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ABSTRACT

This research employs a tragisciplinary methodology for rice pest

management, centered on ppatasitoid associations. By integrating entomology,

ecology, socieeconomic aspects, and policy research, the study aims to identify

sustainable solutions and promote social learningedffe collaboration among

scholars, farmers, multidisciplinary scientists, and stakeholders is crucial.

The first part of the study explores-trophic interactions within rice agro

ecosystems in North Kerala, focusing on relationships among insect hests

parasitoids, and the defense strategies of lepidopteran pests. Key findings include:

1.

Species Compositionldentification of a diverse range of insect pests and
parasitoids, with prominent species likénaphalocrocis medinalisand
Parapoynx stagnals, and significant biological control potential from

parasitoid families Ichneumonidae and Braconidae.

Seasonal Variation Seasonal changes significantly impact insect species
composition, with higher populations during wet seasons due to increased

resoure availability.

Zone-specific Preferences Certain insect specishiow preferences
for specific ecological zones, underscoring the need for tailored pest

management strategies.

Host-Parasitoid Associations Complex interactions between pests and
parasitoid were noted, with diverse parasitic strategies employed by

parasitoid wasps influencing pest control.

Anti -Parasitoid Defense StrategiesLepidopteran pests exhibit various

defense mechanisms against parasitoids, affecting parasitism rates.

The second parof the study underscores the transition to sustainable

agricultural practices. It analyzes community structure, spatgporal variation,

and factors influencing pest and parasitoid populations:



1. Abundance and Species RichnessSignificant variations inpest and

parasitoid populations across different zones and seaswaobserved.

2. Effects of Crop Age and Farming Practices Insect pest diversity varies
with rice growth stages, and pesticide usage impacts pest and parasitoid

abundance, highlighting theeed for ecdriendly practices.

3. Climatic and Agricultural Factors: Climatic factors and agricultural
practices significantly influence pest and parasitoid dynamics, with
ecological niche modeling providing predictive insights for integrated pest

management

The third part highlights traditional pest management practices among small
scale farmers in North Kerala. Combining traditional wisdom with modern scientific

assessments can enhance sustainable pest management strategies:

1. Farmers' Knowledge and Perceptons Limited knowledge about pests and
natural enemies hampers effective management, emphasizing the need for

educational programs.

2. Social Dynamics and Information Sources Training and social
connections influence farmers' awareness and adoption of pesiggment

techniques.

3. SocicEconomic and Cultural Influences Traditional farming
communities rely on empirical knowledge, while modern communities show

greater social engagement and reliance on external sources.

The study calls for collaborative effort® tpromote sustainable pest
management, reduce dependency on chemical pesticides, and safeguard
environmental and public health. Addressing knowledge gaps, enhancing farmer
participation, preserving traditional knowledge, and reforming government policies

are essential for sustainable agriculture in North Kerala.

Keyword: Transdisciplinary research, Sustainable pest manageniRice pest

control, Socieecology, Sustainable agriculture
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GENERAL INTRODUCTION

Oryza satival.., a prominent member of the grass family Poaceae, stands as
the predominant rice species worldwide. Its historical cultivation traces back to ten
thousand years ago in the river valleys of Southern and Southeast Asia. The Indus
Valley civilization, circa 30001500 BC, played a pivotal role in the domestication
of rice in India. The journey of rice evolution saw the documentation of wild
varieties such a®ryza nivaraand Oryza rufipogonby 9000 BC, withOryza
japonica later introduced from Gha. This ancient grain underwent hybridization
with Oryza indicaaround 4,000 years ago, solidifying its position as the primary

food source and catalyzing human civilization and community gr¢(mAlD, 2004).

The sociecultural fabric of rural India intgwines deeply with paddy
cultivation, with festivals |1ike Keral ads
Thai Pongal Karnatakaos Makar a Sankranth
celebrations revolving around the paddy harvest (TOI, 2020). Rice's significance
transcends cultural boundaries, serving as a vital component of global food safety
and socieeconomic policy. With almost half of the world's population relying on it
as a staple diet (Skamnioti and Gurr, 2009; Hosskjghaddam and Soltani,

2013), Asia éads in rice consumption (Hosseywoghaddam and Soltani, 2013;
Muthayya et al., 2014), with India and China alone contributingés@entto both
production and consumption (Muthayya et al., 2014). However, meeting the
growing demand for rice necessitatag increase in production, a challenge
compounded by various abiotic and biotic constraints faced by farmers (Dale,
1994).

Insect pests emerge as formidable constraints in Indian rainfed rice
production (Singh et al., 2012), accounting for nearlyp86ent of the yield gap
bet ween potenti al and actual farm yield (
imperative to bridge this gap underscores the need for significant policy support to
enhance longerm rice production. Thus, there is a call to shift policyufotowards
various aspects, including production, irrigation infrastructure management, and

integrated pest management, among others (Siddiq, 2000).
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Rice fields, functioning as artificial wetlands, harbor a rich biodiversity that
supports various wildlg habitats (FAO, 2004). This soecological production
landscape plays a crucial role in addressing diverse challenges such as climate
change adaptation, flood management, and biodiversity conservation.

Over the centuries, countless rice varieties hlawen developed to meet
environmental and cultural needs, although many traditional varieties remain
undocumented and underutilizggkhush, 1997; Kumar et al., 2010). Several
decades ago, India boasted an impressive array of 50,000 to 60,000 rice varieties,
each cultivated for distinct socreligious rituals, ceremonial occasions, dietary
preferences, medicinal applications, and entrenched cultural beliefs. However,
modern records reveal a stark decline, with fewer than a thousand varieties
remaining acceslsle today. Primarily preserved through the concerted initiatives of
individuals and nomgovernmental organizations (NGOSs), these surviving varieties
stand as a testament to ongoing efforts in conservation. There have been few efforts
to record informationabout the traditional varieties, and even though some
commendable attempts have been made in their €thitral aspects, much is left
to be studied and documented (SebasirathAzeez2014).

The growth of rice plants unfolds through distiveigetative, reproductive,
and ripening stages, during which they are targeted by a plethora of pests,
pathogens, and weeds (Reissig et al., 1986). Intense rice cultivation would
contribute to a higher species richness of pests and natural enemies (Badion
Litsinger, 1994). In India, insect pests like gall midge, wbieked planthopper,
yellow stemborer, rice leaf folder, and brown planthopper are of national
significance. Several insects previously considered minor pests have recently
become dominanpests, despite a substantial reduction in the occurrence of a few
others (Pathak and Dhaliwal, 1981). The Green Revolution of the 1960s brought
about significant advancements in rice cultivation, yet overreliance on insecticides
has led to pest resurgenaad ecological imbalances (Nort@t al, 2010). The
management of rice pests has mainly depended on insecticides due to heavy insect

pressure (Magallona, 1989). The yield of rice improved; however, overuse and
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misuse of certain insecticides have resulteg@growing pest resurgence problems,
pesticide resistance, and the emergence of new pests, along with the destruction of

beneficial insects (Pathak and Khan, 1994; Poolprasert and Jongjitvimol, 2014).

Thus, there arises a need for integrated pest mamagestrategies
encompassing mechanical, cultural, and biological controls. Cultural management
practices reduce pest establishment, reproduction, dispersal, and survival (GWA,
2020). Biological control (biocontrol) is a safe, sustainable pest management
technology that takes advantage of natural enemies present ire@ggypstems
(Wang et al.,, 2019). Natural enemies are the biotic component that manages the
population of pest insects in the agroosystem; comprised of predators and
parasitoids that feed owarious life stages of herbivorous insects (Jervis et al.,
1996). They account for approximatelyiS0 percentof the pest control in crop
fields (Pimentel, 2005)Trichogrammawasps are successful biological control
agents oflepidopteran pests (Landi$ al., 2000; Kaur et al., 2008; Skfeet al.,

2008; Ko et al., 20%4Lou et al., 2014). In Kerala, they were used to control leaf
roller, stem borer, skippers, and cutworms in field trials.

Studies on rice pest management and the rice ecosystenty marolved
around the pegtarasitoid diversity, taxonomy studies, seemnomic aspects of
agriculture, or integrated pest management. Studies done so far on rice fields of
Kerala wergocussed oriversity of rice insects and natural enemies (e.gevBet
al., 2000; Premila, 2003; Sudhikumar, 80Ranjith et al., 2015 Prabhakaran and
Tharemmal, 2019), the effect of pesticide use (Devi, 2007), the taxonomy of rice
insect fauna (e.g., Narendran and Fousi, 2002; Sheela et al., 2005; Sudhikumar,
2007) pest status (e.g., Raveendran et al., 1978; Ambikadevi et al., 1998), the
biology of rice insects (Pillai and Nair, 1979), the effect of Integrated Pest
Management (IPM) on rice fields (e.g., Latif and Wahab, 2007; Lyla et al., 2010;
Karthikeyan and Jato 2010), rice varietal studies (e.g., Kumar et al., 2010; Beena
et al.,, 2013; Vanaja, 2013; Bindu et al., 2014; Vanaja et al.,, 2015; Gopi and
Manjula, 2018), the effect of climatic change in rice ecosystem (Saseendran et al.,

2000; Sabale et al., 2010)tudlies on rice pest management and the rice ecosystem




Generalntroduction

have predominantly focused on ecological or social aspects, necessitating an
integration of both dimensions. Paddy fields, as humadified ecosystems, are

influenced by a myriad of sockecological fators, emphasizing the importance of
transdisciplinary approaches in addressing sustainability challenges (Bianchi et al.,

2006; Bommarco et al., 2013; Grab et al., 2019; PAlearez et al., 2018). Rice

production depends not entirely on environmentalfaor s b u't al so on th
sociceconomic status, which influences their farming capacity (Wijnhoud et al.,

2003).

In recent years, trardisciplinary methods in agrecosystems have gained
widespread appreciation worldwide, and limited attempts Heen made to test
their scope in Indian agriculture research. Wetland rice cultivation is widely
appreciated as a unique sceicological production landscape with the potential to
address issues of climate change adaptation and mitigation, flood mangdeoten
security, and biodiversity conservation (e.g., Gu and Subramanian, 2012; Ichikawa,
2013; Santiago and Buot, 2018). Unlike other ecosystems, factors of production in
the rice ecosystem were derivatives of anthropocentric interactions. This research
designed a trangisciplinary methodology for rice pest management by considering
pestparasitoid associations as the central theme. Domains of entomology, ecology,
sociaeconomic aspects, and policy research were addressmtbsequent layers
(Fig. 0.1). Transdisciplinary research focuses on identifying implementable
solutions to overcome sustainability issues and encouraging social learning. So there
should be a prerequisite for waellanaged collaboration among scholars, farmers,
multidisciplinary scietists, and sectorial stakeholders. Here we used a-trans
disciplinary approach to find the gaps in rice pest management domains and

recommend suggestions to solve rice farmer probleri®ith Kerala.
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Fig. 0.1 Transdisciplinary study carried out. The mains of Entomology (1),
Ecology (2), social science and policy research (3) were addressed.

pests and parasitoids & their
host- parasitoid association

ENTOMOLOGY

& o
g Species composition of insect
8

ECOLOGY

SOCIAL SCIENCE
POLICY RESEARCH

So, the thesis addresses the following main research questions:

1. To investigate the species composition of insect pestpaagditoidsand

their associations ithe rice agreecosystem.

2. To examine the spati@mporal variation of pests and parasitoids in the rice

ecosystem oNorth Kerala.

3. To study the insect pests associated with traditional rice varieties and the

sociaecological dimensions of rice pest managatrinNorth Kerala.




CHAPTER 1

SPECIES COMPOSITION OF INSECT PESTS AND
PARASITOIDS,

AND THEIR ASSOCIATIONS IN THE
RICE AGRO-ECOSYSTEM
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Species composition of insect pests and parasitoids, and their associations in the-6ceygtem

Introduction

Rice is a staple food in many nations and one of the most extensively
consimed cereals globally (Bambaradeniya and Amerasinghe, 2003). A wide
variety of insect pests infest rice. Many pest species, particularly lepidopterans, are
prone to increase their abundance when favorable conditions are present, and they
are significant gks to agriculture and the forest ecosystem (Elkinton and Liebhold,
1990; Devetak et al., 2015). Controlling rice insect pests is a significant issue in rice
fields worldwide (Hassan, 1985). Akemicalmethods provide nearly instantaneous
results, pesticies are the most popular method of managing rice insect pests.
However, issues like pesticide resistance, residual contamination, and pest

resurgence have arisen over the past few decades (e.g., Gill and Garg, 2014).

