* “Ithas benefited in the opening to a greater number of markets”

* “Support and economic incentives for ejidos and forest communities”.

* “Access to other sources of financing with alternative projects to timber

harvesting”

* “Improved rights for forest workers”.

* “Improvements in regulation, governance, and business model”.

* “Wildlife conservation, reduced presence of fires, increased reforestations”

* “Greater care for forest resources and the environment, governance has been

strengthened in certified ejidos, greater integration of women into forestry
activities”

Service providers also consider that some impacts have yet to be achieved, such as

* “The commitment and collaboration of governments with forest certification”

* “Improve processes for the transformation of raw materials”

* “Greater economic impacts for forest resource owners”.

* “Greater social awareness and impact”.

* “Higher price of certified products”.

Likewise, the main opinions he has regarding whether geospatial technologies

support measuring the impacts of forest certification are as follows:

* “Yes, they make it easier to have information in areas that are difficult to access as

well as to help planning in the decision-making process”.

* “Yes, because satellite images provide a broader view of the forest terrain”

* “Itis graphic and quick information”.

* “Yes, you have a source of current and high resolution information”

* “Yes, verifying the forest cover and impacts to the ground”

* “Yes, because you can see the cover of the lands that are certified and make

comparisons and see if there is a positive impact on these lands. But a field visit is
also necessary to measure other aspects of the forest”.

* “Yes it is possible given that we can measure the possible losses of cover in the
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5. Conclusions

In conclusion, considering the experience of forestry technical service providers,
as well as the literature review and the authors’ own experience, forest certification
is a tool for the controlled use of forest and environmental resources. It is considered
important to have an external evaluation that allows maintaining forests in constant
development and continuous improvement. In general, certification is an option
to combat global warming and provide social development benefits to communi-
ties. Although there are benefits that are not yet perceived in all forest properties
such as the increase in product prices, the environmental benefits have made a
significant difference. There is still the challenge of promoting sufficient interest
and information so that forest owners are motivated to achieve certification and that
the costs and complexity of constant monitoring by third parties integrated with
traditional methods and new technologies are not a limiting factor in adopting this
tool. Certification is a vehicle to international markets and adds to compliance with
global trends. Beyond being a voluntary process, in the future, the possibility could be
explored of making the criteria of good forest management that certification implies
mandatory in order to ensure the preservation of the environment, specifically the
world’s forests.
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Abstract

Himalayan serow (Capricornis sumatraensis thar), a distinctive member of the
Bovidae family, occupies a unique ecological niche in the mountainous terrains of
the Himalayas. This chapter explores the serow’s taxonomy, distribution, morphol-
ogy, habitat preferences, diet, behaviour, and conservation status, emphasizing the
species’ evolutionary adaptations and the critical threats it faces. The serow’s solitary
nature and preference for densely forested, high-altitude environments have rendered
it elusive and under-studied, yet it remains a key indicator of the health of Himalayan
ecosystems. Despite its adaptability, the serow is increasingly endangered by habitat
fragmentation, poaching, and climate change. The present chapter synthesizes
current knowledge on the species, highlighting significant gaps in research, particu-
larly its genetic diversity, disease prevalence, and reproductive strategies. It calls for
enhanced conservation efforts, including habitat conservation, community engage-
ment, and further ecological studies. The plight of the Himalayan serow underscores
the broader challenges of biodiversity conservation in an era of rapid environmental
change, serving as a powerful reminder of the intricate interdependencies within
ecosystems and the urgent need for holistic, dynamic conservation strategies.

Keywords: high-altitude ecosystems, mountain ungulates, ecological adaptation,
habitat preferences, habitat fragmentation, anthropogenic threats,
conservation strategies

1. Introduction

The Goat-Antelopes, a generic name for serow, goral, and takin, form the third
division of the Bovidae, which is known as the Rupicaprinae. They are said to hold an
intermediate position between goats and antelopes. The lineage of serows is thought
to have originated in Central Asia during the middle to late Pliocene, approximately
3.3 to 2.5 million years ago [1-3]. Currently, the majority of serow populations are
found in China, Japan, and Southeast Asia [4, 5].

The mainland serow (Capricornis sumatraensis), a widely distributed species in
China and Southeast Asia, previously had a range extending as far north as Northern
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China (39°N). Despite its extensive distribution across more than 11 countries, the
mainland serow faces significant challenges, including poaching, habitat degradation,
and fragmentation. These factors have impacted the survival and recovery of the
species, resulting in isolated and dwindling populations [6, 7]. Due to these threats
combined with a lack of precise data on population size and distribution, implement-
ing effective long-term conservation measures is challenging [2, 5, 8].

Himalayan serow (Capricornis sumatraensis thar), a subspecies of the mainland
serow, belongs to the subfamily Caprinae under the family Bovidae. Serows are
small to medium-sized, goat-like, and are the most generalized representatives of
the subfamily Caprinae. Therefore, all Caprinae species are believed to have evolved
from a serow-like ancestor. The generic name is derived from two Latin words: Capra
which means a goat, and cornu, the horn of an animal; hence, Capricornis implies the
presence of goat-like horns. C.s. thar has been assessed as Vulnerable (VU A2; C1) as
this subspecies is experiencing significant declines in population size, range size, and
habitat over the last decade, and continuing significant declines are expected to occur
in the future due to anthropogenic pressure [4].

Himalayan serow, resembling a hybrid of a goat, cow, pig, and donkey, is restricted
to the Himalayan forest slopes and is thought to be of oriental origin [9]. The Himalayan
serow is a territorial and solitary ungulate that uses dung piles to demarcate its terri-
tory [10]. Due to its specialized requirements for dense and undisturbed forests, the
Himalayan serow is considered a flagship species. The serow thrives in densely forested,
secluded river valleys and steep, grassy slopes, often in close proximity to thickets of
oaks and rhododendrons [11]. It prefers altitudes ranging from 1500 to 4000 m asl and is
less adaptable to arid conditions. It prefers moist regions and is a solitary mammal [12].
Its preferences for food and habitat support solitary behaviour as well. In harsh winters,
serow has been reported to move towards lower altitudes, but seasonal change in its native
ranges in the Himalayas has not been seen [4]. Bangladesh, Bhutan, China, India, and
Nepal are currently home to this subspecies [13].

Like other mountain ungulates, serow also forms a part of the prey base for carni-
vores, especially leopards [8]. The Himalayan serow is provided with a physique and
suite of adaptations that are finely tuned to the challenging environments in which
it lives. However, it faces an array of threats that imperil its survival. The conserva-
tion of this remarkable species has become a major concern, not just for the sake of
preserving biodiversity but also for understanding the broader challenges of conserv-
ing life in one of the most ecologically sensitive regions on earth [2, 14].

This chapter intends to provide a foundation for informed conservation efforts
by conducting a comprehensive evaluation of the current state of knowledge about
the serow and emphasizing the importance of safeguarding the rich biodiversity that
thrives in the Himalayan heights. While the Himalayan serow may be an enigmatic
and rarely seen inhabitant of these high mountains, its story holds a powerful lesson
about the preservation of earth’s most remarkable life forms against the backdrop
of an evolving and challenging world. The objectives of the chapter are: (1) to criti-
cally review and synthesize existing literature on various ecological aspects of the
Himalayan serow and (2) to identify the gaps for potential future research which may
help outline holistic management planning for the delicate mountainous environment.

1.1 Taxonomy

Initially, based on their physical characteristics, Wilson and Reeder rec-
ognized six species in the genus Capricornis: Himalayan serow (Capricornis
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thar), Chinese serow (Capricornis milneedwardsii) with the subspecies

(C.m. maritimus), Red serow (Capricornis rubidus), Sumatran serow (Capricornis
sumatraensis), Japanese Serow (Capricornis crispus) and Formosan serow (Capricornis
swinhoei) [15]. Later, Wilson and Mittermeier elevated the Indochinese serow (C.m.
maritimus) from subspecies to species level (C. maritimus) to make it seven serow
species under the genus Capricornis [16].

Liuet al. used mitochondrial Cytb and D loop sequence analysis to determine the
species’ molecular phylogenetic position and found that Chinese serow (Capricornis
milneedwardsii), was most closely related to Himalayan serow (Capricornis thar) [17].
A study suggests C. crispus as the basal species, while C. thar is grouped with C. mil-
needwardsii, which is a sister clade of C. sumatraensis [18]. However, a recent analysis
using the total mitochondrial genome of all taxa suggests that the genus Capricornis
has only four species: Japanese Serow (C. crispus), Formosan Serow (Capricornis
swinhoei), Red Serow (C. rubidus), and Capricornis sumatraensis including subspe-
cies, Sumatran serow (C.s. sumatraensis), Chinese serow (C.s. milneedwardsii), and
Himalayan serow (C.s. thar) [6].

1.2 Distribution and population status

The Himalayan serow, with its oriental origins, is found in northeast India, Tibet
(China), east and southeast Bangladesh, the Himalayas (including Bhutan, northern
India, Sikkim, and Nepal), and Myanmar, though its existence there is uncertain
[12, 19]. This subspecies has a significant, but limited, population in the Himalayas,
stretching from Jammu and Kashmir to Nepal, Bhutan, and the easternmost reaches
of Arunachal Pradesh. It naturally occurs at low densities throughout most of its
range in India, with a typically fragmented distribution [4].

In the Union Territory of Jammu and Kashmir, the presence of this subspecies has
been reported through direct and indirect evidence in several protected areas and
forest ranges: Dachigam National Park, Brien-Nishta Wildlife Conservation Reserve,
Kishtwar National Park, Overu-Aru Wildlife Sanctuary, Tangmarg-Gulmarg valleys
[20], and Bani Wildlife Sanctuary and its adjoining areas [21, 22]. Pandey notes its
wide distribution along the Sutlej and Beas rivers in Himachal Pradesh [23]. Recent
observations have confirmed their occurrence in several districts, including Chamba,
Lower Kinnaur, Shimla, Kangra, and Kullu [24], as well as the Spiti Valley [25].

In Uttarakhand, camera trap surveys in Rudraprayag (Kedarnath Forest Division,
Kedarnath Wildlife Sanctuary) and Pauri Garhwal (Lansdowne Forest Division) have
documented the species presence [26, 27]. While its distribution in other parts of the
state is uncertain, it likely inhabits small forest patches between 500 and 3500 m asl.
The serow is also widely distributed in Sikkim, with populations identified in the
Khangchendzonga National Park and other areas [20, 28, 29]. In West Bengal, it has
been reported from the Darjeeling Wildlife Division (Singalila National Park) and
Gorumara Wildlife Division (Neora Valley National Park) [27].

In Assam, the serow inhabits the northern banks of the Brahmaputra River, with
sightings in Kokrajhar, Sonitpur, Lakhimpur, and Dhemaji districts [30, 31]. It is also
found in the lowland woods up to 3500 m in Arunachal Pradesh, with confirmed
populations in various districts [4].

In Nepal, the serow is prevalent in many protected areas such as Annapurna
Conservation Area, Sagarmatha National Park, Dhorpatan Hunting Reserve,
Langtang National Park, Rara National Park, Chitwan National Park, and Bardia
National Park [8]. In Bhutan, it is distributed up to an elevation of 3500 m asl in
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various national parks. In China, it occurs in the forest belt between 2000 and 3000 m
asl on the southern slope of Qomolangma along the Nepal border, with Tibet report-
ing the highest detection through camera trap surveys [32].

There have been no serow counts in Bangladesh, but their numbers are believed
to be minimal. Camera trap surveys in the Sangu Reserve from 2011 to 2015 did not
report any serow presence [33]. In Bhutan, Wang estimated a serow density of 0.36
individuals/km? through distance sampling [34]. In Nepal, no population size esti-
mates exist, but Aryal estimated a density of 1.17 individuals/km” in the Annapurna
Conservation Area, a notable decline over the past decades [35].

In India, the subspecies population size is unknown. However, in areas with
sufficient habitat, its density has been assessed to be approximately 1.6 individu-
als/ km? in Uttarakhand [36]. In the Khangchendzonga Biosphere Reserve, Sikkim,
frequent captures were made through camera traps from 2008 to 2010 [28]. In
Arunachal Pradesh’s Dibang Valley, Nijhawan estimated serow densities ranging
from 0.26 to 1.46 individuals/km” in various areas, including community forests
and the Dibang Wildlife Sanctuary [37]. There are no population estimates from
Jammu and Kashmir and Himachal Pradesh, and camera trap investigations
indicate infrequent sightings, suggesting naturally low numbers even in protected
areas [4].

2. Morphology

The serow possesses an ungainly build characterized by a large head, short limbs,
and a thick neck. Its peculiar stance, with forelegs astride, hoofs widely splayed, and
head thrust downward, contributes to its awkward appearance [38]. Both sexes share
a similar build. An adult serow’s shoulder height ranges between 100 and 110 cm. In
terms of size, serows vary from 140 to 180 cm in length and typically weigh around
90 kg. Both males and females have horns that are conical, backwards-curving, and
sharply pointed, with lengths averaging between 18 and 25 cm, though reports of
horns up to 32 cm exist [12, 38]. Distinguishing features include a large head, long
ears akin to those of mules, a thick neck, and short limbs. Their thick coat varies in
colour from red to grizzled black, blackish-gray, and roan. The Himalayan serow is
characterized by dirty white undersides and reddish-brown limbs above the knee.
Sexual dimorphism in this species is minimal. In females, the oestrus state is indicated
by the size of their preorbital glands, which become enlarged for scent marking [39].

2.1 Habitat preferences of the serow

The mainland serow (Capricornis sumatraensis), a forest-dwelling ungulate,
inhabits mountain slopes with rugged, steep hills and rocky places from 100 m to
4000 m asl [40, 41]. According to Prater and Schaller, serows often inhabit gorges
that are moist and heavily forested and can be found at elevations of 1500-4000 m
asl [12, 38]. Serows have been frequently found in subalpine and temperate habitats
in the low and mid-elevation range of 1200-3700 m asl with a preference for higher
elevation >2100 m in Sikkim, India [28]. According to a study, serows prefer 2500
to 3500 m asl altitude range in the central Himalayas of Nepal [9]. Higher altitudes
(>4000 m asl) are used to flee from predators in Nepal, while elevations between
2500 and 4000 m asl are mostly used for food and shelter. They often avoid plains
and prefer areas with gentle to steep hills. Steeper slopes are used as resting places,
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while gentle slopes are preferred for grazing. To protect themselves from inclement
weather, predators, and hunting, they make use of varied cover (rocks and flora) in
their habitat [9].

Habitat suitability models of mountain ungulates in the mid hills of western
Nepal predict that of the total area studied only 41% is suitable for serow [42]. The
study further confirms that suitable habitats for serow were fragmented and mostly
confined to the southern part of the study area. Joshi et al. in Nepal observed that
serow prefers Quercus semecarpifolia and Rhododendron forests [2]. Studies have
shown that serow occupancy is positively correlated with distance to roads, distance
to villages, and distance to trails, indicating its preference for areas inaccessible to
human encroachment [4]. Across their wide range, serows have been recorded in
subalpine, montane, temperate, and tropical forests [4, 43]. Based on isotope analysis,
it was suggested that during the Pleistocene, serows in Thailand were more generalist,
open-landscape species than the closed-canopy forest-associated species they are now
recognized for [44].

Recent discoveries of serow in previously uncharted regions, such as the
GununglLedang National Park in Johor, Malaysia, suggest that the serow may persist
in isolated parks at lower elevations where poaching is better controlled or may even
exhibit signs of recolonization in areas where they were previously thought to be
extinct [7]. These newly documented occurrences may contribute to a slight expan-
sion of the known extant range of the serow.

2.2 Diet composition of the serow

Knowledge of the diet composition of the Himalayan serow is limited. Giri et al.
suggested that they tend to be intermediate feeders (between browsers and grazers)
consuming grasses, herbs, and woody plants in the central Himalayas during summer
[45]. Green in western Himalaya confirmed them to be selective browsers feeding
mainly on woody plants, such as oak, forbs, and monocots, forming a very small
fraction of its diet [36]. According to some previous studies, it consumes a variety
of forage, such as oak leaves, bushes, grasses, shoots, montane bamboo, ferns, moss,
and lichen, and, therefore, categorized as a generalist herbivore [46, 47]. They display
a preference for nutrient-rich and palatable plant species [35]. Quyoom ez al., while
studying winter food habits of the Himalayan serow in the temperate forests of Bani
Wildlife Sanctuary (western Himalayas), found deciduous shrubs and evergreen
oaks as major food components and confirmed them to be browsers at least during
winter [22].

Recent shreds of evidence using different approaches such as stable carbon iso-
topes, Dental mesowear texture analysis (DMTA), Hypsodonty index, and mesowear
IT have suggested browsing food habits of both Pleistocene and extant Capricornis
spp. [7, 44, 48]. The DMTA analysis showed that the extant Capricornis sumatraensis
is a leaf-dominated browser. Moreover, dental adaptations of Capricornis sumatraensis
also suggest its browsing habits. Detailed investigations on the food habits of this
elusive goat using microhistological analysis may aid in understanding the complex
ecological perspectives of this mountain ungulate.

2.3 Behavior and social organization

Serows are nocturnal, shy, solitary, and little understood. The dearth of infor-
mation about them is a result of their elusiveness, affinity for rocky terrain, and
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prevalence in sparse populations [12, 36]. They are crepuscular, peaking in activity in
the mornings (06:00-08:00 h) and evenings (16:00-22:00 h) [28, 46]. They hiss and
snort when startled, and when disturbed, they yell incoherently [38].

