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From the Editor’s desk

Bamboo is emerging as a powerful nature-based solution to climate change due to its rapid growth,
high carbon sequestration capacity, and abilty to restore degraded lands. Fast-growing species can
absorb 5-17 tonnes of 01, per hectare annually and mature within 5-5 years, making bamboo ideal
for quick ecasystem recovery and sustainable material production. /ts versatility allows it to replace
high-emission materials like steel cement plastics, and timber, significantly reducing the carbon

footprint of construction and manufacturing. Beyond environmental benefits, bamboo strengthens

rural economies, creates green jobs, and supports chimate-resilent lvelitoods. To fully harness its
potential bamboo must be integrated into chimate policies, restoration pragrams, and green industry
plans. Dverall, bamboo offers a regenerative, low-carbon pathway toward sustainable development and a climate-secure future.

In line with the above this issue of Van Sangyan contains an article on Bamboo and climate change: A pathway to sustaiability.

There are also useful articles viz. fREET AWM IR T Haer T TgHA 191677 . Ray Laurel- The unigue and

special spice of kitchen, The remarkable world of scarabseoides: Fcological importance and biodiversity, Challenges and
limitations in valuing ecosystem services in agroforestry, Role of forests in reducing the effects of global clhimate change,
Agrofarestry and fight against hunger, Role of dark septate endophytes in avercoming abiotic stress to combat climate change,
Restoration forestry technigues: Healing our farests and Lomputational approaches for assessing genetic diversity
Looking forward to meet you all through forthcoming issues
Dr. Naseer Mohammad
Chief Editor
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Disclaimer — Van Sangyan

Statement of Responsibility

Neither Van Sangyan (VS) nor its editors, publishers, owners or anyone else
involved in creating, producing or delivering Van Sangyan (VS) or the materials
contained therein, assumes any liability or responsibility for the accuracy,
completeness, or usefulness of any information provided in Van Sangyan (VS), nor
shall they be liable for any direct, indirect, incidental, special, consequential or
punitive damages arising out of the use of Van Sangyan (VS) or its contents. While
the advice and information in this e-magazine are believed to be true and accurate
on the date of its publication, neither the editors, publisher, owners nor the authors
can accept any legal responsibility for any errors or omissions that may be made or
for the results obtained from the use of such material. The editors, publisher or
owners, make no warranty, express or implied, with respect to the material

contained herein.

Opinions, discussions, views and recommendations are solely those of the authors
and not of Van Sangyan (VS) or its publishers. Van Sangyan and its editors,
publishers or owners make no representations or warranties with respect to the
information offered or provided within or through the Van Sangyan. Van Sangyan
and its publishers will not be liable for any direct, indirect, consequential, special,

exemplary, or other damages arising there from.

Van Sangyan (VS) reserves the right, at its sole discretion, to change the terms and
conditions from time to time and your access of Van Sangyan (VS) or its website
will be deemed to be your acceptance of an agreement to any changed terms and

conditions.
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Bamboo and climate change: A pathway to sustainability

Salma!, Venkatesh L2 Akunuri Supriya®, Syed Ali ? and Pratap Toppo*

! Indira Gandhi Krishi Vishwavidyalaya
Raipur, Chhatisgarh-492012
2 College of Forestry, Sirsi, UAS, Dharwad- 581401
Email: salmadysp@gmail.com

Introduction

Bamboo, a fast-growing grass from the
Gramineae family, thrives in diverse
tropical and subtropical climates across
31.5 million hectares worldwide. With
over 1,300 species, it plays a critical role
in forest ecosystems, offering numerous
environmental services such as soil and
water conservation, erosion control, and
acting as windbreaks (Bahru and Ding,
2021).

One of bamboo's remarkable features is its
extensive rhizome system, enabling rapid
asexual reproduction and resilience against
environmental changes. Well-managed
bamboo forests can sequester more carbon
than many fast-growing tree species,
making them a potent ally in the fight
against climate change. Studies have
shown that regular harvesting can enhance
their carbon storage potential, highlighting
the importance of sustainable management
practices.

In addition to carbon sequestration,
bamboo serves as a valuable resource for
local communities, providing food,
materials for construction, and income. Its
rapid growth and ability to thrive in poor
soils make it an ideal candidate for
bioengineering applications, particularly
for  soil  stabilization on  steep

slopes.Bamboo stands out as a sustainable
solution as global temperatures rise and
the impacts of climate change intensify-
such as rising sea levels and increased

&

natural disasters. It not only absorbs CO,
more  efficiently  than  traditional
hardwoods but also contributes to restoring
biodiversity and ecosystem balance.
Bamboo forests represent a multifaceted
approach to mitigating climate change,
providing ecological, economic, and social
benefits. Their effective management is
crucial for maximizing these benefits and
ensuring a sustainable future.

Properties of Bamboo

Bamboo exhibits a range of properties that
vary among its numerous species, making
it a versatile material for various
applications. Key properties include:
Tensile and Compressive Strength
Bamboo's tensile strength is particularly
high due to its wvascular bundles
concentrated in the outer zones. This
strength varies along the height of the
culms, allowing it to withstand significant
loads.

Shrinkage

Bamboo typically exhibits minimal
shrinkage compared to traditional wood,
which contributes to its stability and
durability as a construction material.
Resistibility

Certain bamboo species have natural
resistance to pests and decay, making them
suitable for long-lasting use in various
environments.

Elasticity

Bamboo's remarkable elasticity allows it to
absorb shocks, making it especially

¥ ©Published by ICFRE-Tropical Forest Research Institute, Jabalpur, MP, India
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advantageous in earthquake-prone areas.
Its lightweight nature further enhances its
suitability ~ for  sustainable  building
practices (Klaus, 2002).

Potential of Bamboo for a Sustainable
Environment

Rapid Growth

Bamboo is one of the fastest-growing
plants, enabling quick regrowth after
harvesting.

Soil Stabilization

Its extensive rooting system binds soil
aggregates,  reducing  erosion  and
enhancing soil health.

Carbon Sequestration

Bamboo can sequester more carbon than
many tree plantations, with estimates
ranging from 200 to 400 tons of carbon per
hectare.

Durable Carbon Storage

Bamboo stores carbon not only in its
biomass but also in durable products made
from it, maximizing carbon retention.
Climate Change Mitigation

As bamboo proliferates in tropical regions
across Africa, Asia, and the Americas, it
offers significant potential to combat
climate change, particularly in developing
countries.

Sustainable Resource

Bamboo’s ability to regenerate rapidly
makes it a sustainable resource for various
applications,  from  construction to
bioenergy.

Environmental Benefits

Beyond carbon sequestration, bamboo
contributes  to  biodiversity,  water
regulation, and ecosystem restoration
(INBAR,2018).

biomass

2. Reducing Carbon
Release: It helps to
avoid fossil fuel use
by offering an
alternative, highly
renewable source of
biomass energy.

3. Adaptation:

It allows to grow very
flexibly adapt  with
management &
harvesting practices to
new growing conditions
as they emerge under
Climate change.

1. Sequestering Carbon:

Bamboo's fast-growing &
renewable
sequester carbon in their

stands

comparable to or supenor
than many tree species

Bamboo can
fight Climate

rates

5.Livelihoods:

Its a versatile &
rapidly renewable
resource with a wide
range of livelihood
applications in
traditional
economies.

4. Restoration:

It thnves on problem
soils & steep slopes that
are unsuitable for other
crops, it is an effective
windbreak, & its sturdy
rhizomes & roots

regulate water flows &
prevent erosion.

Fig.1: The five key functions of bamboo help to mitigate/adapt the impacts of climate

change

© Published by ICFRE-Tropical Forest Research Institute, Jabalpur, MP, India
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Bamboo as a Carbon Sequester

Carbon Sequestration Process

Bamboo absorbs atmospheric carbon
dioxide through photosynthesis,
transforming it into solid biomass, which
is crucial for reducing overall carbon
levels in the atmosphere (Yiping et al.,
2010).

Mitigating Climate Change

Enhancing carbon sequestration through
bamboo can help mitigate dangerous
climate change scenarios by lowering
carbon dioxide concentrations.

Land Conversion Potential

Converting low-carbon lands-such as
shrublands, pastures, and degraded forests-
into bamboo forests can significantly
increase carbon storage in both vegetation
and soil.

Sustainable Forest Management
Bamboo forests are less susceptible to
deforestation compared to primary tropical
forests, making them a viable option for
sustainable land use and carbon capture.
Research Importance

The study of bamboo’s carbon
sequestration capabilities is increasingly
relevant, given its role in sustainable
production and environmental resilience.
Ecosystem Benefits

In addition to carbon storage, bamboo
forests enhance biodiversity, improve soil
quality, and regulate water cycles, further
contributing to environmental health.
Bamboo as a Source of Renewable
Energy in India

Charcoal Production

Research by INBAR indicates that bamboo
charcoal has calorific values comparable to
those of teak and eucalyptus while
producing minimal smoke, smell, or
sparks. This makes it an ideal substitute

for wood charcoal, where logging drives
deforestation.

Economic Benefits

In India, producing bamboo charcoal can
significantly enhance rural livelihoods,
with households potentially earning over
USD 1,000 annually. This economic
incentive encourages sustainable practices
and reduces pressure on existing forests.
Land Restoration

Bamboo is effective for restoring degraded
lands, particularly in India, where 80,000
hectares of degraded land were revitalized
using bamboo as a pioneer species. Its
ability to thrive on poor soils and steep
slopes makes it suitable for areas that are
otherwise unproductive.

Ecosystem Benefits

Bamboo serves as an effective windbreak,
helps regulate water flow, and prevents
soil erosion due to its sturdy rhizomes and
roots, making it beneficial for both natural
and agricultural ecosystems.

Community Empowerment

INBAR has supported the establishment of
community-based enterprises, promoting
local businesses that utilize bamboo for
sustainable practices. These initiatives can
serve as models for other regions in India.
Bamboo Gasification

INBAR’s work in Madagascar showcases
the potential for bamboo gasification to
provide off-grid electricity. A 25-kWh
bamboo gasifier can power a training
facility and approximately 250 households,
offering a carbon-neutral alternative to
fossil fuel-based energy.

