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Preface

The order Lepidoptera, encompassing both butterflies and moths, represents one of the
most diverse and evolutionarily successful lineages of insects on Earth. Beyond their
aesthetic appeal and cultural symbolism, Lepidoptera play a pivotal role in global
ecosystems as pollinators, herbivores, and bioindicators. Their morphological diversity,
behavioral complexity, and ecological sensitivity render them an exceptional model
for studying fundamental biological processes, from development and adaptation to
speciation and conservation dynamics. This volume, Lepidoptera — Advances in Ecology,
Conservation, and Taxonomy, seeks to advance the scientific discourse surrounding
these remarkable organisms through an integrative exploration of their biology at
molecular, structural, and ecological levels.

Recent years have witnessed a profound transformation in lepidopteran research,
driven by innovations in molecular biology, genomics, and imaging technologies.
The intricate architecture of butterfly and moth wings, long admired for their colors
and patterns, has emerged as a powerful field of molecular and biophysical inquiry.
Studies on wing microstructures, particularly at the nano- and micro-scale, have
revealed how structural coloration and functional adaptations arise from finely tuned
interactions between chitin, pigments, and light. The chapters within this book delve
into these molecular aspects, highlighting the interplay between genetic regulation,
cellular processes, and the emergent physical properties of wing scales. Such research
not only enhances our understanding of Lepidoptera themselves but also informs
biomimetic design, photonics, and materials science.

Equally significant is the examination of the microstructural dynamics involved in
eclosion and wing expansion, processes that mark the culmination of metamorpho-
sis and the transition to adult life. The physiological mechanisms that govern wing
inflation, cuticular hardening, and scale differentiation are explored here as critical
determinants of flight capability and survival. By analyzing these processes at multiple
biological scales, the volume underscores the delicate balance between developmental
precision and environmental sensitivity that defines the life history of Lepidoptera.

In parallel with these molecular and developmental perspectives, the book emphasizes
the ecological and conservation dimensions of lepidopteran research. Lepidoptera have
long served as key indicators of environmental change, their population dynamics
reflecting shifts in climate, land use, and habitat integrity. Comprehensive monitoring
programs, supported by both traditional field observation and emerging digital and
genetic tools, are increasingly vital for assessing biodiversity and ecosystem health.
Through a synthesis of ecological modeling, citizen science, and molecular taxonomy,
this volume illustrates how integrative methodologies can enhance both species
identification and conservation strategies.

Taxonomy remains the foundation upon which all other studies of Lepidoptera are
built. As molecular data refine our understanding of phylogenetic relationships,



new insights continue to reshape long-standing classifications and reveal cryptic
diversity within familiar taxa. The chapters devoted to systematic and taxonomic
advances in this collection aim to bridge classical morphological approaches with
genomic and phylogenomic frameworks, promoting a cohesive and comprehensive
vision of Lepidopteran diversity.

Ultimately, Lepidoptera — Advances in Ecology, Conservation, and Taxonomy aspires
to serve not merely as a compilation of contemporary research but as a platform

for interdisciplinary dialogue among molecular biologists, ecologists, taxonomists,
and conservation practitioners. By integrating multiple dimensions of inquiry, from
the molecular structure of wing scales to the global patterns of species distribution,
this book underscores the necessity of a holistic approach to understanding and
protecting Lepidoptera in the Anthropocene.

In presenting these advances, we also reaffirm the enduring significance of butterflies
and moths as both scientific subjects and symbols of transformation, resilience, and
ecological harmony. Their fragile beauty and complex biology remind us that the
preservation of biodiversity is not only a matter of scientific responsibility but also a
matter of cultural and ethical stewardship toward the natural world.

Alessio Vovlas
Italian National Research Council,
Bari, Italy



Chapter 1

Fading Colours: Human and
Natural Influences on the Decline
of Buttertly Diversity

Unsar Naeem-Ullah, Ayesha Tarig, Mirza Abdul Qayyum,
Muhammad Asif Farooq, Favrukh Baig and Hafsah Ghaffar

Abstract

Butterflies (Lepidoptera: Insecta) are well-known as pretty, delicate insects found
on every continent except Antarctica. With approximately 20,000 described species,
many more remain undiscovered. However, the industrial revolution’s onset has led
to significant human interference, altering ecosystems worldwide. Consequently,
butterflies face survival challenges, resulting in a rapid decline in their population
and diversity. Human activities continue to degrade the environment, worsening the
loss of butterfly species. If left unchecked, future generations may only glimpse these
beautiful insects in pictures. Butterfly declines have been rampant in recent decades
and have led to concerns regarding the area of interest of scientists and other conser-
vationists. This chapter shows how anthropogenic [human-mediated] pressures, of
which the clearance of forests, agricultural exploitation with pesticides and fertil-
izers, urbanization, and road routes, as well as the impacts of global climatic change,
are removing the habitats of butterflies and interposing on their food resources. The
present review also evaluates environmental ones such as storm incidents and pheno-
logical and seasonal changes in plants, which may undermine butterfly survival and
reproduction. These forces tend to act synergistically, and hence the observed decline
becomes intense. There is also, in the chapter, a focus on the ecological interactions
that are complex and connect butterflies to many other groups of insects, birds, and
plants, and point to the idea that the loss of a butterfly population can have echoes
throughout these interacting communities. In sum, these considerations light up the
dual functions of human activity and ecological changes in the continuous diminish-
ing of butterfly diversity of global ecosystems.

Keywords: anthropogenic, climate change, Lepidoptera, natural disasters, Rhopalocera

1. Introduction

Out of the insect order Lepidoptera, there exists an order of Rhopalocera that
forms the main group of butterflies [1]. This taxon is consistently endorsed in its wing
pigmentation color and the intricate pattern of the wing that has both an esthetic
and practical role in thermoregulation of the animal, camouflage, mate selection,
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and avoidance by predators. More than their appearance, butterflies are involved in
important ecological functions, which include herbivores, pollinators, and prey, and
thus are essential in the stability and resistance of the terrestrial ecosystem [2].

Suborder Rhopalocera is further divided into six major families, namely
Papilionidae, Pieridae, Lycaenidae, Nymphalidae, Hesperiidae, and Riodinidae, based
on their own morphological, behavioral, and ecological adaptations [3]. Worldwide,
there is a very extensive distribution of butterflies except in high latitudes such as the
poles, with the highest biodiversity occurring in tropical regions of China, central
Africa, and South Asia. Extraordinary biodiversity hotspots are discovered in coun-
tries such as Pakistan, India, and Indonesia, implying that the countries need to be
regarded as important in the preservation of global butterflies [4].

Butterflies have been facing a rate of decline that has never been seen before, and
due to their role both ecologically and their importance culturally, this is alarming.
Numerous anthropogenic forces, such as habitat loss and fragmentation, rapid urban-
ization, the intensification of agricultural activities, and climatic changes, as well as
pollution and the distribution of invasive species, are causing a multidimensional
problem threatening their survival [5].

These drivers often combine their effects and dwarf the effects of other individual
stressors. Considering an example, habitat fragmentation not only diminishes the
quantity of the habitats but also isolates the populations and aggravates the occur-
rence of an effect of the edge and promotes the infiltration of new, exotic species that
generally disrupt the local communities. Besides, climate change modifies tempera-
ture regimes, precipitation patterns, and synchrony of the phenology of butterflies
and their host plants, changes species distributions, and thus complicates conserva-
tion practices.

Therefore, whenever these threats have been identified individually by many stud-
ies, a great deal is still lacking in terms of how they interactively affect each other and
their evolutionary implications in the long run. There is a need to fill this gap in order
to come up with complete and effective conservation approaches that should protect
not only butterfly species richness but also the functional diversity and the ecological
interactions that contribute to the health of the ecosystem. Greater appreciation is
thus required on an integrative level of these dynamics to ensure that additional losses
of the diversity of butterflies are avoided.

2. Butterfly diversity in the world

Butterfly diversity is nonuniform, with about 12,119 species or more currently
estimated to be found. In small areas and tropical and subtropical high-altitude
areas in different parts of the world that are considered to be hotspots of butterfly
biodiversity because of their richness, rareness, and phylogenetic distinctiveness [6].
Major areas are as follows: the Hengduan Mountains in China, which are a hotspot
of Papilionidae diversity [7]; the Comoro Islands, which have endemic species; and
China, where almost 10% of all butterfly species may be found [8].

High species turnover and richness are also seen in tropical mountains around the
world [9]. Such regions mentioned in literature include the Kumaon region in India,
which indicates butterflies as a bioindicator [10], and Arunachal Pradesh, where
281 species are reported [2]. There have been studies across Europe in Portugal [11]
and Belgium [12] to guide conservation planning, as in Asia, where butterfly species
diversity and rarity have been recorded in Japan’s Aokigahara woodland [13].
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3. Role of butterfly in natural ecosystem

The butterflies are important in their ecosystems because of the provision of pol-
lination and biodiversity, as well as the general functioning of an ecosystem.

In addition to bees, there is also the important role of butterflies in the repro-
duction of plants, especially in agroforestry and in some plant species [14, 15].
They add value to the ecosystem services and could be used as bioindicators of the
health of the pollination [16]. Elevated biodiversity of butterflies is indicative of
complex and stable ecosystems, and measures that encourage butterfly popula-
tions, such as maintaining semi-natural habitats or restoring prairie strips, can
increase butterfly numbers [17, 18]. Butterflies, as pest and pollinators, exist in the
food web and are fundamental to the accessibility and the quality of the resources
[19].

4. Decline and reasons of decline

Butterflies are facing population decline, which endangers biodiversity and eco-
system integrity in several parts of the world as a result of an intricate assemblage of
anthropogenic and natural processes [20]. With respect to anthropogenic factors, the
most common ones, shrinking and fragmentation due to urban sprawl and land use,
are the main causes leading to decreasing connectivity between habitats and growing
local extinctions [21]. Promoters of agricultural intensification, especially pesticide
application and nitrogen deposition [22], contribute further to imbalances in but-
terfly populations, also reducing larval survival and worsening the quality of the host
plants [23]. One vivid case is the case of monarch butterflies, which began to decline
in North America mostly because of the reduction of milkweed after the introduction
of herbicide-resistant crop production [24].

These pressures are aggravated by the natural forces, particularly climate change,
due to the modification of rainfall patterns, generation of improper microclimates,
and disturbance of butterfly-to-host plant phenological synchrony [25]. Other adver-
sities are intrusive species, new diseases, and alterations in migration and reproduc-
tive trends, including diminished monarch migration [26]. It is these threats that tend
to work collectively and not independently of each other and increase their compiled
full effect.

These are some of the major factors bringing about declines in butterflies, which
are analyzed more in the following sections.

4.1 Anthropogenic

Ecosystem depends on insect biodiversity, especially pollinators, and butterflies
are among them. Sadly, human actions such as urbanization, pollution, deforesta-
tion, pesticide usage, agricultural infestations, and climate change are progressively
endangering it [27]. Many human actions, including pollution, invasive species,
land-use changes, and climate change, are gradually under threat of insect biodiver-
sity. Ref. [28] reports that the world population is growing and projected to increase
for another 5060 years, which results in major environmental changes. Major
stressors on biodiversity [29] are well-documented from the interaction of agricul-
ture, grazing, industrial development, vehicle traffic, infrastructure expansion, and
noise pollution.
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4.1.1 Deforestation

Deforestation causes major disturbance to forest ecosystems, especially silvi-
cultural habitats, as it will remove shade, humidity, and certain host plants that are
essential to many of the butterflies that depend on forests. Further, while exposed or
light-dependent species may take advantage of some reduced forest coverage from
the opening created by habitat clearing, the long-term consequences of deforestation
are serious. Deforestation can lead to fragmented and isolated populations, increased
wind exposure, increased stress from temperature, increased exposure to predators,
and pressures that all negatively affect butterfly survival.

The high biodiversity of tropical forests also supports coevolutionary relationships
of butterflies with dark organisms that include predators, mutualists, potential mates,
and competitors. This leads to not only the quantity of species but also extensive vari-
ation in species’ phenotypic and behavioral characteristics involved with coloration
strategies [30]. Deforestation in tropical forests resulting from agricultural expan-
sion is moving rapidly and is causing profound changes to local biodiversity [31].
Additionally, studies have shown that the human-caused interference contributes to
the selective pressure on butterfly populations and declining diversity of coloration
and defense mechanisms [32]. These changes highlight the complexity of habitat loss
on species’ richness on both a remarkable scale and level of ecological complexity.

The case of the endangered Kaiser-i-Hind butterfly [Teinopalpus imperialis] is a good
example of this tendencys; its populations have dramatically dropped over its entire range
in the Eastern Himalayas and Southeast Asia due to massive deforestation [33]. These
trends are indicators of the complexity and far-reaching implications of deforestation on
butterfly diversity and the need for holistic, all-embracing conservation efforts.

4.1.2 Alteration of ecosystems and natural landscapes [urbanization, urban lights]

Urbanization, infrastructure expansion, and rising demand for goods and
resources all speed up the rate of land change. These pressures put progressively more
strain on natural ecosystems all across [34]. Human-induced changes sometimes start
complicated, cascaded effects with both short- and long-term consequences.

Of course, that is alarming because insects provide vital ecosystem services and
are important to other ecosystem services, including pollination, decomposition, and
as base consumers [35]. There are studies that suggest the effects of landscape change
are severe. Butterfly populations, which are identified as at-risk, are declining by 8%
per year, but over a 20-year time span, this equates to an 83% decline in total abun-
dance. The rate of decline for specific at-risk butterflies is substantially higher than
the global average decline of 1-3% per year for butterfly communities [36, 37].

For instance, great road networks span developed nations worldwide. New
research on monarch butterflies [Danaus plexippus], though, has found that fewer
than predicted numbers of eggs and larvae exist in roadside environments, therefore
implying that female monarchs avoid egg laying near roads or possibly are killed by
automobiles [38].

4.1.2.1 Urbanization

Butterflies, among other insects, live in a great range of environments and are
becoming more and more vulnerable to several stresses. Among the most serious
threats are habitat fragmentation, degradation, and direct loss [39].
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For roadways, structures, and agricultural use, urban growth and infrastructure
improvements keep eating natural environments, therefore drastically affecting
insect populations.

Although some insect species may live in small patches of nature, these separated
groups are especially susceptible to chance environmental occurrences and loss of
genetic diversity. Bigger populations, in contrast, are more resilient and flexible.
Urban development is regrettably quickly depleting natural regions all around. In
some areas, the condition is quite bad. With another 19 classified as threatened, 20
butterfly species are already extinct in Flanders [Belgium], among the most badly
damaged areas in Europe [40]. Several butterfly species have little habitats and are
very vulnerable to local environmental disruption. Therefore, they provide significant
indications of ecosystem health [41]. The detrimental impacts of urbanization on
butterflies all throughout are also verified by the study [42], which also emphasizes
the degree of its impacts on this group of bioindicators.

This highlights the fragmentation effects of urbanization itself, i.e., urbanization
also results in faster local extinction, in particular of specialist species. As an example,
urbanization and destruction of habitat have been strongly implicated in the extinc-
tion of the Violet Copper [Lycaena helle] in some parts of Western Europe. Combined,
these effects raise a need to find land-use planning that will explicitly accommodate
the conservation of butterflies to retain existing populations.

4.1.2.2 Urban lighting

Artificial Light at Night [ALAN] is dramatically altering natural light cycles glob-
ally, with some of the potential consequences being large changes in insect behavior
and survivorship [43]. Among the most dramatic and ecologically significant effects
are the disruptions of the flight-to-light behavior and the changes that can lead to
many insects getting lost.

All butterflies use daylight [most are diurnal], but some rely on the night period
for critical processes such as pupation [transforming from a caterpillar to a butterfly],
orienting themselves, and roosting in relative safety. Many urban and suburban areas
have excessive lights that hinder or eliminate the ability of insects to complete their
regular cycles, with many observations recording that these effects led to confusion
and disorientation, developmental delays, and higher mortality rates [44]. In the
tropics, we will also often find warm microclimates that influence the community
composition of butterflies, influenced by habitat type.

For example, the savanna woodlands have higher butterfly diversity when com-
pared to the nearby gallery forests or riparian areas. The reality of how urban micro-
climates and light pollution structure populations is illustrated in [45].

Overall, the studies show that ALAN is an invisible, but real, stressor and acts
to further limit both population growth and resilience in already fragile butterfly
populations. For example, urban light pollution means declines in the Zerynthia
polyxena [Southern festoon] will be solely from their reliance on undisturbed night-
time environments to successfully pupate. Managing light, therefore, should be part
of planning for urban environments to limit reductions in butterfly populations.

4.1.3 Pollution

Environmental pollution is currently heralded as one of the main causes of
biodiversity loss on a global scale. This includes drastic declines in insect diversity and
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abundance [46]. Here we discuss examples of pollution that are most deleterious to
butterflies, i.e., pesticides, fertilizers, air pollutants, noise, and light pollution [47].

Particulate matter [PM] is concerning to butterflies, as it is an air pollutant that
has direct health impacts on both adults and larvae. PM exposure has been shown
to directly damage DNA in larvae, which allows PM to contribute to local declines,
possibly even extinction [48]. For example, studies on common widespread spe-
cies suggest that genotoxic effects of PM could explain reductions in populations in
otherwise common and healthy butterflies.

4.1.3.1 Noise pollution

Butterflies do not utilize acoustic communication modes, but noise pollution is
also likely to reduce their fitness by compromising their orientation and/or ability
to find mates or escape from predators. Constant high roadside noise, an overlooked
consideration in biodiversity conservation, increases stress in larvae, e.g., monarch
butterfly larvae stressed significantly more in response to traffic noise; this is now
considered a major consideration in larval rearing and survival [49, 50]. Noise pollu-
tion may even affect butterflies indirectly via stressed plants and reductions in plant
health and distribution, creating further habitat loss.

4.1.3.2 Air pollution

Pollution [including smog and heavy metals] presents an obvious risk to butterfly
populations [51]. Butterflies are a sensitive bioindicator, and smog and other toxic
particles impair their survival, growth, and reproductive output [52]. In addition,
pollutants such as lead are linked to impairments in cognitive functions such as
navigation or finding host plants, as demonstrated in a variety of insect studies [53].

Overall, these findings suggest pollution acts as a largely underappreciated but
harmful threat to butterfly persistence. For example, urban air pollution has been
suggested as a possible cause of the decline of the Common Blue [Polyommatus
icarus] in several European cities. These impacts stress the need for a more integrated
approach to pollution reduction in butterfly conservation work.

4.1.4 Agriculture infestation

Agricultural habitats are generally recognized to be among the rapidly declining
ecosystems [54]. These declines are primarily attributed to intensive agricultural
systems, habitat conversion, and land-use conversion; however, such agricultural
systems are also associated with habitat fragmentation, pesticide practice, and
monoculture farming systems. Not only does sustainable agricultural habitat pose a
significant biodiversity threat [55]. It also continues to destroy invertebrate diversity
to the point that ecologically important ecosystem functions that additionally rely
on invertebrates, like pollination and pest management, are declining even further.
Intensification of agriculture is an acknowledged primary long-term threat to but-
terflies in Europe. After agricultural intensification, butterfly species richness and
abundance are lost to habitat loss, use of pesticides, and associated by-products of
monoculture farming [56].

There have been significant declines in insects across central, western, and north-
ern Europe. Currently, this decline is presumed to be highly attributed to agricultural
intensification [23].
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4.1.4.1 Habitat destruction

Habitat loss and degradation are widely recognized as the primary threat to
global biodiversity [57]. For butterflies, habitat loss resulting from urbanization,
agricultural intensification, and chemical use [e.g., pesticides], and climate change is
one of the top reasons for their decline [58]. Any destruction or serious degradation
of meadows, grasslands, bogs, and forest edges will directly remove the breeding,
feeding, and overwintering resources they rely upon. Because butterflies are sensitive
indicators of ecosystem health and also important pollinators and herbivores, they
deserve conservation attention. Unfortunately, they are one of the most threatened
orders of insects. In Great Britain, for instance, butterflies are vanishing more than
many of its taxa [59].

Habitat fragmentation enhances these losses, as habitat patches shrink in size
and transitional zones, as vegetative elements, lose circulation and dispersal [60].
Designation of protected areas is not sufficient to conserve butterflies; active manage-
ment of habitat is essential to conserve butterfly diversity [61]. Specialist butterflies,
which are dependent on specific habitats and microclimates, are at highest risk. The
specialist species tend to exist in small, separated populations, with few disappearing
host plants and less microclimate stability, which have negative consequences on their
potential breeding and migration [62]. Also, fragmentation has a negative effect on
movement, which reduces the genetic diversity of populations and their ability to
adapt to changing environments; consequently, both of these induce a heightened
chance of extinction risk.

These trends illustrate that habitat destruction remains a silent but significant
threat to biodiversity for butterflies on an overall basis, especially at local scales. The
most glaring example of how sensitive specialists can disappear is the drastic reduc-
tion of the Marsh Fritillary [Euphydryas aurinia] population across Europe, which
epitomizes the fact that specialists simply do not exist when habitat connectivity
is lost. Proactive measures for habitat restoration and connectivity of habitats are
required urgently to avoid ongoing losses.

4.1.4.2 Pesticide use

Another leading cause of butterfly declines and reductions in diversity at a global
scale is pesticide use. Although habitat loss and climate change are fundamental
threats, pesticides, particularly insecticides and herbicides, have far more direct and
often immediate consequences on butterfly survival [63]. Insecticides can cause both
direct mortality and sub-lethal effects, including reduced fecundity, lifespan, reduced
foraging, and impaired reproduction [64]. Neonicotinoids, notoriously harmful to
bees, disrupt similar behaviors in butterflies that are fundamental to the population’s
survival.