They are typically solitary, although occasionally, male-female couple units or
family groups of up to three or four individuals are spotted together [46, 49]. The
adult serows of both sexes engage in rigorous intrasexual territoriality, defending
their respective domains from rivals of the same sex [49, 50]. Adult serows exhibit a
high level of site fidelity as well [50]. Despite solitary roaming, an adult male’s range
may nearly entirely overlap with an adult female’s range, or an adult polygynous
male’s range may cover two adult female ranges [46, 49].

Possibly associated with territoriality, serows have specific defecation sites, commonly
referred to as dung piles [10]. Also used for marking is the secretion of the preorbital
gland, which smells like acetic acid and has the consistency of gum arabic [51, 52]. Recent
studies on their activity pattern, marking behavior and social interactions show that their
activity pattern was bimodal with two peaks, one in the mid-afternoon and the second
in late night, whereas resting and ruminating were the highest at noon and twilight. Both
sexes used different marking sites and marking frequencies. A total of 33 social behavioral
patterns were observed with 18 patterns including agonistic behavior, whereas 15 patterns
were relevant to courtship behavior [53].

3. Reproduction

Males attain sexual maturity at the age of three, while females achieve it at
2.5 years. The breeding season lasts from October to November, and the young are
born in May and June. Twins are rare and the litter size is usually one [38, 46]. There
are still some questions to be answered regarding the species’ reproductive and mat-
ing practices. Here, information on the closely related species C. crispus is provided
(Table1).

Yearlings start to move away from their mothers’ territories but remain somewhat
dependent on them. Both sexes depart the natal area when they are between 2 and
4 years old to establish their own territories elsewhere [49, 55]. Female offspring
typically stay within their mother’s ranges as they create their territories. The adult
male is often aggressive and chases away male progeny but is tolerant towards female

Age at sexual maturity 2-3 years [38]

Breeding season October-November [38]

Gestation period 215 days [49]

Birth season May-June [38]

No. of offspring Single offspring is common; twins are rare [46]

Sex ratio at birth 1.03:1.00 [49]

Weaning age 6 months [46]

Reproductive tenure 2.5t019.5 years [49]

Maximum longevity 21-22 years (females); 20-21 years (males) [49]
Table 1.

Life history traits of the Serow [54].
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Location Total no. of Living Time in Captivity Births Deaths

Individuals (MFU) Individuals (years) (MFU) (MFU)
(MFU)

Aizawl 1.1.0 1.0.0 2006-2016 (11) 0.0.0 0.1.0

Assam 16.6.0 3.2.0 1979-2016 (38) 14.3.0 12.2.0

Dimapur 21.0 21.0 2013-2016 (04) 0.0.0 0.0.0

Shillong 1.0.0 1.0.0 2009-2016 (08) 0.0.0 0.0.0

Table 2.

Status of Serow in Indian zoos [54].

offspring, which explains the various interactions of the adult pair towards the off-
spring (above 1 year). The mother typically tolerates both genders of offspring, and
the close mother-child relationship lasts until the birth of subsequent offspring [49].

3.1 Predation

Not much information is available about natural predation on the serow. Some
studies have reported the remains of serow in the scats of leopard and red foxes in
the Himalayas [14, 35, 56, 57]. Owing to its size, it is unlikely to have many predators
other than tiger (Panthera tigris) and leopard (Panthera pardus). Though the black
bear is found in the habitat of Japanese Serow, there is no report of predation by the
black bear [58]. The serow responds to disturbance with a low whistling alarm call.

3.2 Status in captivity

According to the records that are currently available, 28 captive animals were
housed in Indian zoos between 1979 and 2016, with a median of three animals per
year. The Central Zoo Authority of India has chosen this species as one of the endan-
gered animal species for the Conservation Breeding Programme. Assam State Zoo and
Botanical Garden serves as the Coordinating Zoo for the Conservation Breeding of
the Species, with Manipur Zoological Garden serving as a participating institution.

The historical population figures of serow kept at various Indian zoos are presented in
(Table2).

4. Conservation issues

Habitat destruction and resource competition with livestock pose significant
threats to serow populations in the Himalayan range, including within protected
areas. Habitat fragmentation, alterations in land use, conflicts with predators and
local residents, grazing of livestock within serow habitats, poaching, climate change
and developmental activities are the major threats to serow [2, 35, 45]. The transmis-
sion of diseases such as sarcoptic mange and goat pox is becoming an increasing
concern in areas where serow and domestic livestock, especially sheep, coexist.

In the regions of Jammu and Kashmir, Himachal Pradesh, and Uttarakhand,
shepherds have come across deceased serow displaying symptoms such as extremely
parched skin, internal ruptures and bleeding, loss of fur, and foaming around the
mouth [59]. Poaching and infrastructure development, such as the construction of
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dams and highways, are increasingly responsible for the extensive destruction of
habitats, which may serve as important refuges for various species. The presence

of livestock in areas where villagers have legal rights to graze their animals and collect
timber, and firewood can pose significant challenges in managing competition and
potentially modifying the habitat use of species within their range [22].

The detrimental impact of livestock grazing on wild ungulates in the western
Himalayan region has been acknowledged as a significant concern within protected
areas [60]. Numerous factors contribute to the transmission of diseases, with one
notable factor being the seasonal overlap in distribution between wild and domestic
ungulates. Notwithstanding, disease transmission can occur in either direction
between livestock and wild ungulates through contaminated soil, vegetation and
water sources [61]. The potential consequences of disease transmission from livestock
to wildlife are of particular concern due to the potential threat it poses to the survival
of endangered animal species.

4.1 Conclusion and way forward

The Himalayan serow (Capricornis sumatraensis thar) is a remarkable species that
represents the resilient nature of the Himalayas, demonstrating life’s remarkable abil-
ity to thrive in some of Earth’s most challenging and awe-inspiring environments. The
chapter aims to understand this enigmatic species, emphasizing its unique adapta-
tions, its crucial role within the Himalayan ecosystem, and the significant threats it
encounters.

The evolutionary brilliance has shaped the Himalayan serow into an animal
exquisitely adapted to a mountainous environment. Its robust build, thick fur, and
elusive nature are the product of millennia of natural selection, designed to withstand
the harsh conditions of the environment. The serow symbolizes resilience, showcas-
ing the incredible capacity of life to adapt to the mountain environment. However,
its narrative also serves as an alarming reminder of the environmental challenges
we confront, with the serow’s very survival being deeply intertwined with habitat
conservation, ecosystem health, and the balance of species within the mountains.
The challenges faced by the serow also shed light on the broader issues of biodiversity
conservation in an era marked by habitat destruction, climate change, and increasing
human-wildlife conflicts.

Significant progress has been made in conservation efforts to protect the serow,
including the establishment of protected areas, anti-poaching measures, and com-
munity involvement, all of which have played crucial roles. Nonetheless, there is still
plenty of work to do. Persistent threats such as habitat fragmentation, poaching, and
climate change continue to threaten the serow’s habitat. Long-term research is needed
to better understand the serow’s ecology and behavior. There is limited information
on the genetic diversity and population structure of Himalayan serow across different
geographical regions. This gap hinders effective conservation strategies, especially in
the face of habitat fragmentation and changing climates.

Research on the prevalence of diseases and parasites affecting Himalayan serow
populations is scarce. Systematic health surveillance could identify emerging threats
and help formulate disease management policies. Detailed studies on the diet and
nutritional ecology of the Himalayan serow are lacking. Such research would aid in
understanding their ecological role and the effects of habitat changes on their feeding
behavior and nutritional status. There is a dearth of information on the reproduc-
tive strategies, gestation periods, offspring development, and life history traits of

120



Himalayan Serow: A Keystone Species in Crisis — Challenges and Conservation Strategies
DOI: http://dx.doi.org/10.5772/intechopen.1008965

the Himalayan serow. Insights into these areas are essential for effective population
management and conservation planning. Little is known about the social structure,
territoriality, and intraspecific interactions of the Himalayan serow.

Conservation strategies need to be dynamic and adaptable and should be based on
collaboration and shared responsibility. Engaging local communities is not only ben-
eficial but essential for long-term conservation success. The plight of the Himalayan
serow is an alarming reminder that the conservation of a single species is inherently
linked to the preservation of its entire ecosystem, the complex interdependencies
within it, and the well-being of the human communities in close proximity. From
this review, it becomes clear that the Himalayan serow is not merely a species in peril
but a representative of all species facing threats in our rapidly changing world. The
story of the serow is a call to action, urging us to ensure that the Himalayas continue
to be a refuge for serows and a symbol of life’s resilience in challenging conditions.

In essence, the future of the serow reflects our dedication to preserving the natural
beauty of our planet for future generations.
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Chapter7
Dark Diversity Bringing Light to
Forest Science

Magno Gongalves-Aratijo

Abstract

Dark diversity offers a transformative perspective in forest science by addressing
species that are absent but ecologically viable within ecosystems. Complementing
observed diversity, it forms the species pool, providing a more holistic understanding
of biodiversity. This concept is essential for conservation, particularly in fragmented
and degraded landscapes, where it identifies ecological barriers to species reestablish-
ment, such as dispersal limitations or habitat degradation. By incorporating dark
diversity, restoration projects can prioritize areas with high biodiversity potential,
optimize species reintroductions, and enhance ecological resilience. Furthermore,
dark diversity supports in designing ecological corridors, improving functional
stability, and addressing challenges like climate change and habitat fragmentation.
While its practical application is emerging, advances in ecological modeling and local
knowledge integration are making dark diversity a valuable tool for guiding biodiver-
sity conservation and forest ecosystem restoration. This framework bridges theory
and practice, offering a critical methodology for sustaining global biodiversity and
ecosystem functionality.

Keywords: dark diversity, biodiversity, forest restoration, ecosystem resilience,
species pool

1. Introduction

Understanding biodiversity requires a comprehensive approach that transcends
traditional metrics. Observed diversity, which quantifies the species present in a
given area, has long been the most commonly used metric to quantify biodiversity
[1, 2]. However, this metric alone provides an incomplete picture of biodiversity, as it
excludes species that could potentially inhabit the area under suitable environmental
and ecological conditions. This “missing” set of species is known as dark diversity [3].
The integration of observed diversity and dark diversity forms the basis of the species
pool, representing the total assemblage of species that are either present or ecologi-
cally viable in a given habitat [4-6], where ecologists can achieve a more nuanced
understanding of biodiversity. This holistic perspective is essential for developing
effective strategies to conserve and restore ecosystems in a rapidly changing world.

In forest ecosystems worldwide, dark diversity provides critical insights into
the underlying drivers of species absence, such as dispersal limitations, habitat
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degradation, or biotic interactions. Its application in forest ecology allows research-
ers to assess the “hidden” potential of biodiversity, particularly in areas undergoing
significant anthropogenic pressures like deforestation, fragmentation, and climate
change [1]. For instance, in tropical and subtropical forests, where biodiversity is
exceptionally high but under severe threat, integrating dark diversity into conserva-
tion planning helps identify species at risk of local extinction and prioritize restora-
tion actions to enhance ecological resilience [1, 7, 8]. By highlighting the unrealized
biodiversity potential, dark diversity offers a novel framework to refine forest man-
agement strategies, optimize species reintroductions, and foster ecosystem stability in
forested landscapes worldwide.

Forests represent some of the most biodiverse ecosystems on Earth, playing
a vital role in global ecological stability and providing a multitude of ecosystem
services [9, 10]. However, ongoing anthropogenic pressures such as habitat loss,
fragmentation, and climate change are causing alarming declines in biodiversity
[1, 11-16]. Traditional biodiversity metrics, such as observed diversity, have been
invaluable for understanding ecological patterns and processes. Yet, they often
overlook the potential pool of species that could thrive in a given area under suit-
able conditions. This concept, termed “dark diversity,” offers a novel perspective
by encompassing the species absent from an area despite favorable environmental
conditions, thereby providing insights into ecological community assembly and
resilience [1, 3, 17].

In forest science, dark diversity holds the potential to revolutionize our under-
standing of biodiversity dynamics [3]. By bridging the gap between observed
diversity and the potential species pool, it can reveal the hidden ecological pro-
cesses that shape community composition and functionality. This approach has
significant implications for forest conservation and management, especially in
light of increasing global environmental changes. For instance, integrating dark
diversity into studies of forest fragmentation can shed light on the impacts of
habitat isolation and degradation on species pools, thereby guiding more effective
conservation strategies [1, 7, 18-20].

The study of dark diversity is critical for understanding biodiversity dynamics
in tropical forests, particularly in highly diverse and threatened regions like Brazil,
offering insights into the potential biodiversity that could be supported under optimal
ecological conditions [1]. Furthermore, understanding dark diversity can enhance
forest restoration practices by identifying species that are absent yet ecologically com-
patible with a given site. Despite its promise, the concept of dark diversity remains
underexplored in forest science, particularly in tropical and subtropical ecosystems,
where biodiversity levels are highest and threats are most pronounced.

In tropical forests, where deforestation, habitat fragmentation, and climate
change drastically alter species distributions, dark diversity provides a framework
to assess ecological debt and restoration potential. For Brazil, a global biodiversity
hotspot, this perspective is invaluable for informing conservation and restoration
strategies. By integrating dark diversity into ecological assessments, it becomes
possible to identify missing species, enabling the development of interventions
that prioritize not only existing biodiversity but also the ecological potential of
restored landscapes [1, 7, 18]. Such approaches are crucial for mitigating the loss
of ecosystem services and ensuring the long-term resilience of tropical forests in
the Anthropocene.

This chapter aims to explore the role of dark diversity in advancing forest science,
focusing on its applications in biodiversity assessment, conservation planning, and
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ecosystem restoration. By integrating dark diversity into forest research, we can
illuminate the unseen dimensions of biodiversity, thereby fostering a deeper under-
standing of forest ecosystems and enabling more informed ecological management
practices.

1.1Role of dark diversity in biodiversity assessment

Integrating dark diversity into biodiversity assessments enables the identification
of gaps between potential and observed diversity, enhancing our understanding of
the limiting factors for species presence. Studies have demonstrated that dark diver-
sity is influenced by abiotic conditions, such as resource availability and soil quality,
as well as biotic factors, including competition and mutualistic interactions [18, 21].
For instance, in European forest ecosystems, the combination of observed and dark
diversity data has underscored the importance of connectivity among forest frag-
ments for biodiversity conservation, highlighting how habitat fragmentation limits
the realization of species pools [17].

The application of dark diversity is equally promising in tropical and subtropical
ecosystems, which harbor the planet’s highest biodiversity levels but also face the most
significant threats. The Caatinga dry forest, for example, is characterized by a rich
diversity of tree and shrub species, many of which currently exist in dark diversity
due to intense logging and deforestation [1]. In this context, dark diversity serves as a
valuable tool for identifying priority species for conservation and guiding ecological
restoration initiatives. Therefore, using dark diversity in biodiversity assessments is
critical for predicting how communities will respond to environmental changes. This
approach not only provides insights into the ecological processes shaping community
assembly but also supports ecosystem management strategies, promoting resilience
and ecological functionality [7, 18, 22-25].

In forest science, incorporating dark diversity has led to the revision of monitoring
and management strategies. For example, in the forests of China, a study has identi-
fied key areas where conservation efforts should be concentrated, given their poten-
tial to support both currently present and potentially recolonizing species, which
are crucial for maintaining ecological balance and ecosystem services [26]. Dark
diversity is also instrumental in shaping environmental policies [27]. By capturing the
unrealized biotic potential of degraded areas, it helps identify targets for restoration
and conservation prioritization, while providing critical information for designing
ecological corridors and protected area networks. Thus, dark diversity is more than
an additional metric; it is a transformative approach that sheds light on ecosystems’
hidden potential and contributes to building a more sustainable future for global
biodiversity.

The incorporation of dark diversity into biodiversity assessments represents a
significant advancement in our understanding of ecological dynamics and species
distribution [28]. In the context of global biodiversity evaluation, dark diversity
plays a crucial role in elucidating the factors that limit species establishment and
persistence. By accounting for both observed and dark diversity, researchers can
better understand the processes driving community assembly, including the effects
of competition, dispersal limitation, and environmental change [1, 29]. This dual
approach provides a more holistic view of biodiversity, particularly in regions facing
significant anthropogenic pressures and environmental change.

Furthermore, dark diversity has the potential to inform conservation strategies
by identifying areas with high species potential, even if those species are currently
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absent. This predictive capability is essential for developing proactive conservation
measures, ensuring that ecosystems can maintain or recover their biodiversity in the
face of global challenges such as climate change and habitat degradation. As such,
dark diversity is an indispensable tool for enhancing the accuracy and effectiveness
of biodiversity assessments and for informing policies aimed at preserving global
biodiversity. Integrating dark diversity into global biodiversity assessments not only
enriches our understanding of species potential but also strengthens our ability to
predict and mitigate biodiversity loss. It is a powerful metric for enhancing ecological
management and conservation efforts, providing critical insights into the future of
biodiversity in a rapidly changing world.

This approach is particularly relevant in tropical forests, such as those in Brazil,
where habitat fragmentation, deforestation, and climate change decrease species
richness. By coupling dark diversity with traditional biodiversity metrics, researchers
can uncover the full potential of species pools, enabling more accurate predictions of
ecosystem resilience [1]. Such insights are vital for prioritizing conservation actions
in tropical regions, ensuring the diversity richness and the services these ecosystems
provide to both local and global communities.