Future Prospects

Expanding bamboo gasification projects in
India could offer significant benefits,
aligning with the country's renewable

¥ ©Published by ICFRE-Tropical Forest Research Institute, Jabalpur, MP, India
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energy goals while promoting economic
development in rural communities.
Bamboo Forests and Water Regulation
Services

Enhanced Water Percolation

Bamboo's extensive root systems promote
efficient water percolation and infiltration,
improving soil moisture retention and
groundwater recharge.

Groundwater Recharge

Studies, including those by INBAR and
CIFOR, indicate that pure bamboo forests
have a greater capacity for groundwater
recharge compared to natural forests.
Water Purification

Bamboo forests contribute to local water
purification, effectively filtering pollutants
and improving water quality in
surrounding areas.

Lower Water Consumption

Unlike dense natural forests with diverse
vegetation,  bamboo  forests  with
intermediate canopy cover consume less
water, allowing for more efficient water
use in the ecosystem.

Ecosystem Resilience

By regulating water flow and enhancing
groundwater recharge, bamboo forests
play a crucial role in maintaining the
resilience of local ecosystems, particularly
in regions prone to drought or water
scarcity.

Conclusion

Climate change is accelerating due to
rising CO2 emissions, but bamboo offers a
promising solution for long-term carbon
sequestration and is increasingly integral

to carbon offsetting initiatives. To
effectively combat climate change, critical
adaptation measures must be implemented
at all levels-international, national, local,
and community. Promoting bamboo
plantations not only helps reduce
greenhouse gases but also supports
sustainable development through
certification standards, as exemplified by

China’s leadership in bamboo forest

management. By expanding bamboo

cultivation, we can improve environmental
health, enhance CO2 removal, and
contribute to a more sustainable future.
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Bay Laurel: The unique and special spice of kitchen
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When we hear bay leaf, it is common to
think of cinnamon or tejpatta we regularly
use in our Indian kitchens for flavouring
various dishes. It is often confused with
the European bay leaf (Laurus nobilis)
commonly used in Mediterranean cuisine.

The true bay leaf (Laurus nobilis) is an
aromatic leaf that belongs to the family
Lauraceae.Bay laurel is also known
as sweet bay, true laurel, Roman laurel,
noble laurel, daphne, laurel treeor
Grecian laurel. It can be used whole or as
dried and ground. Genuine bay leaf is
often confused with Indian bay leaf
obtained from Cinnamomum tamala. The
leaves contain about 1.3% essential oils,
consisting of 45% eucalyptol, 12%
other terpenes, 8-12% terpinyl acetate, 3—
4% sesquiterpenes, 3% methyleugenol,
and other a- and B-
pinenes, phellandrene, linalool, geraniol, te
rpineol, and contain lauric acid also. If
eaten whole, bay leaves are pungent and
have a bitter taste. As with many spices
and flavourings, the fragrance of the bay
leaf is more noticeable than its taste. When
dried, the fragrance is herbal, slightly
floral, and somewhat similar
to oregano and thyme. Both essential and
fatty oils are present in the fruit. The fruit
is pressed and water-extracted to obtain
these products. The fruit contains up to
30% fatty oils and about 1% essential oils
(terpenes, sesquiterpenes, alcohols,
and ketones). The chemical

compound lauroside B has been isolated
from Laurus nobilis (Batool et al., 2020)
History

In Ancient Greece bay laurel was used to
fashion the laurel  wreath of ancient
Greece, a symbol of the highest status. A
wreath of bay laurels was given as the
prize at the Pythian Games because the
games were in honour of Apollo and the
laurel was one of his symbols. In Rome
culture, the laurel is a symbol of victory. It
was also associated with
immortality, ritual purification, prosperity
and health. The leaves were used in
diversified food, medicine and decoration
purposes by Romans and Greeks (Nayak et
al., 2006).

Uses of leaf

In Indian cuisine, bay laurel leaves are
sometimes used instead of Indian bay leaf,
although they have a different flavour.
They are often used in rice dishes
like biryani and as an ingredient in garam
masala. Bay (laurel) leaves are frequently
packaged as tezpatta (the Hindi term for
Indian bay leaf), creating confusion
between the two herbs. Dried bay laurel
leaves are used in the Philippines and
Filipino dishes such as Menudo, beef pares
and adobo (Harisha and Singh, 2019).

Uses of wood

Apart from the bay leaf, which is used as a
spice in various cuisines and the
preparation of curry powders, the wood of
the tree has also been found helpful in the
industry in the making of bowls, spoons,
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furniture, jewellery boxes, etc. It is
interesting to know that bay leaf plant is
associated with music and the California
Bayleaf wood is much preferred for
making musical instruments such as
violins and guitars.

Other uses

The bay leaf is an excellent insect
repellent. Though safe for humans, its
smell is toxic to insects and pests. Dried
and powdered lead can be sprinkled
around the corners to repel cockroaches,
ants and other household insects.

2

Bay leaves come from several plants, such as:

Bay laurel (Laurus nobilis, Lauraceae).
Fresh or dried bay leaves are used in
cooking for their distinctive flavour and
fragrance. The leaves are often used to
flavour soups and stews in many countries.
The fresh leaves are very mild and do not
develop their full flavour until several
weeks after picking and drying.

California bay leaf (Umbellularia
californica,  Lauraceae) known as
California laurel, Oregon myrtle and
pepperwood, is  similar to  the

Plant description

The laurel is anevergreen shrub or
small tree, variable in size and sometimes
reaching 7-18 m (23-59ft) tall. It
is dioecious (unisexual), with male and
female flowers on  separate  plants.The
male and female flowers are formed on
separate plants during the spring season.
The flowers are whitish-green and
developed into deep black-coloured
fruitwhich are measuring 2 cm long (Ross,
2001).

W N

Mediterranean bay laurel, but has a
stronger flavour.

Indian bay leaf (Cinnamomum tamala,
Lauraceae) also known astmalabathrum
differs from bay laurel leaves, which are
shorter and light to medium green in
colour. Indian bay leaves are about twice
as long and wider. Indian bay leaves are
quite different from laurel in flavour,
having a fragrance and taste similar
to cinnamon  (cassia) bark  with  mild
flavour.
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Indonesian bay leaf  (Syzygium
polyanthum, Myrtaceae) Indonesian laurel
is not commonly found outside Indonesia;
this herb is applied to meat and, less often,
to vegetables.

West Indian bay leaf (Pimenta racemosa,
Myrtaceae)-leaf of the West Indian bay
tree used culinarily (especially in
Caribbean cuisine) and to produce
the cologne called bay rum.

Mexican bay leaf (Litsea glaucescens,
Lauraceae).

Ecology

Laurus nobilisis a widespread relic of
the laurel forests that originally covered
much of the Mediterranean Basin when the
climate of the region was more humid.
With the drying of the Mediterranean
during the Pliocene era, the laurel forests
gradually retreated and were replaced by
the more drought-tolerant sclerophyll plant
communities (Eucalyptus, wattle etc)
familiar today. Most of the remaining
laurel forests around the Mediterranean are
believed to have disappeared. However,
some remnants persist in the mountains of
southern Turkey, northern Syria,
southern Spain, north-central Portugal,
northern Morocco, and the Canary
Islands and in Madeira. It is cultivated in
India in Karnataka, Kerala, Uttar Pradesh,
Bihar and North Eastern states.

Soil and climatic requirements
Well-fertile soils rich in organic matter
with a pH ranging from 6.0 to 8.0are
suitable. Soils in the backyard with more
added manures with good soil moisture are
favourable for leaf production.

Low lying area with water logging
condition is unsuitable since it affects leaf
quality and premature leaf fall due to poor
respiration. Plants grow well in moist

tropical conditions. Plants need plenty of
sunlight and are sensitive to cold winds
and frost. The coastal climate of India and
the northeastern hill climate are most
suitable for growing the bay leaf.
Propagation and planting

Bay leaf plantsare propagated by stem
cuttings and air layering. Side shoots
growing upwards are used for propagation
since it gives a straight growing habit and
a good tree canopy can be maintained. The
best time for cuttings or layering is from
March to May when good sunlight is
available. Air layers can root in 2 months
on plants and be planted in the nursery for
better growth before field planting. Plants
can be planted in field or backyards at 5-
6m spacing. Pits should be filled with farm
yard manure and red soil for better
establishment rate and root growth.
Cultural practices

Pruning is important to induce more
shoots-producing leaves and give the
plants more sunlight. Hence thinning of
branches affected by the disease and
mechanical damage is removed from time
to time. Mulching with dry leaf litter
conserves moisture during dry periods and
also maintains soil temperature, along with
the additional benefit of adding organic
matter to the soil.

Pests and disease are very low, and being
in open conditions and high sunlight
causes infestation with mealy bugs on
tender leaves and shoots. This can be
controlled by spraying neem oil with soap
water.

Harvesting and processing

When the leaves have more volatile oil and
aroma, the leaves were picked from the
base to the top of the plant. The leaves
have a high aroma in the drier/hottest
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months. Only matured green leaves are
harvested and tender leaves are avoided.
The harvested leaves are dried in shaded
conditions to retain the green colour for
48-75 hours.One acre can accommodate
300 plants at 5 x 2.5 m spacing, yielding 2-
5 quintals of dried leaves annually. A
better and deeper flavour is observed in
freshly dried leaves. Harvesting should be
avoided when the plant is wet.
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Introduction

The immense diversity of beetles has long
captivated scientists and naturalists. J.B.S.
Haldane once remarked that the Creator
seemed to have "an inordinate fondness for
beetles,” a reflection of their extraordinary
evolutionary success. Belonging to the
order Coleoptera—the largest order in the
animal kingdom—Dbeetles comprise over
400,000 described species, with millions
yet to be identified. Within this vast group,
the superfamily Scarabaeoidea, commonly
known as scarab beetles, stands out for its
rich biodiversity, ecological significance,
and widespread distribution.