Herbicides indirectly impact butterflies by eliminating nectar [and larval] host
plants [65]. A prime example is the decline of milkweed due to herbicide application
in North America and the concomitant decline of the monarch butterfly [Danaus
plexippus]. In addition, an added risk is presented through herbicide or insecticide
spray drift, as downwind monarch eggs, larvae, and adults are exposed to a lethal
dose of either application [66].

Overall, it is clear that pesticides are acting as a hidden but undeniable and sub-
stantial driver of butterfly declines, acting both through direct toxicity and ecosystem
simplification. Thus, the significant decline in monarchs is a glaring reminder of their
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dependency upon undisturbed host plant networks. The implementation of further
regulatory action on the uses of pesticides and better pest management strategies can
be an important step toward conserving butterfly taxa.

4.1.4.3 Monoculture

Monoculture is a principle that is often practiced in agriculture, which harm-
fully impacts butterfly populations and biodiversity [67]. Monoculture features the
production of a single crop over a large area. Monoculture leads to habitat loss and
decreases the availability of food sources, lessening ecological balance [68]. Habitat
loss directly lowers the living spaces and food resources for butterflies [69]. Many
butterflies depend on specific host plants, which they use for their larvae, or plants
that are sources of nectar for adult butterflies. Several studies have found evidence
that extensive deforestation resulting in agricultural monocultures, such as oil palm
plantations, may destroy habitats and lead to reduced biodiversity. An example is
agriculture with agroforestry orchards, which would strengthen greater diversity
in tropical butterflies compared to monoculture plantations or other systems [67].
Butterflies often rely upon a variety of plants during various life stages [20], but
monoculture farming provides limited food source availability, often less food and
resources for larvae and adults [70].

Monocultures of one crop limit the nectar resources for adult butterflies and eliminate
the host plants necessary for butterfly larvae, leading to lower butterfly abundance and
diversity. Forest and grassland habitats are expected to provide higher species richness
and abundance than agricultural habitats, as they have more diversity and more stable
conditions [71]. In agriculture, it is possible to increase butterfly diversity in agroforestry
systems with the integration of additional habitats and food sources. Agroforestry
orchards, for instance, show more butterfly diversity than monocultures [72].

4.1.5 Technological hindrance

There is evidence indicating that mobile phone radiation has harmful impacts
on various types of organisms. For instance, mobile phone electromagnetic waves
[EMR] severely disrupt the behavior of honeybees, who exhibit typical worker piping
behaviors [73]. This work studied bees but raises the question of whether butterflies
and other insects may respond similarly.

In addition to interference with behaviors, EMR can affect morphology and biologi-
cal functions, like reproduction, in insects [74]. There’s a study that showed that EMR
has a negative impact on insect distributions. Some examples include the brown-veined
white butterfly Belenois aurota [Fabricius, 1793] and darkling beetle Nesotes azoricus
[Crotch, 1867], which are both critically endangered along with numerous other insect
species and are found only within areas deficient in EMR in the Hook Bridge area [75].
Although there is no direct link between mobile phone adaptations in the sense of
evolutionary adaptations of mobile phone usage necessarily causing butterfly declines.

5. Natural ecosystem

The natural ecosystem cycle considerably affects butterfly populations through
several interconnected factors such as habitat availability, host plant dynamics, and
interactions with other species [76].
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5.1 Climate change

The occurrence of climate change influences the numbers of butterflies by changing
their distribution patterns, access to habitat, or phenology [77]. The research indicated
by [78] showed that the richness of butterfly species and the ability to fight off extinc-
tions due to warmer weather decrease as the temperature rises. Nevertheless, such
responses are highly differentiated; whereas one species adapts or changes its distribu-
tion, others will decline because of poor dispersal potential or habitat specialization [79].
In the Picos de Europa mountain range, the overall abundance of butterflies has gone
down by 45% over 9 years, of which 26% of the species had been significantly affected
by the joint impacts of climate change and loss of habitat [80]. Also, the famous mon-
arch butterfly [Danaus plexippus] has suffered sharp declines, in part due to changes in
climate variation in the range of overwintering locations in Mexico [63]. Moreover, data
from the Netherlands support these results, where egg-larvae hibernators decreased by
63% in 13 years, whereas there was no significant trend in adult-pupa hibernators [81].

These findings demonstrate that climate change poses both direct and indirect
threats, which might challenge the adaptability of the butterflies at various stages of
life. The noticeable loss of overwintering egg-larvae of prey species, such as the small
tortoiseshell [Aglais urticae], is a reminder of the power of very localized climatic
impact in driving even abundant species to extirpation. These species-specific vulner-
abilities have to be taken into consideration in adaptive conservation measures.

5.2 Floods and storms

We are now coming to realize that climate change [82] not only raises the global
temperatures but also makes floods and hurricanes more common and severe [83]. Such
extreme weather conditions directly attack the habitat of butterflies, and the resultant
change can alter their entire life cycle [84]. Take the example of breeding spots of a
butterfly, such as grassland or forests; in case such areas flood or are struck down by a
storm, they may collapse. In one study of hedgerows, the researcher discovered that the
importance of hedgerows as a hotspot for wildlife depends on their construction. When
an extreme storm splits those hedgerows into pieces, the opportunities for butterflies to
dwell in them decrease, and the same happens to butterfly populations [85].

Floods cause damage of their own. Eggs and larvae are washed away when waters
increase, and this wends development. Host plants may be knocked over by storms,
larvae may be food-deprived, and butterfly reproduction may decline [86]. With each
subsequent rise of the water, butterfly communities move to a new place, and some of
them do not recover completely after losing their habitats, becoming at-risk of local
extinction. Even alterations in land management add on. Managed grasslands, such
as ski slopes, wither and go dry when left to fester, affecting butterfly diversity. This
process can be fast-tracked by post-flood and storm cleanup activities, which leave
even more open space and less food available to adult butterflies [87].

All this emphasizes one important fact: the floods and storms caused by climate
change destroy the habitats of the butterflies directly and deteriorate them indirectly,
and, therefore, increase the vulnerability of the butterfly populations.

5.3 Competition with invasive species

Invasive species are one of the top threats affecting global butterfly biodiversity
[88] and ecosystems primarily because their impacts occur on multiple levels. They
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modify habitat structure, consume resources [often in aggregate with the facilitation
of other invasive species] from limited resources, and modify behaviors and life-
history traits in native insects. As a result, it is imperative for conservation programs
to navigate the complex feedback loops associated with invasive populations and
native insect communities. [81]. Consider invasive plants that can drastically alter
habitat composition and structure while occupying and degrading native butterfly
habitats. An example is Lantana camara, an aggressive weed found throughout tropi-
cal understories that devours access to essential host plants and microhabitats. Such
invasive taxa alter top-down impact via competitive exclusion and have downward
pressure via habitat alteration [89].

These examples illustrate not only how invasive species are silently changing
butterfly habitats but also how they can undermine even well-intentioned restoration
projects by changing a habitat before restoration can happen. Fender’s blue [Icaricia
icarioides fenderi] decline in Oregon prairies shows how invasive grasses can hoist
rare specialists. It is critical that conservation efforts tightly couple invasive species
control and habitat management, effectively and consistently, to support butterfly
populations that are in flux.

5.4 Volcanic eruptions

The ecosystems seriously affected by volcanic eruptions and butterfly popula-
tions in particular can be altered by habitat change and atmospheric influence [90].
Although no direct studies of the effects of volcanic eruptions on biodiversity exist,
based on the similarity with the most relevant studies, one can assume that all these
factors have the same effect on butterfly populations [91].

The volcanic eruptions have the potential to destroy the landscapes, cover
them with ash, and change the vegetation structure, which is also essential to the
butterfly habitats [20]. Their effects depend on tephra type, such as crystallin-
ity or chemical composition, because vegetative structure changes as a result of
deposition of the ash can influence butterfly diversity. Research indicates that
the dynamics of the butterfly population are associated with encroachment on
vegetation [92].

Butterfly declines are possible as a result of volcanic eruptions due to habitat
change and climate change. Although the immediate consequences of volcanic erup-
tions on butterfly populations are under-researched, the insight into the mechanics is
the information that can be used toward conservation.

5.5 Change in Earth’s magnetic field

There are possibilities that the Earth’s magnetic field and its variations can affect
the way animals navigate, especially the migratory ones. Among these species is
the monarch butterfly, which is unique because of its long-distance migrations.
Alterations in the magnetic field of the Earth [93], either on a natural basis or due to
anthropogenic changes in electromagnetic fields [EMF], technically have the possibil-
ity of influencing populations of monarch butterflies by either interfering with their
navigation skills or otherwise due to their physiology [94].

A difference in Earth’s magnetic field might alter the effectiveness of the internal
compass of the monarch and disorient them, as they might fail to reach their desti-
nation in overwintering [95]. Although one study pointed out that a change in the
geomagnetic field had minimal impact on the overwintering range of Eastern North
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American fall migratory species of monarch butterflies, implying that they had no
magnetic map sense used to navigate.

EMEF can affect cell processes involving calcium channels and signaling, metabo-
lism, etc. These alterations may impact other biological aspects of butterflies, such
as the specimen’s development, reproduction, and behavior [96]. The changes in the
habitat, caused by the use of herbicides and deforestation, are major factors that can
threaten the population of monarchs [63]. These can combine with any effects that
the magnetic field shift causes, making the situation even more complicated in regard
to butterflies [24].

5.6 Forest fires

Butterfly populations can suffer substantial losses from fire through habitat
destruction, changes in species composition, and less diversity [97]. Fire can some-
times help some open-land species by generating new openings, but it primarily
disrupts native butterflies that are forest-dependent. In South Korea, for example, the
delay of post-fire butterfly assemblages included the abundance of forest species and
generalist butterflies increasing to greater levels and decreased abundance for forest
specialists [97].

The immediate destruction of vegetation and forest structure dramatically
increases further habitat loss [98]. In addition, in many regions, the loss of habitat
may be compounded by climate warming, especially in tropical and subtropi-
cal regions, where there is potential for greater habitat degradation from climate
warming [99]. The research found that in Vietnam, warming and habitat loss were
shown to increase alterations in butterfly communities. Regimes of fires, including
frequency and severity, are an important determinant of butterfly diversity and
composition. Frequent fire can support savanna-adapted butterflies, whereas too
infrequent fires can lead to forest invasion, which reduces the abundance of open
grassy habitats and butterflies associated with these habitats [100].

The decline of the Oregon silverspot [Speyeria zerene hippolyta], which depends on
coastal prairie habitats that are vulnerable to fire regimes, is a good example of this
delicate balance. Therefore, understanding and managing fire regimes is an important
aspect of the conservation of butterflies.

6. Living with the butterflies: Today and tomorrow

The term living with butterflies implies the present experience of coexistence with
these insects and the prospect of having such positive experiences in the future, which
might, however, not be predictable. Butterflies have frequently played a role, indicat-
ing a transformation and hope [101]. They also possess a typical evolution pathway
of metamorphosis [egg, caterpillar, pupa, grown-up] [102]. It relates to the need of
interacting with the biodiversity in terms of observing, documenting, and analyzing
as a construct, which is the butterfly dimension. Descriptions, records, and counts of
butterflies are all a part of this engagement so as to be able to inform evidence-based
learning as well as adaptive management [103]. In the wake of today, it is important to
live with butterflies by appreciating their beauty as well as their interaction with the
environment and taking proactive steps toward their survival in the future. Defining
their problems and establishing working conservation mechanisms, stakeholders can
help these famous insects become resilient in a changing environment [101].
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7. How to call butterflies back [interventions]

To effectively conserve butterflies, we need a complete set of actions ranging from
habitat restoration and ongoing management to threat reduction [e.g., addressing
invasive species and minimizing pesticides] and reducing larger-phased environmen-
tal stressors [104]. We need to take into account the ecology of butterflies broadly
[host plant dynamics, microclimatic preferences, dispersal behavior, etc.] if we want
to successfully conserve the butterflies [105].

One of the conservation actions we need to focus on is restoring degraded habitats,
partly due to invasive alien plants, as invasive plants can directly [through their habi-
tats] and indirectly [as invasive plants can change the quality of host plants, which
can affect morphology and fecundity of adults] [106]. Manipulating habitat, such
as planting back native plants or controlling in situ fire regimes, can all impact vital
rates and survival. Another way to positively affect butterfly populations is grassland
restoration. Although the lack of reasonable density estimates may limit the potential
of some of these projects, there is still utility in using rigorous multiscale monitoring
approaches in agroecosystems [107].

Butterflies have also been affected by human activities such as agriculture, the
construction of cities, and pollution [8]. The damage can be minimized using more
environmentally friendly farming and land-use practices, such as the reduction of
chemical usage. The population of butterflies can also be maintained in cities by
forming green areas such as parks and gardens [108]. Pollution should be reduced
not only as a measure that would preserve butterflies but also other wildlife. Another
excellent solution to conservation and creating awareness among the masses would be
to get the people involved with citizen science [109]. Climate change creates further
obstacles, altering habitats as well as the life cycles of butterflies. The development of
wildlife corridors will enable all kinds of butterflies and other species to relocate as
their habitats change [18].

An ideal combination of conservation tools should be used, which consists of the
protection of the butterflies in their natural habitat and some targeted programs to
preserve the butterfly population when the situation demands so.

By involving butterflies as umbrella species, it is possible to conserve other wildlife
as well, and the traditional knowledge can provide the guidance that will be useful in
the process of conserving other wildlife.
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Abstract

India, with its extensive and diverse biogeographical regions, supports a remark-
ably rich Lepidopteran diversity, particularly in the Himalayas, Western Ghats and
Northeastern areas. Despite this vast biodiversity, taxonomic studies on Indian
Lepidoptera have primarily relied on traditional morphological approaches, with
limited integration of molecular and genomic techniques. The lack of comprehensive
genomic datasets for Indian Lepidoptera presents a major hurdle in resolving taxo-
nomic ambiguities, particularly in cryptic and endemic species. Moreover, challenges
such as habitat fragmentation, climate change and human induced disturbances have
intensified conservation concerns, emphasizing the need for more precise taxonomic
evaluations. Recent advancements have focused on addressing these limitations by
incorporating morphological, molecular and whole genome (Mitogenome) method-
ologies into Lepidopteran research in India. The sequencing of complete mitochon-
drial genomes and nuclear markers for selected species has provided valuable insights
into phylogeography and evolutionary relationships. However, large scale genomic
initiatives are yet to gain substantial traction in India. This chapter shall provide a
detailed review of Lepidoptera taxonomy, emphasizing integration of morphologi-
cal, molecular and whole genome approaches. Special attention shall be given to
Indian Lepidoptera, discussing existing knowledge gaps, recent progress and future
directions. By combining classical taxonomy with molecular and genomic tools, this
chapter aims to refine taxonomy and conservation efforts in India.

Keywords: conservation, database, lepidoptera, mitogenome, taxonomy

1. Introduction
Lepidoptera, one of the most diverse insect orders, comprises over 160,000

described species of butterflies and moths worldwide [1], with India being home to an
estimated 15,000-20,000 species due to its rich biogeographical diversity [2]. These
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insects play vital ecological roles as pollinators, herbivores and prey, and serve as key
bioindicators of environmental change [3]. However, accurate species identification
and phylogenetic understanding of Indian Lepidoptera remain challenging due to
the presence of cryptic species, sexual dimorphism and morphological plasticity.
Traditional taxonomy based solely on morphological traits often falls short in resolv-
ing complex species boundaries [4].

Traditional classification of Lepidoptera based on morphological features such
as wing patterns, genitalia structures and venation has played a foundational role in
taxonomic studies. However, reliance on morphology alone often proves inadequate
in the face of cryptic species, sexual dimorphism and convergent evolution [5].

In recent years, integrative taxonomy combining morphological analysis with
molecular and genomic tools has emerged as a robust framework to overcome
such limitations. DNA barcoding has shown promise in species identification and
biodiversity assessment, especially when employing the mitochondrial cytochrome
c oxidase I (COI) gene. Beyond barcoding, mitogenomic (whole mitochondrial
genome) approaches are gaining prominence for their enhanced resolution in phy-
logenetics, population genetics and evolutionary studies [6]. Rich genetic data from
mitogenomes, such as gene order, codon use and regulatory region variants, can be
used to better understand historical biogeography and lineage divergence. Integrating
morphological, molecular (e.g., COI, ITS and 28S) and mitogenomic data offers a
comprehensive toolkit for accurate species delineation, discovery of novel taxa and
clarification of evolutionary relationships within Indian Lepidoptera [7]. The purpose
of this study is to emphasize the synergistic value of combining these methodologies
to advance Lepidopteran research in India, thereby contributing to global efforts in
biodiversity documentation and management.

Mitogenome has several unique features like maternal inheritance, small genome
size, faster evolution rate, low or absence of homologous recombination, evolution-
arily conserved gene products and richness in genetic polymorphism, which makes
it a potential marker for barcoding, phylogeography and phylogenetic studies. By
elucidating evolutionary models and substitution rates/patterns that differ over time
and between sequences, it may be useful in molecular evolutionary research. Because
of their numerous genome-level characteristics, such as gene position, content,
secondary RNA structures and regulatory regions, complete mitogenomes provide
more relevant evolutionary models than individual genes [8].

Lepidopteran taxonomy has changed with the advent of molecular tools, especially
DNA barcoding using the mitochondrial cytochrome c oxidase I (COI) gene. Molecular
data offer improved resolution in species identification, reveal hidden biodiversity and
aid in phylogenetic reconstructions. More recently, complete mitochondrial genome
(mitogenome) sequencing has emerged as a powerful tool, providing comprehensive
genetic information beyond single-gene markers [9]. The integration of morphologi-
cal, molecular and mitogenomic data commonly termed as integrative taxonomy has
gained traction as a robust approach to resolve taxonomic ambiguities and understand
evolutionary relationships more precisely. Morphological identification has long been
the cornerstone of Lepidopteran taxonomy. Key diagnostic traits include wing color-
ation and patterns, antennae shape and size, genitalia structures, venation and scale
arrangements. While morphology remains essential, it has limitations, including mor-
phologically similar (cryptic) species and intraspecific variation due to developmental
or environmental factors, degraded specimens lacking identifiable features [10].

The introduction of DNA barcoding revolutionized insect taxonomy. In
Lepidoptera, the mitochondrial COI gene is widely used for species identification.
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Beyond COI, nuclear markers such as Internal Transcribed Spacer (ITS), Elongation
Factor-1 alpha (EF-1a) and 28S rRNA are used for deeper phylogenetic studies. DNA
barcoding projects in India, including contributions to the Barcode of Life Data
System (BOLD), have cataloged many Lepidopteran species [11]. However, barcoding
alone has limitations; Pseudogenes may interfere with results, and there is limited
resolution in closely related taxa.

2. Whole mitochondrial genome (mitogenomic) approaches

Mitogenomics offers a more comprehensive dataset for taxonomic and phyloge-
netic research. Mitochondrial genomes are compact (15-20 kb), maternally inherited
and relatively conserved in gene content and order. Mitogenomic data have been
used to resolve deep-level relationships within superfamilies like Noctuoidea and
Gelechioidea [12]. In India, mitogenomic studies are still emerging but show great
potential in refining classification and discovering new taxa. Integrative taxonomy,
by combining morphological, molecular and mitogenomic data, offers a powerful
approach to unravel the complex biodiversity of Indian Lepidoptera. It enhances
species identification accuracy, supports conservation planning and enriches our
understanding of evolutionary histories. As technology becomes more accessible and
collaborative efforts strengthen, integrative methods will play an increasingly pivotal
role in documenting and preserving India’s rich Lepidopteran fauna. Mitogenomics,
has rapidly evolved as a powerful tool in systematics, offering high-resolution insights
into the taxonomy and evolutionary relationships of various organisms [13]. In
Lepidoptera, the second largest order of insects, with over 160,000 described species
globally, mitogenomic data have proven particularly valuable. Mitochondrial genomes
are relatively small (typically 15-20 kb), circular in structure and contain 37 genes,
including 13 protein-coding genes, 22 tRNAs and 2 rRNAs. Due to their maternal
inheritance, low recombination rate and relatively conserved gene arrangement,
mitochondrial genomes are ideal for phylogenetic studies at both shallow and deep
evolutionary levels [14].

3. Global advances in mitogenomics

Worldwide, mitogenomic studies have significantly reshaped our understanding
of Lepidopteran evolution. Extensive research on superfamilies such as Noctuoidea,
Papilionoidea and Gelechioidea has led to refined classifications, detection of cryptic
species and resolution of long-standing taxonomic ambiguities. For instance, the
use of complete mitochondrial genomes has clarified relationships in groups where
traditional markers (like COI) failed to resolve phylogenetic positions due to satura-
tion or convergence [15]. Additionally, mitogenomics has been increasingly integrated
with nuclear genomic data, morphological characters and ecological traits to establish
a comprehensive and robust framework for species delimitation, an approach known
as integrative taxonomy. This method not only enhances taxonomic accuracy but also
supports broader goals such as conservation biology, biogeography and evolutionary
ecology [16].

Recent advances in genomic technologies such as whole genome sequencing (WGS),
RNA sequencing (RNA-seq) and CRISPR/Cas9-based gene editing have significantly
enhanced our ability to unravel the genetic architecture underlying various biological
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traits, including insecticide resistance in Lepidoptera. The availability of high-quality
whole genome assemblies for model species such as Bombyx mori has been particularly
instrumental in elucidating the molecular basis of adaptive responses in Lepidopteran
taxa [17]. These genomic resources provide a robust platform for identifying candidate
genes, molecular pathways and regulatory networks associated with resistance mecha-
nisms. Despite these technological strides, the practical implementation of gene-editing
technologies in pest management faces substantial challenges. The potential for off-target
genomic alterations, strict regulatory frameworks and ecological hazards connected to
the discharge of genetically modified organisms into the environment are major con-
cerns. Furthermore, the high genetic variability and phenotypic plasticity exhibited by
Lepidopteran pest populations across India pose additional hurdles for developing durable
resistance management strategies [18].