1.2 Role of dark diversity in ecosystem conservation planning

Ecosystem conservation planning is one of the central pillars of biodiversity
preservation, aiming to maintain ecological functions and prevent further species
loss. Dark diversity is crucial for understanding the full potential of an ecosystem,
as it accounts for species that could recolonize an area following habitat restora-
tion or reduced anthropogenic pressure. This approach is especially relevant in
fragmented or degraded landscapes, where observed species diversity may not
fully represent the ecological potential of a region. As climate change, habitat
fragmentation, and land-use change continue to alter ecosystems globally, dark
diversity provides essential insights into the dynamic nature of species distribu-
tions and the capacity of ecosystems to recover and adapt [1, 26, 28]. One of the
fundamental contributions of dark diversity to conservation planning is its ability
to highlight areas with untapped biodiversity potential. By identifying regions with
a high potential for species establishment, conservationists can prioritize restora-
tion efforts in areas that may have previously been overlooked. For example, studies
have shown that landscapes with high levels of dark diversity, even when current
species richness is low, can harbor significant restoration potential [1, 7, 18, 26].
These areas are often key in ensuring the resilience of ecosystems, as they provide
the opportunity for species to reestablish themselves as environmental conditions
change.

Moreover, dark diversity plays a vital role in predicting the success of species
restoration. Species that are absent but ecologically suited to a given area may be
unable to establish due to dispersal limitations or biotic interactions, such as competi-
tion. Understanding the underlying mechanisms that prevent species from filling
available ecological niches is critical for developing effective conservation strategies.
For example, recent studies have demonstrated that dark diversity can be influenced
by both biotic and abiotic factors, such as habitat connectivity and climate [1, 29].

By integrating dark diversity metrics into conservation planning, practitioners can
identify the factors that may limit species reestablishment and implement targeted
interventions to overcome these barriers.
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In the context of landscape ecology, dark diversity provides a more nuanced
understanding of biodiversity patterns across spatial scales. Traditional conserva-
tion planning often focuses on individual species or specific habitat types, but this
approach may fail to capture the broader ecological context in which species interact.
Dark diversity, by considering species that are not currently present, enables a more
holistic view of biodiversity, emphasizing the role of landscape connectivity and
habitat heterogeneity in supporting ecosystem functions [1, 29]. For instance, areas
with high dark diversity are often more resilient to environmental changes because
they are more likely to harbor species with a range of ecological tolerances and
functional traits [30, 31]. This perspective is particularly important when addressing
global challenges such as climate change, where shifts in species distributions are
expected to occur rapidly and unpredictably.

Incorporating dark diversity into ecosystem conservation planning also has
significant implications for policy development. As governments and conservation
organizations strive to meet global biodiversity targets, such as those outlined in the
Convention on Biological Diversity (CBD; https://www.cbd.int) and the Sustainable
Development Goals (SDGs; https://sdgs.un.org/goals), it is essential to consider
both the current and potential biodiversity of ecosystems [27]. Dark diversity met-
rics provide a more comprehensive approach to biodiversity monitoring, allowing
policymakers to better assess the long-term viability of conservation strategies and
to prioritize areas for protection and restoration that offer the greatest potential for
species recovery [26, 27, 32]. For example, in forest ecosystems, research has shown
that areas with high dark diversity, even in the face of significant degradation, may be
restored more effectively through targeted management interventions [26].

Furthermore, the integration of dark diversity into conservation planning aligns
with a growing recognition of the need for adaptive management practices. As
ecosystems continue to be impacted by human activities and environmental change,
conservation strategies must remain flexible and responsive to shifting ecologi-
cal conditions. Dark diversity offers a framework for anticipating and mitigating
the effects of these changes, providing early warnings of potential shifts in species
distributions and ecosystem functions [1, 7, 18]. By acknowledging the role of dark
diversity in shaping biodiversity trajectories, conservationists can develop more
resilient and sustainable management strategies that account for both current and
future ecological needs.

In tropical regions, for example, Caatinga dry forest, where deforestation and
habitat fragmentation have disrupted ecological processes, dark diversity can guide
conservation efforts by prioritizing areas with high potential for biodiversity recovery
[1]. By integrating dark diversity into planning, conservation strategies become more
holistic, focusing not only on protecting existing species but also on restoring the
ecological of degraded landscapes, thus ensuring the long-term persistence of tropical
biodiversity.

1.3 Role of dark diversity in ecosystem restoration

Ecosystem restoration aims to recover biodiversity and ecosystem services in
degraded landscapes by addressing both present and potential ecological processes
[33-35]. Incorporating dark diversity into restoration planning offers an opportunity
to expand the scope of conservation efforts by identifying species that could enhance
the ecological resilience and functionality of restored systems. This approach shifts
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the focus from merely replacing lost species to fostering ecological networks that
support long-term sustainability [7, 18, 31]. Dark diversity provides insights into the
unrealized potential of ecosystems, particularly in highly fragmented landscapes. For
instance, fragmented habitats often suffer from an extinction debt—a delayed loss

of species due to historical fragmentation—which can be reversed by reintroducing
species from the local species pool and that was in the dark diversity [1, 22].

A significant advantage of integrating dark diversity into restoration efforts is its
diagnostic potential. Understanding why certain species are missing from a habitat
can illuminate ecological barriers to species establishment. Factors such as dispersal
limitations, soil degradation, or competition with invasive species often hinder the
natural recolonization of species that are in the dark diversity [1, 7, 28]. For example,
in restoration projects, reintroduction of species from that were in the dark diversity
has been shown to increase plant species richness and functional diversity, even in
highly degraded systems [7, 31]. Identifying and mitigating these barriers through
targeted interventions—such as soil amendments, removal of invasive species, or
facilitation of seed dispersal—can significantly enhance the success of restoration
projects.

Restoration projects using dark diversity have a particular relevance for forest
restoration, as it enables practitioners to move beyond the visible loss of biodiversity
and address the underlying ecological processes that limit species reestablishment.
By incorporating dark diversity, restoration efforts can be more effectively tailored
to promote functional resilience and ecological coherence, addressing challenges
such as species dispersal barriers and competition with invasive flora [1, 7, 28, 31].
Furthermore, understanding dark diversity enriches ecological theory by linking
community assembly processes to conservation practice, emphasizing the role of
latent biodiversity in sustaining ecosystem services.

Despite its promise, the practical application of dark diversity in ecosystem resto-
ration remains still very little studied. Methodological challenges, such as accurately
identifying species within the dark diversity and understanding their ecological
requirements, must be addressed. Advances in ecological modeling and metacom-
munity theory have facilitated progress in this area by providing tools to predict the
compatibility of dark diversity species with specific habitats [3, 32]. Furthermore,
integrating local knowledge and historical records can improve the accuracy of dark
diversity assessments, particularly in regions where baseline biodiversity data are
limited. As restoration ecology continues to evolve, embracing the concept of dark
diversity will enable more effective strategies to combat biodiversity loss and promote
ecosystem resilience in the face of global change.

In tropical forest regions, integrating the concept of dark diversity into restoration
strategies is essential for advancing ecological restoration and biodiversity conserva-
tion [1, 3, 7]. By identifying missing species and their functional roles, restoration
plans can prioritize interventions that enhance ecological resilience and reestablish
disrupted ecosystem functions [18, 30, 31]. In tropical ecosystems, where deforesta-
tion and fragmentation have drastically altered biodiversity and ecosystem dynamics,
addressing dark diversity allows for more targeted restoration efforts that aim not
only to recover lost species but also to rebuild the functional and structural integrity
of forested landscapes [1]. Incorporating this concept into restoration practices not
only improves the ecological integrity of restored landscapes but also ensures their
long-term resilience of ecosystems. By aligning restoration goals with the ecological
potential revealed by dark diversity, it becomes possible to create biodiverse, resilient
ecosystems capable of withstanding ongoing environmental changes.
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2. Conclusion

The concept of dark diversity represents a transformative advancement in land-
scape ecology and forest science, offering a novel methodology for the development
of ecological indicators. By identifying species absent but compatible with specific
habitats, dark diversity enables a more nuanced understanding of ecosystem potential
and constraints. Its application is vital for enhancing biodiversity, guiding conser-
vation strategies, and informing restoration projects by bridging the gap between
theoretical ecology and practical interventions. Incorporating dark diversity into
landscape management frameworks not only improves the effectiveness of restoration
but also strengthens efforts to conserve ecological integrity and functional resilience
in the face of escalating environmental pressures. As such, dark diversity serves as a
critical tool for advancing both the science and practice of biodiversity conservation
and forest ecosystem restoration.

Understanding and integrating the concept of dark diversity into biodiversity
and forest science is pivotal for advancing ecological research and conservation
strategies. By shedding light on the species that are ecologically compatible with
a habitat yet absent due to anthropogenic or natural barriers, dark diversity
provides a deeper comprehension of community assembly processes and ecosys-
tem resilience. In tropical forests and unique ecosystems such as the Caatinga,
acknowledging dark diversity can reveal hidden patterns of species loss and
highlight restoration opportunities.

From a forest science perspective, incorporating dark diversity metrics enhances
our ability to prioritize conservation actions and set more realistic restoration targets.
This approach bridges ecological theory with practical applications, enabling scien-
tists and policymakers to design interventions that not only restore biodiversity but
also strengthen ecosystem services. As well, dark diversity enriches our understand-
ing of ecological potential, offering a novel dimension for safeguarding the integrity
and functionality of forested landscapes.

The integration of dark diversity into ecosystem restoration strategies repre-
sents a transformative approach to understanding and addressing biodiversity
loss. By identifying species that are ecologically compatible yet absent from
degraded habitats, dark diversity provides a roadmap for targeted restoration
efforts that go beyond merely increasing species richness. It allows restoration
practitioners to prioritize species and functional groups that contribute to the
resilience and stability of ecosystems, particularly in biodiversity hotspots such as
tropical forests and the Caatinga.

For restoration ecology, incorporating dark diversity into planning ensures a more
comprehensive understanding of the ecological potential of degraded landscapes.
This perspective not only supports in the selection of species that could thrive under
restored conditions but also highlights the underlying barriers to their establishment,
such as habitat fragmentation, dispersal limitations, or ecological mismatches. By
addressing these barriers, restoration initiatives can more effectively reestablish
ecological networks and recover critical ecosystem functions.

Finally, the inclusion of dark diversity shifts the focus from what is present to
what could be achieved, aligning restoration goals with the ecological and evolu-
tionary potential of ecosystems. This framework offers a valuable tool for advanc-
ing restoration science and fostering more effective, science-driven strategies
to counteract biodiversity loss and ecosystem degradation in a rapidly changing
world.
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What Bioclimatic Factors Drive
Habitat Suitability and Spatial
Distribution of the Afrotemperate
Forest Patches in the Mountainous
Grassland Park in South Africa?
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Abstract

The forests across the globe are undergoing significant changes because of
climate change, which is mainly accountable for the frequency and intensity of
extreme weather events. Nevertheless, numerous forests like those in the Golden
Gate Highlands National Park (GGHNP) are crucial biogeographical connec-
tions between extensive forest regions in southern Africa, offering appropriate
habitats for numerous forest species. This research employed bioclimatic variables
to forecast the historical distribution of Afrotemperate forests in South Africa,
encompassing the isolated patches in the GGHNP. The findings from the current
study indicated that the optimal habitat for Afrotemperate forest species is found
along the Drakensberg Mountain range in South Africa. Annual mean temperature,
annual precipitation, the precipitation of the wettest month, the precipitation of
the wettest quarter, the precipitation of the warmest quarter, and the precipitation
of the coldest quarter were the key climatic factors affecting the spatial distribution
of the Afrotemperate forest. The peak frequency for rainfall in the wettest month
and quarter ranged from 87.4 to 174.8 mm and 225.6 to 451.2 mm, respectively. The
peak occurrence of annual average temperature ranged from 12.9 to 18.2 °C. The area
under the curve of the receiver operating characteristics (ROC) for both Bioclim
and Random Forest exhibited good predictive performance and fit, with AUC values
of 0.982 and 0.977, respectively. Understanding the effects of climate as well as the
various levels of response to climatic variation is therefore critical to the conserva-
tion of Afrotemperate forest.

Keywords: Afrotemperate, species distribution model, biodiversity, habitat suitability,
conservation
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1. Introduction

High-altitude ecosystems are renowned for their remarkable biodiversity, featur-
ing a diverse range of plant species that have adjusted to harsh climatic conditions,
which makes them an important focus for research and conservation initiatives
[1-4]. Mountains are defined by their significant topographical variation and cooler
climates, where the temperature drops approximately 0.5-0.6°C for each 100 m
of elevation gained relative to the nearby lowlands [5]. Furthermore, mountains
undergo fewer human impacts compared to the lowlands and may serve as sanctuaries
for both plants and animals [3, 5, 6]. Nonetheless, Afrotemperate forests are often
found in regions with high human population density and face significant threats
from agriculture, fire, and grazing [7, 8].

The climate differences observed across the various mountain ranges in south-
ern Africa significantly influence the ecosystem and species living in these areas
because of variations in longitude, topography, size, elevation, and aspect [9].
Afrotemperate forests are typically small and fragmented, often found within a
grassland matrix, and usually support a variety of endemic species that cannot
migrate to other suitable habitats as the climate warms [7, 8]. Forests are found in
regions with seasonal temperature changes, primarily in areas with higher rainfall
or where soil moisture remains adequate for long durations [10]. As elevations rise,
temperatures drop, leading to a noticeable temperature gradient at various alti-
tudes, which affects vegetation patterns, species distribution, and overall biodiver-
sity in mountainous environments [9]. Climate change may also cause alterations
and reductions in species distribution [11, 12]. Information regarding the current
spatial distribution of forest species, the impact of climate change, and the potential
growth of their suitable habitats is essential for identifying threatened ecosystems
and possible niches [13].

Changes in environmental drivers and climatic fluctuations result in altered plant
composition and structure over time [14]. As a result, many species with similar
environmental factors and climates live in similar habitats [14]. Forest ecosystems are
constantly changing; sometimes, they undergo recurring catastrophic disturbances
that completely reorganize the ecosystem. This can encourage the emergence of a new
ecosystem with a different variety of species [15]. Both short-term and long-term
vegetation analyses conducted as part of global change studies have revealed signifi-
cant changes in plant diversity [1, 16]. Moreover, severe weather fluctuations and
wildfires in mountainous areas can also impact essential ecosystem services, changing
the amount of water available and affecting the make-up and structure of forest and
woodland communities found within a grassland matrix [17, 18]. Nevertheless, cer-
tain forest ecosystems maintain stability for numerous decades under natural condi-
tions, with changes occurring at a considerably smaller scale [19]. In the Drakensberg
Mountains of South Africa, ongoing investigations are examining the spatial distribu-
tion of the Afrotemperate forest and the environmental impacts affecting these forest
islands within a grassland matrix [15, 17-20].

Species distribution models (SDMs) are being used more and more to identify
areas for biodiversity conservation, including protected and threatened species,
to determine these changes in habitat suitability [13, 21-23]. Additionally, they are
necessary for evaluating the possible impacts of climate change on the habitats and
distribution patterns of species [23]. Because of climate change, many forest spe-
cies that are already flourishing in their habitats may also show some adaptability
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outside of their natural range [13]. Nevertheless, many studies on forests under
climate change ignore this flexibility, estimating species’ climate needs based only
on their natural ranges and applying climate change scenarios [13]. Reliable predic-
tions of future changes and accurate and precise estimates of current ecological
conditions are essential for making well-informed and effective management
decisions [24].

The evaluation of predictive accuracy holds equal significance in the implementa-
tion of species distribution modeling techniques [21, 22, 25-27]. The juxtaposition of
techniques permits researchers to examine how varying attributes of the data and the
species influence the accuracy of the predictive maps produced by the model [27, 28].
Our prior investigation on forest and woodland mapping within the GGHNP estab-
lished that generalized linear model (GLM) analysis serves as an effective instrument
in species distribution modeling; however, the impacts of bioclimatic variables were
not incorporated [20, 29].

In this study, the Bioclim and Random Forest models were used to predict the
spatial distribution of Afrotemperate species using 19 bioclimatic variables extracted
from the DIVA-GIS 7.5 software [30]. The Bioclim variables are used in approximately
76% of recently published Maxent analytical ecological studies that assess the poten-
tial effects of climate change and conservation biogeography concerns [13, 23, 30-32].
The Random Forest algorithm has also gained popularity in remote sensing [29, 33],
forestry [34], ecology [35-37], and climate change [38, 39]. Random Forest is robust
to noise, even in the presence of many independent variables [40, 41]. As a result,
these models have demonstrated significant efficacy as tools for predicting species
spatial distribution. The results of this study will hence contribute to the conservation
of Afrotemperate forests and furnish essential habitat and species occurrence data
amidst the challenges posed by climate change.

2. Materials and methods
2.1 Study area

With a focus on the GGHNP, this study examined the distribution of
Afrotemperate forest species in South Africa. Only a small portion of the park’s
overall area is made up of isolated forests. The GGHNP is situated in South
Africa’s eastern Free State Province, at the base of the Drakensberg Mountains.
The GGHNP is located on the border between South Africa and Lesotho, between
latitudes 28,030’ and 28,045’ south and longitudes 28,030’ and 28,037’ east
(Figure 1). With an average yearly rainfall of 780 mm, the region is in the sum-
mer rainfall zone, with the wet season lasting from September to April. The upper
Karoo Sequence is represented by the rock formations, intruded by dolerite dikes
and sills.

The park’s vegetation is primarily grassland, with a very small percentage of
woodland and forest communities found along rivers and in sheltered rocky areas
protected from fire. Mucina and Rutherford [10] identified five dominant vegeta-
tion units in the study area: Eastern Free State Sandy Grassland (Gm4), Northern
Drakensberg Highland Grassland (Gd5), Drakensberg-Amathole Afromontane
Fynbos (Gd6), Lesotho Highland Basalt Grassland (Gd8), and Basotho Montane
Shrubland (Gmb5).
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Figure 1.
The study area showing the location of Golden Gate Highlands National Park (c) in the context of the rest of
South Africa (a) and the Free State Provinces (b).