Biological control may overcome thisgilem by utilizing natural enemies
such as parasitoids and predators to combat insect pests (Ooi and Shepard, 1994).
Parasitoids are arthropods that develop on a single host and kill their hosts. Parasitic
life is only found in the juvenile stages of ricsect pests. Adults are generally free
living and feed on nectar, honeydew, or the fluids of their hosts. The orders
Hymenoptera and Diptera include the majority of parasitoids (Eggleton and Gaston,
1990; Eggleton and Belshaw, 1993; Fei et al., 2023).yMmrasitoids can attack
several host species, while others may only focus on one. Consequently, their
population dynamics are closely tied to the availability of their hosts. This
interdependence highlights the crucial role they play in pest contra@gtat(e.g.,
Hassell, 1980; Hassell and May, 198arbosa and Benrey, 1998; Gag@t al.,
2016). Several attempts have been made to integrate pest management (IPM) to
merge norchemical and chemical control methods. Natural enemies and
insecticides were aed together in one attempt (Van den Bosch et al., 1982). The
benefits of biological approaches include selectively impaired targets, fewer side
effects, and a lower cost than traditional chemical pest control. Preserving the
natural enemy complex in thace environment is one of the most effective
biological management strategies. The significance of these populations of naturally

occurring species remains little understood, although this strategy is much older than
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those concerning imported species. dt @ssential to accurately identify natural
enemies and recognize their needs when managing rice insect pests, through
i ntegrated pest management (1PM) ( Rao,
biology, its natural enemies and identifying different $ifages of relevant insects in

the field is also needed for effective biological control. Field exploration of natural
enemies is commonly used to track their activities, assess their effects on insect
pests, and forecast other control strategies that lmeayequired (Kiritani, 1979;
Bambaradeniya et al., 2004). Our study focused on the association between
hymenopteran and dipteran parasitoids and their hosts to fill in the dearth of
information on parasitoids of rice pests in Kerala. Yet, to fully grasp th
implications of these relationships for community organization and functioning, it is
imperative to employ techniques that integrate and analyze the data effectively.
Utilizing the trophic web, we can systematically map out all pertinent
interconnectionsvithin a specific ecological system, shedding light on its intricate

dynamics and functioning (Hall and Raffaelli, 1993). Ecologists and entomologists

have closely examined the relationship between pest species and their parasitoids.

Few studies, howevehave focused on the 4iophic levels of a food web, such as
plants, herbivore insects, and parasitoids in specificcagpsystems (e.g., Shameer
et al., 2018). As a result, studies onttaphic interactions between harmful insects
and their natural remies can provide a valuable foundation for developing an
effective biological control method (e.g., B€laro, 2004). Furthermore, these
findings may aid in improving the efficacy of biological control agents to suppress

herbivore populations.

The presece of natural adversaries significantly undermines the fitness and
survival of herbivorous insects across the board, profoundly influencing the
evolutionary trajectory of Lepidoptera species. This phenomenon has been
extensively documented in prior studigtrong et al., 1984; Bernays and Graham,
1988; Stamp and Casey, 1993; Schoonhoven et al., 1998), underscoring its pivotal
role in shaping the dynamics of insect populations. Caterpillars defend themselves
against natural enemies by employing variousteias before, during, and after

predator confrontations (Greeney et al., 2012). This defense could impact the rate of

201
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parasitization in various caterpillar species. Larvae can defend themselves against
predators using chemical, behavioral, or morpholdgistnategies. Specialist
caterpillars require chemical defenses, which have been found to work against
various predators (Dyer, 1995). Many caterpillars absorb chemicals from their host
plants and use aposematic colors to signal to predators that thelststeful
(Bowers, 1990; Dyer and Bowers, 1996; Grant, 2007; Lindstedt et al., 2008). To
discourage predators, some caterpillars have defense glands, such as osmeteria, or
employ fecal shields, foul scents, stomach regurgitation, or foam barriers tioddi

to sequestration (Damman, 1986; DeVries, 1991; Grant, 2006, 2007). Escape holes,
head or tail wagging, suspension on silken threads, aggregation, frass ejection, frass
chains, and the building of leaf shelters are all examples of behavioral defenses
(Hunter, 2000; Machado and Freitas, 2001; Aiello and Solis, 2003; Reader and
Hochuli, 2003; Weiss, 2003; Castellanos anarl®sa, 2006; Lill and Marquis,
2007).

Morphological defenses, such as cryptic color patterns, allow larvae to blend
in with their suirroundings, potentially reducing predator detection (Greene, 1989;
Stamp and Wilkens, 1993). Other larvae imitate inedible objects found in their
environment, such as bird droppings or even higineéer predators (Lederhouse,
1990; Wagner, 2005). In addih to scoli (bristlebearing outgrowths on the
integument) and sclerotized spines or hairs (secondary setae), morphologically
defended larvae may have sticky integumental coating (Whelan et al., 1989; Dyer
and Floyd, 1993; Epstein et al.,, 1994; Deml arettier, 2003; Lindstedt et al.,
2008).

These protections allegedly keep predators at bay by disguising the larva,
deterring predators, or directly safeguarding the larva after an attack has started.
Little is known regarding the effects of herbivore dsfee methods on predators or
parasitoids at the field scale, especially in the case of rice pests and associated
parasitoids. By considering all the above, there is a need for detailed studies on
species composition, trophic level interaction, the natdirpacasitization, and its

avoidance strategies in each region. Such studies will give a holistic picture of the
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pestparasitoid relationship that will be crucial for developing pest management

strategies. So, in this chapter, we aim to address the fojayuastions:

1. How do pest and parasitoid composition vary with crop seasons in different

agraecological zones?

2. What are the hogtarasitoid associations existing in the given spatio

temporal scales?
3. What are the parasitoid avoidance strategies adoptadebpasts?
Review of Literature

Species composition of insect pests and parasitoids and the efficacy of paragitoids

world scenario

This is one of the widely studied areas in parasitoid research in many parts of
the globe, and researchers are still vaatyi exploring this domain. Here we

summarize the important studies carried out in major parasitoid families.
Bethylidae (Aculeata: Chrysidoidea)

Bethylid wasps, the most prevalent ectoparasitoids, parasitize Coleoptera and
Lepidoptera larvae (Evans, 1964emales of the Bethylidae search for hosts in
hidden habitats and paralyze them by stinging. The number of eggs deposited on
each host is adjusted according to the size of the Gosiozus indicugAshmead),

a gregarious ectoparasitoid, lays threesegegr day and 35 eggs during its lifetime
(Kamal and Dyck, 1992fGoniozussp. was shown to be parasitic ©n
medinalis(Manisegaran et al., 1997). According to Gord et al. (1998hiozus

hanoiensigarasitize€. medinalisat a 1 20% rate.
Braconidae (Apocrita: Ichneumonoidea)

Braconids preferretb parasitise insect larvae and pupae (Matthews, 1974;
van Achterberg, 1984). Rao (1963) claims fhatpobracon schoenob(Viereck)
parasitized 55.5% ofryporyza incertulas Kennard (1965) discovered B348

percent parasitism &ncyloxypha numitofFabricius) byAgaths species in
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Louisiana. According to Hidaka (196%Jlicrogaster russatdas ( Hal i day) | ar v
pupal durations iChilo simplexwere 4050 and 10.2 days, respectivel¥erino

(1968) identifiel a parasitoidpiussp fromHydrellia philippina,which parasitize

14% to 714% of the hosts.

According to Rao et al. (197GRhysipolis hesperidé®Rohwer)
parasitize$®. mathiasat the rate of 45 percent. Kajita (1973) reported that the larval
and pupalstages oApanteles chilonigMatsumura) take two months to mature,
pupa two weeks, and have three generations each yearlinsuppressalisHegazi
et al. (1974) discovered that the egg and larval period€helonus
inanitus(Linnaeus) were 13.6 dayshe pupal period was 11.4 days, and the
developmental period was 25 daysSpodoptera littoraligBoisduvel). According
to Yasumatsu (1975A. chilonis(Matsumura) parasitizedhilo zonellugSwinhoe)
at the rate of 50%.According to Zhang (1986), theotal life cycle ofCotesia
ruficrus (Haliday) was 13.230.8 days; egg 2.7 days; 5 larval instars; adult lifespan
female 1.54.3 days; male 1i2 days; 12 generations per year in the lab; four
months overwintering as a pupa in the Hdgthimna separata the field (Walker).
According to Pantoja and Fuxa (1992helonus insulari¢Cresson)
parasitizedSpodoptera frugiperdéSmith) at a rate of 5.5 percenBracon
antennatugGranger) andBracon testaceorufaty§ranger) were gregarious larval
parasitoid o Scirpophagasp., and the latter was an ectoparasitoid 46individuals
per host). The developmental stageCbilo infuscatelludasted 12 days, and larval
diapause was observeéRlhaconotus carinatu$olaszek) is a gregarious larval
ectoparasitoid witta 2Gday developmental phase Ghilo sp. (6 27 individuals per
host) (Polaszek et al., 1994). In Mexiédabagrus stigmd#Brulle) parasitizes the

same host at a rate of 21.2% (Pfannenstiel and Browing, 1995).
Ceraphronidae (Apocrita: Ceraphronoidea)

Ceaphronidae is poorly understood, but certain members evolve as
endoparasites targeting Thysanoptera, Lepidoptera, and Neuroptera (Reskart
Cancemi 1986). Polaszek et al. (1994) collected and identified two hyperparasitoids

belonging to the family CephronidaeAphanogmus fijiensid-erriere)

10
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andCeraphronsp., from rice fields. Daniel et al. (20%urveyed Ceraphronoidae
in rice ecosystems of Tamil Nadu, and they collegted

fijiensis (Ferriere)Ceraphronsp. andConostigmus nigrorufu@essatrt).
Chalcididae (Apocrita: Chalcidoidea)

Members of the familyChalcididaeare the most common parasitcief
Lepidoptera, Diptera, Coleoptera, and other Hymenoptera, with a few
hyperparasitoids thrown in for good measure. According to Abraham et al.
(1973),Brachymeria excarinatéGahan) parasitize@. medinalisat a rate of 7.4
percent. Ambikadevi (1998) recordBdachymeria lasugWalker) from the rice
ecosystem of Kuttanad, Kerala. Kanagarajan and Manickavasagam (2007) and
Daniel and Ramaraj(2017) have reorded Chalcididae in various ageoosystems
in Tamil Nadubs Cauvery delta and have
lepidopteran pest management programs ®Btthymeriaas the most dominant

genera.
Dryinidae (Aculeata: Chrysidoidea)

According to Oini (1984), dryinids attacked Auchenorrhynchous Homoptera
(Cicadelloidea, Fulgoroidea), and certain female dryinids have chelate forelegs,
which they utilize to catch their prey. Before oviposition, they temporarily paralyze
the nymphal hosDicondylus ind a n (Qdnd) sadult lifetime was shorter at low
densities of its hosl\. lugengCurrado and Olmi, 1979). According to Manjunath
(1979),Dryinussp. parasitizeBl. lugensat a rate of 7.8%. Chandra 9
conducted a study in the Philippines on the taxoy and biology of Dryinidae,
which  parasitize leafhoppers on rice. Kitamura (1988) estimated
thatHaplogonatopus apicaliBerkins takes 32.4 days $1 furciferaand 30.4 days
in Laodelphax striatellugFallen) to develop from eg@ pupa. According to Gin
(1989, H. atratusEsaki and Hashimoto parasitized 48.2 percent of rice delphacids.
The developmental period Baragonatopus fulgoriNakagawa)
(=Pseudogonatopus fulggriin rice delphacids is 16 days. According to Chen
(1989),H. apicalisparasitizes 36.5 percent of delphacidBaragonatopus
fulgoritakes 25.9 and 26.1 days to developSinfurciferaandL. striatellus
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respectively. Zhang and Jin (1992) reported that a female drynid may parasitize up
to 16 C. medinalidarvae. An updated Oriental Onydae revision noted 368
species in seven subfamilies, 20 genera, and seven subfamilies. Xu et al. (2013)
have described eight new species belongin®rgnidae Mita and Hong (2014)
examined the parasitoid complex associated with rice planthopperscanfeeld in
Vietnam. As a resulGonatopus lucen@Imi), G. nigricans(R. Perkins)G.
nudus(R. Perkins)G. flavifemur(Esaki & Hashimoto), an®. yasumatsuiOlmi)

were collected. Biological traits of the Pincer w&matopus flavifemuiEsaki &
Hashimoto) associated with different stages of its host, the Brown

planthopperNilaparvata lugengStal) was reported by He et al. (2020).
Eulophidae (Apocrita: Chalcidoidea)

Eulophidae consists mainly of primary parasitoids, with a few
hyperparasitoids ahphytophagous specieB 6 u | ardkAskew, 1968). According
to Corbett (193), Tetrastichus schoenoliirerriere) parasitized 500% of its
host,Schoenobius bipunctif¢walker). He also discovered thHag¢diobiussp.
parasitizedelopidas mathia@abriciis) to the extent of 62.5 percent and
medinalisto the rate of 5.6 percerfetrastichus fasciatysarasitized an
unidentified dipteran with 57.gercent parasitism (Tiwari, 19¥.2Another species
of TetrastichusT. schoenobilarva, required fou§. ircertulaseggs to complete
development (Kim et al., 1986)etrastichus schoenolparasitizesScirpophaga
innotata(Walker) at a rate of 14i45% (Mahrub, 1993). Pantoja and Fuxa (1992)
reported thaEuplectrussp. parasitized 3.6 percent  $podoptera
frugiperda(Smith) andEuplectrus platyphypena&alker parasitized 1.2 percent
of S. frugiperda According to Manisegaran et al. (199%gdiobius

bruchicidaparasitized 4% o€. medinalis
Eupelmidae (Apocrita: Chalcidoidea)

The majority of Eupelmidae spesiare principal endoparasitoids of eggs of
Blattaria, Hemiptera, Lepidoptera, Mantodea, Neuroptera, Orthoptera, and
Phasmidae (Gibson, 1995). According to Potineni and Agarwal (18984)astatus
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grallarius (Masi) parasitizes 285% of its hosD. oryzae Kobayashi et al. (1990)

reported thal. grallarius parasitized over 68.2% of tl&& oryzaepopulation.
Eurytomidae (Apocrita: Chalcidoidea)

Eurytomidae is a family of ectoparasitoid insects that are usually solitary but
can be found in groups; some aradeparasitic on cecidogenic insects and
phytophagousR o u |aedkAskew, 1968Furytoma setitibigGahan) is recognized
as a hyperparasite Blatygaster oryzaé¢Cameron) (Mathur et al., 198%s a
hyperparasitoidEurytoma manilensisvas reared frorPelopidas
mathias(Narendran, 1994) ariBorbo cinnara(Gupta and Kalesh, 2012).