With  approximately 40,000 species
identified globally, Scarabaeoidea
includes ecologically diverse families such
as dung beetles (Scarabaeinae), rhinoceros
beetles (Dynastinae), and flower chafers
(Cetoniinae). These beetles are present in
nearly all terrestrial ecosystems, from
tropical forests and savannas to temperate
woodlands and arid zones. Their
adaptability is a testament to their
evolutionary resilience and ecological
versatility.

Beyond their diversity, scarabs play
indispensable roles in ecosystems. Dung
beetles contribute to nutrient recycling and
soil aeration, while others serve as
pollinators or decomposers, supporting
plant reproduction and organic matter
breakdown. Their ecological services are
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critical not only to natural ecosystems but
also to agriculture, where they enhance
soil fertility and help manage pest
populations.

Scarabs also hold cultural significance,
most notably in ancient Egypt, where they
were revered as symbols of renewal and
protection. These beetles thus bridge the
gap between ecological importance and
cultural  heritage, highlighting their
enduring relevance.

Scarabaeoidea: A Superfamily of Rich
Diversity

The  super family  Scarabaeoidea
encompasses one of the most speciose
groups within Coleoptera, characterized
by a wide array of forms, sizes, and
ecological functions. This group includes
both plant-feeding (phytophagous) and
non-phytophagous beetles, many of which
are crucial to ecosystem health. While they
represent a relatively small fraction of
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global insect diversity, their ecological
impact is disproportionately large.

In India, over 2,500 species of the family
Scarabaeidae have been documented,
contributing to an estimated 4,000 scarab
species across six families nationwide.
Globally, scarabs are among the most
widely distributed and ecologically active
beetles, making them an essential focus for
biodiversity studies.

Ecological Roles of Scarabaeoidea
Scarab beetles fulfil a variety of ecological
functions that support ecosystem stability
and productivity:

Scavenging

Dung beetles and other scavenging scarabs
decompose animal waste and organic
material, aiding nutrient cycling and waste
removal.

Soil Aeration

By burying dung and organic matter, many
scarabs improve soil structure and fertility.
Pollination

Certain scarabs act as pollinators,
particularly in tropical regions, facilitating
the reproduction of various plant species,
including crops.

Phytophagy

While some scarabs help regulate plant
populations, others—such as chafer
beetles—can be serious agricultural pests.
Predation

Some species are carnivorous, preying on
other insects and contributing to natural
pest control.

Scarabaeoidea in India: Diversity and
Ecological Insights

India's ecological variety makes it a
hotspot for scarab beetle diversity. The
family Scarabaeidae is particularly well-
represented, thriving in forests, grasslands,
agricultural  fields, and semi-urban

environments. Despite this diversity, much
of the research in India has historically
focused on pest control, especially in
agroecosystems  where  phytophagous
scarabs cause crop damage.

The ecological functions of scarabs,
however, are underexplored. While early
taxonomic work by researchers like G.J.
Arrow laid foundational knowledge,
modern studies have been limited in
scope—often focusing on specific taxa or
regions. Recent research efforts, such as
those by Chandra and Gupta (2012a,
2012d) and Thakare et al. (2011), have
begun  documenting regional faunal
compositions, but broader ecological
studies remain scarce.

Need for Comprehensive Ecological
Studies

Despite their ecological relevance, scarabs
are understudied in terms of community
structure, seasonal variation, and habitat-
specific diversity. Understanding these
dynamics is essential for monitoring
ecosystem  health and  developing
conservation strategies.

Research into the spatial and temporal
diversity of scarabs can serve as a
bioindicator for environmental change.
Such studies would help illuminate how
scarab populations respond to habitat
alterations, climate variability, and human
impacts, offering valuable insights for
biodiversity management.

Conclusion: Scarabaeoidea as
Indicators of Ecosystem Health

The Scarabaeoidea superfamily
exemplifies the intricate relationships
within  ecosystems. Through nutrient
recycling, pollination, pest regulation, and
soil enrichment, scarabs play foundational
roles in ecosystem functioning. Yet, many
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aspects of their biology and ecology

remain poorly understood, particularly in
biodiverse countries like India.

A multidisciplinary research approach:
integrating  taxonomy, ecology, and
conservation biology: is urgently needed.
By deepening our understanding of scarab
beetles, we not only protect a key insect
group but also gain a broader perspective
on ecosystem health and resilience. As
Haldane insightfully  observed, the
extraordinary diversity of beetles is no
accidentit  reflects  their  ecological
importance and evolutionary success,
making them deserving of our focused
attention and study.
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Introduction

Agroforestry practices integrate trees and
shrubs into agricultural landscapes and
have received a lot of interest as a
sustainable land-use practice that accords
many ecological, economic, and social
benefits (Jose et al., 2021). Agroforestry
systems, properly designed, can address
some of the most urgent environmental
challenges of climate change, land
degradation, and food insecurity, thus
providing a pathway for sustainable land-
use practices by linking agricultural
production and ecosystem services such as
carbon  sequestration, soil  fertility
enhancement, biodiversity conservation,
and water regulation (Notaro et al., 2022).
Despite its promise, the valuation of
ecosystem services within agroforestry
systems is still prone to major
complications and challenges. Any
accruement of benefits through the
valuation of ecosystem services would be
helpful to show the real value of
agroforestry, lead policy-making, and offer
benefits for the adoption of sustainable
practices to the farmers, and yet this whole
process faces challenges and profund
limitations. Ecosystem services are mostly
intangible, and measuring and marketizing
them is fraught with difficulty. Adding to
this complex knot of factors is the very

fact that these services are interdependent:
altering one may have cascading effects on
others. Furthermore, the site-specific and
time-dependent feasibility of agroforestry
systems imposes a system of complexities
wherein they vary with ever-changing
socio-economic and cultural contexts.
Conceptual Challenges

Complexity of Ecosystem Services
Agroforestry systems deliver a range of
ecosystem services, including provisioning
(e.g., food, timber), regulating (e.g.,
climate control, water purification),
cultural (e.g., recreation, aesthetics), and
supporting services (e.g., nutrient cycling,
soil formation) (Nangulaet al., 2024).
These services are often interlinked and
synergistic, making it challenging to
isolate and assess their individual
contributions. For example, the
biodiversity within agroforestry systems
enhances soil health, which then
influences crop yields and water quality.
Existing valuation methods often cater to
simpler, more isolated systems, which
limits their applicability to agroforestry’s
complex dynamics (Udawatta& Jose,
2021).

Trade-offs and Synergies

Agroforestry inherently involves trade-offs
between ecosystem services (Aryalet al.,
2023). For instance, increased timber
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production may reduce biodiversity or
degrade soil quality due to intensive land
use (Sistlaet al., 2016). Similarly,
prioritizing agricultural output can lead to
water quality degradation from fertilizer
runoff (Meena et al., 2024). Balancing
these trade-offs and maximizing synergies,
such as enhancing pollinator habitats while
reducing soil erosion, requires
sophisticated tools and integrated models,
which are still underdeveloped (Morizetet
al., 2023).

Lack of standardized frameworks
Despite the recognition of agroforestry’s
benefits, a universal framework for
valuing its ecosystem services
comprehensively has yet to be established
(Felipe et al., 2015). Current approaches
tend to focus on easily measurable services
like timber and crop yields, while non-
market services such as cultural identity,
aesthetic appeal, and long-term climate
benefits often remain underrepresented.
This imbalance results in a limited
understanding of the overall value of
agroforestry systems (Barbieret al., 2009).
Methodological limitations

Challenges in quantification

The quantification of ecosystem services
in agroforestry requires precise
biophysical data, such as rates of carbon
sequestration, water filtration efficiency,
and nutrient cycling (Stewart et al., 2022).
However, the tools and methods available
for measuring these parameters are either
inadequate or not well-validated. For
example, while biomass measurements can
estimate carbon sequestration, the benefits
of biodiversity conservation or cultural
ecosystem services often lack standardized
measurement approaches (Sukhdev et al.,
2012; Daniel et al., 2012).

Economic valuation barriers

Economic  valuation  methods like
contingent valuation, hedonic pricing, and
cost-benefit analysis are insufficient for
capturing the complete range of ecosystem
services provided by agroforestry. Non-
market  benefits such as cultural
significance or Dbiodiversity’s intrinsic
value are especially difficult to monetize.
Furthermore,  inconsistencies  between
valuation methods make it challenging to
establish a reliable economic
representation of agroforestry's
contributions (Cai & Aguilar, 2021;
Mercer et al., 2017).
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Figure 1. Challenges and Limitations in Valuing Ecosystem Services in Agroforestry

Dependence on localized data

Valuation studies often depend on specific
local data, including soil types, climate
conditions, and regional biodiversity.
These factors are not always transferable
to other regions, which Ilimits the
generalization of findings and hinders the
development of global or national
valuation frameworks. Additionally, the
scarcity of long-term studies means
temporal changes in ecosystem service
delivery are frequently overlooked
(Alamet al., 2014).

Institutional and policy constraints
Limited awareness and incentives for
farmers

Farmers tend to prioritize immediate
financial returns over long-term societal
benefits due to a lack of awareness or

direct incentives. While agroforestry
provides public goods such as improved
water quality and carbon sequestration,
farmers mainly benefit from marketable
outputs like crops and timber. Without
financial mechanisms, such as subsidies or
payments for ecosystem services (PES), it
is unlikely that farmers will adopt
ecosystem service-driven practices
(Udawatta& Jose, 2021; Alamet al., 2014).
Gaps in policy integration

Even though global frameworks like the
Millennium  Ecosystem  Assessment
emphasize ecosystem services, many
national and regional policies fail to
incorporate these concepts effectively.
Contributions from agroforestry are often
excluded from accounting systems, land-
use strategies, or climate policies,
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weakening its promotion as a sustainable
land-use practice (Barbieret al., 2009).
Practical and operational challenges
Temporal and spatial variability

The delivery of ecosystem services in
agroforestry is highly variable, depending
on factors such as tree species, climate,
soil conditions, and management practices
(Kuyahet al., 2017). For example, older
agroforestry systems generally sequester
more carbon than newer ones, making
temporal dynamics critical for valuation.
Additionally, the benefits of agroforestry
can differ across geographic regions,
complicating uniform valuation efforts
(Jose, 2009; Montagnini& Nair, 2004;
Albrecht &Kandiji, 2003).