In this context, the integration of functional genomics with morphological and
mitogenomic data provides a more holistic framework for understanding resistance
evolution and pest adaptability. This chapter synthesizes current knowledge on the
molecular mechanisms of resistance in Indian Lepidoptera, while also evaluating
the potential of advanced genomic and gene-editing tools to inform integrative
taxonomy, evolutionary studies and pest control initiatives. By aligning morphologi-
cal diagnostics with high-resolution molecular and genomic data, this integrative
approach not only enhances species delimitation but also strengthens the foundation
for ecologically sound and sustainable pest management strategies.

4. The Indian landscape: Potentials and progress

In India, a mega-diverse country with over 15,000 known species of Lepidoptera
[2], the application of mitogenomic tools is still in its infancy. Most molecular
taxonomic studies so far have relied heavily on partial mitochondrial markers like
COI for DNA barcoding. However, such single-locus approaches often fall short in
resolving deeper evolutionary relationships or distinguishing between closely related
species complexes. Recent pioneering studies have started sequencing and analyzing
complete mitochondrial genomes from Indian Lepidoptera, offering new insights into
endemic lineages, cryptic diversity and phylogeographic patterns across the country’s
varied biogeographical zones from the Himalayas and Western Ghats to the north-
eastern biodiversity hotspot [19]. These efforts are crucial in a region facing rapid
habitat loss and climate change.

Institutes like the Zoological Survey of India (ZSI), National Centre for Biological
Sciences (NCBS) and several universities are now collaborating on mitogenomic
research. With the increasing availability of high-throughput sequencing platforms
and bioinformatics tools, India is poised to contribute significantly to global mitoge-
nomic databases and comparative phylogenetics.

5. Integrative taxonomy: A way forward

The future of Lepidopteran taxonomy, both globally and in India, lies in integra-
tive taxonomy, which combines classical morphological data with molecular (COI,
nuclear genes) and mitogenomic evidence. This holistic approach enhances the
reliability of species identifications, especially in groups where traditional taxonomy
has been challenged by convergent morphology or intraspecific variation. In India,
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integrative taxonomy is especially relevant for: (a) Discovering and describing new
species, especially in underexplored regions like the northeast Himalayas or the
Western Ghats. (b) Revising outdated classifications, many of which are still based
solely on morphology from colonial-era records. (c) Supporting conservation action,
by identifying evolutionarily significant units and prioritizing them in protected area
networks. (d) Informing pest management strategies, particularly for agriculturally
important groups like Pyraloidea or Noctuoidea [20].

6. Case study

In January 2022, Kalawate et al. [21] published a pioneering study on Asota ficus
(Fabricius, 1775) from India, combining meticulous morphological analysis with
mitochondrial DNA barcoding to resolve its taxonomic status. The morphological
assessment encompassed external traits such as wing coloration, fasciculated anten-
nae in males and distinctive genitalia structures for both sexes based on voucher speci-
mens collected from various Indian locales. In tandem, the researchers generated the
first COI barcode of the species from Indian populations and deposited it alongside
the voucher specimen, enabling direct comparison with global A. ficus sequences. The
genetic analysis revealed only shallow divergence among barcodes, supporting the
morphological identification and affirming that the collected Indian samples belong
to a genetically cohesive species. This integrative methodology not only anchors a reli-
able reference point for A. ficus in barcode repositories but also highlights the power
of combining classical taxonomy with molecular tools to clarify species boundaries,
detect potential cryptic diversity and strengthen biodiversity assessments in Indian
Lepidoptera. The other representative studies summarized in Table 1 illustrate the
increasing use of integrative approaches combining morphological and molecular data

for resolving complex taxonomic and phylogenetic issues in Lepidoptera.

S.No Summary of Study Target Group (Taxa) Approach Used References

1. Mitochondrial genome Saturniidae Mitogenomics + Kim et al. [22]
characterization of the Indian tasar ~ (Bombycoidea) Morphology
Antheraea mylitta silkworm and its
phylogenetic implications

2. Molecular and morphological Papilionoidea COI Barcoding + Singh etal. [23]
divergence in Western Himalayan (Nymphalidae, Morphological Keys
butterfly species(4 species) Pieridae)

3. Morphological characterization Lepidoptera: Morphology + Kalawate et al.
and mtDNA barcode of Asota ficus ~ Noctuoidea: Erebidae: Genitalia + COI [21]
tiger moth from India Aganainae barcoding

4. Complete mitogenome sequencing ~ Bombycidae Whole mitogenome Singh et al. [8]
of Muga silkworm along with (Bombycoidea) + comparative
its comparative analysis across phylogenetics
Lepidoptera

5. Use of ITS2 structure alongside Agrodiaetus Morphology + Wiemers et al.
COI and morphology to refine the ~ (Lepidoptera: COI + ITS2 sequencing  [24]
blue butterfly phylogeny Lycaenidae:

Polyommatus)
Table 1.

Representative studies using integrative morphological and molecular approaches in Lepidoptera taxonomy and
phylogeny.
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7. Looking ahead

As sequencing technologies become more cost-effective and widespread and as
collaborative frameworks (such as global DNA barcoding initiatives and regional
biodiversity missions) grow stronger, mitogenomics will become increasingly integral
to the study of Lepidoptera. For India, investing in training, infrastructure and policy
support for integrative taxonomic research will be crucial. Therefore, mitogenom-
ics and integrative taxonomy are transforming how we understand, document and
conserve biodiversity [20]. For Lepidoptera, a group both ecologically vital and
esthetically celebrated, these tools offer unprecedented opportunities to explore
evolutionary histories and support long-term ecological resilience, both in India and
across the globe.

8. Methodology and experimental procedures
8.11solation of genomic DNA, library construction and sequencing

The DNeasy Blood and Tissue Kit (Qiagen, Germany) can be used to extract
high-molecular-weight genomic DNA from individual male specimens following
the manufacturer’s standard operating procedure. Agarose gel electrophoresis and a
NanoDrop spectrophotometer (Thermo Scientific, USA) are frequently employed in
the evaluation of DNA integrity and purity. Only samples meeting stringent qual-
ity thresholds should be selected for sequencing. To ensure comprehensive genome
coverage, whole-genome sequencing can be carried out utilizing both short-read and
long-read technologies. The NEXTflex Rapid DNA Sequencing Kit (PerkinElmer,
USA) enables the preparation of short-read libraries with insert sizes of 250-550
and 300-700 bp. The Agilent TapeStation system (Agilent Technologies, USA) is
used to evaluate the fragment size distribution of these libraries. The Nextera Mate
Pair Library Preparation Kit (Illumina Inc., USA) can be used to create paired-end
Illumina mate-pair libraries with larger insert sizes (5-7 and 7-10 kb) in order to
facilitate robust genome assembly. Additionally, a PacBio SMRTbell library can be
prepared for long-read sequencing, enhancing scaffold continuity and resolving
complex genomic regions.

All sequencing procedures are typically conducted at specialized facilities, such
as Genotypic Technology Pvt. Ltd., Bangalore, India, employing high-throughput
Ilumina and PacBio platforms. The integration of short- and long-read datasets
ensures high-quality de novo genome assembly, suitable for downstream phyloge-
nomic, comparative and functional analyses within the broader framework of Indian
Lepidoptera research.

8.2 Phylogenetic analyses

To investigate the evolutionary relationships among selected Lepidopteran taxa,
comprehensive phylogenetic analyses are conducted using mitogenomic datasets gen-
erated through a combination of MEGA X and PhyloSuite v1.2.1. Five distinct datasets
are constructed to capture different levels of phylogenetic signal:

PCG12: First and second codon positions of all 13 protein-coding genes (PCGs);

PCG123: All codon positions of the 13 PCGs;

28



Integrating Morphological, Molecular and Whole Genome (Mitogenomic) Approaches in Indian...
DOI: http://dx.doi.org/10.5772/intechopen.1011817

PCGI12R: First and second codon positions of the 13 PCGs plus 24 mitochondrial
RNA genes (22 tRNAs +2 rRNAs);

PCG123R: All codon positions of 13 PCGs along with 24 RNA genes;

PCGAA: Translated amino acid sequences derived from the 13 PCGs [25].

8.3 Maximum likelihood (ML) analyses

Felsenstein first introduced maximum likelihood (ML) in the early 1980s. Figure 1
illustrates the primary steps involved in building an evolutionary tree with this
approach.

First, an appropriate evolutionary model is selected depending on the character-
istics of the sequencing data. The JC69, K80, TN93, HKY85 and GTR are examples of
common models. While TN93 calculates base frequencies from the data and takes into
consideration varying transition and transversion rates [27] the JC69 model assumes
equal substitution rates among all nucleotides [26]. Different base frequencies and
substitution rates are supported under the GTR model.

JC69 K80 HKY85
A eee A 2|0 A @ e
G O O O G O O LN N RN G o O
Clele| @ Cl|o|® Cl|®@|e
T|®|®|® T|®® T|ie|®
AGCT AGCT AGCT
u Model Test
the best model
A e][e]
G @|®
Cl|®|®
T|®|®
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Tree Search
i v Q\:)Xa
Maximizing the
likelihood value
ap ©

Figure 1.

Models like JC69 (Jukes-Cantor 1969), K80 (Kimura 1980) and HKY85 (Hasegawa-Kishino-Yano 1985) are
essential to the maximum likelihood approach for phylogenetic tree construction; species are designated as a,
b and c [26].
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Then, using conventional numerical techniques, a tree space search is carried out,
optimizing branch lengths and substitution parameters for every topology in order
to maximize the likelihood value. Topologies having the highest maximum likelihood
(ML) value are considered ideal trees. To determine the optimal tree, the topology
with the highest maximum likelihood (ML) value is chosen. Although it is preferable
to evaluate every possible tree, the number of hypothetical trees rapidly increases as
the number of taxa climbs. Accordingly, heuristic approaches are necessary for larger
datasets, while exhaustive searches are only practical for small datasets [28].

Likelihood methods, grounded in explicit models, reduce systematic errors like
long-branch attraction compared to parsimony methods. However, their complex
models increase computational demands. Maximum likelihood remains statistically
consistent, robust and effective for comparing trees and utilizing full sequence data
within a statistical framework.

8.4 Bayesian inference (BI) analyses

Genomic sequence analysis was revolutionized in the 1990s when Bruce Rannala
and Ziheng Yang developed Bayesian inference (BI) for phylogenetic analysis [29]. In
contrast to maximum likelihood (ML) techniques, Bayesian methods quantify param-
eter uncertainty using statistical distributions. In contrast to maximum likelihood
(ML) methods, Bayesian methods quantify parameter uncertainty using statistical
distributions. Choosing a suitable evolutionary model and establishing previous
knowledge (such as tree topology and branch lengths) based on expert knowledge are
the first steps in the process, as illustrated in Figure 2 [30].

Random samples are then taken from the posterior distribution using Markov
Chain Monte Carlo (MCMC) sampling. Every sample creates a Markov chain that
converges to a stationary distribution that matches the posterior of the phylogenetic
tree. Metropolis-Hastings, Metropolis-coupled MCMC and Larget and Simon’s
LOCAL algorithm are examples of common MCMC algorithms. Their posterior
probabilities are assessed based on the proportion of sampled trees with branches and
trees; the optimal tree is determined by its highest posterior probability [26]. Bayesian
inference offers advantages such as faster computation on large datasets and the abil-
ity to assess tree confidence through posterior probabilities.

8.5 Mitogenome annotation and data analyses

Mitogenome annotation and analysis in Lepidoptera have become essential tools
for understanding evolutionary relationships, gene rearrangements and adaptation.
Typically, Lepidopteran mitogenomes are circular molecules, as shown in Figure 3
of ~15-16 kb, containing 37 genes, 13 protein-coding genes (PCGs), 22 tRNAs, 2
rRNAs and a non-coding A + T-rich control region. Annotation involves assembling
mitogenomes from genomic or transcriptomic data, identifying gene boundaries
using tools like MITOS and tRNAscan-SE, and confirming structural features such
as the frequent loss of the DHU arm in trnS1. The control region is characterized by
motifs like ATAGA and microsatellite repeats. Comparative analyses reveal a strong
A + T nucleotide bias, skewed codon usage (with high frequency of UUA for leucine)
and occasional rearrangements of tRNA genes that serve as phylogenetic markers.
Continuous-time Markov processes model nucleotide substitutions, and phylogenetic
analyses often employ concatenated PCG datasets using Maximum Likelihood and
Bayesian methods to resolve deep evolutionary relationships [31]. (Balakrishnan
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Figure 2.

Bayesian inference for phylogenetic tree construction utilizes models such as JC69 (Jukes-Cantor 1969), K8o (Kimura
1980) and HKY85 (Hasegawa-Kishino-Yano 1985), with MCMC (Markov chain Monte Carlo) for estimating tree
probabilities; species are denoted as a, b and ¢ [26]. For nucleotide substitution, the majority of models use continuous-
time Markov processes (CTMPs), which possess the Markov property, which claims that future states ave only dependent
on the present state and not the past. The posterior probability distribution of parameters is obtained by applying the
Bayes theovem. It integrates the likelihood of sequence data with pavameter priors [28].

Figure 3.
A circular representation of the mitochondrial genome of Abraximorpha esta [32].
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etal., 2024). Additionally, research has found evidence of adaptive evolution in
mitochondrial genes, particularly in species that live in harsh environments. These
mitogenomic insights not only improve taxonomic resolution across Lepidoptera but
also shed light on mitochondrial genome evolution and function [6].

9. Conclusions
9.1 Reassessing the taxonomic landscape

Lepidoptera, the second largest insect order globally, represents an unparalleled
diversity of form and function, particularly in India, a country with immense ecologi-
cal heterogeneity. With an estimated 15,000-20,000 species, Indian Lepidoptera
constitute a significant portion of the global moth and butterfly fauna [33]. Despite
this richness, the taxonomic clarity and phylogenetic positioning of many Indian taxa
remain unresolved due to overlapping morphologies, the presence of cryptic species,
and outdated classifications based solely on colonial-era morpho-taxonomic schemes
[34]. Conventional taxonomy, which has traditionally relied on morphological fea-
tures such as wing coloration, venation and genitalia structures, while foundational,
is limited in resolving fine-scale or deep evolutionary relationships. The emergence
of DNA barcoding, primarily using the mitochondrial COI gene, partially addressed
these issues by enabling faster and more reliable species identifications. However,
single-gene markers often lack the resolution necessary for clarifying complex species
boundaries, detecting recent divergence or resolving long-standing taxonomic ambi-
guities. This becomes particularly problematic in speciose groups such as Noctuoidea,
Pyraloidea and Gelechioidea, where intraspecific variability and interspecific mim-
icry are rampant [5].

The integration of whole mitochondrial genome data (mitogenomics) represents
alogical and transformative extension of the molecular taxonomy movement.

This approach not only supplements traditional barcoding methods but also offers
a phylogenetically rich dataset that improves resolution at both shallow and deep
taxonomic levels. Through parameters like gene order rearrangements, codon usage
bias, RNA secondary structures and control region variability, mitogenomes deliver
multi-dimensional insights into Lepidopteran diversification.

9.2 Mitogenomics as a transformative tool

Mitogenomes are compact, maternally inherited and evolve rapidly compared to
nuclear genomes, making them ideal for comparative studies. Typically, insect mitoge-
nomes consist of 13 protein-coding genes, 22 tRNAs, 2 rRNAs and a control region. What
makes the mitochondrial genome uniquely valuable is its combination of structural
conservation and sequence-level variability features that together enable both conserved
marker utility and lineage-specific differentiation. Globally, mitogenomic research has
already revolutionized our understanding of Lepidopteran phylogeny [35]. Refined clas-
sifications within superfamilies such as Noctuoidea, Papilionoidea and Bombycoidea have
emerged as a direct result of mitogenomic insights. These studies have corrected errone-
ous groupings based on superficial similarities and have shed light on deep evolutionary
divergences not evident through morphology or COI alone [36].

In India, however, this tool remains significantly underutilized. Only a handful of
complete mitogenomes have been sequenced from Indian Lepidoptera, and those that
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exist are largely restricted to economically significant taxa like Bombyx mori or major
pest species. This data gap not only hampers global comparative studies but also limits
national biodiversity assessments. With accelerating habitat degradation and climate-
induced shifts in species distributions, there is an urgent need to fill these molecular
knowledge voids [37].

9.3 The Indian opportunity: Bridging the molecular divide

India’s geographic and ecological diversity from the alpine zones of the western
Himalayas and the Eastern Himalayan biodiversity hotspot, to the Western Ghats wet
forests and arid Thar desert offers an exceptional setting for studying evolutionary
radiations and cryptic speciation. Yet, the current taxonomic output often fails to
capture this diversity at a genomic resolution [38].

Encouragingly, Indian institutions such as the Zoological Survey of India (ZSI),
National Centre for Biological Sciences (NCBS) and several state universities have
begun laying the groundwork for such studies. With access to high-throughput
sequencing platforms, genome annotation tools and trained personnel, India is
now equipped to contribute substantially to global mitogenomic databases [39].
Mitogenomic data combined with nuclear markers (e.g., 28S rRNA, EF-1a and ITS)
constitute a cornerstone of integrative taxonomy, which serves as the gold standard
in contemporary systematic biology. This tripartite approach (morphology + nuclear
genes + mitogenome) is not just an academic exercise; it holds practical implications
for pest management, conservation prioritization and understanding disease-vector
ecology.

9.4 Future directions: Building a national mitogenome initiative

To launch a “National Mitogenome Initiative for Lepidoptera’, a systematic
large-scale sequencing effort is proposed, targeting representative taxa from all major
families and biogeographic zones across India. Such an undertaking:

* Generate a robust reference library of mitogenomes to support species identifica-
tions and biodiversity assessments.

* Enable comparative phylogeographic studies across ecological gradients (e.g.,
altitudinal clines in the Himalayas).

* Aid in resolving complex species groups with known cryptic diversity (e.g.,
Eurema, Spodoptera and Idaea).

* Inform environmental DNA (eDNA) based monitoring programs by providing
comprehensive mitogenomic references [40].

Moreover, by integrating mitogenomics with emerging functional genomic tools
like CRISPR, RNA-seq and WGS, researchers could explore questions of adaptive
evolution, insecticide resistance and climate resilience in native species. For instance,
comparing mitochondrial haplotype diversity across polluted versus pristine environ-
ments could reveal potential bioindicators among moth populations. The practical
relevance is equally high in the domain of agricultural entomology, where accurate
species identification of pest complexes is critical [41]. Groups like Noctuidae and
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Crambidae, which include morphologically indistinguishable pests, stand to benefit
enormously from mitogenome-based diagnostics.
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Chapter 3

Seasonal and Habitat-Driven
Specificity of Lepidopteran Host
and Nectaring Plant Associations

Avisek Patra

Abstract

Seasons and habitats influence the selectivity with which lepidopteran insects
choose their larval host plants and adult nectaring options. The host and nectar plant
relationships of various lepidopteran species in semi-urban, grassland, forest edge,
and agricultural environments were investigated in this study. Field observations
showed that habitat layout and seasonal floral availability had a significant impact on
plant choices. While some species adapted opportunistically, especially during times
of resource scarcity, others maintained tight host plant fidelity. The ecological signifi-
cance of habitat integrity and plant diversity in sustaining lepidopteran populations
is emphasized by the study. These results provide significant insights for managing
habitat and conserving pollinators in dynamic environments.

Keywords: lepidoptera, host plant specificity, nectaring plant, seasonal variation,
plant-insect interaction, biodiversity conservation

1. Introduction

Plant-insect interactions serve as the structural and functional framework for
terrestrial ecosystems, sustaining essential ecological processes such as pollination,
herbivory, and nutrient cycling. These interactions tend to be highly specialized,
formed by coevolutionary relationships that have linked insect taxa to specific plant
partners for millions of years [1, 2]. Lepidoptera, an insect order that includes but-
terflies and moths, is one of the most ecologically significant and diverse, with over
180,000 known species [3]. Lepidopterans have two ecological roles: herbivores in
their larval stages and pollinators in their adult form [4, 5].

Butterflies, an attractive and thoroughly studied subgroup of Lepidoptera, are
well recognized as bioindicators due to being sensitive to habitat degradation, climate
variability, and changes in land use [6]. Their lifecycles are strongly related to plants,
however, via distinctive ecological pathways. Larvae are host plant specific, often
limited to one or a few plant species, as determined by egg-laying preferences and
evolved through chemical compatibility [7]. As adults, butterflies transition from
herbivory to nectar consuming, relying on floral resources not just for survival but
also to maintain important behaviors such as mating and dispersal [4].
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These host-nectar plant interactions are more than just behavioral advantages;
they indicate fundamental coevolutionary links. Floral shape and nectar content, for
example, are frequently fine-tuned to meet Lepidopteran proboscis length, feeding
habit, and sensory capacities [8, 9]. This ecological relationship promotes both plant
reproduction and insect longevity, increasing the sustainability of mutually beneficial
networks.

These associations’ dynamic structure, however, is quite susceptible to
variations in environment and season. Temperature, photoperiod, and rainfall
variations throughout the year affect the phenology of plants and the availability
of floral resources, which in turn affects insect activity and behavior [10, 11].
Similarly, different habitat types provide variable levels of resource continuity
and plant diversity, including semi-urban landscapes, grasslands, forest edges,
and agricultural margins [12, 13].