Ichneumonidae @pocrita: Ichneumonoidea)

Ichneumonids parasitize almost all insect orders except Mecoptera,
Siphonaptera, and Strepsiptera; they prefer parasitizing insect larvae and pupae.
Adults prefer wet environments with lots gfound cover (Matthews, 1974; van
Achterberg, 1984)Xcthromorpha conopleur@abricius) parasitizes 22%
of Spodoptera mauritigBoisduval) (Swezey, 1940). The egg stageltimplectis
naranyag(Ashmead) inC. suppressali§Walker) lasted one day. Th&nhopimpla
stemmato(Thunberg) parasitize@. suppressaliat a rate of 37 percent
(Rothschild, 1971). Mohyuddin, (1972) recordeentichasmias
busseola€Heinrichs) as a pupal parasitoid ©filo partellus The larvae o€.
medinalisseemed normal and camied to feed until the day before the
parasitoidNythobiasp. larvae pupated (Lingappa, 197®)plectis
naranyaeparasitism was found to be 11 percenCinmedinalis while Trathala
flavoorbitalis (Cameron) (€remastus biguttuluslunakata) parasitism as 3454%
in C. medinalisaccording to Kobayashi and Wada (1979). Pati and Mathur (1982)
noted thaffemelucha philippinensi@g\shmead) parasitized 21.7 percent Cof
medinalis They also discovered thganthopimpla flavolineat@Cameron)

(=Xanthopimpla iraculata(Morley)) parasitize€. medinaligo a rate of 7.5%.
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Mymaridae (Apocrita: Chalcidoidea)

My mar i dae appeared earl vy i n Apocritabo
particularly as internal parasitoids of insect eggs (Huber, 1986). Larvae typically
exhibt solitary behavior and prefer targeting the eggs of Auchenorrhyncha, which
are concealed within plant tissues, beneath bark, and within soil layers. Pupation
occurs within the confines of the host eggs, marking a crucial stage in their life cycle
(Bellows and Fisher, 1999). Biological control efforts have proven successful with
some species (Clausen, 1978). According to Otake (18&f)tussp. parasitism
onlLaodelphax striatellugFallen) was highest in September and early October,
reaching up to 93.1gucentAnagrusspp. parasitize 24.03% bF lugens as per
Israel and Prakasdao (1969). According to Storozheva (1990), €aadlema
oryzae(Kuwayama) egg produced two to fonaphes nipponicu&uwayama)
individuals. Although parasitism was modesthe spring, it reached 100% by mid
July. Li and He (1991) reported thahagrus nilaparvata¢Pang & Wang)
parasitizeds. furciferaat 40.392.6 percent and 260% onN. lugens Zhang
(1991) reported thaknagrussp. parasitized 50% of tt& furciferaeggs Anagrus
optabilis (Perkins) male and female developmental periods was 11 and 12 diwys in

lugens respectively (Suzuki et al., 1994).
Platygastridae and ScelionidaeApocrita: Platygastroidea)

Platygastroidea is the third biggest parasitoid hymenaptstgerfamily
after Ichneumonoidea and Chalcidoidea, represented by over 6048 species under
264 genera in 2 families worldwide viz., Platygastridae and Scelionidae (Jaktnson
al.,, 2018). Scelionids are solitary idiobiont endoparasitoids that only conthene
eggs of Coleoptera, Diptera, Lepidoptera, Heteroptera, Neuroptera, Mantodea, and
Araneomorph spiders (Rajmohana and Patra, 2019). Descamps (1956) found
thatPlatygaster diplosisaéRisbec) parasitize®. oryzaeat a rate of 20%.
Parasitization ofeleromus gifuensigAshmead) orscotinophora
lurida (Burmeister) was over 95 percent (Hidaka, 1958gliosp. parasitized 100%
of tiny egg pods of rice grasshoppers (Irshad, 19B@&)on flavipeg§Ashmead)

attacked an average of 20, 10, and 0.6 percentefpest. oratoriuseggs of 12,
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3, and 4 days oldsryon flavipegarasitized egg massesloforatoriuson rice more
frequently than on weeds (Barrion et al., 19®lIatygaster foersteriGahan)
parasitize®. oryzaeat a rate of 68.2 percent (Kobayash al., 1990)Platygaster
oryzae(Cameron) parasitism dD. oryzaaeaches 4b0% in the tillering stage and
80i 95% at the end of the season (Kumar et al., 1995). Pandya et al. (1995) found
351 43% Telenomus dingu&ahan) parasitism dB. incertulas whereas Islam and
Karim (1995) reported 64%elenomus rowar(Gahan) parasitism OR
incertulas Telenomus remusas reported frolMythimna
unipuncta(Haworth),Spodoptera  liturgJoshi and Rao, 198MYythimna
loreyi (Duponchel) (Dass and Parshad, 198#hdoptera mauritigGautam,
1987),Creatonotus gangiBughio et al., 1994).

Pteromalidae @Apocrita: Chalcidoidea)

The Pteromalidae is a large family of chalcidoids, a biologically complex
and taxonomically difficult group. Ectoparasitism is the mostuent type of
parasitism and can be solitary or gregarious. Holometabolous larvae and pupae
primarily inhabit stems, leaf mines, galls, and analogous environments, serving as
their principal hosts. Among these, certain species function as parasitoids tterin
larvalpupal stage, further delineating the intricate relationships within their
ecological niche (Bellows and Fisher, 1999). Parasitism is reported in the 50 to 68
percent range i@rseolia oryzagPathak et al., 1986). The developmental period
of Trichomalopsis apanteloctenaas 13 15 days, with an F: M ratio of 1.11.33:1
until mid-October, when it reversed to 1:1i2942. Males were smaller than
females,laying up to four eggs on ea€telopidas mathigstheir host (Rao and
Behera, 1986). Accordin to Ahmed and Khatun (198&nisopteromalus
calandrae(Howard) required 12 days to mature and showed 76 percent parasitism
in Lasioderma  serricornéFabricius).  According to Fowler et al
(1991),Panstenorsp. parasitizedl. lugensat a rate of 18%.

Tachinidae (Cyclorrhapha: Oestroided)

Tachinids are obligatory parasitoids, and their larvae develop in various
stages of insects and other arthropods as endoparasitoids (Stireman et al., 2006;
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Tschorsnig, 2017). Although most are polyphagous, others areesppecific and
prefer parasitizing | epi dopter aenal |l ar vae
2019).Spodopteraspp. viz.,S. exempt@Walker),S. exigugHubner), and.

mauritia were also reported to be parasitizedBoyxanthaspisn various places

arourd the world (CABI, 2019)Argyrophylaxsp. (Baranov) was reported from rice

skipper larvae (IRRI, 2014).

Trichogrammatidae (Apocrita: Chalcidoidea)

Trichogrammatids are primary egg parasitoids and can be solitary or
gregarious endo parasitoids. The fantilas many hosts, including Holometabola,
Hemiptera, and Thysanoptera (Doutt and Viggiani, 1968). According to Yashiro
(1979),0Oligosita tachikawaparasitizedN. lugendo 10.6%. According to Lin
(1983),T. japonicunparasitizedParalimnasp. at a rate c20i 50%. Trichogramma
dendrolimiparasitizedChrysolopus spectabilst a rate of 24.7% (Shen et al.,
1988).0ligositasp. had a 13-8ay developmental period & lugengGupta and
Pawar, 1989). Wada et al. (1991) reported @iagositasp. parasitizehl. lugensn
10 to 70% of cases. The previously reported records of such egg parasitoids in
Taiwan are thoroughly reviewed by Triapitsyn et al. (202R¥eudoligosita
nephotetticum(Mani) was observed parasitizing the -zigg leafhoppeMaiestas
dorsalis (Motschulsky), the green rice leafhoppéephotettix cincticep@Jhler), as
well as the delphacidsaodelphax striatellgFallén) andNilaparvata lugengSta)

(Gurr et al., 2011).

Rice pesparasitoid associations in the Indian subcontinent

The insect pest are a serious threat to rice production in India. So,
considering the detrimental impact of pesticides, studies on biological control of rice
pest management have received much attention among the Indian research
community. Many researchers have studieslparasitoids reared from the rice pests
in the Indian subcontinent. The hymenopterous parasites were reported from the rice
stem borers by Subdao and Chawla (1964), and Singh (1999). Fernando (1970)
investigated the r i ce logidalecantrobpotergial. Rao ¢ h e mi ¢
(1970, 1972) published a paper on rice stem borer parasitoids in India, Pakistan, Sri
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Lanka, and Malaysia. Balasubrahmanian et al. (1994) and Karthikeyan et al. (2007)

tested rice yellow stem borer and leaf folder egg paidsifTrichogramma
japonicumandT. chilonis in the field. Borah (1994) studied the effectiveness.of
japonicumparasitism on rice stem borers in Assam. Manas (2003) studied the
prevalence and performance of natural enemies of rice yellow stem bdite in

coastal saline tract of West Bengal. Catling et al. (1983) studied the egg parasitism

of Scirpophaga incertula6 Wa | k er ) (Pyralidae) I n Bangl a
fields. Chandramohan and Chelliah (1984) researched the yellow stem borer
parasioid comiex and observed thdetrastichus schoenolirerriere) was

effective against the yellow stem borer.

Hymenopterous parasitoids of the rice leaf fol@raphalocrocis
medinalis(Guenée)were discoveredni Kerala by Abraham et al. (19/3harati
and Kusiwaha (1988) published their research on parasitoids of leaf folder pupae
from Haryana. The parasitoids weftanthopimplasp.
(IchneumonidaeBrachymeriasp. nr. lasus(Walker) (Chalcididae),
andTetrastichus ayyarfRohwer) (Eulophidae). Some rice pestsre reported as
hosts for som®&rachymeriaspp. in a monograph on Oriental Brachymeria
published by Joseph et al . (1973). Chand
naturally occurring rice gall midge parasitoids. According to their findings, the most
comnon parasitoid waPRlatygaster oryzaeactive 2530 days after transplanting
and during the second week of September, when host infection was at its lowest
(5.5%). Kaur et al. (2000) published a list of the parasitoids of rice insect pests in the
districts of Jalandhar and Sangrur in 199899 in Punjab. They claim that egg
parasitoids likeTrichogrammawasps are crucial in lowering the number of rice
stem borer populations. In Assam, parasitoids of rice hispa were reported by
Bhattacharya et al. (2000). ThesaredBracon hispae@ndChrysonotomyiap. from
larvae ofDicladispa armigeraPadmakumari and Pasalu (2005) investigated the rice
ecosystem for the Paspalidium mid@eseolia fluvialis(Felt), and its parasitoids.
Kaur and Brar (2008) experimented hvitifferent doses ofrichogrammasp. to
manage a variety of rice pests. In Karnataka, Manjunath et al. (1978) investigated

the natural enemies of lugengStd) andNephotettix nigropictugSta). An
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Oligositaspecies parasitized the eggs, and the ngngpid adults di. lugenswvere
parasitized by the dryinidscthrodelphax fairchildi{Perkins)
andHaplogonatopusp. at a rate of 51%. Chandra (1979) investigated the taxonomy
and bionomics of rice leafhopper and planthopper insect pests and theirnroles i
biological control. Bentur et al. (1982) investigated the egg and nymphal parasitoids
of N. lugensaandSogatella furciferaSubbaRao and Hayat (1986) compiled a list of
enemies of some of I ndi ads mo st common
population dynamics of the rice hopper complex and its natural enemies were
studied by Singh et al. (2011). Parasitism was stated by Rao et al. (1983) as a key
factor in controlling the rice pest population. Narendran (1984) compiled a key to
the Indian genera of th€halcididae family (Hymenoptera: Chalcidoidea), which
included several parasitic hymenopteran species of rice pests. Natural enemies of
rice leafhoppers and planthoppers in Andhra Pradesh were studied by Bentur and
Kalode (1985). Their study included thechogrammatid egg parasi@igosita
tachikawaj the mymarid egg parasifagrus armatusand the dyrinid larvahdult
parasitessonatopuspp. appeared to be new records. During the crop season 1981,
16.1% of the eggs di. lugenswvere parasitized, anthe Oligositaspp. accounted

for 10.6% of the parasitization.