Conclusion

The valuation of ecosystem services
originating from agroforestry is often
complex, but it remains vital in promoting
sustainable land use practices. Despite
agroforestry's ability to mitigate climate
change, land degradation, and food
security, it faces enormous challenges with
quantification and monetization of the
multiplicity of its benefits. Conceptual
difficulties, methodological problems, and

institutional constraints interfere with
correct valuation while spatial and
temporal  variability adds to the

difficulties. For these reasons, there is an
urgent call for standardization of
frameworks, better tools for measurement,
and integration into policy. When these
constraints are dealt with, stakeholders
may start recognizing the real worth of
agroforestry and begin to reward its
adoption so that the ecological and socio-
economic  resilience  reflected in
agroforestry systems become evident.
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Introduction

Forests are vital ecosystems that support
around a billion people's livelihoods and
serve as habitat for the majority of the
planet's species. Because they operate as
carbon sinks and absorb billions of metric
tonnesof CO; annually, healthy forests are
essential to reducing the effects of climate
change. But because ofdegradation and
deforestation, they are in danger. Reaching
the global climate targets requires
protectingand reforesting forests. There is
dreadfully little finance available for
forest-based climate solutions,
substantially less than what is required to
achieve significant advancements. The
UNDP helps nations develop policies to
strengthen conservation efforts and climate
resilience, implement creative financing
structures, and promote sustainable forest
management.

Forest and climate change

In order to maximize the climate benefits
of forests, we must preserve more forest
landscapes, manage them more
sustainably, and restore more of the
landscapes that we have lost.Preventing
the loss and degradation of natural systems
and encouraging their restoration could
contribute to more than one-third of the
total climate change mitigation that
scientists say is necessary by 2030.
Restoring 350 million hectares of degraded
land in accordance with the Bonn

Challenge could sequester up to 1.7
gigatonnes of carbon dioxide equivalent

g

annually. Forests help stabilize the climate
by regulating ecosystems, protecting
biodiversity,  regulating  ecosystems,
supporting livelihoods, and can help drive
sustainable growth.

What is the issue?

The climate can be stabilized by forests.
They sustain livelihoods, safeguard
biodiversity, maintain ecosystems,
contribute significantly to the carbon
cycle, and provide commodities and
service that canpromote sustainable
growth. There are two ways that forests
contribute to climate change. They
contribute to greenhouse gas emissions as
well as acting as a remedy for them. The
land sector is the second greatest producer
of greenhouse gas emissions after the
energy sector, accounting for around 25%
of world emissions. Deforestation and
forest degradation are responsible for
around half of these (5-10 GtCO2e
yearly). One of the most crucial ways to
mitigate the consequences of climate
change is through forests. Every vyear,
forests absorb about 2.6 billion tons of
carbon dioxide, or one-third of the CO2
emitted by burning fossil fuels. An area
the size of South America, around two
billion hectares of degraded land
worldwide, is thought to have restoration
potential. Thus, preserving and growing
trees is a crucial way to combat climate
change.

Why is it important?
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e More than one-third of the overall
mitigation of climate change that
experts think is needed by 2030 to
satisfy the goals of the Paris
Agreement may be achieved by
halting the loss and degradation of
forestecosystems and encouraging
their restoration.

e There are numerous additional
advantages that benefit both people
and the environment: Nearly 25%
of the world's population, or 1.6
billion people, depend on forests
for their livelihoods; many of these
individuals are among the poorest
in the world.

e The annual value of products and
services provided by forests, such
as clean water and healthy soils,
ranges from $75 to $100 billion.

e Eighty percent of the terrestrial
biodiversity on Earth is found in
forests.

What can be done?

The significance of trees and forests in
enhancing climate change resistance is
addressed by IUCN's forest work in a
number of ways:

Fighting against deforestation and forest
degradation in places like primary forests
and World Heritage sites that are rich in
biodiversity and cultural value. Restoring
forest landscapes improves climate change
adaptation and mitigation. This helps
preserve the advantages that people and
society receive from forests, such as forest
carbon stocks and livelihoods. IUCN
assists national and sub-national decision
makers in achieving this significant
objective as the co-founder and Secretariat
of the Bonn Challenge, an international
initiative to restore 350 million hectares of

degraded and deforested land by 2030. Up
to 1.7 gigatonnes of carbon dioxide
equivalent might be sequestered annually
if the 350 million hectare target is met.
Facilitating  rights-based land  use
guarantees community participation in
land-use decisions. In order to improve
biodiversity, empower women and men,
reduce poverty, promote community
control over forests, and manage forests
sustainably, ITUCN works with partners
and initiatives around the world.

For a sustainable and fair supply of forest
products and services, it is essential to
unlock the benefits of forests. In order to
ensure that gains, including those from
Reducing Emissions from Deforestation
and Forest Degradation (REDD+), are
distributed fairly to local landowners and
forest communities, TUCN works to
increase  capacity  for  restoration
implementation, engage the corporate
sector, and more.

Consumers now are demanding forest
products from sustainable sources, and
more and more large firms that produce
paper, lumber, palm oil, and other forest
products are starting to transition to supply
chains free of deforestation. Many nations,
subnational governments, and individual
landowners are rehabilitating degraded and
deforested land in addition to establishing

and preserving protected areas and
initiating  programs  towards  more
sustainable management. This lessens

emissions from deforestation and forest
degradation and relieves pressure on
healthy, intact forests.National leaders
must expedite these steps as the globe
discusses how to operationalize the Paris
Agreement. This can be achieved by
incorporating land use and forests into
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nations' Nationally Determined
Contributions (NDCs) under the Paris
Agreement, sustaining forest climate
financing, and adhering to and
implementing the New York Declaration
on Forests. Maintaining the climate within
the  widely recognized two-degree
temperature increase limit may and should
be aided by nature, especially trees and
forests. Why are forests so vital to the
earth and to people?Almost one-third of
the Earth's total area is covered by forests,
which is equal to the combined land areas
of China, Brazil, Canada, and the United
States. There is more to these 4 billion
hectares of forests than just expansive
green spaces. They are an essential part of
practically every aspect of life on
Earth.With 60,000 distinct tree species,
80% of amphibian species, 75% of bird
species, and 68% of mammal species
worldwide; forests are habitats where great
biodiversity flourishes. They offer a
wealth of ecosystem services, including
preventing flooding and soil erosion,
protecting water resources, and assisting in
the regulation of global rainfall patterns.

For many communities worldwide, woods
also serve as catalysts for sociocultural,
ecological, and economic well-being.
Forests lower the risk of land-based
climate disasters and give access to clean
water, food, and medicines for the
approximately 1 billion people who rely
on them for their livelihoods. Additionally,
healthy forests prevent the transmission of
infectious zoonotic diseases and serve as
barriers between people and wildlife.In
addition; 70 million Indigenous people live
in forests and serve as their principal
guardians and stewards. For them,
maintaining the health of the woodlands

really comes down to survival.Without a
doubt, people and the environment greatly
benefit from the preservation, sustainable
management, and restoration of forests.
What makes forests so important in the
fight against climate change?

Strong carbon sinks, or forests that are in
good health, absorb and store carbon
dioxide. Globally, forests are estimated to
have absorbed twice as much carbon as
they released between 2001 and 2019, or
7.6 billion metric tons of CO, annually.

In order to assist us prevent the worst
effects of the climate catastrophe, forests
offer a vital ability to remove greenhouse
gases (GHG) from the atmosphere. The
agriculture, forestry, and other land use
(AFOLU) sector can contribute up to 30%
of the GHG emissions reductions required
to keep global warming to 2°C, according
to research from the Intergovernmental
Panel on Climate Change (IPCC), and at a
comparatively low cost. Forests offer
numerous high-impact mitigation
alternatives for the AFOLU sector.Forests
are excellent examples of natural recovery
and adaptation, and they are among the

best nature-based remedies. However,
anthropogenic stressors like land-use
change, deforestation, intensified

agriculture, and urbanization still affect
them despite their resiliency.

Deforestation and forest degradation
currently account for at least a fifth of
global greenhouse gas emissions. To make
matters worse, as global temperatures rise,
forests become more susceptible to
drought, wildfires, pests, and disease. The
massive potential of forests to store carbon
is lost when they are destroyed, and the
carbon dioxide they release exacerbates
the greenhouse effect. Managing our
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forests responsibly through a holistic
approach is the key to effectively
combating climate change. By eliminating
emissions from deforestation and forest
degradation and encouraging forest
regeneration and landscape restoration, we
can significantly reduce global net GHG
emissions. Given that forests are essential
to achieving the 2°C global warming
threshold, we must all work together to

conserve, restore, and manage them
sustainably if we truly hope to avoid
exceeding it.

What are the difficulties?

The demand for commodities worldwide
Deforestation is fueled by the world's need
for goods including timber, cattle, palm
oil, and soy. These commodities are vital
parts of global supply networks, and their
production has increased due to consumer
demand for plentiful and affordable goods,
frequently at the expense of forests.
Stopping deforestation associated with the
production of commodities is challenging
if the underlying causes of this demand are
not addressed. A lot of commodities
producers put immediate financial gain
ahead of long-term viability. They might
overgraze, use excessive amounts of
pesticides and fertilizers, or engage in
unsustainable logging, all of which
damage nearby ecosystems and forests.
Furthermore, it is frequently challenging to
determine the origin of products due to the
intricate  worldwide supply chains for
commodities. Because items from legal
sources may be combined with those from
deforested areas, this lack of transparency
may allow llegal logging and deforestation
to continue unchecked.