Lepidoptera are perfect models for studying the specificity and adaptability of
plant use throughout developmental stages because of their dual ecological roles.
The degree of consistency varies among species; some remain strictly specialized
on specific hosts or nectar plants, while others utilize opportunistic strategies,
particularly when habitat is disturbed or flowers are unavailable [14, 15]. The
stability of ecosystems and population stability are greatly influenced by these
variations.

Furthermore, in view of global environmental change, it is crucial to understand
whether species are specialized or generalists and how this influences their ecological
stability. While generalists may adapt more easily but provide distinct contributions
to ecological networks, specialists are typically more susceptible to habitat fragmenta-
tion and phenological mismatches [16].

The purpose of this study is to examine how lepidopteran host and nectaring plant
interactions change ecologically and in behavior across different habitat types and
seasonal variations. It aims to (i) analyze patterns of larval host and adult nectar plant
selection; (ii) study the impact of habitat heterogeneity and seasonal floral change
on foraging behavior; and (iii) evaluate the implications for conservation strategies
aimed at maintaining lepidopteran diversity and ecosystem function in dynamic
environments (Figure1).

Habitat
structure

Host
Plants

nteraction "2

Interaction

Figure 1.
Conceptual framework of lepidopteran plant associations across life stages and ecological drivers.
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2. Theoretical overview and conceptual framework

An integrated viewpoint based on behavioral ecology, coevolutionary theory, and
landscape-level environmental variation is necessary to comprehend the ecological
connections between Lepidoptera and their host and nectaring plants. The theoretical
frameworks that underlie the ecological specialization and behavioral strategies of
moths and butterflies throughout life stages and conditions in nature are described in
this section.

2.1 Host plant specificity in lepidoptera

Host plant specificity is an important characteristic in lepidopteran ecology. It refers
to the level to which larvae depend on a small number of plant species for feeding
and development. Many lepidopteran species exhibit monophagy or oligophagy,
feeding on one or a few closely related host species [17]. This specialization is primar-
ily mediated by female egg-laying behavior, which is influenced by plant secondary
metabolites, surface chemistry, and visual or olfactory cues [7].

From an evolutionary perspective, coevolution—in which insects and plants apply
selective pressures to one another—is frequently the source of such specialization.
The close relationship between milkweeds (Asclepias spp.) and monarch butterflies
(Danaus plexippus) is a classic example, where plant toxin tolerance and larval feed-
ing behavior have coevolved [18]. Specialization can make larvae more susceptible
to habitat loss and host plant shortage, even when it improves their performance on
ideal hosts [19].

Pyrolizidine alkaloids, which are essential for both larval development and adult
pheromone synthesis, are found in plants of the Solanaceae family, to which the glass-
wing butterfly (Greta oto) shows integrity. Though it has been seen using exotic hosts
like Plantago lanceolata in disturbed habitats, the Baltimore checkerspot (Euphydryas
phaeton) is primarily associated with turtlehead (Chelone glabra). This behavior has
fitness trade-offs and raises concerns about ecological traps [14].

Phylogenetically, host specificity can also be conserved. According to studies, a
large number of Lycaenid butterflies associate with specific host plant groups, like
the Fabaceae and Myrtaceae, frequently through mutualism mediated by ants. These
coevolved connections suggest that host specialization may influence species diver-
sification and niche adaption over macroevolutionary periods, suggesting that it may
be more than just an ecological convenience [20].

Specialization has an ecological cost even while it increases larval success and
lessens interspecific competition. When host plant supply is disrupted by habitat
fragmentation or phenological mismatches, species with strong host specificity may
be significantly affected.

2.2 Nectaring plant use in adult butterflies

While larval host specialization in Lepidoptera is widely known, adult butterflies’
nectaring behavior is a complementary and equally important ecological interaction.
Adult Lepidoptera depend on floral nectar for their basic energy supply, especially
during flight, mate-seeking, dispersal, and reproduction. Nectar composition,
volume, accessibility, and geographical distribution influence both butterfly behavior
and plant reproductive performance, resulting in a mutualistic and dynamic plant-
pollinator relationship [4, 5].
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In general, adult butterflies are considered to be more generalists regarding when
it comes to floral preferences than larvae with host plants. However, this generality
changes significantly depending on species, environmental conditions, and resource
availability. The painted lady (Vanessa cardui), for example, has diverse nectaring
preferences and visits over 100 plant species during its long migrations, including
thistles (Cirsium spp.), milkweed (Asclepias spp.), and alfalfa (Medicago sativa). This
broad range of nutrition allows it to adapt to a variety of environments and floral
groups on a continental scale.

In contrast, some species have definite floral preferences that correspond to their
morphological characteristics. The pipevine swallowtail (Battus philenor), with a
long and narrow proboscis, prefers tubular flowers like honeysuckle (Lonicera spp.)
and Penstemon species, which offer more nectar on every visit. Heliconiine butter-
flies, such as Heliconius erato, have coevolved with passionflowers (Passiflora spp.),
from which they take nectar as well as pollen—an unusual characteristic among
Lepidoptera that improves nitrogen intake and increases adult lifespan [21].

Some butterflies also exhibit temporal partitioning of nectar consumption, adjust-
ing to seasonal flower supply. In tropical gardens, the common Mormon (Papilio
polytes) changes between Ixora, Lantana, and Clerodendrum species based on their
phenological stages. This behavioral adaptability maintains a consistent energy supply
throughout the flying duration and promotes reproductive output.

Nectar chemistry is important in addition to floral features. Certain butterflies
prefer sucrose-rich nectar over glucose or fructose, which can affect foraging effi-
ciency and visiting rates. The silver-washed fritillary (Argynnis paphia) prefers to
eat on bramble (Rubus fruticosus) blooms due to their high nectar volume and sugar
concentration [22].

Furthermore, in disturbed or resource-limited habitats, some species demonstrate
adaptive flexibility. The gray pansy (Junonia atlites), which is typically found in open
landscapes, readily feeds on a diverse range of ruderal flowers such as Tridax procum-
bens and Chromolaena odorata, demonstrating how generalists can survive in urban or
degraded habitats.

Therefore, an important functional relationship between plant phenology, habitat
design, and pollinator performance is represented by nectaring behavior in adult but-
terflies. Knowing these relationships helps us better understand pollination network
structure and ecological resilience, especially in the context of environmental stress-
ors like habitat loss or climate-driven floral alterations.

2.3 Specialist vs. generalist strategies in plant use

Lepidopteran species use resources in a variety of ways, from strict experts
that only eat or drink from a small group of plants to broad generalists that eat
a lot of different plant types. These tactics are the result of evolutionary choices
influenced by habitat stability, physiological limitations, and ecological stresses. It
is essential to understand these adaptive patterns in order to forecast how species
will react to changes in their environment and to create focused conservation
plans.

Specialist species often establish close associations with a small set of plants, a
trend found particularly in larvae. These animals typically have specially developed
sensory systems, detoxification routes, and behavioral adaptations that are exclusive
to their hosts. For example, the Baltimore checkerspot (Euphydryas phaeton) has long
been connected with turtlehead (Chelone glabra), and its reproductive success is
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closely related to the phenology and wellness of this one plant species. Although it can
occasionally utilize new hosts such as Plantago lanceolata, these changes may jeopar-
dize larval survival and adult fecundity [14].

The Papilionidae family butterfly Parides iphidamas exhibits strong loyalty to
Avristolochia plants, which contain harmful aristolochic acids, in tropical forests. In
order to protect themselves from predators, the larvae not only tolerate these sub-
stances but also sequester them. These butterflies’ limited host range makes them
susceptible to habitat deterioration or host plant loss, even if it has been advantageous
for evolution in stable conditions.

Although they are less prevalent, nectar specialists do exist at the adult stage.
Specialized pollen and nectar-feeding habits are displayed by some Heliconius butter-
fly species on particular Passiflora species, which also act as larval hosts. Although it
increases dependence on intact, biodiverse ecosystems, this dual-stage specialization
strengthens a profound coevolutionary link [21].

Generalist species, on the other hand, can make use of a wide variety of plants.

A well-known example of a generalist herbivore, the cosmopolitan cabbage white
(Pieris rapae) consumes a wide variety of weedy and cruciferous crops. Its adaptable
oviposition behavior and tolerance for varying host quality are the main reasons for
its success in disturbed agricultural settings [17].

The painted lady (Vanessa cardui), another generalist, exhibits remarkable
migratory adaptation by nectaring from a broad range of flowering species across
continents and feeding on over 300 larval host plants. It can take advantage
of a variety of climate zones and seasonal floral pulses thanks to its ecological
flexibility.

Another amazing example is the common buckeye (Junonia coenia). While its
adults nectar from generalist plants like Lantana camara and Tridax procumbens, its
larvae feed on a variety of host species, such as Plantago, Antirrhinum, and Ruellia.

In environments that have been fragmented or altered by humans, this dual-stage
generalism enables increased resilience.

High efficiency and host-plant matching are advantageous to specialists, and
they frequently result in improved larval performance and stronger coevolutionary
relationships. They are more vulnerable to environmental changes, though, including
phenological mismatches or habitat fragmentation. Conversely, generalists have adap-
tive advantages in unstable or damaged ecosystems but may perform worse on any
one host [23].

Community dynamics are also impacted by these trade-offs. In species interac-
tions, specialist-rich communities are typically more stable, but they are also more
susceptible to abrupt changes. Although generalist-dominated assemblages may be
more robust, they may be less effective at trophic specialization or pollination.

2.4 Seasonality as an ecological filter

One of the most important abiotic filters influencing the temporal dynamics
of plant-insect interactions is variations in the seasons, which is controlled by
changes in temperature, precipitation, and photoperiod. Seasonal fluctuation
determines the availability of larval host plants and adult nectaring supplies for
Lepidoptera, whose life cycles are strongly linked to plant phenology and environ-
mental cues. With serious ecological repercussions, these variations may syn-
chronize or misalign life-history events such as egg laying, larval development,
emergence, and feeding [10, 24].
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2.4.1 Phenological synchrony and mismatch

Phenological synchrony, or the matching of insect development stages with the
availability of hosts or nectar plants, is essential for the persistence of species in
temperate environments. For example, early spring crucifers like Cardamine pratensis
are essential to the orange tip butterfly (Anthocharis cardamines). Larvae may lose the
best eating window if emergence is postponed because of cooler springs, which would
lower their fitness and survival.

However, phenological mismatches, which are becoming more and more common in
climate change situations, can separate insect emergence from foliar or floral peaks. For
specialists, this phenomenon is very harmful. For instance, blackthorn (Prunus spinosa)
branches are necessary for the brown hairstreak (Thecla betulae) to lay eggs; early bud-
ding brought on by warmer winters may cause the eggs to desiccate before hatching [25].

Even while variations in seasons are frequently less noticeable in tropical systems,
resource restrictions are nonetheless imposed rhythmically by dry and wet seasons.
During both wet and dry seasons, butterflies like the common crow (Euploea core)
move their nectar-gathering habits across species like Rauvolfia, Lantana, and
Clerodendrum. Although it differs among species and habitat types, this behavioral
flexibility improves survival.

2.4.2 Seasonal adaptations in life history

Different tactics are used by lepidopteran species to deal with seasonal uncer-
tainty. Multiple generations are produced annually by multivoltine species, such
as Pieris brassicae, which enables quick exploitation of fluctuating floral resources.
Univoltine species, like Parnassius apollo, on the other hand, are more closely synced
to high-altitude floral windows, which leaves them susceptible to even a small amount
of phenological drift.

Furthermore, migratory and dormancy behavior are also influenced by seasonal
restrictions. While certain butterflies, like the comma butterfly (Polygonia c-album),
enter reproductive diapause to compensate for floral deficiencies, migratory butter-
flies, like Danaus plexippus, use long-distance travel to avoid winter scarcity.

2.4.3 Implications for resource use and habitat matching

Seasonal variation interacts with habitat structure rather than acting indepen-
dently. Non-native ornamental plants can temporarily fill in seasonal nectar deficits,
resulting in longer blooming periods in urban and fragmented settings. Such manu-
factured continuity, however, could potentially create biological traps by tricking
ovipositing females into depositing eggs on inappropriate or undernourished hosts.

These relationships emphasize how important it is for butterflies and their plant
partners to have the same phenology. Understanding the mechanisms of temporal
filtering is crucial for the conservation of phenology-sensitive lepidopteran species
and the maintenance of stable plant-insect interaction networks as climate-driven
changes continue to modify seasonal rhythms.

2.5 Habitat heterogeneity and plant resource distribution

Lepidopteran utilization of resources and population persistence are significantly
influenced by habitat heterogeneity, which is the regional variety in environmental
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conditions, plant composition, and structural features. A variety of microhabitats
found in diverse landscapes affect the host and nectar plants’ temporal and geograph-
ical availability. On the other hand, settings that are overly simple or fragmented
might break important ecological connections, particularly for species that have
specific ecological needs [26, 27].

2.5.1 Influence of habitat structure on resource access

The diversity and abundance of native flowering plants in natural grasslands
and forest edge environments produce a consistent and reliable foraging landscape.
Butterflies such as the chalkhill blue (Polyommatus coridon) flourish in European
calcareous grasslands because of their high host plant fidelity to Hippocrepis comosa, a
leguminous herb that predominates in these habitats [28]. Additionally, these habitats
provide a variety of nectar supplies that let adult populations survive for prolonged
durations of flight.

On the other hand, the spatial isolation of plant patches in fragmented or urban-
ized landscapes may restrict the number of oviposition locations and foraging
opportunities. Butterflies like the lemon pansy (Junonia lemonias) and little white
(Pieris rapae) may survive in urban green spaces because of their generalist diets,
although they frequently depend on invasive or ornamental nectar sources like Tridax
procumbens and Lantana camara [12]. Reproductive fitness may be impacted by these
substitute resources’ probable lack of native species’ phenological match or nutri-
tional balance.

2.5.2 Agricultural land-use and floval vesource depletion

Lepidopteran populations face a special challenge as a result of agricultural
intensification. Monocultures substitute single-species crops, which frequently lack
the structural or chemical characteristics necessary for host or nectar compatibility,
with varied floral assemblages. For instance, research in Mediterranean agroecosys-
tems has revealed a dramatic drop in butterfly diversity associated with the loss of
hedgerows and fallow fields, which historically functioned as nectar corridors and
host plant refugia [29].

However, hedgerows, buffer strips, and field margins can serve as important
dispersal stepping stones and floral variety repositories. These semi-natural features
have been widely used by butterflies such as the meadow brown (Maniola jurtina) and
common blue (Polyommatus icarus) for mating and nectaring activities [30].

2.5.3 Landscape connectivity and metapopulation dynamics

The degree of landscape connectivity, or how easily butterflies may migrate
between resource patches, is crucial for population stability in addition to patch
composition. While sedentary or low-dispersal species like Melitaea cinxia rely on
spatially coherent habitats for metapopulation persistence, highly mobile species
like Vanessa cardui and Colias croceus can successfully cross fragmented habitats [30].
Pollination network failure, local extinctions, and genetic isolation can result from
poor connection.

Furthermore, plant-insect interactions are further modulated by microclimatic
variation among habitats. For example, butterflies like Argynnis paphia take advan-
tage of the thermal gradients and wind-sheltered foraging places found around forest
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edges, particularly during periods of high midday activity when open spaces may
become thermally demanding.

The structural makeup and spatial layout of habitats, in addition to the existence
of certain plant species, determine the ecological integrity of lepidopteran—plant
interactions. It is more likely to support a variety of specialists and generalists when
habitat mosaics consisting of native grasslands, forest margins, hedgerows, and
lightly disturbed greenspaces are maintained. Therefore, in order to maintain the
full life-cycle requirements of various lepidopteran species, conservation initiatives
should prioritize both habitat continuity and resource variety.

3. Description of study systems and ecological conditions

Understanding the ecological circumstances in which lepidopterans interact with
their hosts and nectar plants is critical for understanding their behavioral distinc-
tiveness and adaptability. The study examined butterfly-plant relationships in four
habitat types: semi-urban greenspaces, natural grasslands, forest edges, and agricul-
tural edges. These habitats vary in plant diversity, human disturbance, and resource
predictability [10, 29, 31].

3.1 Semi-urban greenspaces

Semi-urban greenspaces, including green corridors, institutional campuses, urban
gardens, and municipal parks, represent human-modified habitats that often support
a mosaic of ornamental and native vegetation. These environments are typically char-
acterized by continuous floral availability but limited larval host diversity. Commonly
cultivated flowering plants such as Catharanthus roseus, Lantana camara, Ixora
coccinea, Bougainvillea glabra, and Tagetes erecta serve as consistent nectar sources for
butterflies throughout the year, making these habitats suitable for generalist spe-
cies. Butterflies such as Danaus chrysippus, Junonia lemonias, Catopsilia pomona, and
Eurema hecabe are frequently observed here due to their broad ecological tolerance
and ability to exploit a wide range of nectar sources and occasional ornamental host
plants.

However, these habitats face constant anthropogenic pressures including pesticide
use, pruning, artificial lighting, and construction activities, which influence micro-
climatic conditions and plant-insect interactions. While such disturbances limit the
presence of habitat specialists, they often favor ecologically flexible species capable
of adjusting their foraging, reproductive, and phenological strategies. Furthermore,
these greenspaces play an important role in urban conservation planning by acting as
stepping-stone habitats that enhance landscape connectivity and provide platforms
for environmental education and citizen science initiatives [10, 29, 32, 33].

3.2 Natural grasslands

Natural grasslands are open-canopy ecosystems dominated by native grasses,
herbaceous plants, and a rich diversity of seasonal wildflowers. These habitats
are shaped by climatic rhythms, particularly the monsoonal cycle, which governs
vegetative growth and floral succession. After the monsoon rains, a surge in herba-
ceous flora such as Crotalaria spp., Tridax procumbens, Alysicarpus spp., Ageratum
conyzoides, and Corchorus spp. offers a critical window of abundance for both larval
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and adult butterfly stages. These plant communities support a wide range of butterfly
species, with particular importance for Lycaenids like Zizeeria karsandra and Chilades
pandava, which exhibit narrow host preferences and are highly dependent on native
Fabaceae and other legumes.

In addition to Lycaenids, grasslands also harbor Nymphalid butterflies like
Ypthima asterope and Junonia hierta, which utilize low-lying vegetation for both
oviposition and adult foraging. Pierids such as Eurema brigitta and Pieris brassicae
are also frequently recorded due to the availability of host plants like Capparis and
Brassica-related weeds in these open habitats.

Despite their ecological richness, natural grasslands face escalating threats from
land-use changes, including conversion to agriculture, urban encroachment, over-
grazing, and fire mismanagement. Fragmentation not only reduces the extent of
available habitat but also isolates populations, thereby threatening species with low
dispersal ability or high host specialization [34, 35]. Nevertheless, when preserved,
grasslands serve as important biodiversity hotspots that sustain complex plant-insect
networks and support ecosystem resilience.

Moreover, grasslands offer microclimatic buffering and structural heterogeneity
that are vital for thermoregulation, oviposition site selection, and predator avoid-
ance in butterflies. Recent observations have shown that seasonally dry grasslands in
central and western India support significant butterfly richness, with over 50 species
recorded during the post-monsoon period alone [33]. Their importance is especially
pronounced in semi-arid landscapes where forest cover is sparse, making them criti-
cal for conservation-focused management and pollinator-friendly land-use planning.

3.3 Forest edge habitats

Forest edge habitats, also known as ecotones, represent transitional zones where
closed-canopy forests meet open landscapes such as agricultural lands or grasslands.
These zones offer structurally complex environments that exhibit a gradient of light,
moisture, and plant diversity, making them particularly attractive to a wide range of
butterfly species. Such areas provide a combination of shaded understory vegetation
and sunlit herbaceous layers, supporting both larval development and adult foraging
needs.

The flora typically found in forest edge habitats includes species like Clerodendrum
infortunatum, Stachytarpheta indica, Rawvolfia serpentina, and the commonly invasive
yet nectar-rich Lantana camara, which serve as host or nectar plants for butterflies
such as Hypolimnas bolina, Euploea core, and Parantica aglea [10, 36]. These plant-
butterfly relationships underscore the functional significance of ecotones as breeding
and feeding grounds, especially for shade-loving species and those with large body
sizes that require thermally buffered conditions.

Butterflies like Tanaecia lepidea and Euthalia aconthea, which are sensitive to
thermal extremes, are frequently found in forest margins where canopy shade helps
regulate their body temperature [31]. These areas also act as ecological corridors that
enable gene flow between isolated forest patches, thus playing a critical role in species
persistence in fragmented landscapes [29].

Seasonal patterns further enhance the ecological value of forest edges. During the
monsoon and early post-monsoon periods, these zones experience a flush of flower-
ing in both ground and shrub layers. This attracts a range of butterfly species such as
Papilio polytes, Neptis hylas, Ypthima baldus, and Mycalesis perseus, which are observed
using these habitats extensively for nectar foraging and courtship behaviors [32, 37].
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Importantly, the dual availability of host and nectar plants makes forest edges
highly productive for butterflies with complex life cycles. The presence of vines and
layered vegetation also supports vertical habitat use by different species, further
enhancing biodiversity. However, these areas are vulnerable to anthropogenic activi-
ties such as illegal logging, grazing, and the spread of invasive plant species like
Chromolaena odorata and Mikania micrantha, which can outcompete native flora and
disrupt critical plant-insect interactions [30, 38].