Nalini and Manickavasagam (2011) conducted detailed surveys and
discovered five Encyrtidae species associated with Brevenniarehi (Lindinger) in the
rice fields of Tamil Nadu. Abraham et al. 973 reported hymenopterous
parasitoids of the rice leaf fold&€naphalocrocis medinali&Guenég They claimed
thatTetrastichus israel{Mani & Kurian) is a gregarious pupal endoparasitoid with a
wide host range. Beevi et al. (2000) studied hymenoptairaersity in single and
doublecropped rice ecosystems in Kerala during the rabi season in 1997 to
determine hymenopteran diversifielenomusFidiobia, Tetrastichus Platygaster
Trissolcus and Gonatocerusvere the most common parasitoids obtained fedim
sites. Additional genera, including\prostocetus Pteromalus Elasmus and
Macroteleig exhibited a notable abundance of species. Notably, the parasitoid
community within the singleropped Kole lands displayed greater richness and

diversity than thos inhabiting the doubleropped typical lowlandsTelenomus
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oryzae(Hymenoptera: Platygastridae), a rice black bug egg parasitoid from India, is
new to science (Rajmohana and Nisha, 2013). Ranjith et al. d28&5Scribed two

new species of OrientalMicroplitis Foerster (Hymenoptera: Braconidae,
Microgastrinae) reared from the larvaeRs#falis pennatulaln a study by Ranijith et

al. (201%), the hostparasitoid relationship and the prevalence of microgastrine
wasps (Hymenoptera: Braconidae) in rice fieldsoas Kerala were investigated.

The study identified four species, naméficroplitis narendraniRanjith & Nasser,
Apantelessp. 1 parasitizingCnaphalocrocis medinali$suenée,Apantelessp. 2
parasitizing Pelopidas mathiag-abricius, andM. pennatulaeRanjith & Rajesh
parasitizing Psalis pennatulaFabricius. A novel pupal parasitoid,etrastichus
paraponyxiSanthosh (Hymenoptera: Eulophidae, Tetrastichinae) of the rice case
worm, Parapoynx stagnali§Zeller) (Lepidoptera: Crambidae), a pest of paddy, was
described by Santhosh and Karthikey@®17) As a hyperparasitoidEurytoma
manilensisvas reared frorPelopidas mathiaNarendran, 1994) arlorbo
cinnara(Gupta and Kalesh, 2012). Previously, the larval parasiaginaria
ajantawas reported frommpttia dioscoridesandParnarasp. in Kerala by Gupta

et al. (2016). Menon et al. (2016) studied the diversity and distribution of parasitoid
wasps of the Chalcidoidea (Hymenoptera) in the paddy fields of Palakkad district.
The district has been reported tmntain eleven families, ariEurytomawas
discovered to be the most prevalent genus. Rajesh et al. (2020) published new
di stributional data on fairyfliesi (Hymeno
agroecosystems. For the first time, they  repoGedato@rus
aegyptiacusGonatocerus shamimiandAnagruss p . from Keralads ric
addition, they reported ten new Mymaridae species with new distributional records

in Keralads rice agroecosystems.
Caterpillarodos defense strategy against nat

Even though many caterpillars are susceptible to parasitoids and predators,
some caterpillars are shown to be less vulnerable to parasitism and predation. Many
researchers investigated the gmedator defense strategy of caterpillars to figure

out why.
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Caterpillars exhibit a diverse array of morphological attributes that serve as
defensive mechanisms (as discussed in reviews by Edmunds, 1974; DeVries, 1987;
Evans and Schmidt, 1991; Gross, 1993; Godfray, 1994; Dyer, 1995; Eisner et al.,
2007). These featas are commonly classified into two main categories: A)
integumental structures found on caterpillars, such as spines or hairs; and B)
coloration patterns, encompassing both brightly colored (aposematic) and visually
cryptic adaptations. Predation may befil uenced by the caterpil!]
at which it develops (Evans, 1983; Gaston et al., 1991; Montllor and Bernays, 1993).
For example, if they are bigger than their enemies (i.e., later instars), their size may
enhance their behavioral or phyaicdefenses (lwao and Wellington, 1970; Schmidt,
1974; Stamp, 1984). Remmel et al. (2011) reviewed this topic. They concluded that
a 2fold increase in the linear size of prey causes an estimatddld.8duction in
arthropod predation rates. Exoskeletothat are tough or thicker may protect
caterpillars against some predators (Malicky, 1970; Schmidt, 1974), and this trait
may be prevalent among caterpillars that join ant colonies (Malicky, 1970; Schmidt,
1974). For example, the neotropical gerMienande (Riodinidae) has a dorso
ventrally flattened, tankke body structure in some species (DeVries, 1997), which
helps some species of caterpillars to push themselves closely against the leaf surface
and protect exposed appendages that could otherwisesbepsible to predation.
Various integumental structures may also play a role in defense (Epstein et al., 1994;
Eisner et al., 2007). Spines and hairs are two integumental features investigated in
several systems and are present in species across thetemdaphylogeny (Dyer,
1995, 1997; Lindstedt et al., 2008; Murphy et al., 2010). Anyone who has dealt with
caterpillars in the field is familiar with urticating or stinging spines and hairs. Even
though they are found in at least six Lepidopteran fam(kephart, 1914; Foot,
1922; Bishopp, 1923; Valle et al., 1954; Jones and Miller, 1959; Beard, 1963; Wirtz,
1984; Gibbons et al., 1990; Deml and Dettner, 2003; Bohrer et al., 2007), there are
interestingly few studies that have examined their efficacy nagagpredators
(Murphy et al ., 2010) . Hairso6 effectivenes
are an excellent protection against i nvert

The inclination of predators to reject prey based on their defemagchanisms
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varies, with each predator responding uniquely to a range of caterpillar defenses,
encompassing both physical attributes and other forms of protection. Although the
intricacies of individual caterpillapredator interactions remain diverse dacyely
unexplored, studies assessing the effectiveness of various defensive strategies offer
foundational insights into these dynamics (Greeney et al., 2012). A study comparing
caterpillar predation by ants (Formicidae), wasps (Vespidae), and bugs {etanip
revealed that morphological defenses were successful depending on the predatory
group (Dyer, 1997). As an illustration, substantial size proved to be an effective
defense mechanism against two solitary predators, namely bugs and wasps, yet it did
not deter ants. Ants possess the ability to overcome larger prey by summoning
reinforcements, a strategy that allows them to effectively prey upon larger targets
(Greeney et al.,, 2012). The thick hair coverings deter predatory bugs from
caterpillars. They preent the proboscis from being inserted (Dyer, 1997; Bowers,
1993) and are helpful against predators with sucking mouthparts. An interesting
alternative function of caterpillar hairs is to warn the caterpillar of an approaching
predator or parasitoid befothe predator, or parasitoid have a chance to catch the
caterpillar (Tautz and Markl, 1978; Castellanos et al., 2011), with some larval

species bearing setae modified explicitly for this purpose (Rota and Wagner, 2008).

Hairs are less efficient againsthet predators, such as birds and wasps,
which can destroy them (Bowers, 1993). Caterpillar coloring is classified into three
categories as a defense strategy: 1) bright warning colors; 2) cryptic patterning that
matches their substrate; and 3) imitation inédible things or similarities to
hazardous species to their predators. Some species show ontogenetic changes
between various color schemes (Grant, 2007; Sandre et al., 2007) or may vary which
part of their plant they are cryptic (Greeney et al., 20204,0c, 2011), or even
seasons (Greeney t e al., 2010a, 2010b, 201pc Wagner (2005)
mentionsPapiliotroilus (Papilionidae), which resembles a bird dropping for several
instars before resembling a snake in later instars. Visual predators such as wasps,
birds and mantids may require aposematic (warning) colors to catch the caterpillars,
although ants and other chemically orientated animals are unlikely to need them.

When predators are repelled by vividly colored prey, it lends credence to the long
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held theorythat aposematism is an adaptive explanation for bright colors and
distinctive patterns (Cott, 1940; Ruxton and Sherrat, 2006). Brightly colored prey,
however, is not a deterrent to many visually oriented predators, including reduviids,
pentatomids (Johngo 1983), and several parasitoids (Dyer, 1997; Gentry and Dyer,
2002). In the animal kingdom, a relationship between taste and coloration is
generally accepted (e.g., Cott, 1940; Edmunds, 1974; Harborne, 1988), and
coloration has even been utilized as &faéility indicator (SillénTullberg, 1988).
However, this relationship is frequently exaggerated as more predation studies are
published. Many caterpillar species have patterns that closely resemble the parts of
the plant where they eat or rest, helpihgm blend in and escape predator attention
(DeVries, 1987; Greene, 1989; Stamp and Wilkens, 1993). Many caterpillars are
Abehaviorally c¢cryptic, o meaning they ado
resemble a section of the host plant or damage inflisyethe caterpillar itself. In
Geometridae, such behavior is highly developed and effective (McFarland, 1988;
Wagner, 2005). Caterpillars have two different ways of changing the shape of their
bodies: they can freeze and resemble straight twigs or twistandrt (Greeney et

al., 2012). For example, hesperiid larvae resting on exposed shelter ceilings were

unaffected by ants moving directly below them (Baer and Marquis, 2020).

Hence, further detailed studies on the

predators and parasitoids are essential.
Study Area

The whole study was carried out in the selected paddy fieldsmfi Kerala,
comprising Kannur, Wayanad, Kozhikode, Malappuram, and Palakkad districts.
Study sites were selected based on the-agotogi@l zones classified by the Kerala
State Planning Board and the National Bureau of Soil Survey and Land Use
Planning, Bengaluru (KSHIS, 2019)

Study regionNorth Kerala, India(For the study of hogtarasitoid association)

The Kerala state, situated in teeuthwestern region of India, spans an area
of 38,863 km2 (latitude: 8°1i82°48" N, longitude: 74°5277°22"' E). Its coastline
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stretches approximately 580 km, ranging from the Arabian Sea in the west to the
hilly tropical evergreen forest in the easttemding in aNorthwest to southeast
direction. Geographically, the state is characterized by lowland, midland, and
highland regions (Noble, 2019). Kerala experiences a humid tropical climate, with
temperatures averaging between 20 to 37 degrees Celsaipefibd from June to
December witnesses tropical monsoon rains, brought about by both the southwest
andNortheast monsoons, resulting in an annual precipitation of approximately 3225
millimeters (Balasubramanian, 2017; Louis, 20Mrth Kerala primarilystretches

along the Western Ghats of peninsular India, which extends along the Arabian Sea
coastline for 1500 km from the Tapti River (21° 16'N) to peninsular India
(Kanyakumari, 8° 19'N) in &orth-south direction (WGEEP, 2011). The Western
Ghats stretctparallel to the coastline for about 30 kmNwrth Kerala, forming a
narrow strip of midland (Chattopadhyay and Kumar, 2013).

The samples selected to study the Hp@gasitoid associations were collected
from 32 localities (Table 1.1) oNorth Kerala (induding Kasaragod, Kannur,
Kozhikode, Malappuram, Wayanad and Palakkad distritgtgp(1). The insects
were collected randomly, either with or without visible signs of parasitism, from the
rice fields during 20162020.

Table 1.1Sites inNorth Kerala, wherghe eggs, larvae, and pupae of rice pests were
collected (2016 2020).