Inadequate funding

The average annual amount of domestic
and foreign funding for forest-based
climate mitigation options is US$2.3
billion, which is less than 1% of the
required sum. This little amount is
dreadfully insufficient and seriously
undercuts the transformative power of
forests in accomplishing the lofty
objectives outlined in the Paris Agreement.
The 2030 targets of halting forest loss and
degradation and restoring 350 million
hectares of forest landscape are not being
met by any global indicator, according to
the 2022 Forest Declaration Assessment.
Only a small portion of the necessary
funding has been allocated to meet those
indicators. Local communities (LCs) and
Indigenous Peoples (IPs), who are
essential to sustainable forest management,
continue to get considerably less financing
than they require protecting forest
ecosystems and securing land tenure
rights. IPs and LCs received just 1.4% of
all public climates funding in 2019 and
2020, and only 3% of the yearly funding
requirement for revolutionary land tenure
reform is being satisfied.

Rights and land tenure

In many areas, deforestation is exacerbated
by ambiguous land title and rights. Forest
clearing is a result of land ownership
disputes, contradictory  land use
restrictions, and the disregard for the rights
of Indigenous and local communities.
While Indigenous people have traditional
or customary rights, governments
frequently assert ownership of large
forested regions. Due to the lack of a clear
authority in charge of protecting these
lands, this ambiguity might provide an
ideal environment for illicit logging, land
invasion, and deforestation.
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Introduction

Agroforestry is the practice of growing
trees and crops in interacting combinations
— is recognized the world over as an
integrated approach to sustainable land-
use.  Agroforestry  systems,  being
multifunctional, facilitate not only the
production of food and wood products but
also provide a variety of ecosystem
services such as  climate-change
mitigation, biodiversity conservation, and
soil quality improvement.

The most frequent AFS are annual and
perennial crops under shade, multistrata
systems such as home gardens and
successional AFS, silvopastoral systems,
live fences, and windbreaks.

Agroforestry as a land use system can
contribute to achieving at least nine out of
the 17 sustainable development goals
(SDG). The most significant influence of
agroforestry is on reducing poverty (SDG
1), hunger (SDG 2), climate action (SDG
13), biodiversity conservation, and
sustainable land management (SDG 15) is
found in agroforestry. Agroforestry can
also help achieve other goals, including
enhancing health (SDG 3), gender equality
(SDG 5), and access to clean water (SDG
6), sustainable energy solutions (SDG 7),
and responsible agricultural production
(SDG 12).

The member countries of the United
Nations have accepted the Sustainable
Development Goals (SDGs) since 2015,

among the total 17 SDGs; second aim is to
end hunger, by 2030. (UN, September 25th
2015). One of the many unpleasant issues
affecting human existence is the severe
hunger that the world is currently
experiencing. Hunger can take on many
different forms, including low energy,
dullness, higher vulnerability to diseases,
inadequate  nourishment, and early
mortality. The fight between hunger and
malnutrition is a factor in the development
agenda.

Agroforestry systems can increase Yield
while helping us achieve SDG 2 i.e. Zero
Hunger, especially for the developing
country like India, it can help in SDG
framework. Agroforestry also increases
flexibility of crops and farm livelihoods,
especially among the most vulnerable food
producers. However, traditional yield
improving  strategies  have  always
dominated the debate on food production,
hampering the implementation of more
secure methods like  agroforestry.
Governments and institutions have the
opportunity to rebalance agricultural
policy and investment toward such multi
goal approaches. In doing so, we could
achieve important improvements on
multiple international commitments with
the themes of food security, malnutrition,
climate change, biodiversity conservation,
and better livelihood for all.

What does it look like?
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There are generally two forms of hunger
(Gopaldas, 2006). The first is overt (or
raw) hunger, or the need to eat often.
Simply put, hunger is the want to eat. Self-
reported hunger is another name for it,
when people assess their own capacity to
satisfy the physiological urge to eat.

The second form of hunger appears when
the body adjusts to consuming less food
than is essential for healthy growth and,
eventually, does not even feel the need for
more food. When people consistently
consume less food than they require, a
condition known as biostasis occurs in
which their bodies learn to function on less
food (Krishnaraj, 2006).

While India produces enough food to feed
its population, the country is home to 25
percent of the world’s  hungry
population.Nearly 47 million or four out of
10 children in India do not meet their
potential because of chronic undernutrition
or stunting.

Zero hunger means access to nutritious
food for everyone, especially women from
the beginning of pregnancy and children
under the age of two.

How it can be done?

When times are tough and disaster strikes,
it means protecting our precious food
supply (UN INDIA).

By growing and consuming a variety of
crops along with trees.

By encouraging farmers to grow more and
better.

The cost of creating systems to fix hunger
are less than 1/10 of that 270 billion dollar
each year.(World food programme)

If we all work together after a phase there
will be no more hunger.

Government of India Initiatives

India’s zero  hunger  programme was
launched on the occasion of WorldFood
day (October 16) in the year 2017 to focus
on nutrition, health and Agriculture. This
programme has come into the limelight as
it has received the Nobel peace prize 2020.
Under the Pradhan Mantri Matru Vandana
Yojana (PMMVY), Rs.6,000 is transferred
directly to the bank accounts of pregnant
women for availing better facilities for
their delivery.

e POSHAN Abhiyaan, launched in
2017-18, aims to reduce stunting,
under-nutrition, anaemia and low
birth  weight babies through
synergy and convergence among
different ~ programmes,  better
monitoring and improved
community mobilization.

e The National Food Security Act
(NFSA), 2013, aims to ensure food
and nutrition security for the most
vulnerable through its associated
schemes and programmes, making
access to food a legal right.

e Mid-day Meal (MDM)
scheme aims to improve nutritional
levels among school children

which also have a direct and

positive impact on enrolment,

retention and attendance in schools.
Contribution of Agroforestry
Agroforestry contributes to food security
in multiple ways:

e Trees provide fodder, food,
fuelwood, financial opportunities
and soil fertility

e Many farmers, especially women,
rely on forest products for food and
additional income.

e Agroforestry also contributes to
nutritional ~ security as  the
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diversification provides farmers

e Economic benefit to purchase input

with a more varied diet.

e Forest products are also important
to reduce malnutrition, as they are
rich in nutrients, fibres and
proteins.

e Agroforestry increases crop yields,
which is vital to food security.

e Planting nitrogen-fixing trees can
increase yields up to several
hundred percent

e Farmers using agroforestry systems
earn more cash from improved
yields and sales of tree products

e Studies show that using fodder
shrubs is a suitable agroforestry
practice as it competes only
marginally WITH CROPS

Agroforestry and target

Access to safe and nutritious food and
end malnutrition

Direct contribution

Agroforestry supports food and nutritional
security through:

e The direct provision of tree foods
such as fruits and vegetables and
by  supporting staple  crop
production

e by raising farmers’ incomes
through the sale of tree products
and surplus staples;

e by providing fuels for cooking; and

e by supporting various ecosystem
services such as pollination that are
essential for the production of
some food plants.

Indirect contribution

Support food production i.e. water
regulation, soil  protection, nutrient
circulation, pest control, pollination,
carbon cycle regulation.

needed for agriculture crops.
e Fodder for livestock’
e Wood for energy/cooking.
Agroforestry and target
Investing in smallholder producers

e Agroforestry systems can provide
multifunctional benefits to
smallholder farmers and society at
large.

e Agroforestry generates economic
incentives to farmers from the joint
interaction of trees and crops, and
as well it generates social
(intangible) benefits to the society
through implementing
environmentally friendly practices.

e Agroforestry systems are described
as ecologically sound,
economically viable, and socially
just land-use practices.

Producing more

e Smallholder systems are estimated
to produce between 30%(Ricciardi
et al. 2018) and 70-80% (FAO
2014) of the world’s food.

e Produce wide variety of products,

providing resilience against
economic and  environmental
shocks.

e Smallholder farmers (particularly
women) near forests show active
participation to conserve forest
ecosystem through integrated land
use.

Agroforestry and Target
Sustainable production system and
resilient practices
Integrated land use benefits include:
e High carbon value
e Biodiversity conservation
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Maintenance of
services

Greater resilience to economic
and environmental  shocks
sustainable livelihood
Agroforestry can provide the
next step in  sustainable
agriculture by :

Promoting and implementing
integrated, biodiverse processes
to increase yields

Decrease harmful effects, and
advance our understanding of
the  complex interactions
involved in increasing food
production while minimizing
damage.

ecosystem

Agroforestry and Target
Genetic Diversity

Three quarter of the varietal
genetic diversity of agricultural
crops has been lost over the last
century alone(Khoury et al.
2016)

Today, 12 plant crops and 14
animal species provide 98% of
worlds dietary needs

Less biodiversity in food and
agriculture is equivalent to
vulnerable food supply

An investment in conserving
forest  biodiversity is an
investment in future food
security that is genetically
diverse, Nutritious  and
resilient (Sunderland 2011)

As the raise in demand and
population people are
depending on agriculture crops
only that are leading to loss of
tree cover.

Genetic  diversity can Dbe
protected only by following
practices like agroforestry for
cropdiversification

Agroforestry as an ideal pathway
to crop diversification

Before the 1960s, indigenous
crops were grown widely.
These were low-yield varieties
but better suited to each area’s
specific ~ topography  and
climate.

The Green Revolution brought
more  high-yield  varieties.
Cultivation practices improved
and farmers switched to
commercial crops like wheat
and rice leading to decreased
native crop pattern and
henceforth loss of indigenous
seeds.

People don’t understand the
potential of local cultivation
in terms of not just
sustainability but also
economic viability.

Talking about Uttarakhand , we
see today Thyme sells at Rs
500 per kg and the
Rhododendron flower is being
used as tea worldwide.

There are many such other
species in the state that are
needed to be preserved but
increasing population is leading
us towards clearing the forest
land and practicing agriculture
instead which in turn is leading
to huge loss of biodiversity

So in order to maintain crop
diversity consequently genetic
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diversity agroforestry is the
solution.

Challenges and opportunities

As per the Comprehensive
National Nutrition Survey 2016-18,
40 million children are chronically
malnourished and half of the Indian
women aged 15-49 years are
anemic.

Climate Change poses a great
threat to “agrobiodiversity”, which
can impact the entire value chain of
food systems right from the
productivity of food crops to
livelihoods of farmers.