2.2 Methodologies
2.2.1 Species occurrence

Digitized natural history collection occurrence data from the Global Biodiversity
Information Facility (GBIF) was used to map the historical distribution of the
Afrotemperate forests in South Africa Previous studies on the classification and
descriptions of vegetation in the GGHNP identified two forest communities, Olinia
emarginata-Podocarpus latifolius and Kiggelaria afvicana [20, 42]. Three species
namely Olinia emarginata, Podocarpus latifolius, and Kiggelaria africana were therefore
used as indicator species for the Afromontane forests. Forest and woodland commu-
nity shape files for GGHNP were sourced from the previous study undertaken by the
authors in the GGHNP [20].

2.2.2 Bioclimatic varviables

Nineteen historical bioclimatic variables with 2.5 minutes (approximately 5 km)
spatial resolution were sourced from WorldClim v2.1 in DIVA-GIS 7.5 software
(http://www.diva-gis.org/climate.htm). The bioclimatic variables represent annual
trends (e.g., mean annual temperature and annual precipitation), seasonality (e.g.,
annual range in temperature and precipitation), and extreme or limiting environ-
mental factors (e.g., temperature of the coldest and warmest month, and precipita-
tion of the wet and dry quarters) [30].

The variables are coded as follows: annual mean temperature (Bio 1, °C), mean
diurnal range (Bio 2, °C), isothermality (Bio2/Bio7) (x100) (Bio 3), temperature
seasonality (standard deviation *100) (Bio 4, Coeff. of variation), the maximum
temperature of the warmest month (Bio 5, °C), minimum temperature of the
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coldest month (Bio 6, °C), temperature annual range (Bio 7, °C), mean temperature
of the driest quarter (Bio 9, °C), mean temperature of warmest quarter (Bio 10,
°C), mean temperature of coldest quarter (Bio 11, °C), annual precipitation (Bio 12,
mm), precipitation of wettest month (Bio 13, mm), precipitation of driest month
(Bio 14, mm), precipitation seasonality (coefficient of variation) (Bio 15, Coeff. Of
variation), precipitation of wettest quarter (Bio 16, mm), precipitation of driest
quarter (Bio 17, mm), precipitation of warmest quarter (Bio 18, mm) and precipita-
tion of coldest quarter (Biol9, mm).

2.2.3 Species distribution models

Olinia emarginata-Podocarpus latifolius and Kiggelaria africana forests were the two
dominant forest communities in the GGNHNP, according to earlier studies on vegeta-
tion classification and descriptions [20, 42]. The Global Biodiversity Information
Facility (GBIF; https://www.gbif.org/) provided us with the geographical distribution
records for Olinia emarginata, Podocarpus latifolius, and Kiggelaria africana in South
Africa. The authors’ earlier study served as the source of the forest and woodland
community shape files for GGHNP [20]. After that, samples that were duplicates or
lacked accurate geographic coordinates were eliminated from the national geographi-
cal distribution records. Lastly, Google Maps was used to confirm the longitude and
latitude of the few samples with exact coordinate data (http://www.google.cn/maps).

We employed widely used models for species distribution, such as Random Forest
[40] in the R statistical environment [43] and the Bioclim analysis tool in the DIVA-
GIS program [32]. In studies of niche dynamics, recent research has demonstrated
that the scale of investigation is crucial, whether spatial, temporal, environmental, or
phylogenetic [44]. The spatial resolution at which climatic or species distribution data
are available can be linked to the effects of scale (e.g., in studying the climatic niche)
[44]. Because data availability, including the availability of climate observations and
future climate simulations [45, 46], is greater at a larger scale that becomes relevant to
larger extents [47], the SDM was conducted in this study using a national scale. At the
local scale, we used GGHNP as a study area and overlayed the forest and woodland
communities’ shape files [20] on the national projections.

2.2.4 Model validation

The species distribution data was divided into two parts to validate the SDM used:
75% of the data was used for calibration, and the remaining 25% was used for testing
and validation 10 times [23]. The chosen species’ locality points were regarded as
belonging to a single class. The outcome was saved as a grid-formatted output file. The
area under the receiving operator curve, or ROC, was then constructed using a stack
data set [23, 48]. The accuracy of the models employed was assessed using the area
under the curve (AUC) of a receiver operator characteristic (ROC) [48]. AUC values
fall between 0 and 1, with AUC < 0.5 denoting models with lower performance,
0.8-0.9 being good, and 0.9-1 being excellent [48].

2.2.5 Principal components analysis (PCA)

For principal component analyses (PCA), 19 bioclimatic variables with varying
measurement units were standardized to a mean of 0 and a standard deviation of
1; data transformation was carried out using the PAST 4.3 program [49, 50]. PCA
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was also used to identify the key variables influencing the spatial distribution of
Afrotemperate forest species [51, 52]. Following PCA screening, the most dominant
climatic factors were chosen for variable statistics based on the rank of their factor
loadings [51, 52]. Random Forest was also used to assess the most important variables
influencing the occurrence and distribution of the Afrotemperate forests in the South
African landscape.

3. Results
3.1 Species distribution model

The SDM divides habitat suitability into six categories: not suitable (0%), low
(0-2.5%), medium (2.5-5.5%), high (5-10%), very high (10-20%), and excellent (20—
46%). The SDM results revealed that the most suitable habitat for the Afrotemperate
forest species is along the Drakensberg Mountain range, which runs from Limpopo
Province in the northeast to Western Cape Province in the southwest (Figure 2). In
South Africa’s Southern Cape, the Knysna-Tsitsikamma forest complex and KwaZulu-
Midlands in Kwazulu-Natal Province are dominated by Afrotemperate forests. The
Maluti Drakensberg Transfrontier Project (MDTP) also conserves a significant
portion of the Afrotemperate forest [10, 53], covers approximately 28,000 km” and
includes the provinces of KwaZulu-Natal, the Free State, and the Eastern Cape along
the border between South Africa and the Kingdom of Lesotho (Figure 2).

The digital elevation model for the GGHNP (Figure 3) shows that Afrotemperate
forests and woodland communities exist between 1277 and 2375 m above sea level.
Lower-lying areas in the eastern and northern sections of the GGHNP were found to
be highly suitable (5-10%) for woodland species such as Euclea and Protea that grow

Forests
¥ [] Maluti Transfrontier Project

[ National Parks
[J Golden Gate Highlands NP

Habitat Suitability

Not suitable

Low (0-2.5 percentile)
Medium (2.5-5 percentile)
High (5-10 percentile)

Very High (10-20 percentile)
Excellent (20-35 percentile)

EE0EEE

Figure 2.
Species distribution model showing suitable habitats for the distribution of the Afrotemperate forests in South
Africa. The light blue polygons represent the forest Biome [10].
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Figure 3.
Species distribution model showing suitable habitats for the distribution of the Afrotemperate forests in the
Golden Gate Highland National Park.

in open grassland. Euclea woodland grows at the base of cliffs, under large boulders,
and in small clumps in rocky open grassland. The Protea woodland community grows
in open grassland and is associated with well-drained soils on the foothills and mid-
slopes [20]. The south and west sections of the park were mostly suitable (2.5-5%) for
the Afrotemperate forest species such as Podocarpus latifolius, Kiggelaria africana, and
Olinia emarginata, occurring in protected gorges. The Leucosidea sericea woodland had
low habitat suitability (0-2.5%) in the midslope but medium suitability (2.5-5%) in
the riverine areas.

3.2 Important climatic variables

The results from the principal components analysis (PCA) analysis showed
that the bioclimatic data was accounted for by the first four principal components
(Figure 4). The loading values from PCA are equal to the coefficients of the variables
and provide information about which variables give the largest contribution to the
components. The results from the PCA analysis showed the four principal compo-
nents to have the highest eigenvalue, explaining 91.62% of the variance.

The first principal components explained 34.9% of the variation, and the four
main bioclimatic factors with high loading values included Bio6, Biol4, Biol7, and
Bio19. The above bioclimatic variables showed the influence of extreme environmen-
tal factors (cold and dry conditions) and the variation between the coldest and hottest
months.

The second axis explained 21.55% of the variation, and the four main bioclimatic
factors with high loading values included Biol, Bio5, Biol0, and Bioll. The above
reflects the response of the forest species to annual trends, seasonality, and tolerance
to extreme temperatures. The third axis explained 21.17% of the variation, and the
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Figure 4.
The scree plot showing eigenvalues and the number of significant principal components of the Afrotemperate
forest species for 19 bioclimatic variables in the Golden Gate Highlands National Park.

four main bioclimatic factors with high loading values were Biol2, Bio13, Biol6, and
Bio18. Again, precipitation was of the greatest significance for the spatial distribution
of the Afrotemperate forest species. The fourth axis explained 13.93% of the varia-
tion, and the four main bioclimatic factors with high loading values included Bio4,
Bio9, Biol5, and Bio19.

Based on the rank of the factor loadings for the first four principal components,
PCA analysis showed that the four most important variables influencing spatial
distribution of the Afrotemperate forest are Biol, Biol2, Biol3, and Biol6 (Figure 5).

The Afrotemperate forest occurred in areas with relatively high rainfall frequen-
cies of 430-860 mm per annum (Figure 6). The highest frequency for precipitation
of the wettest month and quarter were between 87.4-174.8 and 225.6-451.2 mm
respectively. The highest frequency of annual mean temperature was between 12.9°C
and 18.2°C. This shows that Afrotemperate forest species occur in areas with seasonal
temperature variation and are largely confined to higher rainfall areas or where soil
moisture is not limited for extended periods.

Random Forests analysis showed that the four most important variables influenc-
ing the spatial distribution of the Afrotemperate forest are Bio5, Bio12, Biol3, Biol8,
and Bio19, all increasing the mean square error by more than 10% when randomly
permuted (Figure 7). %IncMSE in Random Forest indicates the increase of the Mean
Squared Error when the given variable is randomly permuted.

3.3 Model validation

The AUC values of more than 0.98 for all bioclimatic variables indicated that both
the Bioclim and Random Forest models were excellent at predicting species distribu-
tion, with the latter performing slightly better (Figure 8). Kappa statistics were used to
test the accuracy of prediction for Afrotemperate forest species. Bioclim also returned a
kappa value of 0.885, indicating that the model and test data were nearly identical.
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Figures.
Principal components analysis for the four most influential bioclimatic variables influencing the spatial
distribution of the Afrotemperate forests in South Africa.
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Frequencies of dominant climatic factors, annual mean temperature; annual precipitation; precipitation of the
wettest quartey, and precipitation of the wettest month associated with the Afrotemperate forests in South Africa.
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Random Forests (RF) analysis showing the four most important vaviables influencing the spatial distribution of
the Afrotemperate forest in South Africa.
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Figure 8.
Models’ validation performance for the spatial distribution of the Afromontane forest species. (a) Bioclim model

and (b) Random Forest.

4. Discussion

According to the findings of SDMs, water requirements and temperature are the
most important bioclimatic variables influencing habitat suitability for Afrotemperate
forest species. These included the annual mean temperature, annual precipitation,
precipitation of the wettest month, precipitation of the wettest quarter, precipitation
of the warmest quarter, and precipitation of the coldest quarter. The findings support
the fact that forests persist in areas with a mean annual rainfall of more than 525 mm
during the winter and more than 725 mm during the summer [10, 54, 55]. The
Afrotemperate forest’s distribution range along the Drakensberg range also contrib-
utes to its persistence at various altitudes with both summer and winter rainfall.

Previous research discovered that as one moves from the lower slopes to the sum-
mit, the vegetation decreases in stature, with tall forests giving way to scrub forests
and thickets [56]. This is also supported by the digital elevation model findings in the
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current study, which show that increasing altitude is associated with low to medium-
suitability habitats for Afrotemperate forests in the GGHNP. Elevation in the GGHNP
was identified as one of the environmental factors limiting the distribution of wood-
land communities [20]. Forests and woodland communities were absent above 2757 m
and below 1662 m above sea level [20]. In the Natal Drakensberg, the woodland
community limit lies in the montane and subalpine vegetation belts just below 2500 m
above sea level [57, 58].

Nationally, the Afrotemperate forests currently dominate the landscapes in only
a few areas, including the Knysna-Tsitsikamma forest complex in South Africa’s
Southern Cape and mistbelt forests in the KwaZulu-Midlands. Drakensberg montane
forests cover approximately 7025 ha in total, all of which are located within the
Maluti Drakensberg Transfrontier Project (MDTP) region [59]. Eastern mistbelt
forests, on the other hand, cover approximately 33,000-35,000 ha and span a wide
latitudinal range from the KwaZulu-Natal midlands to Mt. Ayliff in the Eastern Cape
[59]. The MDTP Bioregion contains approximately a quarter of the Eastern mistbelt
forest’s total area (25.6%; 8708 ha). Eastern mistbelt forests grow at medium altitudes
(850-1600 m) and are primarily found on south and southeast-facing slopes [59].

In terms of model accuracy, the AUC values of 0.982 and 0.977 for Bioclim and
Random Forest respectively indicated an excellent model for predicting species
distribution on a national scale. Bioclim was one of the most popular SDM pack-
ages, and it was regarded as one of only three “well-established modeling methods”
[22, 31]. Compared to other models, Bioclim provides a straightforward approach to
species distribution modeling and is a highly flexible and powerful tool for evaluating
distributions on a variety of spatial scales with small sample sizes [31, 60]. However,
it is important to note that even though the model shows the potential areas of spatial
change of Afrotemperate, especially in the Free State Province (GGHNP), the avail-
ability of the areas would depend on the anthropogenic factors, multiple land use
practices (i.e., agriculture and mining), and other unpredictable natural phenomena
that may negatively impact on the distribution of these forests.

5. Conclusion

The GGHNP’s Afrotemperate forests serve as important biogeographical links
between larger forest areas in southern Africa, providing habitat for a diverse range
of forest species. Even though they cover a small area and have a much lower canopy
height than the southern Cape and Tsitsikamma Afrotemperate forests, they continue
to provide floristic diversity and a home for South African endemic tree species such
as Olinea emarginata and Scolopia mundii.

The SDMs model proved to be effective in projecting the current geographic
ranges of Afrotemperate forest species. The statistical models validated the current
spatial distribution of forest species. The high AUC values (0.982 and 0.977) and
kappa statistics (0.81-0.99) demonstrated that Bioclim and RF were excellent models
for predicting species distribution, and the accuracy of prediction of Afrotemperate
forest species indicated a near-perfect agreement between the model and the test
data. Water requirements and temperature were discovered to be the most important
bioclimatic factors influencing habitat suitability for Afrotemperate forest species.

A significant future increase in habitat suitability for Afrotemperate forests in the
Free State Province is associated with rising temperatures, which results in fewer frost
events. The current densification and encroachment of species such as Leucosidea
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sericea, as well as the emergence of Euclea woodland in the GGHNP’s lower-lying
areas, demonstrate the influence of bioclimatic variables on the current and future
spatial distribution of Afrotemperate forest species. However, on a national scale,
Afrotemperate forests will continue to dominate landscapes in areas like the Knysna-
Tsitsikamma forest complex and KwaZulu-Midlands.

Understanding the effects of climate on biodiversity, as well as the various
levels of response to climatic variation, is critical for prioritizing biodiversity con-
servation efforts. The findings of this study will help to conserve Afrotemperate
forests and make important predictions about future suitable habitats in the face
of climate change.
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Abstract

World Health Organization estimates that nutrient deficiency affects more than 2
billion people globally which can only be defeated by a well-balanced diet. Awareness
about proper nutrition, nutritive value of food, and balanced dieting practices are the
prerequisites toward adopting healthy eating habits. In many developing countries,
including India, rural and tribal populations rely on wild edible plants to meet their
daily nutritional needs due to insufficient access to adequate food. Wild edible fruits
and vegetables require less maintenance than conventionally grown plants and are
rich in dietary fibers, micronutrients, vitamins, and mineral compounds essential for
health and immunity. There is a need to diversify the diet including traditionally
acceptable wild edible plants through scientific interventions. Hence, specific atten-
tion must be paid to developing different healthcare programs to encourage a healthy
diet and lifestyle, by incorporating the lesser-known edible wild plants to reduce
nutritional deficiency and thereby enhance food security.

Keywords: food security, medicinal value, micronutrients, nutrition, traditional
knowledge, UN-SDGs

1. Introduction

Nutritional deficiencies have become a serious global problem, especially in areas,
where the diet lacks variety. There are approximately 40 vitamins and mineral com-
pounds that are considered essential for physical and mental development, the
immune system, and metabolic processes [1]. A vast range of nutrients is required for
humans to lead a healthy life. Nutrients play a significant part in the proper growth
and development of the human body, and their deficiency impacts health leading to
low immunity, low productivity, and underdevelopment [2]. Globally the food habits
of humans have changed manifold, and it lacks major micro-nutrients. Wild plants
have been recognized to have the potential to meet household food and income
security of the estimated 2800 species of vascular plants of Orissa state (India), and
about 150 wild edible fruit species occurring in different parts of eastern India’s
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deciduous forests are consumed in various quantities by rural communities [3]. Over
the decades as civilizations grow traditional plants that were a part of the human diets
(food, livelihood, medicine, income generation, cultural, and religious purposes) have
been replaced by nearly thirty domesticated species which are less nutritive and
“modern” ones (three principal cereal grains, viz. rice, wheat, and maize), which has
caused serious nutritional deficiencies [4, 5]. Wild edible flora (food and medicine)
are plant resources that grow in natural conditions (wild) and are harvested or col-
lected for human consumption and used as food, dietary supplements, and medical
treatment. A diverse range of wild uncultivated plants and their parts (e.g., leafy
shoots, fruits, seeds, underground organs, and flowers) are still being consumed
regularly and complement human adaptability and a variety of human gastronomic
choices. They tend to supplement proteins, essential minerals, micronutrients, and
vitamins that enrich dietary quality. In other situations, thousands of edible species
remained wild or semi-wild and were left out in the course of domestication, and
climate change and other human-made casualties have made many species into
extinction and lands unsuitable for the particular species to grow and survive [6]. The
human race should ensure adequate nutritious food security throughout the world for
the betterment of fellow beings belonging to poor and war-ridden countries sustain-
ably by promoting traditional or locally grown foods [7]. A vast range of nutrients is
required for humans to lead a healthy life. Nutrients play a significant part in the
proper growth and development of the human body, and their deficiency impacts
health leading to low immunity, low productivity, and underdevelopment [2].