Despite these threats, forest edges have shown to support an overlapping mix of
generalist and forest-specialist species, often exhibiting higher butterfly richness than
the forest interior or adjacent agricultural lands [11]. Their role as buffer zones and
refuges makes them essential in conservation strategies that aim to maintain ecologi-
cal connectivity and mitigate the effects of habitat fragmentation.

3.4 Agricultural margins and fallow lands

Agricultural margins and fallow lands represent dynamic and ecologically oppor-
tunistic habitats often overlooked in butterfly conservation. These zones, typically
characterized by bunds, hedgerows, weedy patches, and uncultivated plots between
crop fields, serve as vital ecological refuges, particularly in highly modified rural
landscapes. Such areas often harbor diverse weed communities and spontaneous
herbaceous flora that flourish in the absence of intensive tillage or herbicide applica-
tion, providing a continual though irregular supply of floral resources across seasons.

Common nectar sources observed in these environments include Tridax pro-
cumbens, Cleome viscosa, Ipomoea cairica, Vernonia cinerea, and Leucas aspera, which
attract nectar-feeding adult butterflies throughout the year [29, 32]. These flowering
species are especially abundant after monsoon rains and contribute significantly to
adult butterfly nutrition during pre- and post-monsoon periods.

Larval host plants in these habitats often consist of fast-growing ruderal species
such as Cassia tora, Amavanthus viridis, Portulaca oleracea, Chrozophora rottleri, and
Boerhavia diffusa, all of which support herbivorous lepidopteran larvae [10, 34].
These support generalist species like Catopsilia pomona, Pieris brassicae, Eurema hec-
abe, and Spodoptera litura, which are capable of exploiting a wide range of resources
due to their ecological flexibility and polyphagous habits.

Although resource-rich, these areas are subject to fluctuating levels of distur-
bance. Practices such as herbicide spraying, plowing, and monoculture planting of
crops like rice, wheat, or cotton often lead to temporal instability in floral availability.
Frequent pesticide use not only reduces butterfly diversity but also selects against
specialist species with narrow dietary preferences, such as Colotis etrida and Danaus
genutia, which fail to find suitable larval hosts or safe foraging environments in such
altered settings (Table 1) [24, 26].

Despite these limitations, agricultural margins can serve as temporary stepping
stones for butterfly dispersal and act as seasonal breeding grounds when less-
disturbed conditions prevail. Studies from semi-arid regions in central and southern
India have shown that butterfly diversity can remain relatively high in fallow fields,
especially during the post-monsoon period, due to the proliferation of both larval and
nectar plants [37, 39].

In particular, butterflies like Junonia orithya, Eurema brigitta, and Danaus chry-
sippus have been observed to lay eggs on weedy margins, where host plants such as
Ricinus communis and Calotropis procera occur sporadically [12, 36]. Additionally,
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Species Host Plant(s) Nectar Plant(s) Habitat Seasonality Specialization

Danaus Calotropis spp.  Lantana camara Urbangardens  Year-round Specialist

chrysippus

Papilio polytes Citrus spp. Ixora spp. Forest edges Post-monsoon  Generalist

Eurema hecabe Cassia spp. Tridax Grasslands Monsoon Generalist

procumbens

Catopsilia Senna spp. Clerodendrum Agricultural Winter Specialist

‘pomona spp. fields

Junonia atlites Plantago spp. Ageratum spp. Semi-urban Summer Generalist
areas

Pieris brassicae Brassica spp. Tagetes spp. Urban-rural Spring Specialist
fringe

Graphium Annona spp. Bauhinia spp. Woodlands Year-round Generalist

agamemnon

Tirumala Asclepias spp. Jasminum spp. Scrublands Monsoon Specialist

limniace

Hypolimnas Portulaca spp. Hibiscus spp. Parks Pre-monsoon  Opportunist

bolina

Delias eucharis Capparis spp. Tecoma stans Hill slopes Late winter Specialist

Acraea violae Passiflova spp. Cosmos spp. Meadows Post-monsoon  Generalist

Neptis hylas Mussaenda spp.  Ruellia spp. Riverbanks Summer Generalist

Lethe rohria Bambusa spp. Impatiens spp. Bamboo groves  Spring Specialist

Ypthima asterope  Grasses Bidens pilosa Open Year-round Generalist
woodlands

Cepora nerissa Crataeva spp. Heliotropium spp. ~ Riparianzones ~ Winter Specialist

Appias albina Drypetes spp. Duranta spp. Secondary Monsoon Specialist
forests

Zigina otis Clover spp. Vernonia spp. Roadside herbs  Spring Opportunist

Tarucus indica Zigyphus spp. Euphorbia spp. Shrublands Summer Specialist

Catochrysops Albizia spp. Leucas spp. Savannah Post-monsoon  Generalist

strabo

Pseudergolis Strobilanthes Chromolaena Monsoon Year-round Specialist

wedah spp. odorata forests

Table 1.

Some lepidopteran species with corresponding host and nectar plants across diverse habitats and seasons.

small puddles and muddy areas formed along irrigation bunds in such landscapes
provide essential sources of salts and nutrients for male butterflies engaging in pud-
dling behavior.

To enhance their ecological value, these habitats can be integrated into butterfly
conservation strategies by maintaining uncultivated strips, reducing pesticide use
near bunds, and encouraging native weed growth during non-crop seasons [32, 35].
Their proximity to both human settlements and natural patches makes them critical
in maintaining landscape connectivity and promoting metapopulation resilience in
butterfly communities (Figure 2) [28, 40].
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Figure 2.
Ecological landscape mosaic and habitat utilization patterns of lepidoptera.

3.5 Climatic and seasonal context

All habitats are part of a subtropical monsoonal climate system with distinct
seasonal transitions that affect plant and insect phenology. The region experiences
three distinct seasons: pre-monsoon (March-May), monsoon (June-September),
and post-monsoon (October—January). During the pre-monsoon season, arid condi-
tions prevail with few floral resources, limiting both larval and adult nutrition. The
monsoon season stimulates vegetative growth, increasing the availability of both host
plants for oviposition and a wide variety of floral nectar sources. This is the best time
for plant-insect interactions, with many lepidopteran species emerging simultane-
ously with flower abundance.

In a study from the Bankura district of West Bengal, the monsoon season recorded
the highest butterfly abundance among all seasons, underscoring the climatic influ-
ence on lepidopteran activity and habitat use [41]. The post-monsoon season has
moderate humidity and temperature, allowing for extended feeding and reproductive
activity before a gradual drop in bloom. These seasonal changes have a significant
impact on butterfly life cycles, including voltinism, host fidelity, and foraging
behaviors. Furthermore, mismatches between flowering phenology and butterfly
emergence, which are frequently caused by climate variability, can alter resource
availability and ecological fitness [10, 24].

Recognizing these temporal fluctuations is critical for understanding how lepi-
dopteran—plant interactions persist or change across ecological gradients.

4. Patterns of host and nectar plant use across ecological contexts

Butterflies’ selection of larval hosts and adult nectar plants demonstrates impres-
sive ecological and evolutionary adaptations. These decisions are not made at random;

50



Seasonal and Habitat-Driven Specificity of Lepidopteran Host and Nectaring Plant Associations
DOI: http://dx.doi.org/10.5772/intechopen.1012048

rather, they are influenced by a complex interaction between habitat structure,
seasonal dynamics, and species-specific oviposition and foraging tactics. This section
looks at how lepidopteran plant relationships differ in various ecological environ-
ments by combining field observations and published data.

4.1 Seasonal patterns in plant use

Butterfly—plant interactions are temporally dynamic and mostly determined by
climatic rhythms. In tropical and subtropical regions, seasonality is one of the most
important factors of resource availability. Studies in Peninsular India, Bangladesh,
and Southeast Asia consistently show that the monsoon and post-monsoon seasons
have the highest butterfly richness and activity [10, 41, 42]. During these times,
blooming species such as Tridax procumbens, Vernonia cinerea, and Ageratum conyzoi-
des provide the most nectar, while host plants such as Cassia tora, Crotalaria juncea,
and Portulaca oleracea provide rich, nutritious food for larvae.

During the pre-monsoon season, high temperatures and dry conditions limit
flower diversity. As a result, butterfly diversity plummets, with only a few drought-
tolerant species such as Danaus chrysippus and Catopsilia pomona remaining active,
relying on perennial floral species such as Lantana camara and Bougainvillea spectabi-
lis [32, 37, 43].

Junonia orithya and Eurema brigitta have been observed in urban settings using
ornamental plants such as Catharanthus roseus and Ixora coccinea, which flower all
year and supply constant nectar [41]. This seasonal resource buffering is frequently
unavailable in natural systems, as butterfly emergence must coincide with host plant
sprouting and flower bloom times.

Furthermore, phenological mismatches induced by climate change are becoming
more apparent. For example, research in the Western Ghats has found an asynchro-
nous relationship between butterfly emergence and nectar resource availability in
species such as Graphium agamemmnon and Papilio helenus [39]. Similar patterns have
been observed in temperate regions for Gonepteryx rhamni [25], highlighting the
global importance of seasonal plant—insect interaction.

4.2 Habitat-driven variation in host and nectar plant associations

Butterfly resource usage varies dramatically among habitat types, and ecologi-
cal composition influences both the availability and diversity of larval and adult
resources. Natural grasslands with open-canopy plants, native legumes, and wild-
flowers make perfect homes for specialist butterflies. In such grasslands, species
including Zizeeria karsandra, Tarucus nara, and Leptotes plinius are frequently found
with Indigofera, Alysicarpus, and Desmodium spp. [36, 37]. Nectar plants such as
Blumea lacera and Vernonia cinerea provide additional assistance during the adult
stages.

In contrast, forest edge habitats have a distinct mix of shade-tolerant plants
and vertical stratification of vegetation, which supports both nectar and host plant
specialists. Butterflies like Hypolimnas bolina, Tanaecia lepidea, and Euploea core are
commonly observed using host plants such as Ficus hispida, Nerium oleander, and
Passiflora foetida and forage on Clerodendrum infortunatum, Stachytarpheta jamaicen-
sis, and Lagerstroemia speciosa [29, 35].

Semi-urban greenspaces, such as parks and institutional gardens, are dominated
by beautiful and exotic plants. While these locations frequently lack native larval

51



Lepidoptera — Advances in Ecology, Conservation, and Taxonomy

hosts, they do provide constant nectar sources. Papilio demoleus and Junonia lemonias
use plants including Catharanthus roseus, Hibiscus rosa-sinensis, and Duranta evecta for
nectar. Citrus spp., Cassia occidentalis, and Calotropis gigantea are patchy host plants
that are frequently maintained on roadside verges.

Agricultural landscapes, particularly fallow fields and bunds, include a unique mix
of ruderal and weedy plants. Butterflies including Pieris canidia, Catopsilia pyranthe,
and Eurema hecabe feed on crop hosts such as Brassica, Senna, and Cleome viscosa.
Tridax procumbens, Ipomoea carnea, and Corchorus are the most common nectar
sources around field boundaries [13, 38]. However, pesticide drift and monoculture
techniques lead to temporal constraints in both larval and adult resources.

4.3 Host plant specialization: Constraints and adaptive value

Butterfly host plant specialization is influenced by ecological stability, plant
chemistry, and evolutionary history. Zemeros flegyas is closely related to Maesa indica,
whereas Ariadne merione only consumes Trema orientalis. Coevolved plant-insect
chemical cues are frequently involved in these interactions, which facilitate optimal
larval development and predator avoidance [14, 20].

This intense specialization has drawbacks, though. Specialist populations in frag-
mented habitats are directly threatened by the loss or reduction of host plants. Due to the
loss of host trees in deforested corridors, Tanaecia lepidea and Appias albina are locally
extinct, according to studies conducted in Sri Lanka and Western India [34, 37].

Generalist species, on the other hand, such as Catopsilia pomona, Eurema blanda,
and Pieris brassicae, show great flexibility and larval tolerance across a variety of
plant groups. Because of their adaptability, they may survive in altered habitats and
take advantage of plants that are ephemeral or linked with humans, such as Portulaca
oleracea, Senna alata, and Brassica juncea [7, 25].

4.4 Nectaring behavior: Preference, plasticity, and floral traits

Nectar content, plant height, visibility, and flower morphology all influ-
ence butterfly nectaring behavior. Tuberous, vividly colored blooms like those of
Clerodendrum spp., Ixora coccinea, and Asystasia gangetica are preferred by species like
Papilio polytes and Delias eucharis [21, 36].

While nectar specialists depend on a small number of species, many butterflies
exhibit adaptability in their foraging habits, switching to common exotics when
resources are scarce. For example, Danaus genutia has broad tolerance in nectar usage,
visiting more than 20 kinds of flowering plants in disturbed environments [32, 42].

Seasons also influence floral tastes. Persistent bloomers like Lantana camara and
Bougainvillea spectabilis dominate nectar foraging in the pre-monsoon, while wild-
flowers like Tridax procumbens, Vernonia cinerea, and Cleome viscosa are heavily relied
upon during the monsoon months. Furthermore, research from urban West Bengal
demonstrates that species such as Eurema hecabe and Junonia orithya modify their
nectar consumption according to availability, underscoring the plasticity of nectar
foraging tactics [41].

4.5 Generalist vs. specialist strategies in changing environments

Butterfly populations are changing as a result of the continuous changes to natural
environments brought about by urbanization, agriculture, and climate change.
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Because of their wide ecological amplitude, which includes tolerance to alien host
and nectar plants as well as adaptability to disturbed habitats, generalists like Danaus
chrysippus, Catopsilia pomona, and Pieris rapae exhibit resilience [33, 38].

Conversely, specialist butterflies show signs of decline. They are extremely suscep-
tible because of their reliance on particular plant species and microhabitat conditions.
Studies conducted throughout India and Southeast Asia have demonstrated popula-
tion decreases for Tunaecia lepidea, Zemeros flegyas, and Ariadne merione in response
to host plant displacement or fragmentation [34, 37].

So, it is essential to preserve ecological niches and plant diversity at the landscape
level. Even in partially disturbed settings, butterfly diversity can be maintained
through the conservation of host-nectar networks, which include native shrubs,
herbs, and understory plants.

5. Synthesis, ecological implications, and conservation relevance

The link between plants and Lepidoptera provides a unique perspective on coevo-
lution, ecological complexity, and biodiversity risks. Butterflies display extremely
dynamic relationships with their hosts and nectar plants throughout their devel-
opmental phases. These relationships are influenced by anthropogenic influences,
species characteristics, habitat structure, and environmental variability. These obser-
vations are summarized in this part to emphasize the significance of such plant-insect
dynamics for ecology and conservation.

5.1 Ecological significance of host and nectar associations

In terrestrial environments, Lepidoptera serve two purposes: as pollinators as
adults and as herbivores as larvae. Many species’ reproductive success and geographic
range are determined by host plant specialization, which is frequently the result of
coevolutionary processes. For instance, Zemeros flegyas depends on Maesa indica,
whereas Ariadne merione is only linked to Trema orientalis [20, 34]. These linkages
show strong evolutionary ties with their host plants, which are tailored for oviposition
cues, larval nutrition, and predator avoidance.

Generalist butterflies, on the other hand, such as Catopsilia pyranthe and Eurema
hecabe, exhibit adaptable foraging and oviposition strategies by using a wider variety
of hosts, including Cassia tora, Senna occidentalis, and Trifolium repens [7]. Nectar
connections also mirror flower characteristics such as color cues, nectar sugar con-
centration, and corolla shape. While generalists like Danaus chrysippus and Junonia
orithya exhibit nectar plasticity and regularly visit common weeds like Tridax pro-
cumbens, Vernonia cinerea, and Lantana camara, Papilio demoleus and Delias eucharis,
for instance, favor tubular red or purple flowers like Ixora coccinea and Clerodendrum
infortunatum [21, 32].

Particularly in fragmented or ecotonal environments, where butterflies frequently
take the role of bees as important pollinators for small or open-flowered plants, these
plant relationships support pollination, herbivory, and nutrient cycling [44].

5.2 Implications of habitat fragmentation and resource scarcity

Floral and larval supplies are less continuous and of lower quality when habi-
tats are fragmented. Specialist species are disproportionately affected by this.

53



Lepidoptera — Advances in Ecology, Conservation, and Taxonomy

For example, the removal of native host trees such as Trema orientalis and Ficus
hispida has been connected to the local extinction of Ariadne merione and Tanaecia
lepidea in the Western Ghats and Bankura district [37, 41]. In a similar vein, host-
dependent species like Zemeros flegyas have had their ability to reproduce restricted by
the loss of understory herbs in tea garden environments.

By taking advantage of common nectar and larval supplies like Cassia, Portulaca,
and Calotropis spp., generalists like Junonia lemonias and Catopsilia pomona demon-
strate increased ecological adaptability and persist in semi-urban greenspaces and
agro-ecological edges [33]. However, by displacing specialists and decreasing interac-
tion diversity, their growth may lead to biotic homogenization, which would impair
ecosystem resilience.

Furthermore, resource mismatch is made worse by phenological changes brought
on by climate change. For example, pre-monsoon butterfly emergence and Cleome
viscosa flowering asynchronously can decrease adult reproductive success and larval
survival [24, 25].

5.3 Butterfly-plant interaction ecosystem and pollination services

Butterflies play significant ecological roles, particularly in disturbed areas where
main pollinators are limited, despite being secondary pollinators in comparison to
bees. They contribute to landscape-level gene flow in plants by their high mobility
and cross-habitat foraging activity. For example, Graphium agamemnon and Papilio
polytes pollinate Lagerstroemia speciosa and Duvanta evecta even in urban green belts,
while Euploea core is known to pollinate Rauvolfia tetraphylla and Stachytarpheta
jamaicensis in both disturbed and forest edges [34, 45].

Foraging across field margins and bunds, Pieris brassicae and Catopsilia pyranthe
promote nectar plants like Ipomoea cairica and Tithonia diversifolia in agroecosystems
and aid in the reproductive success of crucifers and legumes. It is becoming more well
acknowledged that these systems’ nectar corridors are an essential part of long-term
pollination services [13, 26].

5.4 Conservation implications and landscape management

Conservation of lepidopteran biodiversity requires landscape-level strategies that
go beyond protected areas and encompass managed habitats like agroecosystems,
urban greenspaces, and ecological corridors. Many butterflies have significant host
specificity, which makes them especially sensitive to the loss of larval plants. The res-
toration of native host flora, such as Trema ovientalis for Ariadne merione and Maesa
indica for Zemeros flegyas, has been demonstrated to directly enhance the recoloniza-
tion and stability of specialist populations.

In addition to larval requirements, butterflies rely on a variety of nectar sources,
which might vary seasonally. Conservation plantings with staggered-blooming spe-
cies like Tridax procumbens, Vernonia cinerea, and Cleome viscosa can provide constant
adult feeding opportunities across seasonal gradients [10, 32].

Urban areas, which were once considered biodiversity deserts, are now being
acknowledged for their conservation potential when planted with nectar-rich and
native decorative species. Butterfly gardens with Ixora coccinea, Catharanthus roseus,
and Clerodendrum infortunatum have been shown to support generalist species such
as Junonia orithya, Eurema hecabe, and Danaus chrysippus in semi-urban areas of
West Bengal and Uttar Pradesh [32, 41, 46]. Similarly, agroecological margins—such

54



Seasonal and Habitat-Driven Specificity of Lepidopteran Host and Nectaring Plant Associations
DOI: http://dx.doi.org/10.5772/intechopen.1012048

as field bunds and hedgerows—can operate as nectar corridors and microhabitats,
increasing both pollinator variety and crop pollination spillover [13, 26].

Butterflies are also reliable indicators of ecological health. Long-term monitoring
has revealed that species such as Hypolimnas bolina and Tanaecia lepidea are suscep-
tible to microclimate variations, pesticide drift, and habitat simplification, making
population trends useful markers for ecological assessment [36, 47]. Conservation
frameworks should prioritize native floral diversity, temporal resource continuity,
and habitat mosaics that support both larval and adult survival. Integrating these
ideas into landscape management can improve butterfly resilience while also con-
tributing to larger biodiversity goals in the face of climate change and anthropogenic
disturbance.

6. Conclusion and future directions

Lepidoptera, which include both butterflies and moths, are among the most
ecologically important insect taxa, serving as herbivores during their larval phases
and pollinators as adults. Their interactions with plants involve both trophic levels
and ecological processes, ranging from devouring host plant tissue to aiding cross-
pollination. These interactions are determined by a mix of evolutionary fidelity and
environmental availability. The evidence presented in this chapter demonstrates that
these plant-insect connections are not random or uniform, but rather elaborately
patterned by habitat type, seasonal change, and the landscape’s ecological history.
Butterfly-plant uniqueness evolved in response to evolutionary stresses such as
chemical defense adaption, sensory cue recognition, and developmental synchrony.
As previously discussed, many butterfly species are highly devoted to specific host
plants (e.g., Ariadne merione to Trema orientalis, Zemeros flegyas to Maesa indica),
whereas others are more adaptable in their nectar consumption, switching between
a variety of blooming plants in response to temporal scarcity. These distinctions
have significant consequences for conservation. Specialists are more vulnerable to
local extinction if either their host or nectar sources dwindle, whereas generalists
may survive but contribute to the ecological homogeneity of disturbed habitats.

The findings highlight the importance of seeing butterfly conservation as a dynamic
process that necessitates the temporal and spatial continuity of plant resources,
rather than a single action or isolated intervention. This chapter offers a novel idea
known as the Habitat-Specific Resource Continuity (HSRC) Framework. This model
emphasizes the need of ensuring the continuous availability of both larval and adult
floral supplies within specified habitat mosaics and throughout the seasonal cycle.