Excessive use of chemicals and
unsustainable farming practices has
resulted in soil degradation,
depletion of groundwater table and
loss of agrobiodiversity.

86% of Indian farmers own less
than 2 hectares of land contributing
to 60% food grain production and
over half fruits and vegetables of
the country.

FINDINGS:

Agroforestry can help as an
institutional response to contested
resource access, and can allow for
gender and  social equity
enhancement as well as be a source

of empowerment. Finally,
agroforestry, as an integrative
mindset and culture, can help

create synergies between the SDGs
in  multifunctional  landscapes,
developing innovative partnerships
in pursuit of the goals as
encouraged by SDG 17

Change is needed along the entire
supply chain

Vol. 12, No. 9,

Issue: September 2025

e Policies needed to support change
in behavior and production (i.e.
linking agroforestry policies with
health, education, and trade
policies that promote human and
planetary health)

e Right and access(issues of land
tenure incentives to invest and
manage land ) i.e. right to food

e Challenges longstanding
institutional structural and social
norms.
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Introduction

The impacts of climate change have led to
prolonged and severe droughts,
particularly in the Mediterranean region,
where extensive farming has become
nearly impossible, and intensive farming
faces critical reductions in  water
availability (Mukherjee et al.,, 2018).
These conditions have also disrupted
plant-microorganism interactions, with
drought and soil warming significantly
diminishing symbiotic relationships across
various ecosystems. Endophytic fungal
relationships with plants are increasingly
studied to better understand their
interactions, the nature of their
associations, and the potential benefits
they provide to hosts. Dark septate
endophytes (DSEs) are sterile or conidial
fungal endophytes, typically isolated from
healthy plants that form melanized
structures, such as inter- and intracellular
hyphae and microsclerotia, in plant roots.
DSEs exhibit low host specificity and are
distributed across a wide geographical
range. Their presence is particularly
important in environments experiencing
extreme abiotic stresses, such as drought,
high  salinity, or  heavy  metal
contamination, where they enhance plant
survival (Fig. 1) (Huertas et al., 2024). The
relatively high abundance of DSEs in
stressed habitats suggests that they might
have an important function for host

survival in these ecosystems (Likar and
Regvar, 2013). Melanin, a complex
polymeric compound accumulated in the
cell wall of DSEs, has been widely
recognized as the main responsible of the
protective features of these fungi. In
addition to antioxidative and thermo-
protective characteristics, melanin protects
hyphae from desiccation and mechanical
disruption, improving cell wall rigidity,
hydrophobicity, and  decreasing its
permeability (Li et al., 2019).Unlike many
fungi, DSEs are less affected by prolonged
drought, maintaining high colonization
rates even under such conditions. While
DSEs may not provide as many benefits as
mycorrhizal fungi, their ability to colonize
plants more effectively under abiotic stress
makes them crucial in such environments.
However, simultaneous exposure to high
temperatures and drought reduces DSE
colonization rates, though it does not result
in a loss of fungal diversity (Gehring et al.,
2020). These unique traits highlight the
critical role of DSEs in supporting plant
resilience under climate change-induced
stresses, making them a promising focus
for further research in sustainable
agriculture and ecosystem management.

A recent patent highlights the potential of
Rutstroemiacalopus as a dark septate
endophyte (DSE) capable of enhancing
crop growth and development under
conditions of water and salinity stress.
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This  biostimulant has demonstrated
remarkable effects, including maintaining
growth with an 80% reduction in fertilizer
application for cucumber plants. Studies
have shown that applying
Rutstroemiacalopus CG11560 with
reduced fertilization led to a 33.8%
increase in leaf area and a 30.43% increase
in total dry weight compared to standard
fertilization practices (Santos and Dianez,
2017). The benefits of DSEs like R.
calopus are primarily linked to their
biostimulatory effects, which enhance
plant morphology, improve drought
resistance, boost secondary metabolic
activity, and increase the uptake of water,
nutrients, and carbon. Additionally, DSEs
elevate antioxidant enzyme activity and
aid in the development of adaptation
mechanisms to cope with heavy metal
stress. Their colonization triggers changes
in cellular metabolism, biosynthesis, and
signaling pathways, further modulating
plant growth and resilience (Wu et al.,
2021). These attributes make DSEs
particularly valuable under abiotic stress
conditions, where their presence can
significantly reduce the need for irrigation
and fertilizers. While their use may not
always result in increased production, it
offers an opportunity to minimize
agricultural inputs while maintaining or
enhancing  vyield, contributing  to
sustainable farming practices.

DSEs and their Connection to Drought
and Salinity Mitigation

Dark septate endophytes (DSEs) play a
significant role in helping plants tolerate
abiotic stresses such as drought and
salinity, which are increasingly prevalent
due to climate change. These melanized
fungi colonize plant roots and establish

mutualistic relationships, where both the
fungi and the host plant benefit. One of
their key mechanisms in drought
mitigation lies in enhancing water
absorption and retention. DSES improve
root morphology by promoting the growth
of fine roots, which increases the surface
area available for water uptake (Bi et al.,
2024). They also produce extracellular
enzymes that break down organic matter in
the soil, releasing bound water and
nutrients, making them more accessible to
the plant. Moreover, DSEs influence the
plant’s internal water balance by
regulating osmolyte production, such as
proline, which helps maintain cell turgor
under water deficit conditions.In saline
environments; DSEs mitigate salt stress
through multiple pathways. High salt
concentrations in soil often disrupt ionic
balance and lead to ion toxicity, but DSEs
help reduce this impact by modulating ion
transport within plant roots. They enable
selective uptake of essential ions like
potassium while limiting the absorption of
harmful ions such as sodium and chloride.
Additionally, DSEs produce antioxidant
enzymes, such as superoxide dismutase
and catalase, which combat the reactive
oxygen species (ROS) generated during
salt stress (Zandi and Schnug, 2022). This
reduces oxidative damage to plant cells
and maintains cellular integrity. DSEs also
contribute to osmotic adjustment by
enhancing the synthesis of compatible
solutes, such as sugars and amino acids,
which stabilize cellular functions in saline
conditions.

The production of melanin in DSE hyphae
further aids in stress tolerance. Melanin
protects the fungal cells from desiccation
and extreme environmental conditions,
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allowing them to remain functional in
drought-prone and saline soils (DoSanto et
al., 2017). This durability ensures a
continuous symbiotic relationship with
host plants, even under severe stress.
Through these mechanisms, DSEs not only
improve plant growth and survival in
challenging  environments but also
contribute to the restoration of degraded
lands and the sustainability of agricultural
systems. Their potential for enhancing
resilience to drought and salinity makes
them a promising tool in climate-smart
agriculture and ecosystem management.
Implications of DSEs in Fertilisation
Reduction

DSEs hold significant potential in reducing
dependence on chemical fertilizers by
enhancing nutrient  acquisition and
utilization efficiency in plants. These fungi
colonize plant roots and extend their
hyphal networks into the surrounding soil,
effectively increasing the root surface area
for nutrient uptake. One of their primary
contributions lies in mobilizing essential
nutrients like nitrogen (N), phosphorus (P),
and micronutrients, which are often
limited in availability. DSEs produce
extracellular enzymes, such as
phosphatases and proteases, which break
down organic matter and convert complex,
unavailable forms of nutrients into
simpler, plant-accessible forms (Huertas et
al., 2024). For instance, they can solubilize
inorganic phosphate or degrade organic
nitrogen sources, reducing the need for
synthetic ~ fertilizers.In  addition  to
mobilizing nutrients; DSES improve
nutrient-use efficiency within plants. By
modulating nutrient transport pathways,
they enable plants to optimize nutrient
uptake and reduce wastage. This is

particularly beneficial in systems where

overuse of fertilizers often leads to
environmental degradation, such as
eutrophication and soil acidification.

Furthermore, DSEs promote the synthesis
of plant growth-promoting compounds,
such as phytohormones and secondary
metabolites, which enhance overall plant
health and productivity without the
excessive input of fertilizers.Another
significant benefit of DSEs is their ability
to function in nutrient-poor soils, where
conventional fertilizers may be ineffective
or economically unsustainable. By
improving the availability and cycling of
nutrients within the soil ecosystem, DSEs
contribute to the long-term maintenance of
soil fertility. Additionally, their symbiotic
relationship helps reduce the loss of
nutrients through leaching or
volatilization, particularly in sandy or
heavily irrigated soils.The ability of DSEs
to reduce the need for chemical fertilizers
has  far-reaching  implications  for
sustainable agriculture. Lower fertilizer
inputs can decrease production costs for
farmers, reduce greenhouse gas emissions
associated with fertilizer manufacturing
and application, and mitigate the
environmental impacts of nutrient runoff.
Integrating DSEs into farming systems can
thus support the transition to eco-friendly
agricultural  practices, ensuring food
security  while  preserving  natural
resources. As a result, DSEs represent a
valuable biological tool for addressing the
twin challenges of sustainable crop
production and environmental
conservation.

Compatibility of DSEs with Other
Microorganisms
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DSEs exhibit strong compatibility with
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Figure 1. Schematic representation regarding the different effects and mechanisms of
action reported with DSE inoculation in plants (retrieved from Huertas et al., 2024).

other microorganisms, forming microbial
networks that benefit plant and soil health.
They often coexist with beneficial
microbes like mycorrhizal fungi, nitrogen-
fixing bacteria, and plant growth-
promoting rhizobacteria (PGPR), engaging
in synergistic interactions rather than
competition.  For  instance, = DSEs
complement arbuscular mycorrhizal fungi
(AMF) by thriving in harsher conditions
where AMF may be less effective,
collectively improving nutrient and water
uptake and enhancing stress tolerance
(Santos et al.,, 2021).DSEs also work
alongside nitrogen-fixing bacteria like
Rhizobium and  Azospirillum to
optimize nitrogen availability, with DSEs
mobilizing  nutrients and  bacteria
supplying fixed nitrogen, reducing the
need for synthetic fertilizers. Additionally,

DSEs interact with PGPR, such as
Pseudomonas and Bacillus, which
promote plant growth and suppress

pathogens. These collaborations create a
multi-functional microbial consortium that
boosts plant productivity and resistance to

enzymes and secondary metabolites, DSEs
support microbial diversity and soil health.
Melanin production enhances soil organic
matter, benefiting other soil microbes,
while biofilm formation with other
microorganisms  improves  microbial
survival and nutrient cycling (Huertas et
al., 2024). This compatibility highlights
DSEs’ potential in integrated microbial
inoculants for sustainable agriculture,
fostering  resilient  ecosystems  and
supporting modern agricultural practices
through multi-functional biofertilizers and
biostimulants.