Wild edible plants provide staple food, and important nutrient and vitamin sup-
plements for indigenous people but are unknown to others and hundreds of millions
of people, mostly in underdeveloped and developing countries, derive a substantial
part of their subsistence and income from wild plant products [8]. Tibetans in
Shangri-la region, Yunnan, China, are using herbs (43.5%) and shrubs (26.8%) as
WEDP, and in total, vegetable (41.9%) is the most used category followed by fruit
(40.8%). In addition to edible use, 71.4% of the reported wild edible plants (120
species) have additional uses. Thirty-one species (18.5%) are also used as medicine,
most are herbs (19 species) or trees (6 species), and these medicinal plants are used to
treat gastropathy, cough, fever, rheumatism, dysentery, fractures, dyspepsia, hemop-
tysis, and asthma. The people of Nepal are using WEP cooked as a vegetable (36
species), eaten as fruit (44), prepared as picklel (15), and used as a spice (3), and 19
species (24%) were also used as medicine [9]. In India, a total of 60 species of leafy
vegetables of wild edible plants were mainly collected from herbs (67%) followed by
shrubs (19%), trees (10%), and climbers (5%), and 60% of the wild edible fruits were
collected from trees, while 17% climbers, 16% shrubs, and 7% herbs and additionally.
The mushrooms (19 wild edible mushrooms) were consumed in diets after cooking as
vegetables by adding salt and spices, or occasionally they were pickled to utilize for
longer duration [10]. One of the greatest challenges facing the world today is to feed
the ever-increasing population. Several countries in the tropics including India suffer
from famines and food shortages although they have the potential to produce ade-
quate nutritional bases for their populations [11]. World Health Organization esti-
mates that global nutrient deficiency affects more than 2 billion people which can only
be defeated by a well-balanced diet. In 2000, more than 3.7 million deaths could be
attributed to underweight children; according to the Food and Agriculture Organiza-
tion 2004 in addition to these, deficiencies in iron, zinc, or vitamin A caused an
additional 750,000 to 850,000 deaths [1]. Awareness about proper nutrition, the
nutritive value of food, and eating practices are the first steps toward adopting healthy
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eating habits. Millions of people in many developing countries or underdeveloped
countries do not have enough food to meet their daily nutrient requirements. In the
Indian scenario, most rural and tribal inhabitants depend on wild edible plants to meet
their food requirements. Wild edible plants are crucial components of diversified diets
and resilient food systems from local to global scales. Several nations have a double
burden of malnutrition, with under nutrition coexisting with overweight, obesity, and
other diet-related disorders [12]. Malnutrition is largely caused by poor-quality meals
that are deficient in variety and micronutrients. While less than one billion individuals
do not get enough calories [13].

2. Relevance of wild edible plants as a source of nutrients

Wild edible plants have always been very important to humans as a source of food,
shelter, and many other necessities. Many people all over the world have relied on
wild species for food and medicine. WEP are species that are harvested from their
natural habitats for human consumption but are not farmed; forests, pastures, and
farms are among the surrounding ecosystems. FAO defines them as “plants that grow
spontaneously in self-maintaining populations in natural or semi-natural ecosystems
and can exist independently of direct human actions”. They provide a variety of
nutritional and health benefits. They are low-cost, easy to cook, and high in macro and
micronutrients. According to the FAO, about one billion people consume wild foods
[14]. Daily, approximately one billion people worldwide consume wild foods (mostly
from plants). Wild edible plants are an important source of nutrition in many parts of
the world, particularly in developing nations such as India. They frequently contribute
significantly to the diet, particularly in rural areas. Millions of people in many devel-
oping countries lack adequate food to meet their daily needs. Wild edible plants are
nutritious and can also supplement nutritional requirements due to their greater
nutritional value. Apart from nutritional benefits, the sale of their leaves, fruits, juice,
and local drinks can provide income and employment. Most rural people can access
affordable medications made from wild plants. Wild edible plants can enhance diets
by providing alternative sources of more affordable, nutritionally rich fruits and
vegetables that are available all year and can grow in drought-prone, water-stressed
areas, and diverse environmental conditions. It is estimated that nearly 75,000
flowering plants out of the millions found around the world are edible. India has a
diverse forest cover, which is a major land use after agriculture. India is a biodiversity-
rich nation in terms of vegetation and flora, soil status, and environmental conditions
that support a diverse range of forest types.

Fruits are the dominant parts of wild edible plants used for medicinal purposes as
well as for consumption. Despite providing significant nutritional value, wild edible
plants are regarded as a staple diet for low-income families. When compared to people
with moderate earnings, the poor and the landless are frequently more reliant on
foods from the forest. Food was obtained by ancient societies through hunting and
gathering from Mother Nature over time, and some plant species were cultivated in
gardens and wild fields by these societies to cater for their various needs [4]. Some
forest foods are also consumed in times of scarcity as a substitute for staple foods. In
times of famine or natural disaster, wild edible foods can be life-saving. Fruits of trees
and shrubs play an important role as emergency food in areas where rainfall is low and
erratic. About 150 species of wild plants have been identified in India as potential
sources of emergency food. The most important nutritional compounds found in wild
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plants are carbohydrates in the form of sugars and starch, proteins and lipids in the
form of oils, vitamins, minerals, etc. Foods from the forest offer a wide range of
nutrients. Different parts of the same species are consumed as food by different
population groups. For example, locals consume certain palm varieties’ products such
as cooked fruits, vegetable oil, palm wine (the sap is high in protein, vitamins, and
iron), or flour for baking. Forest fruits are an excellent source of dietary fibers,
mineral compounds, vitamins, and a variety of other nutrients that are essential for
growth and development as well as human health. The most important nutritional
compounds found in wild plants are carbohydrates in the form of sugars and starch,
proteins and lipids in the form of oils, vitamins, minerals, etc. [15].

WEP is commonly used in the diets of many communities, especially among
indigenous people as a part of their traditional food system. Knowledge of such foods
is passed orally from generation to generation in rural communities; wild green plants
supply essential nutrients for good health and nutritional security. These include
amino acids, vitamins, essential fatty acids, minerals, and dietary fibers. They are only
natural sources of folic acid and are also rich in nutrients like iron and calcium. These
are the cheapest sources of vitamins and micronutrients in food. For persons who eat
purely vegetarian diets, wild greens are the major source of vitamins and
micronutrients. In remote rural areas where veggie production is not practiced and
market supplies are not organized, residents rely on indigenous green vegetables, both
cultivated in kitchen gardens and forests. In comparison with conventionally culti-
vated species, wild fruits and vegetables require less maintenance and are high in
micronutrients. Wild green leafy vegetables enhance hemoglobin content in the body
and have good nutritional potential to meet the recommended dietary allowances.
Wild edible green leafy plants have a rich nutrient profile and provide a good source
of nutrients for the diet to boost nutrition, food security, and livelihoods of the rural
population across the country.

3. Wild foods as staples in the diet

According to the Food and Agriculture Organization, around one billion people in
developing nations rely on wild edible plants for nutrition [16, 17]. Wild edible plants
are those that are edible and have not been cultivated but grow like a weed in the main
crop, roadside, or in the dense forest, riverside, and lakes that do not require any
proper cultivation method. Many rural subsistence households rely on wild plants; it is
estimated that at least 1000 million people use them. For example, the leaves of over
100 wild plant species and the fruits of another 200 are consumed in Ghana. More
than 220 species of wild plants provide a more significant share of the diet in rural
Swaziland than domesticated cultivars. About 150 wild plant species have been iden-
tified as emergency food sources in India, Malaysia, and Thailand. In many Indian
states, wild food plants have been used as staples.

These wild plants are collected by the rural people and consumed as vegetables,
salad, soup, and chutney and can be mixed with many other conventional vegetables
[18]. Wild fruits and vegetables contain high sources of minerals, vitamins, proteins,
and amino acids. Therefore, these edible wild plants are considered a staple food for
indigenous people [14]. Many countries have reported recently an increase in the
regular and widespread consumption of wild edible plants, by rural, indigenous
communities and particularly in urban counterparts [19]. Wild plants are also rich in
many bioactive compounds having antioxidant and therapeutic properties [20].
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Poor nutrition is the biggest and most important risk factor for increased infectious
disease susceptibility and a key risk factor for various non-communicable disorders.
Indigenous tribal societies use wild edible species as food, vegetables, drinks, cooking
oils (from seed), spices and sauces, medicine, and industrial goods [21]. Without these
wild edible plants, rural communities’ cultural, social, and religious belief systems are
incomplete. Domestication of these wild food plants has the potential to boost their
usage as well as their conservation [16]. Scientific studies have shown that regular
eating of veggies and fruits can avoid most cancers on the esophageal, stomach,
pancreatic, bladder, and cervical [22]. Research studies highlighted that the edible
wild plants are the source of “nutraceuticals”, which signifies both nutritional and
pharmaceutical values [5, 11]. The wild edible plants are also relatively low in calories,
cholesterol-free, and provide unique taste and flavor [23]. Around the world, vegeta-
bles are a significant part of the regular dietary component, which plays a vital role in
a balanced diet [24]. Conventional and non-conventional green leafy vegetables are
excellent sources of minerals that, on regular consumption, overcome the micronutri-
ent deficiency with minimum cost [1, 25]. Moreover, these vegetables also contain
both essential and toxic metals in different concentrations and have several toxico-
logical effects on the human body [26] when eaten in excess. From rural Africa,
interviews with farmers and herders reported that 67 wild foods, coming from 53
species of plants, are consumed locally and the knowledge of wild foods varied
according to ethnic groups and gender. Even in urban areas of Cameroon, wild plant
foods (fruits, vegetables, and spices) are available in the cities most of the time, and
they spend a considerable part of their food budget on wild foods. An explorative
study done in Uganda on wild food plants found 105 species (distributed in 77 genera
and 39 families), and most of the wild plants are consumed locally, while some are
traded. Difficulty in finding WEP is a reason for them being neglected in the regular
diet, and consumption of wild edible plants has been reduced over time. Various
countries are now setting up approaches to advance the conservation and sustainable
use of wild edible plants [19].

4. Nutritional composition of selected wild edible plants

Consumption of fruits and vegetables reduces the risk of cardiovascular disease,
stroke, and cancers of the mouth, esophagus, lungs, pharynx, stomach, and colon
[14, 27]. Wild edible plants are the cheapest sources of carbohydrates, proteins, amino
acids, vitamins (vitamins A, By, B, B3, C), essential fatty acids, minerals, and dietary
fibers [28, 29]. Table 1 illustrates the nutritional composition of certain wild edible
plants in India. They are natural sources of folic acid and also rich in nutrients like iron
and calcium which can be used as the best alternative to the conventional human diet
as only plant-based foods are gaining popularity [14, 63]. Wild plants like Alocacia
indica, Asparagus officinalis, Chlovophytum comosum, Cordia myxa, Eulophia ochreata,
Momordica dioicia, Portulaca oleracia, Solanum indicum, etc., are widely consumed in
many regions of India [14] as fruits and vegetables. From Table 1, it is seen that
Portulaca oleracia and Asparagus officinalis have high amounts of proteins, fats, and
calorie values, and these plants are recommended for consumers as vegetables in their
diet. The nutritive value of wild medicinal plants, viz. Eulophia ochrieata, Adiantum
philipense, Mucuna prurience, and Mucuna championii for starch, protein, vitamin C,
etc., and a maximum of 36.99 and 47.16 mg/g of starch and protein content, respec-
tively, found in Mucuna Championii. Polygonum runcinatum, Pilea bracteosa,
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Elatostema platyphyllum, Gynura bicolor, Plantago erosa, and Diplazium esculentum
were widely consumed as vegetables by the ethnic tribes of Arunachal Pradesh.
Among them Diplazium esculentum was richest in fiber and carbohydrate content
fetching the greatest energy value with rich minerals, whereas ash content was highest
in Elatostema platyphyllum and lowest in Polygonum runcinatum. Crude protein ranged
from 1.74-2.50 g/100 g edible portions, and it was highest in P. runcinatum and lowest
in Gynura bicolor, whereas fat content ranged from 0.12-0.20 g/100 g edible portions
with the highest content in G. bicolor and lowest in D. esculentum. The energetic value
of the six plants ranged from 31.0-37.7 kcal/100 g edible portions, which was highest
in D. esculentum and lowest in G. bicolor [64]. In Meghalaya, the bulb of Dioscorea
bulbifera, the underground stem of Homalomena aromatica, the flower of
Phlogacanthus curviflorus, the leaf of Medinilla evythrophylla and Ardisia humilis, and
fruits of Careya arborea were used by the tribal people. In a study, the crude fat
content was reported with an average of 0.17-1.39%, and crude protein content was
found to be the highest in the leaves of A. humilis (12.71%) while the available
carbohydrate content was the highest in the fruits of Careya arborea (88.08%).
Amaranthus species are a good source of potassium, iron, zinc, magnesium, and
particularly, calcium with appreciable amounts of carotenes and vitamin C, and they
were rated above cabbage and spinach in terms of nutritional characteristics. This
nutritional information can be used by health departments, public agencies, and
agricultural industries to promote the commercialization of wild edible plants to
sustain global nutritional security.

5. Wild edible plants safeguard food security and nutritional adequacy

Food and nutrition security is a crucial issue that our nation is now struggling with.
Micronutrient deficiencies are estimated to affect billions of individuals. Food security
is a serious issue in developing countries, where high cost, scarcity, and erratic supply
of nutritious food have prompted a search for low-cost and alternative sources of
nutritional meals. Edible wild plants are one of the additional sources of healthy meals
and ensure both affordable food and nutritional security. These edible wild plants
have played an essential part in safeguarding food security and nutritive variation.
They have remarkable nutritional content and can be a major source of proteins and
vitamins A, B, and C. These are also powerful substitutes for traditional plant-based
diets and have therapeutic benefits. Wild plants have the potential to boost food
security by providing a wide variety of affordable and nutritious food sources that are
available throughout the year and can develop in diverse environmental conditions.
Edible wild plants have the potential to meet dietary demands and provide balanced
nutrition if consumed in recommended portions and sizes. Food insecurity and mal-
nutrition impact nearly one in every seven people globally, while growth in popula-
tion, rising consumption, and climate change all threaten to raise the risks of hunger in
the future. Wild plants are an important source of food in India, and they play a
significant role in the nutrition of small and marginal farmer households, as well as
forest dwellers, during times of food scarcity. Tribal eating habits are mostly deter-
mined by the seasonal availability of food and its nutritional value. Traditional
knowledge of edible wild plants has been passed down through the generations
through word of mouth. The younger generation learns to recognize the plants and
plant parts gathered while accompanying their parents to the forest [65].
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The best method of improving household food security focuses on natural
resources. Edible wild plants are well-known to be used by over one billion people as a
means to supplement protein and vitamins, enhance the palatability of staple meals,
and generate revenue. During times of severe food scarcity, consumers of wild edibles
can diversify their food sources, mitigate malnutrition, and generate additional reve-
nue. In India, wild fruits and veggies play a major role in the food and nutritional
security of rural and indigenous peoples. Some wild plants are known to be nutrition-
ally superior to produced fruits. Considering the significance of edible wild plants to
household food security, the social-ecological systems that allow for the collection of
these natural resources must be properly preserved, managed, and valued to avoid
overexploitation and deterioration [7, 10].

6. Medicinal importance of wild edible fruits and vegetables

WEDPs are used for medicinal purposes to treat several diseases and is marketed to
provide revenue for rural communities; there are around 40 vitamins and minerals
that are thought to be necessary for physical and mental growth, as well as the
immune system and metabolic activities. In diverse human civilizations across the
world, more than 20,000 plant species are consumed for medicinal purposes [66].
Due to their high antioxidant and fiber content, wild fruits and vegetables have the
curing ability to treat several disorders, including diabetes, cardiovascular disease,
inflammation, and digestive and urinary tract diseases. WEPs are edible and contain
nutritional value, as they contain minerals such as sodium, magnesium, potassium,
calcium, iron, and phosphorus [67]. They are effective against various diseases and are
often used in different Ayurveda formulations in Indian Folk-medicine.

Due to the overuse of artificial fertilizers, many conventional vegetables and fruits
are losing their natural taste and nutritional content [68]. On the other hand, due to
the poor production of foods, some people are suffering from hunger, and therefore,
many people are consuming ethnic food plants to fulfill their nutritional require-
ments. These ethnic food plants not only provide food but also have a variety of
medical properties. Since ancient times, indigenous tribal peoples have consumed wild
plants across the planet [69]. In the developing world, wild plants serve as a signifi-
cant food source, medicine, and material subsistence. In the past few years, there has
been a growth in the desire to know more about the traditions of utilizing wild plants
beyond material purposes and focusing on local nutrition, medicinal purposes, dietary
diversity, income generation, health care, micronutrient deficiency reduction, and
food security through diversification.

WEDPs are a key source of food and income for the rural population, and they are
also therapeutic in nature and are used to cure a range of illnesses. Therefore, special
consideration should be given to preserving and improving this vital source of food, as
well as conserving it in the future.