It combines ecological uniqueness with landscape management to promote butterfly
populations in both natural and artificial settings. The Habitat-Specific Resource
Continuity (HSRC) Framework builds on the foundational idea that butterflies
require not just “space” to live but a reliable and ecologically suitable sequence of
plant resources over time. Unlike conservation models that focus solely on habitat
area or species richness, HSRC highlights the need for spatiotemporal alignment
between butterfly life cycle demands and floral resource availability. The model
incorporates four key pillars:

Host Plant Fidelity — the degree to which larval host plants are present and undis-
turbed in a habitat.

Nectar Resource Succession — the availability of nectar plants across seasons, ensur-
ing continuous foraging options.
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Habitat Heterogeneity — the inclusion of microhabitats (e.g., forest edge, scrubland,
grassland) that support varied ecological niches.

Landscape Connectivity — corridors or patches that allow movement between
resource islands to ensure metapopulation stability.

This approach is not only philosophically sound, but it also applies to real-world
conservation scenarios. For example, in a fragmented semi-urban zone, ensuring
that nectar plants such as Tridax procumbens, Cleome viscosa, and Catharanthus roseus
bloom in succession during different seasons can support generalist butterflies, while
retaining or planting larval hosts such as Calotropis gigantea or Passiflora suberosa can
aid in specialist survival. Similarly, on forest edges or rural landscapes, mixing natural
nectar-rich plants with understory larval hosts can increase butterfly abundance and
variety. Conventional conservation efforts frequently focus on the establishment or
upkeep of protected areas. While necessary, they are insufficient, particularly in areas
where human activity is predominant. The HSRC model instead encourages integra-
tive design, in which habitat fragments, agroecosystems, school gardens, and urban
parks are considered suitable butterfly habitats if plant diversity and resource con-
tinuity are preserved. Studies from West Bengal [41] and Karnataka [36] show that
even modest urban green patches can support significant butterfly variety if floral
and host plant layers are available all year. Urban planning and agroecological design
should consciously include host and nectar plants. Native flowering plants with stag-
gered blooming seasons, such as Ixora coccinea, Vernonia cinervea, and Clerodendrum
infortunatum, can support adult butterfly populations, while larval hosts like Cassia
tora, Maesa indica, and Trema orientalis promote breeding. In agricultural environ-
ments, keeping nectar corridors along bunds and uncultivated margins boosts
ecosystem resilience and pollination services [26].

Importantly, the HSRC framework accounts for future ecological uncertainty. As
climate change alters phenology, the timing of butterfly emergence and plant flower-
ing may become more erratic. Restoration initiatives should prioritize variety in both
plant species and bloom dates to provide ecological buffering against phenological
mismatches. Implementing the HSRC paradigm necessitates collaborative efforts
across ecological research, landscape management, and policymaking. First, long-
term monitoring of butterfly populations in relation to plant phenology is required
to validate resource continuity on a local scale. This includes citizen science projects,
school biodiversity clubs, and mobile butterfly tracking apps that can provide massive
datasets on butterfly-plant interactions.

Second, legislative incentives are required to incorporate butterfly conservation
into municipal green space planning and agro-environmental initiatives. Incentives
for farmers who keep flowering margins or schools who build butterfly gardens,
for example, can improve habitat connectivity on a large scale. Third, more study
is needed to map butterfly-plant networks throughout bioregions, particularly in
little studied ecosystems such as mangroves, marshes, and high-altitude grasslands.
Investigating how generalist and specialized butterflies interact with invasive plant
species may help determine if these plants should be controlled or managed as tempo-
rary nectar sources.

Finally, education and community engagement must be the foundation of but-
terfly conservation. When locals understand that butterflies are not only decorative
components but also bioindicators, pollinators, and ecological sentinels, they are
more willing to help create butterfly-friendly surroundings. Butterfly conservation
is more than just protecting insects; it is about sustaining the ecological connections
that underpin biodiversity. This chapter has shown that the uniqueness of butterfly
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host and nectar plant connections, as well as their sensitivity to seasonal and habitat
variables, necessitate an ecologically nuanced and spatially aware conservation
strategy.

The Habitat-Specific Resource Continuity (HSRC) Framework presented here
provides an innovative and effective lens for guiding butterfly conservation across
landscapes. It reconciles ecological theory with field realities, combining larval devel-
opment, adult sustenance, seasonal cycles, and habitat fragmentation into a single
integrated strategy. As the climate warms, landscapes fracture, and floral diversity
declines, such a comprehensive and habitat-specific framework will be crucial not
only for Lepidoptera but also for the resilience of the larger ecosystems they help
sustain.
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Chapter 4

The Role of Microstructures in
Eclosion and Wing Expansion of
Butterflies

Zhang Jinwen, Ling Xiaofei, Wang Weiwei, Lu Qin,
Ding Weifeng, Han Shichang and Chen Hang

Abstract

Eclosion is the critical process of the butterfly transforming from a pupa into an
adult. During this process, the morphology of the lepidopteran wings undergoes
drastic changes, as the butterfly rapidly transitions from a wingless pupa to an adult
with large-scale wings, resulting in a several-fold or even dozen-fold expansion in
wing surface area. Although the lepidopteran wings undergo drastic morphological
changes within a short period, this process does not cause damage to the butterfly’s
body. The reason lies in the pupal developmental stage, where the wing membrane,
veins, tracheae, and membranous tissues gradually differentiate into numerous
micron-scale foldable units. They are double-layered, foldable structures and capable
of providing a several-dozen-fold expansion in surface area—far exceeding the actual
requirement for wing expansion—thus supplying sufficient surface area reserves for
wing flattening. During eclosion, the foldable units are progressively unfolded under
wing expansion forces, with the stored area being utilized as the foldable units are
flattened sequentially. At the macroscopic level, this results in rapid expansion of the
surface area. The unfolding process of lepidopteran wings is influenced by the struc-
ture and arrangement of wing veins, exhibiting a change trend where length increases
first, followed by width. Therefore, the morphological changes of lepidopteran wings
are the result of cumulative deformations in foldable units. In summary, these fold-
able units serve not only as the constituent units of the wings but also as functional
units, regulating wing deformation and the unfolding process.

Keywords: foldable units, eclosion, wing expansion, morphological changes,
microstructures
1. Introduction

Butterflies are holometabolous insects, undergoing four distinct life stages—egg,
larva, pupa, and adult—each stage has remarkable differences in morphology and

behavior [1, 2]. The transformation from pupa to adult, known as eclosion, typically
lasts 3-10 minutes [1-3]. Throughout the pupal stage, butterflies remain in a nearly
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motionless state, neither eating nor drinking, until eclosion is complete. Eclosion
represents one of the most critical turning points in a butterfly’s life. Through this
process, butterflies develop lepidopteran wings—far larger than their own body
size—and develop the ability to fly. This transformation provides essential mobility
for survival and reproduction.

During the eclosion process, butterflies undergo profound transformations
in morphology, structure, functionality, and behavior. The wings alone exhibit
significant macroscopic changes, including: a several-fold increase in surface area;
structural hardening from soft to rigid; scales from overlapping to spreading out;
substantial reduction of hemolymph in wing veins; tracheal system expansion. These
transformations occur within the brief 3- to 10-minute eclosion period, representing
an irreversible, qualitative change in wing morphology (i.e., irreversible changes in
surface area within an extremely short timeframe). For the organism, this represents
a drastic mutational process. Without appropriate buffering mechanisms, butterflies
would struggle to endure such radical physiological changes.

The sudden morphological transformation of lepidopteran wings represents a
unique case in the developmental process of biological organs. Organ development in
organisms typically requires an extended period, with rapidly formed organs often
exhibiting weaker functionality, shorter lifespans, or insufficient stability. However,
after their rapid formation, lepidopteran wings can withstand millions or more flap-
ping cycles [4], while playing crucial roles in processes such as flight, signal transmis-
sion, sexual selection, warning displays, mimicry, and camouflage [5].

During the larval period, many structures of the lepidopteran wing are formed,
and lepidopteran wing develop as imaginal discs [6-9]. Various genes control the
change in the shape of lepidopteran wings. These genes activate corresponding signal
proteins [10]. A layer of irregularly arranged transparent skin cells is observed after
pupation. Old cells undergo apoptosis, and new cells are formed after cell division.
Moreover, after about 32 hours, the cells are arranged normally [11]. These cellular
changes cause physical torsion in the epithelial tissue, leading to deformation of the
lepidopteran wing surface, which results in cell proliferation, apoptosis, growth, or
morphological changes of lepidopteran wing [11, 12]. During the development stage,
the single-layer membrane of lepidopteran wing turns over and finally folds to form
a double-layer membrane, forming the back and abdomen of lepidopteran wing,
respectively [13]. At this time, wings achieve a fixed shape [14, 15]. The cells near
the middle of lepidopteran wing continue to elongate vertically and connect with
the left and right cells to form cell clusters in the subsequent development process
[11]. After 2-3 days of pupation, the lepidopteran wing cells of the pupa undergo
programmed cell death [16, 17]. Then, the epidermal cells gradually degrade and heal
into a wing membrane, which is covered with various sensory organs and body wall
derivatives [18]. The body wall containing the trachea gradually develops into wing
veins filled with various motor nerves, plasma, and hemolymph [19]. The cells among
lepidopteran wing die, to form a transparent double-layer stratum corneum after
eclosion. The wing vein cells survive, while the development of the epidermal cells
stops, and hence the morphology, structure, function, pattern, etc. of lepidopteran
wing complete their development.

Through in-depth research on lepidopteran wings, scientists have elucidated
aspects such as genetic regulation, cellular development, wing shape, and pattern
formation. However, studies on the physical structure and functional mechanisms
during the eclosion process remain relatively limited. This chapter investigates
the lepidopteran wing expansion process, analyzing morphological changes at the
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microstructural level to establish direct structure-function relationships. By doing so,
it aims to uncover the fundamental mechanisms underlying rapid wing morphogene-
sis, thereby providing models and scientific data to advance research and applications
of lepidopteran wing structures.

2. Materials and methods
2.1 The origin of butterflies

The experiment used Kallima inachus as the research subject, rearing 5th
instar larvae until the butterflies emerged, and collecting wings from different
days for scanning electron microscopy. The butterfly larvae were sourced from
the Artificial Butterfly Breeding Garden at the Yuanjiang Experimental Station
of the Highland Forestry Research Institute, Chinese Academy of Forestry
(102°00'46"E, 23°36'11"N). The breeding garden employed outdoor rearing and
indoor hatching methods for cultivation. When the K. inachus larvae is the 5th
instar, they were transferred to an artificial climate chamber for rearing and fed
on Baphicacanthus cusia (Nees) Bremek. The light period was set from 09:00 to
19:30, during which the temperature was maintained at 30°C and humidity at
70%. For the remaining time, the lighting was turned off, with the temperature
set at 25°C and humidity at 70%.

2.2 Measuring morphological parameters of lepidopteran wings

The butterfly wings were carefully excised at their bases and air-dried.
Subsequently, the wing specimens were mounted on an Ultra-Depth-of-Field 3D
Microscope (Keyence VHX-1000) for imaging. When necessary, multiple overlapping
images were acquired and automatically stitched using the built-in image stitching
function to reconstruct complete wing images, particularly for larger specimens.

The acquired images were then imported into CAXA 2007 software (Beijing Digital
Heaven Co., Ltd.), where wing outlines were traced using key reference points.
Morphometric parameters including wing length, width, and surface area were
quantitatively analyzed using the software’s measurement tools.

2.3 Sampling time

The time when the larvae just pupated was recorded as the starting point of the
experiment (0 h). Every 24 hours, three samples were collected from the same batch
of butterfly pupae until the butterflies fully emerged. The remaining pupae, which
were not sampled, were used for eclosion and wing-spreading observations. The
time when the pupae began to split was recorded as the eclosion starting point, and
the timing and characteristics of the scales reaching their distinctive morphological
features were documented.

2.4 Calculation of wing vein parameters

Measure the perimeter (L), area (S) of the wing veins, as well as the perimeter (/)
and area (s) of the tracheae at each developmental stage. Then calculate their perim-
eter ratio () and area ratio (1) using the following formulas:
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L,
S, =Zl—]/n

Sfj (1)
77; :Z_ij/n

S

where i is the time period between samples, j is the sample number of the period, #
is the number of samples in the period, L is the perimeter of a wing vein, S is the area
of awing vein, [ is the perimeter of trachea, and s is the area of trachea. Relative area
(As) is calculated as As = S —s.

3. Results and discussion
3.1 Macroscopic morphological changes of butterfly wings

When K. inachus initially pupates, the pupal already possesses lepidopteran
wings on its abdomen. The structural development of lepidopteran wings primar-
ily occurs during the pupal stage [20]. Throughout development, the wing mor-
phology and surface area undergo dynamic alterations, with the transformation
process divisible into two distinct phases: the pupal stage and the eclosion stage
(Figure1).

During the pupal stage, the morphology of the wing undergoes little change.
Specifically, at 0 hours, the wing scales measured 12.89 mm in length, 9.53 mm in
width, and 72.123 mm” in area. By 120 hours, these dimensions change to 12.68 mm in
length, 9.22 mm in width, and 84.919 mm” in area. Over the 6-day pupal development
period (0-120 h), the length, width, and area of the wings changed by factors of 0.98,
0.97, and 1.18, respectively.

During the eclosion period, the morphology of the lepidopteran wings undergoes
drastic changes. At 120 h, the wing scales measured 12.68 mm in length, 9.22 mm
in width, and 84.919 mm? in area. By 120 h 15 min, these dimensions increased to
32.37 mm in length, 31.91 mm in width, and 789.948 mm? in area. Over the 15-minute
eclosion phase (120-120 h 15 min), the wing expanded by factors of 2.56 in length,
3.46 in width, and 9.30 in area.

The macroscopic morphological changes of wing primarily occur during the
eclosion period. Comparative analysis of wing contour changes reveals that despite
several-fold increases in area, length and width, the pre-eclosion and post-eclosion
contours remain remarkably similar (Figure 1). Thus, the surface area expansion of
wing scales is primarily occur during the eclosion period, representing an isotropic
and homogeneous scaling process.

3.2 Microscopic morphological changes of butterfly wings

The lepidopteran wing is an integrated system composed of multiple structural
components. Morphological changes in the constituent tissue structures neces-
sarily induce corresponding changes in the lepidopteran wing morphology. The
lepidopteran wing primarily consists of three key elements: the wing membrane,
wing veins, and wing scales. The morphological changes in these constituent parts
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Figure 1.

Morphological changes of K. inachus right forewings at different pupal stages. (a The morphological changes of
the right forewing over time during pupation [21]. b Changes in the length and width of the right forewings.

fundamentally determine the overall morphological changes of the lepidopteran
wing. Accordingly, this study specifically investigates the morphological characteris-
tics of these component structures (Table 1).
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Stage Area (mm?) Standard deviation (mm?)
Oh 72123 2.359

24h 93.436 2.294

48h 84.448 3.243

72h 86.793 3.967

96 h 77438 2.682

120 h 84.919 2904

120 h10 m 510.181 15.081

120 h15m 789.948 30.597

Table 1.

Variation in the surface avea of wings.

3.2.1 Morphological changes of the wing membrane

The wing membrane is the largest surface area component of lepidopteran wing,
accounting for approximately 91% of the total surface area (Table 2). As the primary
structure governing wing morphological changes (Table 2). The wing membrane
undergoes significant differentiation during pupal development, forming numerous
cone-shaped microfoldable units. These interconnecting foldable units collectively
constitute the wing membrane architecture, thereby microfoldable units as the
primary structural elements of the wing membrane.

During the pupal stage, the morphology and quantity of the foldable units
undergo continuous changes: at 0 h, the wings have not yet differentiated into fore-
wings and hindwings. The wing membrane remains undivided into dorsal and ventral
membranes, with no foldable units formed. At 24 h, the wings differentiate into
forewings and hindwings, though the wing membrane remains undivided. Irregularly
arranged foldable units begin to form on the membrane. At 48 h, the wing membrane
differentiates into distinct dorsal and ventral membranes. At 72-120 h, cells in the
dorsal and ventral membranes develop bundled structures, while the foldable units
proliferate. At 120 h, the foldable units become aligned in orderly bands, with most
units neatly arranged. The bundled structures stand vertically between the dorsal and
ventral membranes.

Thus, over 6 days, the wing membrane accumulates a substantial reserve of
microscopic foldable units—the primary structural components of the membrane.
These foldable units exhibit a dual-layer folding configuration, serving as a reservoir
of surface area for wing expansion during eclosion.

Name Wing surface Total length of Average width wing veins The ratio
area (mm2) wing veins Lc of wing veins area (mm2) of wing
(mm) Lb (mm) veins
Forewing 789.95 + 2591 284.86 + 4.98 0.22+0.02 65.23 +711 8.26%
Hindwing 779.86 + 34.58 269.46 + 4.64 0.22 + 0.02 61.98 + 5.50 7.95%
Table 2.

Parameters of K. inachus wings.
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3.2.2 Morphological changes of the wing veins

The wing veins constitute the second largest structural component of the lepi-
dopteran wing, accounting for approximately 9% of the total wing area (Table 2).
Wing veins comprise four distinct elements: the membranous matrices, the venation
membranes, the tracheae, and the filamentous structures. Notably, three of these
components — the membranous matrices, tracheae, and venation membranes — com-
posed of the folding units (Figure 2a, b, Table 3).

Similar to the wing membrane, the folding units of the wing veins also develop
progressively during the pupal stage. The developmental process is as follows: At 0 h,
the vein membrane and membranoid substance have not yet formed; only tracheae are
present within the wing structure. At 24 h, the vein membrane develops, but neither
the vein membrane nor tracheae exhibit folding units at this stage. At 24-120 h, the
number of folding units in the vein membrane and tracheae increases significantly. At

“Dorsalwing véin:

Innérwing vein

Hi

o4l o Sum

"{‘I‘:_ n‘ieﬁ'ihr;_me_

Figure 2.
Structure and development of wing veins. (a) External view of the folding units and wing vein. (b) The basic
structure of wing veins. (c) The morphological change of trachea.
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Stage 7(%) (%)

Oh 5.277 + 1.755 19480 + 8.32
24h 12.238 + 3.830 101.655 + 14.520
48h 11.915 +2.159 82.139 + 14.502
72h 3483+ 0.756 56.919 + 9.812
96 h 3116 + 0.521 54.270 + 8.879
120 h 1.845 + 0.679 33.845+8.17
120 h 15 min 1152 + 0.051 1.312 + 0.070

Note: n is the ratio of the wing vein area to the trachea area. S is the ratio of the wing vein perimeter to the trachea
perimeter.

Table 3.
Parameters of K. inachus wings.

120 h 15 min, the folding units of the vein membrane and tracheae disappear, and dor-
sal and ventral membranes of these structures become tightly appressed (Figure 2c).
Thus, the primary structures of the wing veins accumulate substantial quantities of
microfolding units during the pupal stage. During development, the primary struc-
tures of the wing veins generate filamentous connections that integrate the veins and
wing membrane into a unified system (Figure 2b). These filaments can ensure syn-
chronized deformation among the primary structures of the wing.

3.2.3 Morphological changes of the bundled structures

The bundled structures are formed by the adhesion of filaments and are distrib-
uted between the dorsal and ventral wing membranes. These structures develop
almost synchronously with the folding units, with their connection patterns varying
according to location: those near the wing veins connect folding units within the same
wing membrane, while those in other regions link folding units across different wing
membranes.

The bundled structures gradually develop through the following stages: At 0 h, the
bundled structures within the wing membrane do not formed. At 24 h, the bundled
structures begin to form within the wing membrane. At 48-120 h, the number of
bundled structures progressively increases. At 120 h 3 min, the bundled structures
disperse, with filaments distributing between the dorsal and ventral wing mem-
branes. At 120 h 15 min, the bundled structures completely disappear and form a
defined interlayer within the wing membrane (Figure 3a).

The bundled structures show distinct functions at different developmental
stages: during the pupal stage they primarily coordinate the quantity of folding units
between dorsal and ventral wing membranes, during eclosion they mainly transmit
wing-expansion forces while constraining the movement range of folding units, and
in the adult stage they principally adhere the dorsal and ventral wing membranes
together, making them essential structures for maintaining proportional area changes
between both wing membranes.

The bundled structures serve distinct functions at different developmental stages:
during the pupal phase they predominantly synchronize the proliferation of fold-
ing units between the dorsal and ventral wing membranes, throughout the eclosion
period they mainly transmit wing-expansion forces while constraining the movement
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Figure 3.
Morphology and development of foldable units. (a) Cross-section mages of foldable units at different times. b
Longitudinal section images of foldable units.

range of folding units, and in the adult stage they principally adhere the dorsal and
ventral wing membranes together, making them essential structures for maintaining
proportional area changes between dorsal and ventral wing membranes.

3.3 The expansion ways of butterfly wing

Wing expansion is a gradual developmental process characterized by four sequen-
tial phases: small and flat wings, small and wrinkled wings, elongated, slender wings,
and large fully expanded wings. This deformation process follows a distinct bi-phasic
pattern characterized by initial longitudinal elongation followed by subsequent lateral
expansion (Figure 4a, d).

The constraint imposed by the pupal casing is responsible for the formation of this
developmental pattern. During the pupal stage, the wings form numerous folding
units (Figures 2 and 3). At eclosion, tracheal expansion generates the force for wing
expansion, which is transmitted through bundled structures to the folding units. The
sequential deformation of folding units leads to morphological changes in the wings
(Figure 4a-f). Following eclosion, the hemolymph within the wings is progressively
expelled, accompanied by progressive cellular apoptosis, ultimately resulting in the
formation of a fully acellular wing.