Sl.no. Field site Coordinates Altitude
(m asl)
1 Alacherry 11°52'04.5"N 75°40'39.1"E 38
2 Amayur 10°49'53.0"N 76°11'06.4"E 32
3 Arimbra 11°07'41.6"N 75°59'55.3"E 32
4  Chavasery 11°56'50.2"N 75°36'45.7"E 36
5 Erattengal 11°53'31.4"N 75°37'13.8"E 34
6 Kadakkattupara 11°07'16.9"N 75°52'28.8"E 8
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7  Kakkoor 11°22'52.8"N 75°49'28.0"E 9

8 Kammanam 11°47'13.0"N 76°01'39.1"E 733
9 Kaniyambetta 11°42'27.8"N 76°05'44.8"E 721
10 Kanjirad 11°55'17.1"N 75°38'59.4"E 49
11 Kanjiravayal 11°53'12.0"N 75°38'23.9"E 25
12 Kannivayal 11°48'10.55"N 76° 2'11.37"E 722
13 Kooriyad 11°03'07.2"N 75°56'22.0"E 4
14 Koyileri 11°47'00.5"N 76°02'50.8"E 715
15 Kurichipatta 11°48'03.7"N 76°07'42.3"E 744
16 Kuttoolangadi 11°11'22.3"N 75°51'33.2"E 3
17 Mathothpoyil 11°44'22.18"N 76° 3'16.32"E 720
18 Muyyorath 11°52'30.8"N 75°38'32.3"E 24
19 Nittaramba 11°52'54.4"N 75°38'25.3"E 21
20 Padannakkad 12°15'29.6"N 75°07'16.9"E 6
21 Palachiramad 10°59'459"N 75°58'30.3"E 7
22 Panamaram 11°44'34.7"N 76°04'14.6"E 716
23 Pantharangadi 11°02'17.5"N 75°53'33.4"E 3
24 Pattambi 10°48'51.5"N 76°11'48.5"E 27
25 Ramanattukara 11°11'10.9"N 75°52'33.6"E 5
26 Sreekrishnapuram  10°54'25.9"N 76°25'03.3"E 56
27 Thalgpara 11°04'13.0"N 75°54'21.7"E 4
28 Thannikkal 11°47'42.7"N 76°02'29.2"E 715
29 Thodeekkalam 11°51'41.27"N 75°39'33.02"E 49
30 Valancherry 10°53'04.1"N 76°04'40.1"E 10
31 Valiyakunnu 10°52'41.50"N 76° 5'44.25"E 10
32 Valliyurkaav 11°48'09.9"N 76°01B.3"E 720
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Map1. Rice pest- parasitoid collection sites in North Kerala: 1- Padannakkad; 2- Erattengal; 3- Kanjira-
vayal; 4- Muyyorath; 5- Nittaramba; 6- Kanjirad; 7- Thodeekkalam; 8- Alacherry; 9- Kammanam; 10- Valli-
yurkaav; 11- Kannivayal; 12- Thannikkal; 13- Koyileri; 14- Kurichipatta; 15- Panamaram; 16- Mathothpoyil
site 1; 17- Mathothpoyil site 2; 18- Kaniyambetta; 19- Kakkoor; 20- Kuttoolangadi; 21- Ramanattukara; 22-
Kadakkattupara; 23~ Arimbra; 24- Thalappara; 25- Palachiramad; 26- Pantharangadi; 27~ Kooriyad; 28-
Valancherry; 29- Sreekrishnapuram; 30- Valiyakunnu; 31- Amayur; 32- Pattambi.

Agro-ecological zones dflorth Kerala (for the study of percentage composition)

The Kerala agre@cological delineations were carried out under the project
organized by the Kerala State Planning Board and the National Bureau of Soll
Survey and.and Use Planning, Bengaluru, in 2012. The state was divided into agro
ecological zones and units in 2008 based on climate, soil type, and landform.
According to the Department of Agriculture, Government of Kerala, high hills are
hilly areas that rangérom south toNorth, comprising the Western Ghats and
plateaus. It forms the highest region at 600 m above mean sedA&i8L), with
several peaks rising above 1800 m, the Western Ghats, and highland pléteaus
Central Sahyadri, the Nilgiris, and SbuSahyadri form the Western Ghats. The
foothills lie between the midland laterites on the west and the high hills on the east,
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with the undulating and rolling lands and low hills. The zone is occupied by
4,60,07,4 ha (11.84 %), and the terrain has vempnavalleys. The midland laterite

region stretches f r oNortitehdelt isvoved umdulating, t o t he
rolling land between the coastal plain on the west and foothills and hills on the east,
interspersed with narrow valleys. This zone qies 27.18% of total zones with

10,56,385 ha{SHIS, 2019.

North Kerala consists of four agecological zones: high hill, foothill,
midland laterites, and coastal plains. In our study, we excluded the coastal plain
region because it is a separate systerstudy. The rice fields in thidorth Kerala
coastal areas (Kaipad) are proximal to the sea. A periodical influx of marine water
into the fields ensures the uniqueness of rice varieties in this region. Also,
indigenous knowledge and local resources afieiefitly utilized in this farming
system (Chandramohanan et al., 2016).

Our study was carried out in three agological zones; each of the high
hill (Wayanad District), foothill (Kannur District), and midland laterites (Kozhikode
and Malappuram Distriy located in theNorth region of Kerala (Map 2). We have
twelve sampling sites for each zone for ldegm monitoring of insect population
dynamics and community structure in crop f
location and altitude were reched using the Global Positioning System and Google
Earth engine. Local agriculture in the high hill is dominated by coffee production,
banana cultivation, arecat cultivation, and a large share of subsistence farming,
including rice cultivation. The elation of the Wayanad district ranges from 700 to
2100 meters®\MSL. The rice fields selected for the study of the high hill region are
located at an altitude of 7853 m. The foothill region selected is situated in the
Kuthuparamba municipality. Agricultarin the foothill region is characterized by
rubber and arecat plantations and banana cultivation, but it also has a small scale
of subsistence rice production. The selected rice fields of this community are
situated at altitudes between 22 and 34 m. Nbogh midland laterite zone occupies
the midland parts of the four districts: Kasaragod, Kannur, Kozhikode, and

Malappuram. The selected study region is situated in the municipality of
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Ramanattukara (Kozhikode District) and Pantharagadi near Chemmadjotte
prominent commercial center of Tirurangadi Taluk, which belongs to the
Malappuram district; the altitude ranges from 2m to 4m. At each site, five plots were
selected for this study. Individual fields are spaced at a minimum distance of one
kilometer n each district. The rice fields situated North Kerala span altitudes
ranging from 2 to 753 meters. The study was undertaken across two distinct rice
growing seasons: Nanja (wet season) and Punja (dry season), encompassing the
period from July to Marchit's worth noting that the transplantation dates may vary
slightly depending on specific zones and climatic conditions. The investigation was
carried out over the years 2017, 2018, and 2019. All rice fields were solely managed
by their owners using conveonal rice cultivation practices and the standard
production processes of smattale landholders.

Map 2. The map of experimental plots in four districtd\afrth Kerala, South India
(Classification of agrecological zones and map soun§&HIS, 2019)

Kannur

Malappuram

AGRO-ECOLOGICAL ZONES
Foothill

High hill

Midland laterite
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Table 1.2. Details for the distribution and selection of the rice fields in three
different ecological zones during 202019 inNorth Kerala, South India.

Agro- Districts Site Field site Latitude Longitude Altitude
ecological Zone (m)
Foothill Kannur 1 Nittaramba 11°52'54.4"N  75°38'25.3"E 22

2 Kanjiravayal =~ 11°53'12.08"N 75° 38'23.9"E 26
3 Muyyorath 11°52'30.8"N  75°38'32.3"E 23
4 Erattengal 11°53'31.4"N  75°37'13.8"E 34
Highhill Wayanad 5 Kammanam 11°47'13.0"N  76°01'39.1"E 753
6 Kannivayal 11°48'10.55"N 76°2'11.37"E 721
7 Thannikkal 11°47'42.7'N  76°02'29.2"E 716
8 Mathothpoyil  11°44'22.18"N 76° 3'16.32"E 731
Midland laterite Kozhikode 9 Kuttoolangadi 11°11'2.3"N  75°51'33.2"E 2

10 Ramanattukare 11°11'10.9"N 75°52'33.6"E 2
Malappuram 11  Pantharangadi 11°02'17.8"N  75°53'27.6"E 4
12  Vengalipadam 11°02'17.6"N 75°53'47.4"E 4

The rice variety Uma, which wasbservedin this study, comprises open
pollinated landraces meticulously chosen and enhanced through the expertise and
efforts of indigenous farmers in the region.

Materials and methods
Methods of collection
Handpicking

A transect measuring 25m xm2laid on the four sides of the field was
covered orfoot. Any eggs, larvae, or pupae of rice pests observed in the field were
collected and brought to the laboratory and then separately placed in glass containers
covered with nylon mesh and reared at 28 + 2°C witlB@0% relative humidity
until parasitoidemergence or host emergence. Daily observations were made to
record the emergence of adult parasitoids or adults of the pest. The emerged
parasitoids were counted, preserved in 70% alcohol, and identified up to species
level.

Sweep netting

Sweep net samplg was conducted along the sides of the paddy fields,
which were divided into transects (25n2xm). A rice field has transects set up on
each of its four corners. There were five double sweeps in each plot, each with nine
full cycles. Instead of the ususdund sweep net, a triangular one was used for the
sweeping.

Rearing of the parasitoid

Eggs, larvae, and pupae of the pests were collected from the field and

brought to the laboratory. The samples were then enclosed in a glass beaker (500
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ml) covered with a muslin cloth and observed for parasitoid emergence. Every day,
recently emerged wasps were carefully collected into clean glass tubes measuring
2.5cm x 20cm. Subsequently, they were supplied with water and h@@p0 by
volume,placed on atsp of plastic sheeting (Allen et al., 2014).

Mounting and preservation of parasitoids

Wet specimens were refrigerated in cryo boxes in small vials of 70% ethyl
alcohol. The preservative was adjusted and refilled regularly to prevent drying.
Insect boxesvere made explicitly for preservation; carcbunted specimens were
placed inside the boxes. Also, to protect the specimen from other insects,
naphthalene balls and paradichlorobenzene (PDB) were placed in the inner corners
of the boxes. After treating therthe specimens were mounted on a triangular card
and labelled.

Taxonomic identification and imaging of parasitoids

Sorting, mounting, and taxonomic characterization was done with the help of
the stereoscopic binocular microscope model LEICA M 205A. Indentifications
were carried out with the help of all available traditional taxonomic literature,
catalogues, and keys given by several authors Hke u | (2988), Narendran
(1994), Jonathan (2006), Rajmohana (2006), and Sureshan (2008). In addition, help
was also taken from the identified parasitoid collection at the Department of
Zoology, University of Calicut, Malappuram, for confirmation. The deson of
new species was done with the help of taxonomy experts in the desired area. The
generic and species nomenclature for most of the species in the present study was
updat ed by referring t o t he onl i ne t ool
developedy Noyes (2019). Identified specimens are deposited at the Department of
Zoology, Malabar Christian College, Kozhikode; Department of Zoology,
Guruvayurappan College, Kozhikode; National Bureau of Agricultural Insect
Resources, Bengaluru, Karnataka; Zoatafjy Survey of India, Kolkata; and
Department of Zoology, University of Calicut, Malappuram. Mounted specimens
were photographeavith a Leica DFC 500 camera affixed to a Leica M205A
stereozoom trinocular microscope. Leica Automontage Software combinedsimag
with different focal levels into a single image with varying magnifications per
requirement for closely examining taxonomic characters.
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Construction of trophic webs

To gauge the complexity of the insect community, we evaluated two metrics:
the count ofactual trophic interactions, denoted as L, and the connectance (C),
which signifies the proportion of all feasible interactions within the system.
Connectance was determined by the equate/idP, where H represents the total
number of hosts, P represente number of parasitoids, and HP signifies the
maximum potential number of heggéarasitoid associations. Hence, the ratio L/HP
guantifies the fraction of realized links within the ecosystem (Valladares et al., 2001;
Rocca and Greco, 2015). Parasitoid rtye graphs were constructed to summarize
the patterns of shared parasitism. Overlap was computed as the tally of species pairs
among herbivores or primary parasitoids that shared a minimum of one primary
parasitoid or hyperparasitoid, divided by the topatential number of such
connections (Sunderland et al., 2005; Shameer et al., 2018).

Calculation of percentage parasitism
The percerdgeparasitism was calculated by using the following formula.
01 AABT EARGEDMA OO A A

0ACAADABEBESEONST AABCICD A OGHA "

Parasitoids were categorized as idiobionts if they suspended host insect
development or as koinobionts if the parasitized host was allowed to continue to
develop (before eventual host death) (Askew and Shaw, 1986). tBidsasvere
further classified as either endoparasitoids or ectoparasitoids, based on the location
where the parasitoid larvae developed in relation to the insect host (Gratton and
Welter, 2001).

Morphological measurements of caterpillars

Caterpillars werecollected from the field and kept in the refrigerator for a
few minutes to reduce movement. Using a Leica EZ4 microscope, photographs of
the caterpillar placed on graph paper were taken.

The length of the hairs on the caterpillar was also measured. Enagav
length of each hair was calculated by taking the mean of hairs in the unit area (1cm
x1lcm) of 30 individuals of each pest speci
measured using a Stereo zoom microscope, Leica M205A, with a DMC2900
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camera. In ddition, field observation was made to find the nature of larval shelter
and larval exposure; and photographs of pests were to understand larval skin color.
The effect of larval skin color, hair length, and larval exposure on the parasitization
rate was thn analyzed.

Data analysis

Data on larval morphology (skin color, hair length, and larval exposure) and
egg characteristics (clutch size and egg covering) were collected to analyze-the anti
parasitoid defense strategy. To assess the normal distributidgheodflata, the
ShapireWilk test was employed. Subsequently, the significance of variables was
evaluated using the Krusk#a | | i s t est . Kendall 6s Tau
Coefficient) test was used for correlation analysis. All analyses were done with
PAST ver. 3 software (Hammer et al., 2001).