7. Securing the future for wild foods

The first step in promoting good eating habits is to raise awareness of food nutri-
tive value, proper nutrition, and healthy eating habits. Wild edible plants are the
precious gift of nature. They played a significant role in serving the nutritional needs
of local people in remote areas of the country. Residents consume a variety of WEPs in
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Figure 1.
Graphical representation of the dimensions and properties of the wild edible plants.

various forms such as tubers, roots, leaves, flowers, fruits, and seeds [9]. Wild food
plants are more commonly used by poor and marginalized rural families and farming
communities. These plants can give extra revenue to rural households through collec-
tion and sale in local marketplaces [70]. Many wild edible plants are more nutritious
than many farmed varieties [7]. Unfortunately, due to the arrival of industrialized and
processed food items, the utilization of indigenous food plants in rural regions has
fallen out of favor. There are several threats and barriers to the utilization of edible
wild plants, viz. land-use changes of natural lands to agricultural land, urbanization
activities, climate change hazards, unscientific harvesting, and uncontrolled grazing.
Increased intake of processed food can be harmful to human health. Malnutrition
(encompassing both excess and undernutrition) is seen as a worldwide concern,
indicating a pressing need for a healthy and sustainable food system. WEPs can
therefore serve as a crucial serving as a crucial component of people’s diets in various
parts of the globe, increasing nutritional diversity for those who rely on them. Food
plants are sometimes consumed for their medicinal effects, and several species are
frequently employed as herbal medicines in folk treatments to diagnose a range of
ailments [71]. They are frequently characterized as functional foods due to their
greater amount of vitamins, phenols, flavonoids, antioxidants, microelements, and
fiber than farmed crops and their evident favorable impact on health. Wild plants are
also seen as a healthier option than cultivated crops, which may contain pesticides and
other pollutants. As a result, wild species may offer a lot of promises as sources of
distinctive color and taste, as well as bioactive chemicals and nutritional supplements.
Edible wild plants provide a substantial contribution to food security, nutrition, and
livelihoods. The function of WFPs might be reinforced in the future with more
development focus and research funding, as well as a more efficient enabling policy
environment. Micronutrients are abundant in many of these plants, which can be rare
in high-global-production crops. In addition to the health and dietary benefits, wild
food plants are pesticide and fertilizer-free. In comparison with conventionally grown
plants, wild edible fruits and vegetables growing in their natural conditions need less
maintenance and are rich sources of dietary fibers, micronutrients, vitamins, and
minerals that are essential for good health and boost immunity against infectious
diseases. There is a need to diversify the diet including traditionally acceptable wild
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edible plants through scientific interventions. Hence, different healthcare programs
regarding what to eat to keep healthy must be developed, with a focus on including
the lesser-known edible wild fruits and vegetables, which can be important nutrient
contributors to the diet and help to prevent nutritional deficiency and enhance food
security (Figure 1).

8. Livelihood opportunities from WEPs

Wild edible plant diets vary from region to region. Within one country itself, many
varieties can be found. The dietary intake of wild edible plants may vary demograph-
ically, and some are consumed only during traditional festival occasions. Upon com-
mercialization, wild edible plants will get worldwide recognition. This will be
beneficial for the human race nutritionally. Many wild plant-based foods are becom-
ing scarce and very much endemic to any particular place. Tourism, especially eco-
tourism, can have a major stake in introducing various edible local floras to the
tourists, and local people can earn an income out of it [72]. Such endeavors can also
help in giving international recognition to lesser-known wild edible food plants.
Globally, changes in food consumption patterns have caused a reduction in food
dependency on once common wild edible plants. The shift in consumption paradigm
is also affected by the economic status of the families as many of these are considered
famine foods. But in reality, these foods are a rich source of macronutrients, and they
can alleviate hidden hunger. The deficiency of micronutrients is mostly unrecognized
and ignored in communities though one-third of the world’s human population is
affected. Several studies have reported the importance of wild edible foods in
enhancing food security. Wild foods play a great role in supporting rural households
though they are not getting enough recognition in policymaking. United Nations
SDGs can make significant contributions to developing policy interventions in WEPs.
Many non-quantifications of the economic contribution of dietary wild plants have
been reported by [12] suggesting that wild foods have the potential to increase house-
hold food security upon integration. Generally, WEPs are produced in homesteads for
subsistence purposes only. Value addition of wild edible food plants and their com-
mercialization can benefit income generation and thereby livelihood upliftment in
rural households. This will reduce the dependency on forests sustainably and increase
the consumer base globally as people are slowly diverting toward eco-friendly or
nature-based consumption patterns. Thereby we can help millions of people away
from financial and micronutrient poverty.

9. Recommendations and future research prospects
Recommendations:

* Promote awareness and education: Develop programs to teach the identification
and use of wild edible plants through schools and community outreach.

* Document traditional knowledge: Preserve indigenous knowledge on wild edible
plants and share it with the public.

 Validate nutritional benefits: Conduct scientific research on the nutritional value
of wild edible plants and integrate findings into dietary guidelines.
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* Community-based cultivation: Encourage the creation of local gardens focusing
on wild edible plants to improve food accessibility.

* Government nutrition programs: Incorporate wild edible plants into nutrition
programs, particularly in rural and tribal regions.

* Commercialization: Foster public—private partnerships to create sustainable
markets for wild edible plants.

* Conservation: Protect natural habitats to ensure the survival of wild edible plants.

* Healthcare training: Educate healthcare professionals on using wild edible plants
to address nutritional deficiencies.

* Digital platforms: Utilize mobile apps and digital tools to spread knowledge on
wild edible plants.

* Culinary innovations: Create new recipes and food products to boost the
popularity of wild edible plants.

Future research prospects:

* Nutritional profiles: Explore the nutrient composition and bioavailability in
underutilized wild edible plants.

* Ethnobotanical studies: Investigate traditional uses of wild edible plants for
medicinal purposes and their role in reducing micronutrient deficiencies.

* Sustainable practices: Study sustainable harvesting and cultivation methods to
preserve wild edible species.

* Health outcomes: Conduct long-term studies to understand the health benefits of
wild edible plants, particularly for non-communicable diseases.

* Food system resilience: Evaluate the potential of wild edible plants to strengthen
food systems, particularly in the face of climate change.

* Safety and toxicology: Research the safety of consuming wild edible plants and
their potential as functional foods.

* Ecosystem services: Assess the ecological benefits of wild edible plants and
integrate them into national policies.

* Biotechnological enhancement: Use biotechnology to enhance the nutritional
properties and cultivation of wild edible plants.

By addressing these recommendations and research prospects, India can effec-
tively leverage the potential of wild edible plants to alleviate nutritional deficiencies
and enhance food security, contributing to overall health and well-being of
its population.
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10. Conclusions

Wild edible plants (WEPs) improve food security by providing low-cost, nutri-
tious food sources high in vitamins, minerals, fiber, and bioactive compounds. They
thrive in a variety of environments, including water-stressed areas, making them
critical during periods of food scarcity or limited market access. WEPs serve a variety
of industries: pharmaceuticals use their medicinal compounds, cosmetics use their
natural extracts, functional food companies create nutrient-dense products, textiles
use their natural dyes, and some species show promise for biofuel production. These
plants offer benefits beyond nutrition: they contribute to climate resilience, provide
ecosystem services, create economic opportunities, address micronutrient deficien-
cies, and preserve cultural heritage. However, there are challenges: overharvesting
endangers wild populations; toxicity and misidentification pose safety risks; habitat
loss endangers many species; regulatory frameworks may impede commercialization;
and knowledge gaps regarding many species persist. To maximize WEPs’ long-term
use, stakeholders should develop conservation strategies, establish equitable benefit-
sharing mechanisms, create value chains that ensure fair returns, incorporate WEPs
into national policies, invest in interdisciplinary research, develop certification sys-
tems, and create educational programs that combine traditional knowledge with sci-
entific understanding.
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Chapter 10

The Characteristics of
Popular Hardwood Species in
Sudan-Review

Fath Alrhman A.A. Younis and Emad H.E. Yasin

Abstract

Sudan’s diverse ecosystems support valuable hardwood species crucial for economic,
environmental, and social sustainability. This review evaluates seven key species
such as Acacia nilotica, Anogeissus leiocarpus, Azadirachta indica, Balanites aegyptiaca,
Sclerocarya birrea, Khaya senegalensis, and Eucalyptus camaldulensis, emphasizing
their physical, mechanical, anatomical, and chemical properties. Findings indicate
A. leiocarpus possesses the highest density (0.94 g/cm”) and superior strength, ideal
for construction, while S. birrea offers better workability despite lower density. These
hardwoods support timber, fuelwood (16.7 million m’ annually), and medicinal uses,
yet they face severe threats from deforestation, agricultural encroachment, and climate
change. Overexploitation risks long-term sustainability, necessitating urgent conserva-
tion measures. By synthesizing published data, this study highlights species-specific
applications, from structural uses to pulp production and underscores the need for
science-based forest management. The review provides critical insights for policymak-
ers to balance utilization with preservation, ensuring Sudan’s hardwood resources
remain viable for future generations while supporting livelihoods and ecological stabil-
ity. Sustainable practices must integrate research findings to mitigate current pressures
on these indispensable species.

Keywords: Sudanese hardwood species, wood properties and utilization, forest
resource management, sustainable timber production, deforestation and conservation

1. Introduction

Sudan’s vast and ecologically diverse landscapes harbor a rich variety of hardwood
species that constitute a vital natural resource for the nation. Spanning approximately
1.86 million square kilometers, Sudan’s unique geographical position between the
Sahara Desert and tropical savannas creates distinct ecological zones supporting
diverse forest ecosystems [1]. These forests, comprising over 3156 species from
170 plant families [2], play a crucial role in sustaining livelihoods and maintaining
ecological balance. Among these, seven key hardwoods—Acacia nilotica, Anogeissus
leiocarpus, Azadivachta indica, Balanites aegyptiaca, Sclerocarya birrea, Khaya senega-
lensis, and Eucalyptus camaldulensis—have emerged as particularly significant due to
their multiple uses and ecological importance [3].
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The economic and ecological significance of these species is profound. They serve
as primary sources of timber, fuelwood, and various non-timber forest products, with
wood fuel alone accounting for 94% of Sudan’s total forest production in 2022 [4].
These hardwoods provide essential materials for construction, furniture manufactur-
ing, and traditional medicine while also functioning as carbon sinks and soil stabiliz-
ers against desertification [5]. Their multipurpose nature makes them indispensable
to rural communities and national industries alike, supporting everything from
household energy needs to pharmaceutical applications [6].

Despite their importance, Sudan’s hardwood resources face severe and grow-
ing threats. Rapid population growth, agricultural expansion, and unsustainable
harvesting practices have led to alarming deforestation rates [4]. Climate change
exacerbates these pressures through altered rainfall patterns and rising temperatures,
affecting species distribution and growth [7]. Compounding these challenges is
a critical lack of comprehensive scientific data on the properties and sustainable
management of these species. Current research remains fragmented, with studies
often limited to specific regions or focusing on isolated characteristics [8, 9]. This
knowledge gap hinders the development of effective conservation strategies and
optimal utilization practices.

The justification for this study lies in addressing these critical gaps. A systematic
review of hardwood properties is urgently needed to inform sustainable manage-
ment decisions and maximize their economic potential. Understanding variations in
density, mechanical strength, and durability can guide appropriate industrial applica-
tions [10], while documenting chemical composition can reveal new pharmaceutical
and industrial uses [3]. Furthermore, synthesizing available ecological data can
enhance conservation efforts amidst climate change [11]. Without such comprehen-
sive knowledge, Sudan risks continued overexploitation and irreversible loss of these
vital resources.

This chapter aims to provide a thorough review of the physical, mechanical,
anatomical, and chemical properties of Sudan’s seven most important hardwood
species. The objectives are threefold: (1) to systematically compile and analyze exist-
ing research on these species, identifying patterns and inconsistencies; (2) to evaluate
their suitability for various applications based on documented properties; and (3)
to highlight critical knowledge gaps requiring further research. By achieving these
objectives, this work will serve as a valuable resource for policymakers, industries, and
conservationists working to balance utilization with preservation of Sudan’s precious
hardwood resources.

2. Methodology

The methodology for this review involved extensive literature searches across
multiple academic databases including Google Scholar, ResearchGate, and
ScienceDirect [7]. Studies published between 1987 and 2023 were considered, with
particular attention to peer-reviewed journal articles, theses, and technical reports.
Data on wood properties were extracted, compared, and analyzed to identify trends
and variations across species and geographical locations. Where multiple studies
reported conflicting results, average values were calculated to provide representative
estimates [12].
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3. Result and discussion
3.1 Present status of wood products in Sudan

In 1994, Sudan’s total firewood consumption was estimated at approximately
5.9 Mm’. A significant portion of this about 73.1% was consumed in low rainfall
zones, reflecting the high dependence on wood fuel in ecologically vulnerable areas.
The per capita firewood consumption was 0.36 m®, with the desert region exhibiting
the highest per capita use at 0.43 m’. Moreover, low-income households accounted for
42.7% of total firewood consumption, underscoring the socioeconomic reliance on
forest resources for domestic energy. Between 1999 and 2001, Sudan’s annual indus-
trial roundwood production averaged around 2.17 Mm’, while fuelwood production
rose to approximately 16.7 Mm’. Charcoal demand remained consistently high during
this period, largely dependent on stem wood—a practice known for substantial
conversion losses [13]. By 2022, forest production in Sudan had undergone significant
changes. Industrial roundwood production declined sharply to 163 m>. However, the
country produced 383,000 m® of wood chips and particles, 301,000 m® of pulpwood
(round and split), and around 360,000 m’ of sawlogs and veneer logs. Wood fuel
remained the dominant forest product, with an estimated output of 15,583,393 m—
representing approximately 94% of total forest production [4]. These figures are
presented in Figure 1.

Hardwood species are trees that have broad leaves and produce seeds with some
form of covering, such as fruits or nuts, which have needle-like leaves and produce
seeds without any covering [14]. Hardwood has distinct characteristics such as high
density, high durability, and high tensile and compressive strength, which makes it
suitable for structural applications, such as in construction and furniture manufac-
turing. Also, it has attractive grain patterns, rich colors, and a polished appearance.
This makes it highly desirable for use in high-end furniture, cabinetry, and decora-
tive finishes. Moreover, hardwoods are generally easier to work with when it comes
to cutting, shaping, and joining. They can be finely crafted, making them a popular
choice for woodworking and furniture-making projects. In addition to their versatil-
ity, hardwoods are also known for their resilience in outdoor environments and their
natural resistance to pests and decay. The examination of wood characteristics is

-
o
L

Industrial roundwood

Wood chips and particles 3,83,000

Pulpwood, round and split 3,01,000

Saw log and Veneer 3,60,000

I

wood fuel ,55,83,393
0 40,00,000 80,00,000 1,20,00,000 1,60,00,000

Figure 1.
The fovest wood production value (m’) in 2022.
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a crucial aspect in assessing the appropriateness and utilization of wood material,
which is dependent on the specific wood species [15]. To understand the behavior of
wood, it is essential to conduct experiments that assess its physical and mechanical
properties, in addition to examining its anatomical structure and chemical composi-
tion, both of which significantly influence its overall quality.

Hardwood species are important for Sudan for several reasons: first they provide
valuable products such as timber, fuelwood, charcoal, fruits, nuts, honey, gum Arabic,
and medicinal plants. These products support the livelihoods of many rural communi-
ties and contribute to the national economy. Secondly, they protect the land from
desertification, erosion, and climate change by stabilizing the soil, retaining moisture,
moderating temperatures, and enhancing biodiversity. Finally, they offer environmen-
tal services such as carbon sequestration, water purification, flood control, and wildlife
habitat. However, hardwood species in Sudan are facing many threats, such as defores-
tation, overexploitation, agricultural expansion, fire, pests, diseases, and conflicts.

3.2 The most popular hardwoods used in Sudan are

o Acacia nilotica subspecies nilotica (Sunt) is a member of the Mimosoideae subfam-
ily of leguminous trees, widely distributed across arid and semiarid regions
worldwide. In Sudan, it grows along the banks of the Nile and in seasonal water-
courses in areas like Blue Nile, Kordofan, Darfur, and Northern Bahr El Ghazal
[2]. This medium-sized tree, reaching up to 17 meters in height and 50 cm in
diameter, has a rounded or umbelliform crown with a straight, short cylindri-
cal bole. Its blackish-gray, rough bark flakes in fibrous scales. The sapwood is
white, while the heartwood is deep red-brown, hard, heavy, and durable. A
fast-growing, drought-resistant legume, it plays a key role in biological nitrogen
fixation, with a strong taproot system [16] and an extended growing season. This
tree is utilized for timber, firewood, charcoal, gum Arabic, tannin, medicine, and
fodder [3], with its hard, durable wood used for fuel, railway sleepers, structural
components, transmission poles, and agricultural tools [17].

* Anogeissus leiocarpus (Sahab), a member of the Combretaceae family, can grow up
to 20 meters tall. It is commonly found in South Kassala, Kordofan, South Darfur,
and Blue Nile states [2]. The grayish-brown wood is hard and ring-porous and con-
tains surface crystals and traumatic ducts [18]. It is used locally for poles, beams,
and fence posts, as well as for firewood and charcoal due to its high energy content.

* Agzadirachta indica (Neem), a fast-growing tree native to Asia, can reach heights of
15-20 meters, occasionally growing up to 35-40 meters. It is evergreen, although
it sheds leaves during severe drought. The tree has a well-developed root system
and produces a round or oval crown. The bark is fissured and varies in color from
whitish gray to reddish-brown. Its wood is reddish and durable, making it suitable
for various uses, including timber, fuel, and medicinal applications.