Compatibility of DSEs with Active
Chemical Substances

DSEs  demonstrate  resilience  and
adaptability in chemically  stressed
environments, making them compatible
with  agricultural practices involving
fertilizers, pesticides, and herbicides. Their
robust traits, including melanized hyphae,
antioxidant enzymes, and the ability to
metabolize complex compounds, enable
them to thrive despite chemical inputs.
DSEs contribute to soil detoxification by
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producing enzymes like peroxidases and
laccases, breaking down toxic compounds
such as pesticides and heavy metals,
thereby maintaining a healthier
rhizosphere (Santos et al., 2021).DSEs
also enhance nutrient uptake efficiency,
reducing the need for excessive fertilizer
use and mitigating issues like leaching and
eutrophication (Huertas et al., 2024). Their
tolerance to reactive oxygen species
generated by chemical inputs ensures
continued  functionality —and  plant
association. Additionally, DSEs coexist
with  certain  biocides, using their
melanized structures for protection against
antimicrobial agents.

However, their compatibility depends on
the type and concentration of chemicals, as
excessive exposure may suppress activity.
Integrating DSEs into agriculture requires
judicious chemical use, offering potential
for sustainable practices by combining
biological inoculants with  minimal
agrochemical inputs. This approach can
improve plant  productivity, reduce
environmental impact, and support long-
term soil health.

Conclusion and future directions

DSEs play a pivotal role in mitigating
abiotic stresses such as drought, salinity,
and nutrient deficiencies, enhancing plant
resilience and productivity in challenging
environments. Their ability to improve
nutrient uptake, water absorption, and
oxidative stress management makes them
valuable allies in addressing the adverse
impacts of climate change. Integrating
DSEs into climate-smart agricultural
practices offers a sustainable solution for
improving crop Yields, reducing reliance
on chemical fertilizers, and restoring
degraded soils.Future research should

focus on unravelling the ecological
interactions of DSEs with diverse plant
species, understanding their genetic
mechanisms of stress tolerance, and
optimizing their practical applications in
large-scale farming. Expanding knowledge
in these areas will enable the development
of tailored DSE-based bioinoculants,
fostering sustainable agriculture and
contributing to global climate change
adaptation strategies.
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Forest ecosystems are crucial for
maintaining biodiversity, regulating the
climate, and supporting livelihoods.
However, human activities such as
deforestation, agriculture, and urbanization
have caused significant damage to these
essential habitats (Ajuet al., 2015).
Traditional restoration forestry methods
aim to rehabilitate degraded forests,
enhancing their ecological functions and
resilience (Lofet al.,, 2019). These
techniques include replanting native
species, protecting natural regeneration,
and integrating trees into agricultural
landscapes. By employing various
restoration  strategies,  environmental
damage can be reversed, carbon can be
sequestered, and biodiversity preserved,
ensuring the future health of forests
(Ciccareseet al., 2012). Reforestation, for
instance, involves planting trees in
deforested or degraded areas to restore
native ecosystems. This technique is
effective in regaining lost forest cover and
capturing carbon, although it requires
substantial investment and time (Di Sacco
et al., 2021). It plays a key role in fighting
climate change by sequestering carbon and
restoring wildlife habitats. An example of
this is the Great Green Wall project in
Africa, which aims to restore millions of
hectares across the Sahel region
(Gadzama, 2017). Assisted Natural
Regeneration (ANR) focuses on nurturing

&

the natural vegetation present in degraded
areas. By removing invasive species and
promoting native plants, ecosystems can
regenerate naturally (Rinaudoet al., 2019).
For instance, the Mount Apo project in the
Philippines uses ANR to restore forests.
ANR is a cost-effective method that
promotes biodiversity and often results in
faster recovery by leveraging existing
vegetation (Boquiren, 2004). Agroforestry
involves integrating trees into agricultural
land, improving soil fertility, enhancing
water retention, and providing farmers
with a sustainable income (Fahad et al.,
2022). This method is increasingly used in
regions where both farming and
deforestation are prevalent. For example,
in Karnataka, India, agroforestry is used to
restore degraded land. Agroforestry
enhances soil fertility, improves water
retention, and supports livelihoods,
making it effective in regions where both
agricultural and forest restoration are
needed (Dagaret al., 2020). Assisted
Migration addresses climate change by
moving tree species to areas where they
are Dbetter suited for survival. This
technique is vital in helping forests adapt
to climate change and ensure the survival
of species (Camacho, 2010). Forest
Enrichment increases biodiversity and
resilience, helping ecosystems recover
more rapidly (Cerullo and Edwards, 2019).
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As climate change, deforestation, and
ecosystem degradation continue to impact
the planet, innovative techniques are
emerging to restore forests more
effectively. These advanced methods
combine  cutting-edge  science  with
traditional practices to address the
complexities of forest ecosystems (Raj et
al., 2023). Below are some of the latest
advanced techniques in forest restoration:
Drone-Assisted Reforestation

Drones are transforming forest restoration
by enabling the rapid planting of trees in
remote areas. Drones can map landscapes,
monitor plant growth, and distribute seed
pods containing native species over large
areas. This approach is cost-effective,
efficient, and especially useful for large-
scale reforestation projects where human
labor would be too slow or costly
(Robinson et al., 2022).

Example: BioCarbon Engineering uses
drones to plant seeds in degraded areas,
carrying out large-scale restoration
projects in countries such as Australia and
the UK (Mohan et al., 2021).

Genetic Restoration and  Assisted
Evolution

Genetic restoration involves selecting tree
species with genetic diversity and
resilience to adapt to changing
environmental conditions. In response to
climate change, assisted evolution breeds
tree species that are more suited to future
conditions, such as drought tolerance or
disease resistance. These genetically
optimized species are planted to strengthen
ecosystem resilience and ensure the
success of restoration projects (Thomas et
al., 2014).

Example: Research projects in the Pacific
Northwest focus on breeding climate-

resilient conifers to endure frequent
wildfires and droughts (Gaines et al.,
2022).

Mycorrhizal  Inoculation
Microbial Enhancement
Soil health is essential for successful forest
restoration. Inoculating soil with beneficial
mycorrhizal fungi accelerates the recovery
of degraded land by improving nutrient
absorption and soil structure. These fungi
form symbiotic relationships with tree
roots, helping plants thrive in poor soil
conditions. Recent studies show that
introducing a variety of beneficial soil
microbes can improve forest regeneration
by enhancing soil fertility, water retention,
and pest resistance (Asmelashet al., 2016).
Example: The Trillion Trees Initiative
incorporates microbial inoculation in
restoration projects to improve soil quality
and accelerate tree growth (McKinley,
2019).

Remote Sensing and Al for Monitoring
and Planning

Advanced technologies such as remote
sensing (using satellites, drones, and
LiDAR) and Artificial Intelligence (Al)
are employed to monitor forest restoration
efforts. Remote sensing maps
deforestation, tracks forest health, and
evaluates restoration success, while Al
analyzes large datasets to predict the
outcomes of various restoration strategies.
Al also automates tasks like tree counting,
biodiversity assessments, and growth
predictions, making monitoring more
efficient and accurate (Pandey and
Arellano, 2022).

Example: The World Resources Institute’s
Global Forest Watch uses satellite imagery
to monitor deforestation and assist in

and Soil
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global  restoration  efforts
Resources Institute, 2000).
Ecological Engineering: Creating Self-
Sustaining Ecosystems

Ecological engineering  focuses on
designing solutions that foster natural
processes in  ecosystem  restoration.
Techniques include creating artificial
wetlands or planting pioneer species to
transform degraded landscapes into fertile
habitats for future plantings. By
integrating water management and soil
conservation,  ecological  engineering
creates self-sustaining ecosystems that
require minimal human intervention after
restoration. This method ensures long-term
stability in forest ecosystems (Nellemann
and Corcoran, 2010).

Example: The Loess Plateau restoration
project in  China used ecological
engineering to transform degraded land
into a productive, self-sustaining landscape
with improved vegetation cover (Stokes et
al., 2010).

Ecosystem-Based Adaptation (EbA) and
Climate-Smart Restoration
Ecosystem-Based Adaptation (EbA) uses
ecosystems to help both people and nature
adapt to climate change impacts. In forest
restoration, EbA combines ecological
restoration with adaptation strategies to
mitigate challenges like flooding, drought,
and soil erosion. Climate-Smart
Restoration incorporates local climate
predictions and resilience-building

(World

strategies, ensuring that restored forests
can withstand future climate changes
(Saroar, 2018).

Example: In the Himalayas, climate-smart
restoration techniques are used to restore
mountain

forests  while  enhancing

resilience to floods and landslides
(Meeteiet al., 2023).

Forest Carbon Offsetting and Payment
for Ecosystem Services (PES)

Forest  restoration  through  carbon
offsetting has become a prominent method
for addressing climate change. Forest
Carbon Offsetting involves restoring or
protecting forests to absorb carbon dioxide
from the atmosphere. Individuals and

companies can invest in these projects to

offset their carbon emissions.
Additionally, Payment for Ecosystem
Services (PES) provides financial

incentives for landowners to engage in
restoration by rewarding them for
ecosystem services like water filtration,
biodiversity conservation, and carbon
sequestration (Nunes et al., 2020).

Example: REDD+ (Reducing Emissions
from Deforestation and Forest
Degradation) is a global initiative that
offers financial incentives to countries and
communities for protecting and restoring

forests, emphasizing carbon credits
(Venter and Koh, 2012).