Results
Rice pests

Out of 54 samplings in three years, in all three agmlogical zones of
North Kerala combined, 118057 individual eggs, 19651 larvae, and 2784 pupae of
pests were handpicked. A total of 12G88ividuals, including larvae and adults of
rice pests, were collected through the sweep netting method during the study period.

Thirty-six species belonging to 4 insect orders (Coleoptera, Hemiptera,
Lepidoptera, and Orthoptera) and 15 families were c@te including larval and
adult stages, by sweep netting and handpicking. The families are Acrididae (n=2),
Alydidae (n=1), Cercopidae (n=1), Chrysomelidae (n=2), Cicadellida&),(n=
Crambidae (n=5), Delphacidae (n=1), Erebidae (n=5), Gryllidae (n=1pedeme
(n=4), Lophophidae (n=1), Noctuidae (n=4), Nymphalidae (n=2), Pentatomidae
(n=4), and Tetrigidae (n=1).

Among all insect orders collected in the study, Lepidoptera was more
speciesich (n=20) and abundant in all agegological zones, followed yb
Hemiptera (n=9), Orthoptera (n=4) and Coleoptera (n=2) (Table 1.3). In nearly all
cases, it was possible to distinguish the insect pests by their egg and larval
morphology, adult morphology, and larval feeding pattern.
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Table 1.3.The rice pests colleetl from the paddy fields d&forth Kerala.

Order Family Species Common name
Coleoptera Chrysomelidae Dicladispa armigera Rice hispa
Chrysomelidae Leptispa pygmaea Rice blue beetle
Hemiptera  Alydidae Leptocorisaacuta Rice ear bug
Cicadellidae Cofana pectra White leafhopper
Cicadellidae Nephotettix nigropictus Rice green leafhopper
Cercopidae Callitettix versicolor Rice spittle bug
Delphacidae Nilaparvata lugens Brown planthopper
Lophopidae Pyrilla perpusilla Sugarcane planthopper
Pentatomida Menida versicolor Shield bug
Pentatomidae  Nezara viridula Southern green stink bug
Pentatomidae = Pygomenida variepennis  Stink bug
Pentatomidae  Scotinophara bispinosa Rice black bug
Orthoptera  Acrididae Hieroglyphus banian Rice grasshopper
Acrididae Oxya hyla Rice grasshopper
Gryllidae Euscyrtus concinnus Field cricket
Tetrigidae Tetrix subulata Slender Groundhopper
Lepidoptera Crambidae Cnaphalocrocis medinalis Rice leaf roller
Crambidae Helcystogrammarotraeum Rice leaf roller
Crambidae Parapoynxstagnalis Rice caseworm
Crambidae Scirpophaga incertulas Yellow stem borer
Crambidae Scirpophaga innotata White stem borer
Erebidae Creatonotus gangis Hairy caterpillar
Erebidae Euproctis similis Yellow tail moth
Erebidae Lyclenesp.
Erebidae Mocis frugalis Sugarcane looper
Erebidae Psalis pennatula Yellow hairy caterpillar
Hesperiidae Ampittia dioscorides Common bush hopper
Hesperiidae Pelopidas agna Obscure branded swift
Hesperiidae Pelopidas mathias Small branded swift
Hesperiidae Parnarasp. Grey swift
Noctuidae Mythimna separata Rice earcutting caterpillar
Noctuidae Naranga aenescence Rice green semilooper
Noctuidae Spodoptera litura Rice cutworm
Noctuidae Spodoptera mauritia Paddy swarming
caterpillar
Nymphdidae Melanitis leda ismene Common evening brown
Nymphalidae  Orsotriaena medus Medus brown
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Major rice pests in three agrecological zones dflorth Kerala

The rice pests were collected during a thyear study (20172019) in dry
seasons (DS) and wseasons (WS). The number of pests was high in the WS

compared to the DS. Details are given below:
1. Acrididae

Two hundred and sixtfour individuals ofHieroglyphus baniaDS: 45.8%,
WS:54.2%) and 195 individuals @xya hyla(DS: 39.5%, WS: 60.5%) were
collected.

2. Alydidae

One thousand four hundred sixtye individuals of only one species of
Alydidae, the rice ear head bug, vizeptocorisa acutawith 425 individuals
(29.0%), were obtained in the DS and 1040 individuals (71.0%) in the WS via

swe@ netting from the three zones.
3. Cercopidae

In the WS, the rice spittle bug call€allitettix versicolor(n=17) was
collected via sweep netting from the foothill region.

4. Chrysomelidae

Five hundred eighteen individuals Dicladispa armigera(DS: 2.6%, WS:
71.4%) and 751 individuals dfeptispa pygmaeaDS: 4.3%, WS: 95.7%) were
collected using sweep netting (for adults) and handpicking (for arvae) lithree

agroecological zones.

5. Cicadellidae
One thousand three hundred and fifty nindividuals of two species of
Cicadellidae, the white leafhopper, vigofana spectra(DS: 41.4%, WS: 58.6%)
and Nephotettix nigropictugDS: 42.2%, WS: 57.8%)wvere obtainedvia sweep
netting.
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6. Crambidae

Five Lepidopteran moth species, vignaphalocross medinalis ( 5335
individuals, DS: 27.0%, WS: 73.4%)Helcystogramma arotraeum (1224
individuals, DS: 26.6%, WS: 73.0%parapoynx stagnali$4221 individuals, DS:
19.9%, WS: 80.1%)Scirpophaga incertulas(545 individuals, DS: 34.3%, WS:
65.7%), andSdrpophaga innotata(20 individuals, DS: 40.0%, WS: 60.0%), were

sampled by sweep netting and handpicking from the threeemgiogical zones.
7. Delphacidae

Only one species of Delphacidae, the brown hopper, Nilaparvata
lugens with 137 individualswas obtained via the sweep netting method in the dry

season and 218 individuals in the wet season from the rice fielisritfKerala.
8. Erebidae

Five Lepidopteran moth species, viZreatonots gangis(78 individuals,
DS: 75.6%, WS: 24.4%)Euproctis similis (349 individuals, DS: 36.1%, WS:
63.9%), Lyclenesp. (7 individuals, DS: 0%, WS: 100%Mocis frugalis (84
individuals, DS: 0%, WS: 100%), andsalis pennatula(579 individuals, DS:

48.1%, WS: 51.9%), were sampled in two crop growth seasongéerybars.
9. Gryllidae

Only one species of Gryllidae, theicket viz., Euscyrtus concinnysvas
obtained via the sweep netting method (204viidldials, DS: 42.6%, WS: 57.4%).

10.Hesperiidae

Four Lepidopteran butterfly species, viAmpittia dioscorids, Pelopidas
agna Pelopidas mathig andParnarasp., with 5095 individuals (DS: 18.5%, WS:
81.5%) were sampled. Out of four Hesperiidae species, 1657 individuads of
dioscoridegDS: 11.2%, WS: 88.8%), 1184 individualsxfagna(DS: 25.8%, WS:
74.2%) 129 individuals ofP. mathias (DS: 44.2%, WS: 55.8%), and 2125
individuals ofParnarasp. (DS: 18.7%, WS: 81.3%) were collected.
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11.Lophophidae

Only one species of Lophopidae, the sugarcane planthopperPyiila
perpusilla was obtained. NB. perpusilla was collected in the dry season, and only
two individuals were collected in the wet season from all three-egplmgical

zones.
12.Noctuidae

Four Lepidopteran moth species viz., Mythimna separata Naranga
aenescensSpodopterditura, andSpodopéra mauritig with 1163 individuals (DS:
18.5%, WS: 81.5%) were sampled. Of the four Noctuidae species, 347 individuals
of M. separataDS: 19.3%, WS: 80.7%), 134 individuals bBf aenescen®S:
20.9%, WS: 79.1%1162 individuals ofS. litura(DS: 9.8%, W5: 90.2%), and 510
individuals ofS. mauritia(DS: 20.4%, WS: 79.6%) were collected in the ‘uoe

crop growing season.
13.Nymphalidae

Two species belonging to the family Nymphalidae, vMelanitis leda
ismene(641 individuals, DS: 39.1%, WS: 60.9%3nd Orsotriaecna medus(797
individuals, DS: 24.5%, WS: 75.5%), with an overall sample of 1438 individuals
(DS: 31.0%, WS: 69.0%).

14. Pentatomidae

Three Hemipteran species, vizMenida versicolorNezara viridula
andScotinophara bispinosa were samplké Thirty-eight individuals oM.
versicolor(DS: 7.9%, WS: 92.1%), six individuals ®f. viridula (DS: 0%, WS:
100%), and 107 individuals &. bispinosgdDS: 38.3%, WS: 61.7%) were collected
by the sweep netting method in the dry seasonMNwersicolorwas collected from

the foothill and midland laterite regions.
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15. Tetrigidae

One hundred and twenty eight individuals of only one species of Tetrigidae,
the slender groundhopper species, Mietrix subulata were collected via sweep
netting in the DYDS: 24.2%) from the foothill region. Nb. subulatavas obtained
during DS from the igh hill and midland laterite regions. Ninesgven individuals
(75.2%) were collected in the WS.

Erebidae was the most speereh family (n=5) among rice pests, but
Hesperiidae dominated in numbers in both the DS and WS. In the three consecutive
DS, three rice pest species, vi2allitettix versicolor Lyclenesp.,Nezara viridula
andPyrilla perpusillawere not observed in all three agroological zonesVenida
verscolor, Mocis frugalis, Leptispa pygmaeaNaranga aenescence andT.
subulatawere absent in the midland laterite study site during all three consecutive
DS. Whereasin the DS of the high hill regioh,. pygmaeaScirpophaga
innotatg Scotinophara bispimsg andT. subulatavere not observed. In foothill
region,M. versicolor S. incertulasandS. innotatavere absent (Table 1.4).

Some pest species were restricted to only one-eglmgical zone during
the DS;L. pymaea andT. subulatavere present my in the foothill
region.Menida versicolowas restricted to the high hill region, aBdinnotatao
the midland laterite region. The highest percentage composition was 38.70%
by Cnaphalocrocis medinali;m the midland laterite region and 31.54% in the
foothill region.Cnaphalocrocis medinalidominated both in the foothill and
midland laterite regionHowever, Parapoynx stagnaliswas the dominant pest

species in the high hill region, and the highest percentage composition was 26.57%.
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Table 1.4. Percaatage species composition of rice pests in the dry seasoni (2017
2019). The bold digits represent significant results.

SI Insect pest High hill Foothill Midland laterite
No
1 Ampittia dioscorides 1.78 4.20 2.61
2 Cnaphalocrocis medinalis 20.74 21.15 3111
3 Cofana spectra 4.33 4.66 2.86
4 Creatonotus gangis 0.87 0.82 0.55
5 Dicladispa armigera 1.73 3.52 1.55
6 Euproctis similis 2.64 1.55 1.55
7 Euscyrtus concinnus 1.17 0.87 2.05
8 Helcystogrammarotraeum 4.72 8.95 1.85
9 Hieroglyphus banian 2.04 1.64 1.90
10  Leptispapygmaea 0.00 1.46 0.00
11  Leptocorisa acuta 6.71 6.12 6.81
12  Melanitis leda ismene 2.21 5.03 451
13  Menida versicolor 0.13 0.00 0.00
14  Mocis frugalis 0.65 0.23 0.00
15  Mythimna separata 1.56 0.78 0.70
16  Naranga aenescens 0.82 0.41 0.00
17  Nephotettix nigropictus 2.08 1.32 1.75
18 Nilaparvata lugens 2.43 0.73 3.26
19  Orsotriaena medus 2.34 3.93 2.76
20 Oxya hyla 1.47 0.87 1.15
21  Parapoynxstagnalis 23.60 10.51 3.31
22  Pelopidas agha 4.24 5.71 4.16
23  Pelopidas mathias 0.43 0.91 1.35
24  Parnara bada 5.85 7.81 491
25  Psalis pennatula 2.51 4.34 6.31
26  Scirpophaga incertulas 0.48 0.00 8.82
27  Scirpophaga innotata 0.00 0.00 0.40
28  Scotinophara bispinosa 0.00 0.05 1.85
29  Spodoptera litura 0.17 0.14 0.45
30 Spodoptra mauritia 2.30 0.87 1.45
31  Tetrix subulata 0.00 1.42 0.00
100 100 100

In all three consecutive wet seaso@syversicolorwas restricted only in the
foothill region, andS. innotataand N. viridula were restricted to midland laterite
region. Thearmyworm,S. lituraandN. viridulawere not collected from the foothill
region for three consecutive years. In the high hill regianstagnalisshowed the
highest percentage composition (26.20%), followedChymedinalis(21.33%). In
the foothill regionalso, the same pattern is seen, and the highest percentage
composition ofP. stagnaliswas 23.88%, followed byC. medinalis(15.34%).
Interestingly C. medinalisdominated in the midland laterite region, and the highest
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percentage composition was 43.93%the midland laterite region, three rice pest
species viz.,C. versicolor Lyclenesp., andM. frugalis were not found in our
collection (Table 1.5).