* Balanites aegyptiaca (Heglig), belonging to the Zygophyllaceae family, is a
drought-resistant tree typically found in arid and semiarid regions. It can grow
8-10 meters tall and is widely distributed in Sudan. The wood is hard, compact,
and resistant to insects, making it suitable for agricultural implements, furni-
ture, and tool handles. It is also valued for its medicinal properties, with various
extracts used for antioxidant, antifungal, and anticancer treatments [19, 20].
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* Sclevocarya birrea (Humeid), a member of the Anacardiaceae family, grows up
to 12 meters tall [19]. The wood is traditionally used for carving, furniture, and
saddles. It is found in several regions of Sudan, including Kassala and Kordofan.
The wood is soft, diffuse-porous, and medium-density, with a color ranging from
grayish to reddish-brown. It is essential for sustaining rural livelihoods [21].

* Khaya senegalensis (Mahogany) is a medium-sized tree from the Meliaceae family,
native to Africa. It can reach 15-30 meters in height with a diameter of up to 1
meter [22]. The bark is gray-brown, and the heartwood is pinkish-red. Its wood
is often used in carpentry, furniture-making, and building construction, prized
for its ease of use and good gluing properties [23].

Eucalyptus camaldulensis (Ban), an exotic species from Australia, can grow up to
30 meters tall. It is commonly planted in Sudan along riverbanks and irrigated
plantations. The wood is used for timber, firewood, charcoal, pulp, paper, oil,
and medicine [3]. Its white flowers are attractive to bees, and its trunk is straight,
covered in rough, fibrous bark.

The review of Sudanese hardwood properties is vital for informing sustainable
forest management, industrial applications, and environmental conservation. It is
crucial for decision-making, ensuring the responsible and sustainable use of these
valuable resources. This paper aims to provide a comprehensive overview of the prop-
erties of seven prominent hardwood species in Sudan, highlighting their economic
and ecological importance.

3.3 Studies on tree species in Sudan: A focus on indigenous and exotic species

Figure 2 indicates that Acacia nilotica is the most widely studied species across
different regions in Sudan, which could be due to its widespread use in forestry,
agriculture, and its role in agroforestry systems. Conversely, species like Azadirachta
indica and Khaya senegalensis have been studied less, possibly due to their more
specific or limited applications in Sudan’s landscape. The distribution of studies also
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Kordofan Blue State Sinnar State Centre Sudan Western Wite State
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Number of studies (Frequency)

State (Khartoum) Sudan State
M Acacia nilotica Anogiessus liocarpus m Azadirachta indica
M Balanites aegyptiaca m S. birrea m Khaya Senegalensis

Figure 2.
Geographical distribution of studies on tree species in Sudan.
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suggests regional preferences or ecological factors influencing the selection of species
for research, with more studies concentrated in central and western parts of Sudan.

3.4 Comprehensive analysis of anatomical, physical, and mechanical properties
across various tree species

The research studies reviewed in this paper provide valuable insights into the
wood properties of several tree species, focusing on their anatomical, physical, and
mechanical characteristics. These studies, summarized in Tables 1-7, contribute to

Authorand Study area Title Objective
publication year
Gamal etal. [9] Kordofan Suitability of some Acacia species The aim is to analyze the wood fiber
(South) & grown in Sudan for paper making properties of five Acacia species cultivated in
Sinnar state Sudan and evaluate their potential for use in
the pulp and paper industry.
Ahmedetal. [24] Kordofan Effect of wood extractives on the To examine how the removal of hot-water
(North and equilibrium moisture content of extractives influences the desorption and
South) six Sudanese hardwood species adsorption equilibrium moisture content of
six hardwood species.
Mohmmed et al. Darfur (North)  Relationship between anatomical To evaluate the relationships between
[11] properties and some physical and anatomical properties and selected physical
mechanical properties for five and mechanical characteristics of five wood
wood species growing in North species from North Darfur, Sudan.
Darfur-Sudan
Elamin [25] Blue Nile Mechanical properties (bending To assess the mechanical properties of
and Compression stress) as a tool Acacia nilotica (L.) Willd and classify the
for grading stress of Acacai nilotica ~ grades based on basic stress.
wood.
Elgailani and Centre Sudan Determination of tannins of three ~ To analyze and compare the tannin content
Ishak [26] (Khartoum) common Acacia species of Sudan of three common Acacia species in Sudan,
as vegetable tannins play a significant role in
the leather industry.
Hagar [27] Centre Sudan Wood and Charcoal Anatomy of To examine the wood and charcoal anatomy

(Khartoum) Eight Charcoal-producing Wood of charcoal-producing tree species and
Species in Central Sudan explore the changes in wood macrostructure
caused by charring.
Mahdi etal. [6] Centre Characterization of Acacia nilotica ~ To examine the quantity and quality of

(Khartoum) &
western Sudan

as an indigenous tanning material
of Sudan

tannins in the bark and fruits of the three
subspecies of A. nilotica.

Mahgoub, [28]

Kordufan
(South)

Variation in wood density and
shrinkage of twelve species from
Kordofan state

To analyze the variation in wood density and
shrinkage across twelve tree species from
Kordofan state.

Khristova and

Centre Sudan

Soda-anthraquinone pulp from

To investigate the wood characteristics of

Karar [29] (Khartoum) three Acacia nilotica subspecies the three Sudanese Acacia nilotica subspecies
and their soda-AQ pulping potentialities.
Dafaalla and Blue Nile Variation in the mechanical To investigate the variation on mechanical
Ahmed [30] properties of sunt wood (Acacia properties of sunt wood (Acacia nilotica L.
Nilotica.) from different sites Wild-Del) from different sites.
growing in Blue Nile Sudan
Table 1.

List of research done on A. nilotica subspecies nilotica.
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Author and Study Title Objective
publication year area
Abdelatif et al. [8] Kordofan Structural characterization of To determine structural
(South) three types of woods in Sudan: characterization (i.e., strength
(Anogeissus leiocarpus) Sahab, classes) of some common
(Balanites aegyptiaca) Heglieg, Sudanese timber species in order
and (Sclerocarya birrea) Humeid to facilitate their use in structural
design.
Younis et al. [31] Kordofan Inter- and intraspecific To investigate the variability
(North) differences in physical and of wood along the height of a
mechanical properties of wood tree and horizontal positions
from Sclerocarya birrea and (innerwood, middlewood, and
Anogeissus leiocarpus outerwood).
Gamal etal. [12] Kordofan Variation in wood fiber To shed some lights on the
(South) & characteristics among thirty-two variations in fiber characteristics
Sinnar hardwood species grown in of thirty-two hardwood species
states low-rainfall woodland Savannah belonging to eighteen families

(Sudan)

grown in the low rainfall
woodland savannah of Sudan

Osman [32] Variation in density and fiber To identify the transition point
dimensions and the demarcation from juvenile to mature wood by
of juvenile and nature wood of examining radial variations in
ten trees species grown in Sudan these properties.

Table 2.
List of research done on A. leiocarpus.

Authorand Study area Title Objective

publication year

Gamal etal. [12] Kordofan Variation in wood fiber To shed some lights on the

(South) & characteristics among thirty- variations in fiber characteristics
Sinnar states two hardwood species grown of thirty-two hardwood species

in low-rainfall wood land
Savannah (Sudan)

belonging to eighteen families
grown in the low rainfall woodland
savannah of Sudan

Table 3.
List of research done on A. Indica.

a better understanding of the variations within and between individual trees and
the relationships between different wood properties. This information is crucial for
both the practical utilization of the wood and the broader ecological and commercial

implications of these species.

Table 1 presents studies on Acacia nilotica subspecies nilotica, which extensively
investigated the anatomical properties, chemical composition, extractive content,
and both physical and mechanical properties of the wood. These studies also explored
the variations in these properties and their relationships with anatomical features.
This comprehensive approach provides essential insights into how the anatomical
structure of the wood influences its physical and mechanical properties, which are
important for its potential applications.

Table 2 focuses on Acacia leiocarpus, where previous research investigated the
physical and mechanical properties of the wood, along with their variations, as well
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Authorand Study area Title Objective
publication year
Abdelatif et al. Kordofan (South) Structural characterization ~ To determine structural characterization
[8] of three types of woods (i.e., strength classes) of some common
in Sudan: (Anogeissus Sudanese timber species in order to
leiocarpus) Sahab, facilitate their use in structural design.
(Balanites aegyptiaca)
Heglieg, and (Sclerocarya
birrea) Humeid
Gamal etal. [33] Kordofan (North &  Balanites aegyptiaca: A To investigate some wood properties
South) multipurpose tree species of Balanites aegyptiaca and to assess
Blue state & White  for forest-based industry its suitability for pulp and paper and
state development in Sudan flooring industries
Mohammed Darfur (North) Relationship between To conducted to assess the relationships
etal. [11] anatomical properties between anatomical properties
and some physical and and some physical and mechanical
mechanical properties for properties of five wood species growing
five wood species growing  in North Darfur, Sudan.
in North Darfur-Sudan
Awad [34] Centre Sudan Variation among trees, To investigate the differences in the
(Khartoum) sites, and log position properties among population of
along the stem on physical Balanites aegyptica collected from Tozi,
and mechanical properties  Elgazair, and Fraish forests
of Heglig wood (Balanites
aegytica) growing in
central Sudan
Hagar [27] Centre Sudan Wood and charcoal To study the wood and charcoal anatomy
(Khartoum) anatomy of eight charcoal-  of charcoal-producing tree species and
producing wood speciesin  to investigate the alteration in wood
Central Sudan macrostructure induced by charring.
Osman [32] Blue Nile State, Variation in density and To identify the transition point from
Northern Kordofan  fiber dimensions and the juvenile to mature wood by examining

State, Southern
Kordofan state and

demarcation of juvenile
and mature wood of ten

radial variations in these properties.

White Nile state trees species grown in
Sudan
Mahgoub [28] Kordufan (South) Variation in wood density (1) To investigate the variation in wood

and shrinkage of twelve
species from Kordofan
state

density and shrinkage of the twelve

hard wood species grows in Southern
Kordofan, (2) study the relationship
between shrinkage and moisture content
as influenced by wood density, and (3)
study the relationship between wood
density, shrinkage, and anatomical
characteristic.

Table 4.

List of research done on B. aegyptiaca.

as its anatomical structure. These studies contribute to understanding the relation-
ships between anatomical features and the physical and mechanical properties,
offering useful data for potential industrial uses of A. leiocarpus wood. The variation
in properties across different trees also indicates that the species may exhibit a range
of wood qualities, which could be important for different applications.
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Authorand Studyarea  Title Objective
publication year
Abdelatif et al. [8] Kordofan Structural characterization To determine structural characterization
(South) of three types of woods (i.e., strength classes) of some common
in Sudan: (Anogeissus Sudanese timber species in order to
leiocarpus) Sahab, (Balanites facilitate their use in structural design.
aegyptiaca) Heglieg, and
(Sclerocarya birrea) Humeid
Younis et al. [31] Kordofan Inter- and intraspecific To investigate the variability of wood
(North) differences in physical and along the height of a tree and horizontal
mechanical properties of positions (innerwood, middlewood, and
wood from Sclerocarya birrea  outerwood).
and Anogeissus leiocarpus
Gamal et al. [12] Kordofan Variation in wood fiber To shed some lights on the variations
(South) characteristics among thirty-  in fiber characteristics of thirty-two
& Sinnar two hardwood species grown  hardwood species belonging to eighteen
states in low-rainfall woodland families grown in the low rainfall woodland
Savannah (Sudan) savannah of Sudan.
Mahgoub [28] South Variation in wood density (1) To investigate the variation in wood
Kordufan and shrinkage of twelve density and shrinkage of the twelve
species from Kordofan state hard wood species grows in Southern
Kordofan, (2) study the relationship
between shrinkage and moisture content as
influenced by wood density, and (3) study
the relationship between wood density,
shrinkage, and anatomical characteristic.
Nasroun and Sudan The relationship between To examine the relationships between wood

Elzaki [10]

the anatomical structure and

the mechanical properties

anatomical characteristics—quantified
using stereological methods—and both the

of wood. specific gravity and mechanical properties
of wood in eight broad-leaved tree species
cultivated in Sudan.
Tables.
List of vesearch done on S. birrea.
Author and Study area Title Objective
publication year
Gamal et al. [12] Kordofan Variation in wood fiber To shed some lights on the variations
(South) & characteristics among thirty- in fiber characteristics of thirty-two

Sinnar states

two hardwood species grown
in low-rainfall woodland
Savannah (Sudan)

hardwood species belonging to
eighteen families grown in the low
rainfall woodland savannah of Sudan

Table 6.
List of research done on K. senegalensis.

Research on Acacia indica, as shown in Table 3, primarily focused on the anatomi-
cal properties of the wood. Although the scope of this research was limited compared
to the other species, the findings provide foundational knowledge of the wood’s
structure. Understanding these anatomical characteristics is a crucial first step toward
evaluating its suitability for various uses, even though further studies would be
needed to explore its physical and mechanical properties.
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Author and Study Title Objective

publication year area

Nasroun and Sudan The relationship To examine the relationships between wood

Elzaki [10] between the anatomical anatomical characteristics—quantified using
structure and the stereological methods—and both the specific
mechanical properties gravity and mechanical properties of wood in
of wood. eight broadleaved tree species cultivated in Sudan.

Table7.

list of research done on E. camaldulensis.

Table 4 highlights research on Balanites aegyptiaca, where both physical and
mechanical properties, as well as anatomical features, were examined. Additionally,
the variations in these properties both within and between trees were explored. This
research helps to establish a more detailed understanding of how these properties
differ among trees, which is critical for determining the species’ practical applica-
tions. The study of such variations may also assist in developing better management
strategies for the species.

In Table 5, studies on Sclerocarya birrea focused on the basic physical, mechani-
cal, and anatomical properties of the wood while also exploring the variations in
these properties across individual trees. This research offers valuable insights into the
wood’s overall quality and potential uses, providing a comprehensive view of how
these properties fluctuate within the species. Understanding these variations can help
optimize the use of S. birrea wood in various industries.

Research on Kombo senegalensis, presented in Table 6, was focused exclusively on
the anatomical properties of the wood. While limited in scope, this study provides
important baseline data that can serve as a foundation for future research, particu-
larly for those interested in examining the species’ physical and mechanical properties
in more detail.

Finally, Table 7 covers studies on Eucalyptus camaldulensis, where both anatomi-
cal and mechanical properties were examined, along with their interrelationships.
The research highlights the importance of understanding how anatomical structure
influences mechanical performance, which is crucial for determining the species’
suitability for various industrial applications.

These findings are critical for assessing the practical uses of these woods and for
developing sustainable management practices. Further research, particularly on the
variations in wood properties within individual trees and between different regions,
would enhance the knowledge base and improve the application of these species in
various sectors.

3.4.1 The physical properties

The physical properties of the seven Sudanese hardwood species, as presented in
Table 8, reveal notable variations in the basic density, shrinkage values, and other
wood characteristics, which are crucial for understanding the suitability of these
species for different uses. Among the species studied, Acacia leiocarpus exhibited the
highest basic density, followed by Acacia nilotica subspecies nilotica. On the other
hand, Sclerocarya birrea showed the lowest basic density value, which indicates it may
be less dense and potentially more lightweight compared to the other species, impact-
ing its mechanical strength and durability.

188



The Characteristics of Popular Hardwood Species in Sudan-Review
DOI: http://dx.doi.org/10.5772/intechopen.1010985

Physical Hardwood species
property A. nilotica  A.leiocarpus  A.indica  B.aegyptiaca  S.birrea K. senegalensi, E. camaldul
subs.
Nilotica
Basic density 0.623-0.95 0.92-0.96 0.66-0.78 0.49-0.54 0.58
glem® (0.79) (0.94) 0.72) (0.52)
Air dry density 0.789
glem®
Oven-dry 0.55
density
Green density 1.09
Bark to wood 14
mass (%)
Bark to wood 12

volume (%)

Tangential 11.62 1153 12.15

shrinkage %

Longitudinal 0.86 1.59 119

shrinkage %

Radial 5.28 5.62 6.26

shrinkage %

() = average value.

Table 8.
The physical properties drown from the literature.

The research highlighted that oven-dry density and green density values were only
available for S. birrea, while air-dry density values were reported for Balanites aegyp-
tiaca. The lack of data for some species suggests that more comprehensive studies are
needed to fill these gaps and provide a complete picture of the physical properties
of these hardwoods. These density values are essential in determining how the wood
behaves in terms of strength, weight, and its suitability for specific applications such
as construction, furniture making, or fuel. Shrinkage characteristics are also impor-
tant for understanding the dimensional stability of wood as it dries. S. birrea showed
a tangential shrinkage of 11.53%, while Balanites aegyptiaca exhibited a slightly higher
value of 12.15%. The radial shrinkage values were also reported for S. birrea (5.28%)
and B. aegyptiaca (5.62%), with both species demonstrating relatively moderate
shrinkage. Acacia nilotica subspecies nilotica exhibited a tangential shrinkage of
11.62%, similar to S. birrea, while K. senegalensis and Eucalyptus camaldulensis demon-
strated somewhat higher shrinkage percentages in the radial direction. These shrink-
age values are important in assessing the wood’s potential for warping or cracking as
it dries, affecting its suitability for specific end uses. Furthermore, the bark-to-wood
mass and volume ratios were also considered, with Acacia nilotica subspecies nilotica
showing a bark-to-wood mass percentage of 14%, which is relatively high compared
to other species. These ratios indicate the proportion of bark relative to the usable
wood and are an important consideration for wood processing and biomass utiliza-
tion (Table 8).

Overall, the physical properties presented for these species underscore the
diversity in wood characteristics, which can influence their applications in different
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industries. While species like Acacia leiocarpus and Acacia nilotica subspecies nilotica
are denser and potentially stronger, species like Sclerocarya birrea and Balanites
aegyptiaca may offer advantages in lightweight applications or where lower density is
desired. Further research is needed to better understand the full spectrum of physical
properties across these species, including the missing data for certain species, to guide
their effective use in various industries.