During the process of emerging from the pupal case, the wings undergo longi-
tudinal deformation under the combined effects of body movement and pupal case
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120h15min

120h15fmin

Figure 4.

Thge expansion sequence of the lepidopteran wing. (a) The wing in puparium. (b) The folding units at location la.
¢ The cross-section of the lepidopteran wing at location la [21]. (d) The wing in emergence. la and Ib are incisions
[21]. e The folding units at location Ib. f The cross-section of lepidopteran wing at location Ib. g Morphological
changes in the folding units of dorsal wing [21]. The butterfly pupa begins eclosion at 120 h and completes the
process at 120 h 15 min. Hours: Morphological changes in the folding units of the inner wing.

constraint, followed by transverse deformation upon release from the pupal case con-
straint (Figure 4d). During pupal case shedding, the wing base is initially liberated
from pupal case, triggering the unfolding of its folding units, while the wing apex

is finally released with the subsequent unfolding of its folding units (Figure 4b,e).
Therefore, the deformation of the lepidopteran wing follows a sequential base-to-
apex progression pattern.

The deformation of the lepidopteran wing structure is a gradual process. During
eclosion, a substantial amount of gas is generated within the tracheae, causing them
to expand (Figure 2b). The expansion of the tracheae forces the wing veins to inflate,
leading to morphological changes in the veins. The deformation of the veins is trans-
mitted to the wing membrane via bundles, causing the wing membrane to undergo
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morphological changes as well. Throughout wing deformation, the folding units of
the tracheae, venation membrane, and wing membrane are sequentially unfolded and
bonded together by the bundles (Figure 4g, h). Since the deformation of the folding
units is irreversible, the unfolding process of the wing is also irreversible.

4. Discussion

During eclosion, the morphology of the lepidopteran wings undergoes drastic
changes, with its surface area rapidly expanding to 9.30 times the original size. This
drastic changes results from the abundant reserves of microfoldable units accu-
mulated during the pupal stage and the rapid unfolding of these structures during
eclosion. The surface area of these microfoldable units is directly translated into the
macroscopic wing surface area, thereby resulting in rapid expansion of the wing
surface area.

The folding units undergo morphological changes during both the pupal and
eclosion stages, yet the expansion of the wing occurs exclusively during eclosion. This
distinction arises from fundamentally different transformation mechanisms between
the two developmental phases: During the pupal stage, changes primarily involve
the morphology, quantity, and size of the folding units; whereas in the eclosion
stage, the predominant change is the unfolding of these pre-formed folding units.
Consequently, this explains why the wing surface area shows minimal change during
the pupal stage but exhibits rapid expansion during eclosion.

Wing expansion during eclosion is a precisely controlled process. Although the
folding units of the dorsal and ventral wing membranes are asymmetric in size and
quantity, the two membranes achieve perfectly matching area and shape upon full
expansion. This is because the unfolding range of these folding units is constrained by
connective bundles—while they can expand in any direction, their relative displace-
ment cannot exceed the length of the bundles. When passively unfolded, the folding
units lack sufficient driving force to overcome these mechanical constraints. Thus,
both the degree and spatial distribution of their deformation are pre-determined.

The morphological changes of lepidopteran wings constitute a gradual transforma-
tion process. During eclosion, substantial gas production within the tracheae induces
tracheal expansion, which compresses the hemolymph in wing veins and forces
expansion of the veins. The expanded veins transmit wing-expansion forces through
connective bundles to the wing membrane, triggering its morphological alteration.

Throughout wing deformation, the folding units of the tracheae, venation
membrane, and wing membrane undergo sequential unfolding; these expanded
folding units transform into membranous tissues and are interconnected by bundles,
ultimately forming either wing membranes or veins. The pupal case constrains wing
deformation during eclosion, with unconstrained regions undergoing initial deforma-
tion. Under the combined effects of body movement and pupal case restraint, wings
first exhibit longitudinal elongation before developing widthwise expansion after
cast-off from the pupal case. Microscopically, wing deformation follows a tracheae-
to-venation-to-membrane sequence; macroscopically, it progresses from wing base to
apex; dimensionally, longitudinal expansion precedes lateral extension.

In summary, these foldable units serve not only as the constituent units of the
wings but also as functional units, regulating wing deformation and the unfolding
process. The rapid unfolding of foldable units serves as the fundamental mechanism
enabling both wings rapid deformation and surface area several-fold expansion in
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lepidopteran wings. Biomimetic investigation of wing structure morphology and
functionality can provide physical prototypes and foundational datasets for novel
space-deployable structures.
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Chapter ;5

Monitoring of Lepidoptera:
Challenges and Insights

Ali Rajabpour and Fatemeh Yarahmadi

Abstract

Lepidopteran pests pose a major threat to global food security by causing extensive
crop damage, necessitating effective monitoring and management strategies through
Integrated Pest Management. This chapter examines traditional sampling methods—
including absolute (mark-release-recapture) and relative (surveys, active and passive
traps) estimation techniques—alongside emerging technologies such as smart traps,
remote sensing, UAVs, and Al-driven predictive modeling, which enhance early pest
detection and precision-based interventions. The integration of traditional and
advanced approaches, supported by bioelectric sensors and bioacoustic monitoring,
offers sustainable solutions for real-time pest tracking. However, further research is
needed to optimize automated systems, enhance sensor accuracy, and develop
affordable tools for small-scale farmers. By combining scientific advancements with
practical applications, this chapter highlights pathways toward more sustainable pest
management, ensuring agricultural productivity and food security in the face of
growing global demand.

Keywords: population estimates, IPM, traps, remote sensing, precision agriculture

1. Introduction
1.1 Importance of lepidopteran pests in food security

Despite the decline in natural resources and rapid population growth in recent
decades—particularly in developing countries—ensuring food security remains one of
humanity’s greatest challenges. The uneven global distribution of agricultural produc-
tion has significantly impacted the political, economic, and social conditions of many
nations. Powerful agricultural producers not only influence the economic and
political fate of food-dependent countries but also dictate the daily lives of their
populations [1].

Pests, diseases, and weeds are among the most critical threats to crops and other
plants essential to human welfare (e.g., ornamental plants, pastures, and forests).
Preventing crop damage from pests and diseases alone could save nearly four billion
people from starvation [1].

Controlling agricultural pests—including vertebrates and invertebrates—is crucial,
as they cause significant crop damage. Insects are considered as the main plant pests in
agricultural and non-agricultural ecosystems. Numerous species of Lepidoptera
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(moths and butterflies) are key agricultural pests, causing significant damage to
crops and non-cultivated plants worldwide. Their larval stages are typically the
most destructive, feeding on leaves, fruits, stems, roots, and other plant parts,
leading to both quantitative and qualitative losses. However, labeling these

insects solely as pests would be unjust. They play vital ecological roles, particularly
in pollination and nutrient cycling within ecosystems. Only when certain species
reach high population densities do they become problematic, requiring targeted
control measures. Therefore, it is critically important to monitor both the
population status and damage levels of these pests through a precise surveillance
program [1].

1.2 Importance of monitoring program

The successful implementation of an Integrated Pest Management (IPM)
program fundamentally depends on establishing proper pest sampling
protocols (through monitoring programs) and implementing effective
forecasting systems. The data collected through these processes enable pest
managers to accurately estimate pest density and determine whether populations have
reached established intervention thresholds, for example, Economic Injury level and
Economic threshold. IPM emphasizes systematic pest population monitoring through
appropriate sampling methodologies to estimate both pest density and developmental
status, facilitating informed decisions regarding more intensive control measures,
including chemical interventions, based on scientifically validated action thresholds
[2, 3]. This approach strategically complements other preventative pest management
strategies.

Various sampling techniques have been developed for pest monitoring and
forecasting, with methodology selection primarily determined by the target
pest’s habitat characteristics, behavioral patterns, and biological parameters.

Optimal sampling protocols must achieve an appropriate balance between

scientific accuracy and field practicality, ensuring both operational efficiency and
cost-effectiveness. Consequently, developing a robust monitoring and forecasting
program requires comprehensive understanding of multiple factors including all ele-
ments influencing pest biology and habitat requirements, specific host plant interac-
tions, and the relevant socioeconomic context of the agricultural production

system [1, 4].

Field-based monitoring and forecasting programs represent essential components
for preventing pest outbreaks across diverse ecosystems including cultivated lands,
forest systems, and rangeland environments. The temporal component of monitoring
proves particularly critical for preventing economic damage, where well-designed
sampling programs incorporating clearly defined decision-making levels enable agri-
cultural producers and pest management specialists sufficient lead time to implement
optimally timed control measures [1, 5].

Accurate prediction of insect population dynamics requires consideration
of six fundamental parameters: population density (expressed as number of
insects per unit area), spatial distribution patterns within the environment,
birth rate dynamics, mortality rate factors, population age structure characteristics,
and comprehensive analysis of population trends (quantifying changes in
population size over temporal scales). These parameters collectively provide the nec-
essary foundation for reliable population forecasting and informed management deci-
sions [1, 5].
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2. Sampling and population estimation in lepidoptera (butterflies and
moths)

Sampling is a scientific method for collecting data on insect populations. This
information supports pest management decisions, conservation efforts, and ecological
research. Accurate population estimates are particularly important for predicting out-
breaks and implementing IPM for Lepidoptera pests.

There are two main approaches to estimate Lepidoptera populations:

A. Absolute estimation: This method determines the exact number of butterflies or
moths per unit area. While time-consuming, it can be done through (i)
Subsampling (Counting larvae or adults in small sample areas (e.g., 1 m”) and
scaling up to larger areas), and (ii) Mark-Release-Recapture (MMR) methods.
MRR methods work best in contained environments and can have significant
margins of error [1, 4].

B. Relative estimation: Relative estimation involves recording insect counts per
sampling unit without calculating absolute population density. This method
compares populations across locations or time periods rather than determining
exact pest densities. For instance, when evaluating three plant cultivars to
identify which hosts fewer pest insects, sweep netting provides relative
population estimates across treatment replicates, yielding comparative rather
than absolute data [1, 4].

Sampling skill and consistency prove critical for reliable results. Standardized
equipment and methods must be employed consistently throughout the study. The
approach generates comparative data rather than absolute numbers, making it partic-
ularly valuable for IPM programs where relative differences matter more than exact
counts [1, 4].

Common Relative Estimation Techniques

1.Field surveys (Transect walks): Researchers follow predetermined patterns
through fields at consistent intervals, typically using X-shaped, zigzag, or U-
shaped paths. A standard protocol involves walking an X-pattern across a field
while taking uniform steps (e.g., every 5 paces), then counting insects within a
defined quadrat frame or recording insects on plants within the sampling area
(Figure 1) [1, 4].

2.Standardized sweep netting: This technique utilizes nets with specific
dimensions—typically featuring 20 cm diameter hoops and 100-120 cm handles.
Successful implementation requires maintaining strict consistency in several
aspects: the sweeping technique must remain uniform across all sampling events,
sampling effort should be equivalent across all plots, and timing should account
for known insect activity patterns [1, 4].

Several factors significantly influence sweep netting results and must be carefully
considered. Insect behavior and habitat preferences affect catch rates, as do plant
height and density. The time of day, current weather conditions, and insect size and
mobility all contribute to variations in sampling effectiveness. Researchers must doc-
ument and account for these variables when interpreting results [1, 4].
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Figure 1.
Wooden sampling quadrat frame for relative population estimation of Syringopais temperatella (Lepidoptera:
Gelechiidae) larvae in wheat fields [6].

A.Use of sampling equipment: This section describes various sampling tools
including different types of traps and suction devices. Traps are generally
classified into two main categories: random (passive) traps and attractive
(active) traps. Random traps, also known as passive traps, function by capturing
insects that happen to come into contact with them through natural movement
patterns. These traps do not employ any mechanisms to actively attract or direct
insects toward them [1, 4]. Some passive traps include:

Water traps: These traps typically consist of shallow containers such as pans filled
halfway with water. To reduce surface tension that might prevent insects from
drowning (allowing their escape), a small amount of detergent is often added to
the water. In some cases, these traps are combined with attractants like sex
pheromones, light, or colored surfaces, making them non-random in function.
However, their efficacy for relative population estimation of target insects must
be validated through separate studies before deployment, as they may not be
suitable for all species [1, 4].

Pitfall traps: Designed for ground-dwelling insects, these traps are particularly
effective for estimating relative populations of species like the turnip moth
(Agrotis segetum Schiffermiiller & Denis, Lepidoptera: Noctuidae) (Figure 2). The
larvae of this pest typically hide in shelters during the day and migrate toward
plants at night, making pitfall traps a reliable tool for larval population assessment
[7, 8].

Window or flight traps: Positioned along insect flight paths, these traps intercept
flying insects. Upon collision with specialized panels, insects are redirected into a
collection chamber, which may contain toxicants (Figure 3).

Attractive or active traps incorporate specific mechanisms designed to lure target
insect species for sampling purposes. These traps exploit insects’ natural tropic
responses to various stimuli, or alternatively, their avoidance behaviors toward certain
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Figure 2.
The figure illustrates the simple structure of a pitfall trap.

Figure 3.
Structure of a simple window trap for capturing flying moths.

environmental cues. The operational principle relies on the targeted species’ innate
reactions to particular attractants or repellents [1, 4].

Among the most commonly employed active traps are pheromone traps and light
traps. Pheromone traps utilize volatile chemical compounds secreted by insects’ spe-
cialized glands. These pheromones trigger behavioral responses in other individuals of
the same species. Of these, sex pheromones represent the most important category for
relative population estimation of lepidopteran in monitoring programs. Sex phero-
mones are volatile compounds typically secreted by one sex (often females) and
detected through chemoreceptors located primarily on the antennae of the opposite
sex. Remarkably, these chemical signals can elicit attraction responses over consider-
able distances, with only a few airborne molecules sufficient to trigger behavioral
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reactions in receiving individuals [1, 9]. Commercial manufacturers have developed
synthetic versions of these compounds after identifying their chemical structures. The
synthesized pheromones are encapsulated in small dispensers for field use. The stan-
dard implementation involves placing these pheromone capsules within specialized
trap designs, such as delta and funnel traps. The attracted adult insects become
captured on adhesive panels positioned beneath the dispenser (Figure 4). These
pheromone capsules have finite operational lifespans, as the active compounds grad-
ually evaporate over time, necessitating periodic replacement. Environmental vari-
ables, particularly temperature and humidity, significantly influence capsule
longevity. Moreover, the adhesive panels may lose effectiveness due to dust accumu-
lation and also require regular replacement.

Pheromone traps serve crucial roles in monitoring adult emergence patterns and
flight activity peaks of lepidopteran insects. By correlating peak flight periods with
established biological data for specific pests, these traps enable optimal timing of
chemical control measures. For instance, research on the pomegranate fruit borer
(Spectrobates ceratonia Zeller, Lepidoptera: Pyralidae) in Ilam Province demonstrated
that larval hatch occurs approximately 2-3 weeks after peak moth captures in phero-
mone traps. This finding allows growers to time insecticide applications to target
vulnerable first-instar larvae before they penetrate the fruit through the calyx region
[10]. Several environmental and technical factors influence the effectiveness of pher-
omone traps in capturing Lepidoptera, including trap height, wind direction and
speed, rain, ambient temperature, relative humidity, inter-trap spacing, trapping
duration and location, and trappers’ experience [11]. The effectiveness of synthetic
pheromones in attracting insects can vary greatly based on the chemical profile of the
pheromone extract and its geographical origin [12]. These variables must be carefully
considered and standardized prior to trap deployment to ensure reliable monitoring
results.

Light traps represent another important category of active traps, exploiting the
positive phototaxis exhibited by many insect species. These traps prove particularly

Figure 4.
The funnel (A) and delta traps containing pheromone capsule for capturing Phthorimaea operculella Zeller and
Spodoptera exigua Hubner in potato and corn fields, respectively.
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valuable for monitoring moths and enabling relative population estimates in pest
surveillance programs. The effective light spectrum varies among species, requiring
careful selection based on the target insect’s visual sensitivity. It is demonstrated that
shorter-wavelength artificial light disproportionately attracts larger moth species with
bigger eyes and bodies, potentially disrupting ecosystems by affecting pollination and
food webs. The findings reveal a size bias in light traps and suggest using longer-
wavelength lighting to reduce ecological impacts [13].

Light trap surveys of nocturnal moths require careful standardization to account
for key environmental variables. Based on continuous trapping over 225 nights in
eastern Germany (yielding 372 species from 49,472 individuals), three critical factors
emerged: temperature, humidity, and light source characteristics significantly
affected nightly capture rates. For short-term surveys (<10 nights), sampling during
the warmest summer nights proved most effective, while extended monitoring
benefited from targeting warm nights distributed throughout the active season
(March—October) [14].

The distance between light traps significantly influences moth sampling efficiency.
Research shows that low-power light traps (such as those equipped with two 15 W UV
tubes) have a very limited attraction radius, typically less than 10 meters. These
findings confirm that captured moths primarily originate from the immediate local
habitat rather than being attracted from distant areas. For accurate monitoring of
habitat quality and fragmentation patterns, traps should be spaced at appropriate
intervals (exceeding their attraction radius) to avoid oversampling the same local
population. This limited attraction range makes moths particularly reliable ecological
indicators for assessing habitat health [15].

Manufacturers have developed various light trap designs optimized for different
agricultural settings, including distinct models for field crops versus orchard systems.
Combining multiple attractants can significantly improve trapping efficiency. For
instance, the Ferolite trap integrates light, color, and pheromones to maximize cap-
ture rates of target pests. This multi-stimulus approach has proven effective for
monitoring populations of key lepidopteran pests, such as Tuta absoluta Meireck [16],
A. segetum [7], Syringopais temperatella Led. (Lepidoptera: Gelechiidae) [6], and
Spodoptera exigua Hubner (Lepidoptera: Noctuidae) (Figure 5) [17].

Figure 5.
Ferolite trap for trapping Spodoptera exigua Hubner in sugar beet field.
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The strategic deployment of these active traps provides critical data for IPM pro-
grams, especially for monitoring Lepidoptera species with strong flight activity.
Selection of appropriate trap types must consider the target species’ specific behav-
ioral ecology as well as local environmental conditions that may influence trap effi-
ciency. When properly implemented, these monitoring tools contribute significantly
to timely and effective pest management decisions while reducing unnecessary pesti-
cide applications.

Smart traps for tracking moth pests: For generations, farmers have struggled with
moths and caterpillars that damage their crops. Recently, smart trap technologies have
revolutionized pest control by providing real-time data about pest populations. These
advanced monitoring tools help farmers protect their fields more effectively while
reducing unnecessary pesticide use. Modern smart traps come in several different
designs, each suited for specific types of moths. Pheromone traps work by attracting
male moths using synthetic scents, then automatically counting them with built-in
sensors or cameras [18]. Light traps take a different approach, using UV lights to lure
night-flying moths while artificial intelligence helps identify the species [19]. Another
type, suction traps, operates quietly by pulling insects into a container for later
examination. For storage facilities, some traps even use sound detection to recognize
moths by their distinctive wingbeats [20].

What makes these traps truly “smart” is their connectivity. They can send pest
counts and alerts directly to a farmer’s smartphone or computer, providing instant
updates. Some models go a step further by including weather sensors that help predict
when pest populations might surge.

The shift to smart traps offers farmers several important benefits. First and foremost,
they save significant time by eliminating the need for daily manual trap inspections.
Instead, the system automatically sends alerts only when pest levels reach concerning
thresholds. This efficiency translates to cost savings, as farmers can precisely target their
pesticide applications rather than spraying entire fields unnecessarily. Beyond immediate
practical benefits, these traps provide valuable long-term data. By tracking pest
populations over time, farmers can identify patterns and predict outbreaks before they
occur. Perhaps most importantly, this targeted approach to pest control means fewer
chemicals in the environment, benefiting both ecosystems and farm workers.

While promising, smart trap technology is not without its challenges. The initial
investment can be substantial, particularly for small-scale farmers. Rural operations
may face additional hurdles with power supply and internet connectivity needed to
run these systems effectively. Like any technology, smart traps require regular main-
tenance to function properly, and environmental factors like heavy dust or rain can
occasionally interfere with sensor accuracy.

Sampling should be conducted in a manner that provides sufficient accuracy for
decision-making while minimizing time and cost. To achieve this, two key factors
must be considered: the sampling technique (the method used to count insects within
a sampling unit) and the sampling plan (the strategy used to collect samples and
estimate populations). An effective sampling plan should define the sampling unit,
determine the optimal sampling area, estimate the required sample size for adequate
precision, establish the spatial arrangement of sampling units, and identify the best
timing for sampling [1, 4].

The sampling unit refers to a defined portion of the insect’s habitat where popula-
tion counts are conducted.

Samples collected from inappropriate sites (such as leaves or roots) would fail to
accurately represent the pest’s presence and population density. These units must be
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distinct and non-overlapping. The form of a sampling unit can vary significantly—
examples include a specific number of leaves, a measured length of a branch, a one-
square-meter wooden quadrat, or even 20 consecutive sweeps of an insect net across a
crop row. The key requirement is that the sampling unit must allow for easy and
accurate counting. For instance, a standardized quadrat can serve as an effective
sampling unit. Smaller sampling units generally facilitate quicker and more cost-
effective insect counts while reducing errors. For example, counting aphids on a single
leaf is far simpler and less prone to error than counting aphids on an entire tree.
However, excessively small sampling units may introduce estimation errors, particu-
larly at low population densities, due to insufficient representation of the habitat

[1, 4].