Table 1.5.Percentage species composition of rice pests in the wet season (2017
2019). The bold digitsapresent significant results.

Sl. No. Insect pest High hill Foothill Midland laterite
1 Ampittia dioscorides 1.82 13.24 3.69
2 Callitettix versicolor 0.00 0.18 0.00
3 Cnaphalocrocis medinalis 18.34 14.69 39.09
4 Cofana spectra 3.40 1.47 1.67
5 Creatmotus gangis 0.54 0.03 0.05
6 Dicladispa armigera 2.23 2.06 1.74
7 Euproctis similis 2.06 0.77 131
8 Euscyrtus concinnus 0.52 0.47 1.12
9 Helcystogrammarotraeum 3.82 6.29 3.07
10 Hieroglyphus banian 1.41 0.38 0.99
11 Leptispapygmaea 0.24 5.14 5.45
12 Leptocorisa acuta 4.47 1.37 2.45
13 Lyclenesp. 0.00 0.08 0.00
14 Melanitis leda ismene 1.86 1.68 3.39
15 Menida versicolor 0.26 0.24 0.07
16 Mocis frugalis 0.33 0.74 0.00
17 Mythimna separata 3.01 1.21 0.66
18 Naranga aenescence 1.21 0.54 0.00
19 Nephotettix nigropictus 1.82 0.56 1.31
20 Nezara viridula 0.04 0.00 0.09
21 Nilaparvata lugens 2.04 0.46 1.86
22 Orsotriaena medus 3.47 3.61 2.47
23 Oxya hyla 0.85 0.46 0.82
24 Parapoynxstagnalis 24.20 22.46 4.19
25 Pelopidas agna 6.59 4.67 3.23
26 Pelopidas mathias 0.63 0.06 0.85
27 Parnarasp. 5.46 13.53 5.45
28 Psalis pennatula 1.50 1.09 2.98
29 Pyrilla perpusilla 0.00 0.00 0.05
30 Scirpophaga incertulas 0.00 0.11 7.97
31 Scirpophaga innotata 0.00 0.00 0.27
32 Scotinophara bispinosa 0.33 0.09 0.99
33 Spodoptera litura 2.36 0.00 1.31
34 Spodoptera mauritia 5.12 1.35 1.26
35 Tetrix subulata 0.07 0.95 0.14
100 100 100
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Parasitoids of rice insect pests

One hundred and fivepecies under 67 genera belonging to 16 families (Betleylida
Braconidae, Ceraphronidae, ChalcididaByyinidag Encyrtidae, Eulophidae,
Eupelmidae, Eurytomidae, Ichneumonidae, Mymaridae, Platygastridae,
Pteromalidae, Scelionidae, Tachinidae, and Trichogrammatidae) were recorded from
the rice agreecosystems. Icleumonidae was the most species rich family (n=27),
followed by Braconidae (n=21) (sé&g. 1.1).

Fig. 1.1 Count of parasitoid species by Family collected from the rice fieltioah
Kerala.

Count of Parasitoid species by Family

Dryinidae [
Encyrtidae 3
Eupelmidae —3 2

Trichogrammatidae — 2

Platvgastridae 3 1
Ceraphronidae — 2
Bethvlidae 3 2
Eurvtomidae 1 4
Mymaridae 3 4
Chaleididae ———— 5
Tachinidae ——— 6
Pteromalidane —————————1 8
Eulophidae
Scelionidae
Braconidae
Ichneumonidae

1 27

Speciezomposition oparasitoids in the rice ecosystemd\ufrth Kerala

Eleven thousand one hundred sixipe parasitoid individuals belonging to
16 familieswere collectedrom the high hill, foothill, and midland laterite zones of
North Kerala.The species composition of each parasitoid species in the 1léetamil

in two crop seasons (dry and wet) is detailed below:
1. Bethylidae

Sixty-seven individuals (DS: 49.3%, WS: 50.7%) of two parasitoid species,
viz., Goniozus hanoiensigandGoniozus platycephalusere sampled from the study
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site. A total of 38 individualsf G. hanoiensigDS: 55.3%, and WS: 44.7%) and 28
individuals ofG. platycephalug¢DS: 39.3%, and WS: 60.7%) were collected.

2. Braconidae

Twenty braconid wasps, with a total of 3116 individuals (DS: 33.3%, WS:
66.7%), were sampled in the two crop seasohs. Jarasitoid wasps collected were
Apantelessp.1 (941 individuals, DS: 32.3%, WS: 67.7%)pantelessp.2 (561
individuals, DS: 31.1%, WS: 68.9%}spidobracon noyegi121 individuals, DS:
38.8%, WS: 61.2%),Bracon sp. (186 individuals, DS:37.1%,WS: 62.9%),
Cardiochiles philippinensi§309 individuals, DS: 30.4%, WS: 69.6%)hilonussp.
(20 individuals, DS: 15.0%, WS: 85.0Chorebussp. (12 individuals, DS:
25.0%,WS: 75.0%)Cotesia flavipeg294 individuals, DS: 42.2%, WS: 57.8%),
Cotesia ruficrug290individuals, DS: 37.2%, WS: 62.8%)olichogenideasp. (42
individuals, DS: 14.3%, WS: 85.7%}lypapantelesp. (17 individuals, DS: 17.6%,
WS: 82.4%),Hormiussp. (17 individuals, DS: 11.8%, WS: 88.2%)acrocentrus
philippinensis (14 individuals, DS: 8.7%, WS: 64.3%)Macrocentrussp. (43
individuals, DS: 23.3%, WS:76.7%Microplitis sp. (15 individuals, DS: 40.0%,
WS: 60.0%),0pius sp. (30 individuals, DS: 36.7%, WS: 63.3%);utibraconsp.
(14 individuals, DS: 14.3, WS: 85.7%9pathis sp. (2 indiiduals, DS: 0%, WS:
100%), Tropobracon hayati(68 individuals, DS: 33.8%, WS: 66.2%), and
Tropobracon luteug122 individuals, DS: 36.0%, WS: 63.4%)

3. Ceraphronidae

Two hyperparasitoid species of Ceraphronidae, consisting of 494 individuals
(DS: 40.3%, WS:59.7%), were sampled from the study site. They were
Aphanogmus fijiensigt71 individuals, DS: 39.3%, WS: 60.7%), a@draphronsp.
(23 individuals, DS: 60.9%, WS: 39.1%)

4. Chalcididae

Five Chalcidid species, comprising 793 individuals (DS: 34.4%, WS: 65.6%)
of Antrocephalussp. (62 individuals, DS: 58.1%, WS: 41.9%yachymeria burski
(143, DS: 0.6%, WS: 99.4%Brachymeriaexcarinata(150 individuals, DS: 34.0%,
WS: 66.0%),Brachymeriajambolana(76 individuals, DS: 0%, WS: 100%), and
Brachymeridasus(362 individuals, DS: 51.1%, WS: 48.9%) were sampled.
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5. Encyrtidae

Only one encyrtid parasitoid species, vizQoencyrtussp., was collected
from the study site. No parasitoid species were found in our collection in the DS.
Eight individuals were collected dag the WS.

6. Eulophidae

Ten eulophid species, consisting of 608 individuals (DS: 31.9%, WS:
68.1%), were sampled. The parasitoids collected E&smussp. (82 individuals,
DS: 40.2%, WS: 59.8%Elasmussp. 1 (94 individuals, DS: 27.7%, WS: 72.3%),
Elasmussp. 2 (39 individuals, DS: 17.9%, WS: 82.1%juplectrus sp. (16
individuals, DS: 18.8%, WS: 81.2%emiptarsenus oryzagll individuals, DS:
27.2%, WS: 72.8%)Pediobiussp. (5 individuals, DS: 0%, WS:100%§ympiesis
sp. (101 individuals, DS: 29.7%, W0.3%), Tetrastichus schoenobi{141
individuals, DS: 34.0%, WS: 66.0%letrastichussp. 1 (58 individuals, DS: 41.4%,
WS: 58.6%),Tetrastichus vayalicu@1 individuals, DS: 32.8%, WS: 67.2%).

7. Dryinidae

Only one drynid parasitoid species, vizGomatopus flavifemurwith 135
individuals (DS: 29.6%, WS: 70.4%), was sampled from the study site.

8. Eupelmidae

Seventyfour Eupelmid wasps were collected (DS: 22.9%, WS: 77.1%),
which consist of two species, vidNeanastatusp. 1 (52 individuals, DS: 2192,
WS: 78.8%) andNeanastatusp. 2 (22 individuals, DS: 27.3%, WS: 72.7%).

9. Eurytomidae

Three eurytomid srieswith 299 individuals (DS: 38.5%, WS: 61.5%) consisting
of Eurytoma manilensi§l46 individuals, DS: 34.2%, WS: 65.8%5urytomasp. 1
(139 irdividuals, DS: 38.2%, WS: 61.8%), aktdirytomasp. 2 (14 individuals, DS:
85.7%, WS: 14.3%), were sampled from the study site.

10. Ichneumonidae

One thousand two hundred and fourtadedividuals (DS: 27.8%, WS:
72.2%) belonging to 26 species of Ichneumsenidere collectedThe percentage
composition of thneumonid wasps in the dry and wet seasons is given in Table 1.6.
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In North Kerala rice fieldsMesochorussp. (18.10%) had the highest percentage
composition during the dry season, wher€asinaria ajanta(14.32%) showed the
highest percentage composition during the wet season.

Table 1.6. Percentage composition of Ichneumonid wasps in the dry and wet
seasons.

Species Dry season (DS) Wet season (WS)
Barichneumorsp. 1.19 1.35
Casinariaajanta 0.00 14.32
Charops bicolor 12.17 13.90
Charops plauta 0.00 0.31
Chiroticasp. 1 0.00 0.52
Chiroticasp. 2 1.48 0.21
Chorebussp. 0.89 0.00
Diadegmasp. 0.00 0.21
Diadegmasp. 1 0.59 1.04
Diadegmasp. 2 0.00 1.14
Dictyonotussp. 1.78 1.24
Goryphus basilaris 0.30 0.21
Goryphussp. 1.78 1.45
Ischnojoppa luteator 7.42 5.19
Isotimasp. 1 3.86 5.91
Isotimasp. 2 2.08 5.91
Mesochorusp. 18.10 12.86
Microcharopssp. 0.00 0.41
Orthocentrussp. 2.08 0.62
Paraphylaxsp. 1 5.64 4.25
Paraphylaxsp. 2 1.19 1.66
Temeluchasp. 1.19 1.76
Trathala flavoorbitalis 10.98 9.02
Trichommasp. 5.93 2.80
Xanthopimpla flavolineata 8.90 5.08
Xanthopimpla punctata 12.46 8.61

11.Mymaridae

Four Mymarid species with 131 individuals (DS: 48.9%, WS: 51.1%) consist
of Anagrussp. (42 individuals, DS: 57.1%, WS: 42.9%jpnatocerussp. 1 (21
individuals, DS: 33.3%, WS: 66.7%}0natocerusp. 2 (50 individuals, DS: 54.0%,
WS: 46.0%), andMymar sp. (18 individuals, DS: 33.3%, WS: 66.7%), were

sampled.
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12. Platygastridae

Three hudred and sixtyndividuals (DS: 33.6%, WS: 66.4%) belonging to
two species, namelMacroteleiasp. (325 individuals, DS: 34.2%, WS: 65.8%), and
Trissolcussp. (35 individuals, DS: 28.6%, WS: 71.4%), were collected.

13. Pteromalidae

Eight parasitoid specewith 1433 individuals (DS: 33.0%, WS: 67.0%)
consisting of the parasitoids, vizGallitula peethapada(199 individuals, DS:
29.6%, WS: 70.4%)Callitula rugosa (49 individuals, DS: 38.8%, WS: 61.2%),
Callitula travancorensig275 individuals, DS: 39.6%)S: 60.4%),Panstenorsp.
(46 individuals, DS: 34.8%, WS: 65.2%8ropicroscytus oryza€l10 individuals,
DS: 30.9%, WS: 69.1%)Trichomalopsis apanteloctené278 individuals, DS:
29.9%, WS: 70.1%)Trichomalopsisovigastra(121 individuals, DS: 33.9%, WS
66.1%), andTrichomalopsisthekkadiensis(362 individuals, DS: 32.9%, WS:
67.1%) were sampled.

14.Scelionidae

One thousand seven hundred and fitiyr individuals (DS: 37.5%, WS:
62.5%) belonging to nine species, vidryonsp. (321 individuals, D$10.5%, WS:
59.5%), Platysceliosp. (203 individuals, DS: 35.5%, WS: 64.5%yxeliosp., (48
individuals, DS: 37.5%, WS: 62.5%Y,elenomus oryza€265 individuals, DS:
35.1%, WS: 64.9%)Telenomusemus(558 individuals, DS: 38.2%, WS: 61.8%),
Telenomugowani (166 individuals, DS: 39.2%, WS: 60.8%)elenomusp. 1 (23
individuals, DS: 21.7%, WS: 78.3%J)elenomusp. 2 (98 individuals, DS: 31.6%,
WS: 68.4%), Telenomussp. 3 (72 individuals, DS: 43.0%, WS: 57.0%) were

collected.