3.4.2 The anatomical properties

The anatomical properties of the seven Sudanese hardwood species, as presented
in Table 9, provide essential information about their fiber and vessel characteristics,

Anatomical Species
i
properties A. niloti A.leiocarpus  A.indica  B.aegyptiaca  S.birrea K. senegal E. ldul
Fiber subs. Nilotica
Fiber length 1.0-2.10 1.007-1.01 0.83 115-1.77 0.97-1.033 119 0.81-2.28 (1.55)
(mm) (1.55) (1.01) (1.47) (1.00)
Fiber width 16.75-18.6 12.4-14.2 195 12.3-14.17 15-284 193 10-14.50 (12.25)
(pm) (17.86) (13.30) (13.24) (21.70)
Lumen width 7.23-7.80 4.78-10.5 10.27 6.87-10.5 20.01 9.85 6.17
(pm) (752) (7.64) (8.69)
Wall thickness 53 4.69 4.61 4.21 4.74
(pm)
Fiber double 8.95-11.39 19 1.9-8.10 2 5-8.0 (6.50)
wall thickness (10.17) (5.00)
(pm)
Vessels 0.103
Horizontal 0.120 0.083
diameter (mm)
Vertical 0.03 0.068
diameter (mm)
Horizontal 0.02 0.027
double-cell wall
(mm)
Vertical double- 0.10 0.012
cell wall (mm)
Lumen 0.21 0.056
diameter (mm)
Mean 0.23 0.693
horizontal free
path (mm)
Mean vertical 28.54 0.844
free path (mm)
Volume 19 22

fraction %

() = average value.

Tableg.

The anatomical properties drown from the literature.
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which directly influence the mechanical properties, processing efficiency, and poten-
tial applications of the wood. Variations in fiber length, fiber width, lumen width, and
other anatomical features are important for determining the strength, durability, and
suitability of the wood for specific uses, such as in construction, pulp production, or
furniture making.

In terms of fiber length, Acacia nilotica subspecies nilotica exhibits the longest
fiber, with a range of 1.0-2.10 mm and an average of 1.55 mm. This is relatively longer
compared to Acacia leiocarpus, which has an average fiber length of 1.01 mm, and
Sclerocarya birrea, which has fibers ranging from 0.97 to 1.033 mm. Longer fibers
are generally associated with stronger and more durable wood, making A. nilotica
subspecies nilotica potentially more suitable for applications requiring strength
and durability. On the other hand, shorter fibers, such as those found in A. indica
(0.83 mm), may be less mechanically robust but could be advantageous in applica-
tions where flexibility or lighter weight is desired.

Fiber width, another critical anatomical property, also shows variation across
species. A. nilotica subspecies nilotica has fiber widths ranging from 16.75 to 18.6 um,
with an average of 17.86 pm. In comparison, Balanites aegyptiaca has a wider fiber
width, with values ranging from 15 to 28.4 pm (average of 21.70 pm). Wider fibers
typically contribute to higher wood density and improved mechanical strength,
which may make B. aegyptiaca particularly useful in structural applications. A. indica,
with a fiber width of 19.5 pm, also falls within the higher end of the range, suggesting
it may have similar mechanical advantages.

Lumen width, which refers to the inner cavity of the fiber, is another important fac-
tor in determining the wood’s porosity and processing characteristics. Balanites aegyp-
tiaca has a particularly wide lumen diameter of 20.01 pm, much larger than the other
species, such as A. nilotica subspecies nilotica (7.23-7.80 pm) or S. birrea (9.85 pm). A
wider lumen can increase the wood’s ability to absorb moisture and enhance its pulping
potential, though it may reduce the wood’s overall mechanical strength.

Wall thickness and double-wall thickness of fibers also vary significantly across
species. For instance, the wall thickness of fibers in A. nilotica subspecies nilotica is
5.3 pm, while A. leiocarpus has a thinner fiber wall (4.69 pm). The thicker the fiber
wall, the more robust and durable the wood, making species with thicker walls, such
as A. nilotica subspecies nilotica, potentially more valuable for structural purposes.
Similarly, the fiber double-wall thickness in A. nilotica subspecies nilotica ranges from
8.95 to 11.39 pm, significantly thicker than in A. leiocarpus (1.9 pm), which could
contribute to differences in their overall wood strength and mechanical properties.

The vessel characteristics are also noteworthy. The horizontal and vertical diam-
eters of vessels in A. nilotica subspecies nilotica are 0.120 mm and 0.03 mm, respec-
tively, while in Sclerocarya birrea, the horizontal and vertical diameters are 0.083 mm
and 0.068 mm, respectively. The size of the vessel elements, particularly the hori-
zontal diameter, plays a role in the permeability and porosity of the wood, affecting
its suitability for water conduction and use in applications where fluid movement
is important. The larger horizontal diameter in A. nilotica subspecies nilotica may
provide better conductivity compared to the smaller vessels in S. birrea.

Moreover, the volume fraction of fibers and vessels in the wood affects its overall
composition. A. nilotica subspecies nilotica has a lower volume fraction of vessels
(19%) compared to Balanites aegyptiaca (22%). This difference reflects the vary-
ing roles of fiber and vessel content in each species, with a higher volume fraction
of fibers generally leading to denser and stronger wood. Conversely, species with
a higher volume fraction of vessels may be more porous and lighter, which can
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influence their suitability for different commercial and industrial uses (Table 10).
Overall, the anatomical properties of these seven Sudanese hardwood species exhibit
considerable variability, which directly influences their mechanical properties and
potential applications. Species like Acacia nilotica subspecies nilotica and Balanites
aegyptiaca appear to have stronger, more robust fibers, making them suitable for
construction and heavy-duty applications, while species like Sclerocarya birrea with
smaller fiber diameters and vessel sizes may be better suited for lighter uses such as
paper production or less demanding structural applications. Understanding these
anatomical features helps to tailor the use of each species for specific purposes,
whether in the timber industry, pulp and paper manufacturing, or other wood-based
products. Further studies are needed to explore the relationships between these
anatomical characteristics and the overall mechanical performance of the wood,
providing a more detailed understanding of their full potential.

3.4.3 The mechanical properties

Table 10 provides a comprehensive overview of the mechanical properties of seven
Sudanese hardwood species, which include important metrics such as Modulus of
Rupture (MOR), Modulus of Elasticity (MOE), Compression Strength (CS), Shear
Strength (SH), and other relevant mechanical characteristics. These properties are vital
for understanding the suitability of each species for various engineering and construc-
tion applications, as well as for assessing their overall structural integrity and durability.

Modulus of Rupture (MOR), which is a measure of the wood’s ability to resist
bending or breaking under stress, varies significantly across the species. Acacia
nilotica subspecies nilotica shows the highest MOR value at 140.70 MPa, indicating
that this species has superior bending strength compared to the others. This suggests
that A. nilotica subspecies nilotica would be highly suitable for structural applications
where high bending strength is required, such as beams and supports. In comparison,
Balanites aegyptiaca and Sclerocarya birrea have lower MOR values, 51.58 MPa and
99.03 MPa, respectively, making them less suitable for heavy-duty structural applica-
tions but potentially more suitable for lighter uses where lower strength is acceptable.

Modulus of Elasticity (MOE), which indicates the stiffness or rigidity of the
wood under stress, shows a wide range of values. A. nilotica subspecies nilotica again
leads with a value of 17,500.51 MPa, suggesting that its wood is particularly stiff and
resistant to deformation. This is an important characteristic for wood used in con-
struction, particularly in applications requiring rigidity and minimal deflection under
load, such as in flooring or heavy structural elements. A. leiocarpus and A. indica also
exhibit relatively high MOE values, indicating their suitability for similar applica-
tions. On the other hand, B. aegyptiaca, with an MOE value of 6932.7 MPa, demon-
strates lower rigidity and may be more suitable for applications where some flexibility
is beneficial, such as in crafts or composite materials.

Compression Strength (CS) parallel to MOE is another crucial factor for under-
standing the compressive load-bearing capacity of wood. The values for CS in the lon-
gitudinal direction (CS//) range from 38.26 MPa in Balanites aegyptiaca to 68.47 MPa
in Acacia nilotica subspecies nilotica, with the latter exhibiting the highest compres-
sive strength. This suggests that A. nilotica subspecies nilotica is ideal for load-bearing
applications, particularly in structural and construction fields where the material will
be subjected to vertical loads. In contrast, the lower CS values in species such as B.
aegyptiaca indicate that they may be better suited for less load-intensive applications
or for uses in which the material will not be heavily stressed in compression.
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Shear Strength (SH), which measures the wood’s resistance to forces that can
cause sliding along the grain, is an essential property for assessing the wood’s stability
and potential for deformation under shear stress. The values of shear strength range
from 13.32 MPa to 34.7 MPa, with A. nilotica subspecies nilotica and A. leiocarpus
having higher values compared to other species. This indicates that these species may
perform better in situations where shear forces are a concern, such as in framing or
joinery where wood components are subjected to lateral loads.

The tensile strength, although available for only a few species, shows A. indica at
52.19 MPa and S. birrea at 27.85 MPa. These values are indicative of the species’ ability
to withstand pulling or stretching forces. A higher tensile strength suggests that A.
indica might be more appropriate for applications where the wood is subject to tensile
stresses, such as in rope or cable products, whereas the lower value for S. birrea sug-
gests that it may be less suitable for such uses.

Ultimate compressive strength (US) and ultimate shear (UBS) are also important
in evaluating the wood’s performance under extreme stresses. The value for A. nilotica
subspecies nilotica (234.64 MPa) suggests its high ultimate strength under compres-
sive loads, reinforcing its suitability for applications where the wood is exposed to
heavy loads. Similarly, the Hardness (H) of A. indica and E. camaldulensis, measuring
87 and 46 respectively, indicates their relative resistance to indentation, which is
important in flooring and other high-contact applications.

Poisson’s Ratio, which is a measure of the material’s tendency to expand in direc-
tions perpendicular to the direction of compression, is reported as 0.297 for A.
nilotica subspecies nilotica, which is within a typical range for hardwoods. This ratio
reflects the expected deformation behavior of the wood under load and helps predict
how the material will perform in practical applications (Table 10).

Overall, the mechanical properties of these Sudanese hardwood species show
substantial variation, with Acacia nilotica subspecies nilotica demonstrating superior
strength and stiffness across multiple metrics such as MOR, MOE, and CS. These prop-
erties make it an excellent candidate for structural and construction applications. Species
like Balanites aegyptiaca and Sclerocarya birrea, with lower MOR and MOE values, may
be better suited for lighter, less demanding applications. The variety in mechanical prop-
erties between these species suggests that each species has distinct advantages depending
on the specific engineering requirements, such as strength, flexibility, and resistance to
deformation. Future studies should explore how these mechanical properties correlate
with the wood’s long-term performance in real-world applications, such as in varying
environmental conditions or under different load scenarios.

3.4.4 The chemical properties

Table 11 provides a detailed comparison of the chemical composition of seven
Sudanese hardwood species. These species were analyzed for several key chemical
properties, including ash content, silica content, tannins, extractives, cellulose,
holocellulose, alpha-cellulose, pentosans, and lignin. These chemical constituents are
important for understanding the wood’s overall quality, durability, and potential uses
in various industries, such as paper production, wood preservation, and bioenergy.

Ash Content is a key indicator of the mineral content in wood. Ash content is
generally low across all species, with Acacia nilotica subspecies nilotica showing an ash
content of 0.7%. This is typical for hardwood species, indicating a relatively low min-
eral content. High ash content can negatively affect the burning properties of wood
and the efficiency of thermal treatments, making it less desirable for applications

194



The Characteristics of Popular Hardwood Species in Sudan-Review
DOI: http://dx.doi.org/10.5772/intechopen.1010985

such as bioenergy production. The low ash content of these species suggests that they
may be better suited for uses in which low mineral content is advantageous.

Silica content in wood is another important factor, particularly for its effect on
the wood’s processing, such as in the paper and pulp industries. A. nilotica subspecies
nilotica shows a very low silica content of 0.1%, which suggests that this species may
be less abrasive and easier to process compared to others with higher silica levels.
Silica is often undesirable in papermaking as it can lead to wear and tear on machin-
ery. As the silica content in these species is low, they may be suitable for industries
that require low abrasiveness in raw materials.

Tannins are polyphenolic compounds that affect the wood’s resistance to decay
and its use in certain industries. The tannin content in A. nilotica subspecies nilotica is
relatively high at 11.8%, which may contribute to its resistance to biological degrada-
tion. Tannins also play an important role in the leather and wood treatment industries
due to their natural preservative qualities. High tannin content can make the wood
less susceptible to fungal and insect damage, which could be beneficial for outdoor
applications or in wood preservation treatments.

The extractives content refers to the chemical compounds that can be extracted
from the wood using solvents like hot water, NaOH, and alcohol-benzene. A. nilotica
subspecies nilotica has an extractive content of 11.8%, and A. leiocarpus shows a
slightly higher range (11.03-17.83%, with an average of 14.43%). These extractives
are important as they can influence the wood’s performance in various applications.

Chemical Species
composition . . .. . . .
A.nilotica  A.leiocarpus  A.indica  B.aegyptiaca  S.birrea K. senegal E. ldul
subs.
Nilotica
Ash 0.7
Silica 0.1
Tannins 11.80
Extractives 11.8 11.03-17.83 13.85
content (14.43)
Soluble in hot 57
water
Soluble in NaOH 16.5
Soluble in 5.5

alcohol-benzene

Cellulose, 478
kurschner-

Hoffer

holocellulose 76.8
Alpha-cellulose 519
Pentosans 187
Lignin 26.8
Cellulose/lignin 18

Table 11.

Chemical composition drowns from the litevature.
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Extractives can affect the wood’s durability, color, odor, and resistance to decay.
Species with higher extractives may have better natural resistance to environmental
stresses and could be more suitable for outdoor or marine applications where such
properties are needed.

The solubility in solvents is a measure of how much of the wood’s chemical
compounds can be dissolved in specific solvents. A. nilotica subspecies nilotica shows
solubility values of 5.7% in hot water, 16.5% in NaOH, and 5.5% in alcohol-benzene.
These solubility measurements indicate the ease with which the wood’s chemical
components can be extracted and processed. High solubility in NaOH is particularly
relevant for paper production, as alkali treatments are commonly used to break down
lignin and hemicelluloses in wood fibers.

Cellulose and Hemicelluloses are major components of the wood’s structure and are
crucial for its strength and utility. The cellulose content in A. nilotica subspecies nilotica
is reported as 47.8%, and the holocellulose content is 76.8%. Holocellulose refers to the
combined content of cellulose and hemicelluloses. A. nilotica subspecies nilotica also
shows a relatively high alpha-cellulose content of 51.9%, which is the most crystalline
and strongest form of cellulose. Higher alpha-cellulose content typically correlates with
better quality pulp and paper production, as alpha-cellulose is more easily processed.
The high cellulose and holocellulose contents of this species suggest that it could be
well-suited for pulp and paper production or for bioenergy applications.

Lignin, which serves as the glue that binds cellulose fibers in the wood, is another
important component of the chemical makeup. A. nilotica subspecies nilotica contains
26.8% lignin, which is a moderate value for hardwood species. Lignin content is
significant because it influences the wood’s rigidity and resistance to decay, but it also
impacts the wood’s digestibility for bioenergy and its suitability for certain types of
processing. Lower lignin content typically leads to easier processing, such as in the
case of pulping for paper or biofuel production, but too little lignin can reduce the
wood’s strength and resistance to environmental stresses.

The cellulose-to-lignin ratio is an important indicator of the wood’s suitability for
specific applications. In this case, A. nilotica subspecies nilotica has a cellulose-to-
lignin ratio of 1.8, which suggests a favorable balance between strength and process-
ability. A higher ratio is generally desirable for paper and bioenergy production, as it
indicates that the wood contains more cellulose relative to lignin, making it easier to
break down for these purposes.

Overall, A. nilotica subspecies nilotica appears to have a well-rounded chemical
profile that makes it suitable for a variety of industrial applications, particularly in
paper production and bioenergy. Its high cellulose, holocellulose, and alpha-cellulose
content, combined with its relatively low lignin and silica content, suggest that it
can be processed efficiently for these uses. Other species such as A. leiocarpus and S.
birrea also show promising chemical profiles, but A. nilotica subspecies nilotica stands
out for its balanced chemical composition, which enhances its versatility for different
industrial applications. Future research into the specific interactions between these
chemical components and the wood’s mechanical properties could provide valuable
insights into optimizing the use of these species in various industries.

4, Conclusions

Sudanese hardwood species are vital to both economic and environmental sustain-
ability, offering essential resources for local communities and industries. This study
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has examined the diverse properties of key hardwood species, focusing on their
structural strength, durability, and adaptability to varying climatic conditions, which
makes them suitable for timber, fuelwood, furniture, and medicinal applications.
However, challenges such as deforestation, land-use change, and climate variability
threaten their long-term sustainability. The review emphasizes the need for enhanced
forest management strategies, research on wood properties, and conservation efforts
to ensure a balance between resource use and environmental preservation. Future
actions should focus on promoting reforestation, implementing sustainable harvest-
ing practices, and strengthening local knowledge about the ecological and economic
benefits of these species. By adopting effective forest governance and conservation
measures, Sudan can secure the long-term viability of its hardwood resources while
supporting both economic growth and environmental resilience. Additionally,

future research should address key areas like the variation in wood properties across
growth stages, the impact of environmental stressors, and the potential for these
species in industries such as pulp and paper production, bioenergy, and agroforestry.
Standardizing testing methodologies and conducting life cycle analysis (LCA) will
provide reliable data for better land management decisions and ensure the sustainable
utilization of these valuable hardwood species.
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