The identification of optimal sampling areas is crucial for minimizing sampling
errors and preventing data misinterpretation. Each species’ distinct behavioral and
biological characteristics determine their primary activity locations, which in turn
define the most appropriate sampling areas. The sampling unit must correspond
precisely to the pest’s habitat. For example, when monitoring codling moth (Cydia
pomonella L.), the larval stage inhabits fruits, while the pupal stage resides in bark
crevices. Therefore, sampling units must be aligned with these specific locations. The
location of larval activity may vary significantly depending on both the developmental
stage and seasonal timing. A notable example is the peach twig borer (Anarsia
lineatella L.), whose early-instar larvae exhibit shoot-feeding behavior prior to fruit
formation. This behavioral shift necessitates corresponding adjustments in sampling
methodology to ensure accurate population monitoring.

Research conducted in corn fields provides a clear example of how sampling areas
vary between species. For the corn stem borer (Sesamia cretica Led.), the optimal
sampling area was found to be the mid-plant section, while for the beet armyworm (S.
exigua), sampling was most effective in the lower plant section [21]. These differences
highlight the importance of species-specific sampling strategies. Host plant character-
istics also play a significant role in determining optimal sampling areas, as they
directly influence herbivore behavior and biology. This was demonstrated in a study
of the potato tuber moth (Phthorimaea operculella Zeller; Lepidoptera: Gelechiidae)
conducted on two different potato cultivars, Santea and Arinda. The research revealed
distinct optimal sampling areas for each cultivar. Furthermore, the study showed that
optimal sampling areas varied depending on the target developmental stage. For egg
monitoring specifically, the upper leaves showed the highest correlation with total
plant egg counts, while no significant correlation was found in the lower leaves [22].
These findings underscore the necessity of considering multiple factors when
establishing sampling protocols, including species-specific behaviors, host plant char-
acteristics, and developmental stages. Such comprehensive consideration ensures
accurate pest population monitoring and reliable data collection for effective pest
management strategies.

Determining the appropriate sample size is essential for conducting an accurate
and cost-effective sampling program. While increasing the sample size improves
precision, excessive sampling can be expensive and time-consuming. Thus, the opti-
mal sample number should be determined based on population characteristics [1, 4].
Sampling precision refers to the variability around the estimated population mean or
the coefficient of variation—distinct from accuracy, which measures how close the
estimate is to the true population value [23]. The desired precision level is a key factor
in determining sample size, with higher precision requiring more samples.
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Various equations help calculate the required sample size, using parameters like

mean, variance, standard deviation, and standard error, often obtained through pre-
liminary sampling. Below are some key formulas:

1. Fixed Standard Error Approach as Eq. (1).

SD \?
" <E><ﬂ> W

where, SD = standard deviation, p = population mean, and E = acceptable standard
error (e.g., 5% for IPM studies)

2. Poisson & Negative Binomial Distributions as Egs. (2) and (3):
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where, k = repetition count in the distribution

3. Confidence Limit-Based Calculation as Eq. (4):

t x SD\ 2
n:(DXM) )

t = t-value (1.96 for 95% confidence), and D = half-width of confidence
interval

4. Taylor’s Power Law (Spatial Dispersion) as Eq. (5):
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where, a, b = regression parameters of Taylor’s Power Law

5. Infestation Probability (Binary Data) as equation as Eq. (6):

2
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6. Coefficient of Variation (CV) method as Eq. (9):
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Stratified Sampling for Different Habitats: When pest distribution varies across
habitat subdivisions (e.g., citrus leaf caterpillar on stems vs. leaves), stratified sam-
pling ensures accuracy. The required sample size per unit (e.g., trees in an orchard) is
presented in Eq. (10):

8
ny = —~—"—s (10)
(u+ SE)

Sé = within-unit variance, and S;: between-unit variance.

This approach minimizes systematic errors from biased pest distribution [4].
Sequential sampling optimizes pest monitoring by dynamically adjusting sample
sizes based on observed data, reducing time and costs compared to fixed-size sampling.

There are two main approaches to sequential sampling models:

1. Classification-based (e.g., Iwao’s method, Wald’s SPRT)—Determines if pest
density exceeds a critical threshold (e.g., Economic Injury Level, EIL).

2.Fixed-precision estimation (e.g., Green’s and Kuno’s models)—Estimates pest
density with a predefined accuracy (e.g., precision levels D = 0.25 for IPM, 0.1

for research).

3. Classification sequential sampling

Iwao’s Method
Decision Boundaries Egs. (11) and (12):
Upper:
U, =nx (cd +z“/2\/82/n (11)
Lower:

U, =nx (cd —i—za/z\/Sz/n (12)

cd stands for critical density (also called the critical decision density or action
threshold).

Sampling stops if cumulative counts (S,) cross a boundary or reach maximum
samples.

Wald’s SPRT (Sequential Probability Ratio Test).

Tests hypotheses:

(Ho): Pest density cd.

(. g5 Pest density > cd.

L...sion Lines: Parallel straight lines based on likelihood ratios.

Terminate sampling S,, crosses a boundary.

Error Rates: o (Type I), p (Type II) typically set at 0.05-0.10.
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4. Fixed-precision sequential sampling:

This method estimates pest density with a specified precision (D).

Green’s Model (Taylor’s Power Law) Egs. (13) and (14)
Sample Size:

1
n = Diz » a#(b72) (13)
Stop Line: .
anl b\ =0
T,> ( > ) (14)
Kuno’s Model (Iwao’s Patchiness Regression) as Egs. (15) and (16)
Sample Size:
1
n=—m——— (15)
2 (a+1)
Do x [w(ﬁ—n}
Stop Line: (a+1)
y (16)

- [DZ—(ﬁ—n]
n

In both models, T}, is expressed as the cumulative pest number, and the stop
sampling lines can be illustrated by plotting T, against n. The estimated stop lines
imply that sampling from the population can be stopped when T, reaches or exceeds
the line. The b or f and a or a are the slope or intercept in Taylor’s power law and
Iwao’s patchiness regressions, respectively [4].

Studies indicate that factors such as host plant variety [22] and weed conditions
[21] in the field influence the required sample size calculated by sequential sampling
models for some lepidopteran larvae. It is essential to recognize that host plants
directly influence the biological traits of herbivores, including their spatial distribu-
tion—a fundamental parameter in sequential sampling models [24].

3. The role of precision agriculture in monitoring lepidopteran pests

Precision agriculture plays a transformative role in monitoring lepidopteran pests
by enabling targeted and data-driven pest management strategies. Advanced technol-
ogies within this framework provide unprecedented accuracy in detecting and con-
trolling these pests, fundamentally changing traditional monitoring approaches.
Remote sensing (RS) and Geographic Information Systems (GIS) allow for early
detection of larval infestations by analyzing multispectral imagery that reveals subtle
changes in crop health. There are many studies that use RS and GIS to detect early
infestations of lepidopteran pests on various host plants. They use different vegetation
indices for this detecting. For instance, in oat jungles of west Iran, the Normalized
Difference Vegetation Index (NDVI) was derived for the test area using Landsat 5, 7,
and 8 imageries. Since Landsat 8 OLI’s red and near-infrared bands differ from the
others, a calibration model was developed. This model proved effective, with a high
correlation coefficient (0.928) and low root mean square error (0.05). The NDVI
showed a notable decline over the study period, likely due to Tortrix viridana L.
(Lepidoptera: Tortricidae) infestation, given the area’s protected status and minor
temperature variations [25]. Greene et al. [26] examined spatial associations between
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three key lepidopteran pests—velvetbean caterpillar (Anticarsia gemmatalis Hiibner),
soybean looper (Chrysodeixis includens Walker), and green cloverworm (Hypena
scabra Fabricius)—and soybean health indicators in South Carolina fields. Results
demonstrated that NDVI exhibited stronger correlations with pest distributions than
plant height or defoliation measurements, suggesting its potential as an early detection
tool. Spatial analysis revealed significant pest-plant associations in 14% of cases, with
most occurring during the critical first four weeks of sampling. These findings high-
light NDVT’s value for identifying emerging pest hotspots and support the develop-
ment of targeted monitoring strategies early in the growing season when management
interventions may be most effective. Another research developed a monitoring and
forecasting framework for Lymantria dispar L. defoliation in Western Siberia using
Sentinel-2-derived NDVI. During the 2017 outbreak, NDVI at two defoliated sites
dropped significantly (—0.101 and — 0.087), with spatial analysis revealing heavy
defoliation (up to 10% forest area) at low elevations (916-1466 m) near roads and
slopes. From 2017 to 2021, defoliation declined as forests recovered. A Dynamic Mode
Decomposition model captured normal vegetation dynamics, with negative NDVI
deviations signaling defoliation [27].

RS-based models can predict the timing of pest outbreaks using vegetation indices
such as NDVI. By analyzing vegetation cover changes, this approach enables early
identification of at-risk areas and supports optimized pest management. For example,
Soukhovolsky et al. [28] developed novel distance indicators to proactively identify
stands losing resistance to Siberian silk moth (Dendrolimus sibiricus Tschetv.) by
analyzing their response to seasonal weather fluctuations rather than absolute values.
Remarkably, these indicators revealed changes 2-3 years prior to actual outbreaks,
enabling early risk assessment. The approach demonstrates that remote sensing can
generate complex resistance indicators for global forests, transforming large-scale
monitoring by predicting pest outbreaks before irreversible damage occurs. Scientists
found that satellite data tracking snowmelt and spring vegetation growth can predict
outbreaks of certain moths better than temperature data alone. For two spring-active
moth species in Finland, these natural events signaled peak activity times more accu-
rately. While the method did not work for other moths, it allowed researchers to
create nationwide forecast maps. This approach could help farmers and foresters
prepare for pest outbreaks by using satellite observations of seasonal changes as early
warnings. The technique works best for pests whose life cycles match visible land-
scape changes [29].

Meanwhile, IoT-based sensors deployed across fields can detect adult moth activity
through pheromone traps or acoustic monitoring, providing real-time population
data. Machine learning (ML) algorithms enhance predictive capabilities by processing
historical climate data and pest life cycle information to forecast outbreak risks, while
decision support systems (DSS) generate customized management recommendations
based on dynamic economic thresholds. A key advantage of precision agriculture lies
in its ability to reduce pesticide use through localized interventions. Big Data analytics
further optimize treatment timing by identifying the most vulnerable pest growth
stages (e.g., first-instar larvae) for maximum control efficiency. However, challenges
remain, particularly for species with irregular spatial distribution patterns (e.g., cot-
ton bollworms), requiring specialized algorithms for accurate monitoring. Addition-
ally, integrating field-collected data (e.g., pheromone or light trap counts) with
automated smart systems remains critical for robust pest surveillance. To make pest
monitoring easier and more precise, researchers developed a smart insect trap (E-
trap) that uses a pheromone lure and a wireless camera to automatically count
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captured moths including Spodoptera litura Fabricius (Lepidoptera: Noctuidae) daily.
Unlike traditional traps that require manual checks every five days, this high-tech
version sends real-time images over 4G networks, letting farmers track pest numbers
remotely without frequent field visits. When tested in Japanese soybean fields, the E-
trap caught the same pest trends as old-school traps but revealed finer details—like
daily population swings—which manual methods could miss. Even better, the sys-
tem’s Al-powered counts matched real insect numbers with over 95% accuracy, prov-
ing it’s both reliable and labor-saving. This innovation could revolutionize pest control
by giving farmers faster, data-driven insights while cutting down on tedious fieldwork
[30]. Another Automated Moth Trap (AMT) that uses light lures and a camera to snap
pictures of live insects at night was developed in Denmark. A smart Al system, called
Moth Classification and Counting (MCC), then analyzes the images to identify species
and count moths without harming them. In field tests over 48 nights, the trap cap-
tured 250,000+ images (averaging 5675 per night), and a custom deep learning model
achieved 93% accuracy in species recognition. While tracking performance had room
to improve (71-79% precision), the system proved to be a low-cost, hands-off way to
monitor moths—giving scientists and farmers better data without the tedious field-
work [31]. The electronic funnel trap (e-funnel) was developed for automated moni-
toring of pheromone-responsive Lepidoptera species. This system incorporated an
optical counting mechanism and utilized a LoRa-based wireless network to transmit
insect counts along with Global Positioning Systems (GPS) coordinates, timestamps,
and temperature data to a cloud server. Field evaluations comparing the e-funnel
network with conventional traps for monitoring T. absoluta populations demonstrated
statistically equivalent counting accuracy between automated and manual methods,
though the electronic traps captured approximately 84% of the insects collected by
traditional plastic traps. The technology provided reliable real-time monitoring capa-
bilities while eliminating the need for manual trap inspections, representing a signif-
icant advancement in automated pest surveillance [32].

RS technology has become an indispensable tool for monitoring plant health status;
detecting nutritional needs, irrigation requirements, and soil conditions; and identi-
tying biotic and abiotic stressors such as pests, diseases, and weeds. Through
spaceborne, airborne, and drone-based geospatial data acquisition, RS enables accu-
rate crop loss assessment and serves as a critical component in IPM decision-making
systems. Recent advancements in Al and machine deep learning (MDL) have signifi-
cantly enhanced the efficacy of RS data interpretation, facilitating more precise and
timely management decisions [4].

As a rapid, large-scale observation tool, RS technology processes aerial and satellite
imagery to deliver comprehensive data on pest habitats, damage severity, and popu-
lation density dynamics. This capability is particularly valuable for area-wide pest
interventions, where successful suppression relies heavily on spatially extensive data
for IPM planning. Al and MDL play a pivotal role in analyzing the vast datasets
generated by RS sensors, enabling cost-effective, rapid, and accurate predictions for
informed decision-making. GIS, GPS, and RS function as complementary technolo-
gies, collectively enhancing the collection, integration, and analysis of spatial big data.
These tools allow for the evaluation of pest population fluctuations across both tem-
poral and spatial dimensions, providing a more holistic understanding of infestation
patterns. While traditional ground-based monitoring remains essential, RS and aerial
data-gathering technologies offer spatially continuous insights into pest occurrence
and dispersal over large regions—a capability particularly crucial for invasive or
migratory species [4].
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As an example, researchers developed an efficient drone-based system to detect
destructive bagworm (Lepidoptera: Psychidae) infestations in oil palm plantations,
addressing the limitations of traditional labor-intensive monitoring methods. Using a
specialized DJI Inspire 2 drone flying at 70 meters altitude and equipped with a high-
resolution Micasense Altum-PT multispectral camera, the team successfully identified
four distinct infestation severity levels: healthy, low, mild, and severe. The study
revealed that different combinations of vegetation indices performed best for specific
detection tasks—the NDVI and Green Normalized Difference Vegetation Index
(GNDVI) combination perfectly identified healthy and low-infestation areas, while
NDVI with NDRE worked best for detecting moderate and severe cases. Among all
indicators tested, NDVI emerged as the most consistently reliable across all infestation
levels. The system’s remarkable accuracy was further enhanced by the Weighted KNN
algorithm, which achieved near-perfect detection rates exceeding 99.7%. This inno-
vative aerial monitoring approach provides plantation managers with a rapid, large-
scale solution for early pest detection, enabling timely and targeted control measures
while significantly reducing labor requirements compared to conventional ground
surveys [33].

A cost-effective unmanned aerial vehicles (UAVs) monitoring system using RGB
imagery and machine learning (Random Forest and CNN) was developed to detect
Erannis jacobsoni Djak infestations in Mongolian larch forests through vegetation
indices and canopy texture analysis. Achieving over 85% accuracy comparable to
multispectral methods, this approach enables rapid local pest detection while
establishing a framework for scalable forest surveillance, providing managers with an
efficient tool for early outbreak intervention and ecosystem preservation [34]. The
detrimental impact of the bagworm Metisa plana Walker on Malaysian oil palm
plantations was demonstrated through its capacity to cause 10-13% leaf defoliation
and up to 40% yield losses, prompting the development of an efficient UAV-based
monitoring system to overcome the limitations of time-consuming manual censuses;
however, the inherent data imbalance in UAV imagery posed classification challenges
for determining infestation severity levels, which were addressed through evaluation
of three vegetation index combinations (NDVI-NDRE, NDVI-GNDVI, NDRE-
GNDVI) coupled with various resampling techniques (ROS, SMOTE, RUS, 3-interval
and 5-interval undersampling), revealing that 3-interval undersampling of imbal-
anced data achieved optimal performance with 86.84% classification accuracy and
100% F1-score, while Fine KNN consistently excelled in classifying all infestation
levels using NDVI-NDRE features across datasets, with the counterintuitive finding
that a 66.67% sample size reduction enhanced classification success even with unbal-
anced data, ultimately establishing an effective framework for large-scale pest moni-
toring in oil palm plantations through strategic data balancing approaches [35]. In
Brazil, research aimed to detect leaf miner (Leucoptera coffeella Guérin-Méneville &
Perrottet) infestations in newly planted coffee crops using vegetation indices (VI)
derived from multispectral aerial images captured by a remotely piloted aircraft
(RPA). The research applied the random forest (RF) algorithm for classification. The
RF model in R software classified infested and healthy plants, revealing significant
spectral differences. Vegetation indices also varied significantly: EXR was higher in
infested plants, while GNDVI, GOSAVI, GRRI, MPRI, NDI, NDRE, NDVI, and
SAVI were higher in healthy plants, indicating different light absorption patterns.
Due to these spectral differences, the RF algorithm performed effectively in
classification [36].
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Decision-making
after monitoring

Figure 6.

The diagram illustrates the data flow between various monitoring components, including satellite and aerial
imaging (via drone technology), Smart IoT-enabled traps, and Al-powered data analysis for decision-making. All
collected data are transmitted to a central processing unit where artificial intelligence algorithms evaluate pest
population dynamics and support management decisions.

Ground monitoring alone is often time-consuming, costly, and impractical, espe-
cially in remote or difficult-to-access ecosystems such as forests, rangelands, and
other natural habitats [37]. RS bridges this gap by delivering scalable, real-time data
that support proactive and sustainable pest management strategies. By integrating RS
with Al-driven analytics, modern IPM systems can achieve unprecedented precision
in pest detection, monitoring, and control, ultimately optimizing agricultural produc-
tivity while minimizing environmental impact (Figure 6) [4].

4. Bioelectric sensors for lepidopteran insect monitoring

Bioelectric sensors are devices that detect and measure the electrical activity of
living organisms, such as insects. These sensors are designed to capture the tiny
electrical signals that are generated by the body’s physiological processes, including
sounds and chemical cues. The sensors can play a critical role in real-time monitoring
of the lepidopteran insects in different ecosystems in the future. For instance, insects
have a highly developed sense of smell that allows them to detect volatile chemicals
released by plants or another insect, which they use to find food or mates. By com-
bining an insect’s sense of smell with electronic instruments, researchers have created
a “bioelectronic nose” that can detect plant damage. This innovative technology uses a
field-effect transistor connected to an insect antenna to create a stable bioelectronic
interface. In a real-world test, the bioelectronic nose was used to detect a specific
volatile chemical released by damaged plants in a glasshouse or another mate. The
results were impressive, with the system able to detect the chemical at very low levels,
even in the presence of 1000 undamaged plants. The detection was also extremely
fast, taking only a few seconds to detect the chemical. This technology has the
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potential to be a powerful tool for monitoring and detecting plant damage and could
have significant implications for agriculture and conservation [38].

Traditional methods of monitoring, such as hand netting and pan traps, are time-
consuming and labor-intensive. To address this, researchers have been exploring the
use of bioacoustic sensors to monitor flying insects. These sensors detect the sounds
made by insects, such as buzzing, and can provide valuable insights into their
populations. A study in Italy compared the effectiveness of bioacoustic sensors with
traditional monitoring methods. The results showed that the sensors were able to
detect changes in insect abundance and activity patterns, particularly in relation to
temperature. While the sensors were effective in estimating overall insect abundance,
further development is needed to accurately identify specific insect species. The use of
bioacoustic sensors offers a promising solution for easing the burden of insect moni-
toring, which is essential for conservation efforts. However, it’s important to note that
these innovative technologies should not replace the expertise and data quality pro-
vided by professionals. Instead, they can be used to supplement traditional methods
and provide unprecedented opportunities for monitoring and conservation. By com-
bining traditional methods with new technologies, researchers and conservationists
can work together to protect and preserve biodiversity [39]. For instance, it is dem-
onstrated that some moths respond to ultrasonic waves at determined frequencies
[40, 41]. Therefore, the findings can be used for developing bioacoustic sensors for
detecting the insects.

5. Conclusion

Effective monitoring and population estimation are fundamental to implementing
successful IPM strategies, ensuring timely interventions while minimizing unneces-
sary pesticide use. This chapter highlights the importance of robust sampling meth-
odologies—including absolute and relative estimation techniques—to accurately
assess lepidopteran pest densities. Traditional methods such as field surveys, sweep
netting, and pheromone/light traps remain essential, but emerging technologies like
smart traps, remote sensing, and Al-driven precision agriculture are revolutionizing
pest surveillance. The integration of GIS, RS, and UAVs enables large-scale, real-time
monitoring of pest infestations, improving early detection and targeted control mea-
sures. Moreover, advancements in bioelectric sensors and bioacoustic monitoring
offer promising future tools for non-invasive, automated pest tracking. However,
challenges such as high initial costs, technical maintenance, and species-specific vari-
ability in trap efficacy must be addressed to ensure widespread adoption.

Ultimately, a combination of traditional and innovative approaches—supported by
data-driven decision-making—will enhance the sustainability and efficiency of lepidop-
teran pest management. By leveraging precision agriculture, machine learning, and IoT-
based solutions, farmers and researchers can optimize pest control strategies, reduce
ecological impacts, and safeguard agricultural productivity in an era of growing food
demand. Future research should focus on refining automated monitoring systems,
improving sensor accuracy, and developing cost-effective solutions for small-scale
farmers to ensure equitable access to advanced pest management technologies.
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