Green Infrastructure for Urban
Forestry

Urban forestry is becoming an essential
part of forest restoration, especially in
cities. Green infrastructure, such as tree
planting, green roofs, or parks, restores
ecological functions in urban areas, such
as air purification, heat reduction, and
biodiversity support. This technique not
only restores local ecosystems but also
enhances urban residents' quality of life by
reducing pollution and promoting mental
well-being (Tyrvéineniet al., 2005).

Example: Cities like New York and
Singapore incorporate green infrastructure
into their urban planning to restore forests
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and reduce the urban heat island effect
(Block et al., 2005).

As environmental challenges grow more
complex, innovative restoration techniques
are providing effective solutions to heal
degraded forests. From drone-assisted
reforestation to genetic restoration and
ecosystem-based adaptation, these cutting-
edge methods are increasing the scale,
efficiency, and success of forest
restoration projects. By adopting these
techniques, we can repair ecosystems,
boost biodiversity, and combat climate
change, ensuring that forests continue to

provide vital services for future

generations.
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Introduction

Genetic diversity refers to the variation in
genetic material within and among
populations of species (Hughes et al.,
2008; Ennos et al., 2000). It encompasses
the differences in DNA sequences, alleles,
and genotypes that contribute to
individuals' unique traits and
characteristics. High genetic diversity
within a population is essential for the
survival and adaptability of species, as it
increases their ability to cope with
environmental changes, diseases, and other
challenges. Conversely, low genetic
diversity can lead to inbreeding and an
increased risk of extinction, as populations
become more susceptible to genetic
disorders and less adaptable to changing
conditions.Genetic  diversity is a
fundamental concept in evolutionary
biology, conservation genetics, and
biodiversity studies (Frankham et al.,
2002). Understanding genetic diversity
helps in monitoring the health of
populations,  designing  conservation
strategies for endangered species, and
studying evolutionary processes.
Moreover, it provides insights into the
genetic basis of traits that are important for
agriculture, medicine, and biotechnology.
Molecular markers are essential tools for
assessing genetic diversity in plants.
Commonly used  markers include

Microsatellites (SSRs), which are highly

g

polymorphic and co-dominant; RAPD
markers, which are quick and inexpensive
but dominant; AFLP, which generates
numerous polymorphisms across the
genome; SNPs, which are abundant and
useful for fine-scale variation studies;
ISSRs, which are more reliable than
RAPDs and can assess genetic diversity
effectively; and EST-SSRs, which focus
on functional genomic regions.
Additionally, DNA barcoding is used to
distinguish species and study biodiversity.
The choice of marker depends on the
specific objectives, species, and resources.
Software tools for estimating genetic
diversity play a crucial role in modern
genetic research, allowing scientists to
analyse and interpret complex genetic data
with accuracy and efficiency. These tools
utilize a range of statistical and
computational methods to assess the
genetic variation within and between
populations, helping to  quantify
parameters such as allele frequencies,
genetic distances, and heterozygosity. By
integrating data from molecular markers
like SSRs, SNPs, or AFLPs, these
programs provide insights into the genetic
structure of populations, evolutionary
processes, and the effects of environmental
or human-induced factors on biodiversity.
Software such as GenAlex, STRUCTURE,
and PAST is widely used in fields such as
conservation biology, evolutionary
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genetics, and plant breeding, enabling
researchers to assess the health and
adaptability of species, design effective
conservation strategies, and study the
genetic basis of traits. These tools have
become indispensable for understanding
the genetic complexity of organisms and
managing genetic resources.Therefore, this
article provides an overview of various
software tools used to estimate genetic

diversity, highlighting their features,
applications, and significance in genetic
research. These tools are essential for
analysing genetic variation within and
between populations, enabling researchers
to gain valuable insights into genetic
structure, evolutionary processes, and
biodiversity conservation.

PROCESS FOR ESTIMATING
GENETIC DIVERSITY

Sample collection |====)| DNA extraction

Using CTAB
with GPS coordinates method

DNA amplification and Genotyping

/

Genetic markers selection
(SSRs, AFLP, RAPD etc.)

|

Diversity analysis
Using different softwares
(Gelanalyzer, GenAlex etc.)

Software tools for diversity analysis and
population structure analysis

Gel analyzer software (23.1.1) is used to
estimate the molecular weight of bands in
gel electrophoresis by comparing them to a
known molecular weight ladder. The
software helps identify the size of the
molecular bands by analyzing their
migration through the gel matrix.
Typically, smaller molecules travel faster
and thus appear lower in the gel, while
larger molecules travel slower and remain
higher. The software not only estimates
molecular weight but also provides precise
measurements, visual analysis, and
automated band detection, making it an
essential tool for quantifying and
comparing protein or DNA samples in
research and diagnostics.

GenAlex software (6.503) is a robust and
advanced tool designed to estimate genetic

diversity by analyzing molecular data
across various populations, genotypes, and
loci. To use this software, you first need to
gather and input data on the molecular
weights of the bands obtained from Gel
analyzer software. This data should
include information  from  different
populations and genotypes across various
loci. Once the data is organized into an
Excel sheet, the software can analyze it to
calculate key genetic diversity parameters,
such as allele frequencies, heterozygosity,
and genetic differentiation. GenAlex
allows for the assessment of genetic
variability within and between
populations, helping researchers to better
understand evolutionary processes, gene
flow, and the genetic structure of
populations. The software also provides
various statistical outputs and graphical
representations, AMOVA and Principal
component analysis (PCoA) making it a
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valuable tool
studies.
HP-rare software (1.1) is used to estimate
allelic richness, which is a measure of the
number of different alleles present in a
population, normalized for sample size.
This software is particularly useful in
population genetics studies, as it helps
quantify genetic diversity by providing
insights into how many distinct alleles are
present across different loci. HP-rare can
analyse data from multiple populations and
account for variations in sample sizes,
ensuring that comparisons of allelic
richness are not biased by unequal sample
sizes.

Structure software (2.3.4) is used to
analyse population structure by identifying
and estimating the genetic composition of
populations, including the number of
distinct genetic clusters (or
subpopulations) within a dataset. It uses
genetic data, typically from multiple loci,

in  population genetics

to assign individuals to different
populations based on their genetic
similarities. Structure can reveal the
underlying patterns of genetic

differentiation among populations and
provide insights into gene flow, migration,
and the historical processes that shape

population  structure. By  running
simulations for various numbers of
populations (K), the software helps

researchers determine the most likely
number of genetic clusters in the data. It is

widely used in conservation genetics,
evolutionary biology, and studies of
human and plant genetic variation,

offering graphical outputs and statistical
estimates to support inferences about
population  connectivity and genetic
diversity. Further, the best K value (the

optimal number of genetic clusters) is
determined using AK, which can be
calculated through an online tool called
Structure  Selector. This tool s
specifically designed to assist in selecting
the most appropriate K value by analysing
the results of multiple Structure runs. It
uses the AK method, which evaluates the
rate of change in the likelihood of the data
between different K values, helping to
identify the point where the model best fits
the genetic data. Structure Selector
provides an easy-to-use interface for
visualizing and interpreting the results,

making it a valuable resource for
researchers  working  with  Structure
software. By accurately selecting the

optimal K, researchers can more
confidently interpret population structure
and genetic differentiation in their studies.
PAST (Paleontological Statistics)
software (4.0.3) is a versatile statistical
tool widely used for analyzing and
clustering genetic diversity data. It
provides a range of statistical methods,
including clustering algorithms, that help
researchers ~ group  populations  or
individuals based on their genetic
similarities. Using genetic data such as
allele frequencies or molecular markers,
PAST can perform various types of
clustering, such as hierarchical clustering
or principal component analysis (PCoA),
to identify patterns of genetic variation.
This makes it particularly useful for
studying population structure, evolutionary
relationships, and genetic diversity across
different groups or species. In addition to
clustering, PAST offers a variety of other
statistical tests, data visualization options,
and graphing tools, making it
comprehensive software for conducting
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genetic diversity assessments in both
ecological and evolutionary research.

Darwin software (6.0.021) is a tool used
for analyzing molecular data and
estimating genetic diversity in populations.
It is particularly useful for handling large
datasets derived from genetic markers such
as microsatellites, SNPs, and other
molecular techniques. Darwin software
allows researchers to calculate various
genetic  parameters, including allele
frequencies, genetic differentiation (Fst),
and heterozygosity, making it an essential
tool for population genetics studies. The
software also supports various statistical
analyses, such as clustering, principal
component  analysis  (PCoA), and
multivariate analysis, to assess genetic
structure and  relationships  among
populations. Its user-friendly interface and
robust analytical capabilities make it
popular in both basic and applied genetic

research, including conservation genetics,
evolutionary  biology, and breeding
programs.

1. PowerMarker (3.2.5)is a widely
used, though older, software tool designed
for analyzing genetic data, particularly for
assessing  Polymorphism  Information
Content (PIC). PIC is a measure of the
informativeness of a genetic marker,
reflecting its ability to differentiate
between different genotypes within a
population. PowerMarker calculates PIC
values for various molecular markers,
including SSRs (simple sequence repeats),
SNPs, and AFLPs, helping researchers
assess the diversity and variability of
genetic traits. In addition to PIC,
PowerMarker can also compute other
genetic parameters like allele frequencies,
gene diversity, and heterozygosity.

Table 1: Links for downloading
software tools online

Software Tools

Link for downloading

Gelanalyzer (23.1.1)

http://www.gelanalyzer.com/?i=1

GenAlex (6.503) https://biology-assets.anu.edu.au/GenAlEx/Download.html

HP-rare (1.1) https://www.montana.edu/kalinowski/software/hp-rare.html

Structure (2.3.4) https://web.stanford.edu/group/pritchardlab/structure_software/rele
ase_versions/v2.3.4/html/structure.html

PAST (4.0.3) https://past.en.lo4d.com/download

Darwin (6.0.021) https://mybiosoftware.com/darwin-diversity-phylogenetic-
analysis.html

PowerMarker (3.2.5) https://brcwebportal.cos.ncsu.edu/powermarker/downloads.htm
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