15. Tachinidae

Three Tachird species with 433 individuals (DS: 32.1%, WS: 67.9%)
represented byArgyrophylax sp. (113 individuals, DS: 41.6%, WS: 58.4%),
Halidaia luteicornis(235 individuals, DS: 30.6%, WS: 69.4%), andecocarcelia
sp. (85 individuals, DS: 23.5%, WS: 76.5%) weaimpled from the study site.
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16. Trichogrammatidae

Six hundred and fifyone individuals (DS: 45.9%, WS: 54.1%) belonging to
two species, viz.Jrichogramma chiloni229 individuals, DS: 44.9%, WS: 55.1%),
and Trichogrammajaponicum (422 individuals, DS: @.4%, WS: 53.6%), were
collected fromNorth Kerala. Fifteen and sixteen parasitoid families were collected

during DS and WS®espectively

Table 1.7. Percentage composition of parasitoids in the three-egptngical zones
of North Kerala (Dry season).

Sl.No. | Parasitoid family High hill Foothill Midland laterite
1 Bethylidae 0.65 1.11 0.64
2 Braconidae 35.18 23.65 18.27
3 Ceraphronidae 4.88 5.40 4.45
4 Chalcididae 5.95 8.57 5.91
5 Dryinidae 0.60 0.56 2.09
6 Eulophidae 3.10 3.25 9.18
7 Eupelmidae 0.36 0.40 0.55
8 Eurytomidae 1.55 4.05 3.45
9 Ichneumonidae 5.71 10.16 10.09
10 | Mymaridae 2.20 0.87 0.00
11 | Platygastridae 3.93 2.14 3.27
12 | Pteromalidae 8.81 13.73 13.64
13 | Scelionidae 15.71 16.03 17.55
14 | Tachinidae 4.46 2.70 2.73
15 | Trichogrammatidae 6.90 7.38 8.18

100 100 100

In three consecutive DS and WS, the percentage composition of Braconidae
was highest in all three agexological zones (D85.18%, WS29.67%), followed
by Scelionidae in the DS (17.55%). The respective percentage ctionmef the

other parasitoid families are given in Table 1.7 and 1.8.

Table 1.8. Percentage species composition of parasitoids in the three agro
ecological zones dflorth Kerala (Wet season).

SI.No. Parasitoid family High hill Foothill Midland laterite
1 Bethylidae 0.82 0.85 0.45
2 Braconidae 29.67 24.29 20.04
3 Ceraphronidae 3.04 3.96 4.47
4 Chalcididae 15.92 12.17 3.67
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5 Dryinidae 0.70 0.89 291
6 Encyrtidae 0.11 0.16 0.00
7 Eulophidae 2.76 3.92 11.00
8 Eupelmidae 0.45 0.85 1.00
9 Eurytomidae 197 2.71 2.36
10 Ichneumonidae 7.71 16.17 10.20
11 Mymaridae 1.41 0.73 0.00
12 Platygastridae 3.09 2.87 2.91
13 Pteromalidae 11.25 12.17 13.01
14 Scelionidae 12.15 12.37 17.98
15 Tachinidae 4.33 3.23 3.01
16 Trichogrammatidae 4.64 2.67 6.98

100 100 100

Hostparasitoid associations in the rice ecosystem

From the handpicked field collection of parasitized hosts, 66 parasitoid
species belonging to 34 Genera and 11 Families (Bethylidae, Braconidae,
Ceraphronidae, Chalcididae, Eulophidae, Eurytomidaéchneumonidae,
Pteromalidae, Scelionidae, Tachinidae, and Trichogrammatidae) were reared as egg,
larval, pupal, and hyperparasitoids in the laboratory. Of all reared parasitoids, 47
were primary parasitoids, including 43 Hymenopteran parasitoids, fquieran

parasitoids, and 20 hymenopteran hyperparasitoids.

The egg parasitoids belong to four families viz., Eulophidae, Platygastridae,
Scelionidae, and Trichogrammatidae comprising 11 parasitoid species
(Eulophidae=1, Platygastrida®, Scelionidae6, and Trichogrammatidae?). The
genus Telenomuswas the most dominant (n=7), afid remuswas the major
generalist egg parasitoid of rice pests. It was reared from the eggs of six

Lepidopteran species (Tablel.9).
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Table 1.9.Egg parasitoids reared from thee pests oNorth Kerala.

Family Parasitoid Hosts
Eulophidae Tetrastichus schoenobii  Scirpophaga incertulas
Scirpophaga innotata
Platygastridae Gryon nixoni Leptocorisa oratorious
Scelionidae Telenomus remus Mythimna separata

Spodoptera mauritia
Scirpophaga incertulas
Scirpophaga innotata
Psalis pennatula
Pelopidas agna
Pelopidas mathias

Telenomus rowani Scirpophaga incertulas
Telenomus oryzae Scotinophara bispinosa
Telenomuspl Pygomenida varipennis
Telenomusp2 Creatonotus gangis
Telenanussp3 Melanitis leda ismene
Trichogrammatidae Pelopidas agna

Trichogramma chilonis  Psalis pennatula
Scirpophaga incertulas
Scirpophaga innotata

Trichogramma japonicur Scirpophaga incertulas
Scirpophaga innotata
Cnaphalocrocis medinalis
Pelopidas aga
Pelopidas mathias

The connectance value for the herbivergg parasitoid trophic web was
recorded at 0.15g. 1.2). Additionally, an extensive proportion of overlap among
egg parasitoids associated with herbivores was observed, reaching 0.30 overall.
Specifically, nine pairs of herbivore species were interconnected by multiple
parasitoids, with the most significant overlap identified betw®encertulasandS.
innotata(n=4) (Table 1.10).
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Fig. 1.2 Trophic interactions between herbivores and egggi®ids in the rice ecosystem

of North Kerala. Composite connectance web summarizing egg parasitism within the rice
insect community. Insect pests: @naphalocrocis medinalis2. Creatonotus gangjs3.
Leptocorisa acutad. Melanitis leda ismenes. Mythimna separata6. Pelopidas agna?.
Pelopidas mathias8. Psalis pennatula 9. Pygomenida variepennisl0. Scirpophaga
incertulas 11.Scirpophaga innotatal2. Scotinophara bispinosd 3. Spodoptera mauritia
Primary parasitoids: 1Gryon nixonj 2. Tetrastichus schoenohii3. Telenomus remuyst.
Telenomus rowani5. Telenomus oryzae6. Telenomussp. 1, 7.Telenomussp. 2, 8.

’)“-\%‘,

s TEEEE

Eggs of rice pests ™

Table 1.10. The extent of egg parasitoid overlap amomgbivores is depicted. It
illustrates the count of shared egg parasitoid species between each potential pair of
herbivore species.

Species 2 3 4 5 6 7 8 9 10 11 12 13

1 1 1 1 1

2

3

4

5 1 1 1 1 1 1
6 2 2 3 3 1
7 1 2 2 1
8 2 2 1
9

— e e
W e = O
-

[u—y

Hymenopteran and Dipteran larval parasitoids reared from the rice pests
belonged to seven families comprising 30 parasigpécies (Hymenopterad?,

Diptera=3). Koinobiont endo parasitism was the most frequent nature of parasitism
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reported from Braconidae (n=8), Ichneumonidae (n=9), and Tachinidae (n=3).
Idiobiont ectoparasitism was more frequent in Eulophidae (n=5), follolyed
Bethylidae (n=3) (Table 1.11).

Table 1.11.Larval parasitoids reared from the rice pestSlofth Kerala

Order Family Parasitoid Nature of Hosts
parasitism
Hymenoptera Bethylidae Goniozus Idiobiont Cnaphalocrocis
hanoiensis ecto medinalis
parasitism
Goniozus Idiobiont Cnaphalocrocis
platycephalus ecto medinalis
parasitism
Goniozuanr. Idiobiont Cnaphalocrocis
madrassipattana ecto medinalis
mi parasitism
Braconidae Apantelesp. 1 Koinobiont  Pelopidas agna,
endo Pelopidas mathias
parasitism
Cotesia flavipes Koinobiont ~ Cnaphalocrocis
endo medinalis
parasitism
Cardiochiles Koinobiont ~ Cnaphalocrocis
philippinensis endo medinalis
parasitism
Apantelessp. 2 Koinobiont  Parapoynx
endo stagnalis
parasitism
Cotesia ruficrus  Koinobiont  Spodoptera
endo mauritia, Mythimna
parasitism separata
Microplitis Koinobiont  Psalis pennatula
pennatula endo
parasitism
Microplitis Koinobiont  Psalis pennatula
narendrani endo
parasitism
Scutibracon Koinobiont  Dicladispa
hispa endo armigera
parasitism
Dryinidae Gonatopus Idiobiont Nilaparvata lugens
flavifemur Ectoparasitis
m
Eulophidae Elasmussp. Idiobiont Cnaphalocrocis
ecto medinalis
parasitism
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Euplectrus Idiobiont Psalis pennatula
sp.1 ecto
parasitism
Euplectrus Idiobiont Orsotriaena medus
sp.2 eco
parasitism
Hemiptarsenus  Idiobiont Helcystogramma
orizae ecto arotraeum
parasitism
Sympiesisp. Idiobiont Ampittia
ecto dioscorides,
parasitism Parnarasp.
Ichneumonidae Casinaria ajanta Koinobiont ~ Ampittia
endo dioscorides
parasitism Parnarasp.
Charops bicolor Koinobiont  Psalis pennatula
endo Pelopidas agna
parasitism Pelopidas mathias
Parnarasp.
Xanthopimpla Koinobiont ~ Ampittia
punctata endo dioscorides
parasitism
Diadegmasp. 1  Koinobiont  Cnagphalocrocis
endo medinalis
parasitism
Diadegmasp. 2  Koinobiont ~ Melanitis leda
endo ismene
parasitism
Microcharopssp. Koinobiont ~ Melanitis leda
endo ismene
parasitism
Dictyonotussp. Koinobiont ~ Cnaphalocrocis
endo medinalis
parasitism
Trathala Koinobiont ~ Cnaphalocrocis
flavoorbitalis endo medinalis
parasitism
Goryphus Koinobiont ~ Ampittia
cinctipes endo dioscorides
parasitism
Pteromalidae  Trichomalopsis Idiobiont Pelopidas agna,
apanteloctena ecto Pelopidas mathias
parasitism
Diptera Tachinidae Halidaia Koinobiont ~ Parnarasp.
luteicornis endo Pelopidas agna
parasitism
Argyrophylax Koinobiont ~ Parnarasp.
nigrotibialis endo Pelopidas agna
parasitism Pelopidas mathias
Thecocarcelissp. Koinobiont ~ Mythimna separata
endo
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parasitism

The connectarevalue for the herbivoréarval parasitoid trophic welF(g.
1.3) was determined to be 0.088. Additionally, the proportion of larval parasitoid
overlap among the herbivores was calculated to be 0.066. Four pairs of caterpillar
species were found to be @ntonnected by multiple larval parasitoids. Specifically,
the highest number of shared parasitoids (n=4) was observed bd&wagnaand
P. mathiagTable 1.12).

Fig. 1.3Trophic interactions between herbivores and larval parasitoids in the rice ecosf/$terth
Kerala. Composite connectance web summarizing larval parasitism within the rice insect community.
Insect pests: 1Ampittia dioscorides 2. Cnhaphalocrocis medinalis3. Dicladispa armigera 4.
Helcystogramma arotraeun®. Leptispapygmaea 6. Melanitis leda ismene7. Mythimna separata
8. Nilaparvata lugens 9. Orsotriaena medys10. Parapoynxstagnalis 11. Pelopidas agnal12.
Pelopidas mathigs 13. Parnara sp., 14.Psalis pennatula 15. Spodoptera mauritia Primary
parasitoids: 1Apantelessp. 1, 2. Apantelessp. 2, 3.Argyrophylax nigrotibialis 4. Cardiochiles
philippinensis 5. Casinaria ajanta 6. Charops bicoloy 7. Cotesia flavipes8. Cotesia ruficrus 9.
Diadegmasp.1., 10Diadegmasp.2, 11 Dictyonotussp., 12.Elasmussp., 13.Eupledrus sp. 1, 14.
Euplectrus sp. 2, 15. Gonatopus flavifemyr 16. Goniozus hanoiensis17. Goniozus nr.
madrassipattanamil8. Goniozus platycephalud9. Goryphus cinctipges20. Halidaia luteicornis
21. Hemiptarsenus oryzae22. Microcharops sp., 23. Microplitis narendranj 24. Microplitis
pennatula 25. Scutibracon hispa26. Sympiesisp., 27.Trathala flavoorbitalis 28. Trichomalopsis
apanteloctena29. Xanthopimpla flavolineata30. Xanthopimpla punctata

Larval parasitoids
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Table 1.12. The extent of larval pasitoid overlap among herbivores is depicted. It
illustrates the count of shared larval parasitoid species between each potential pair of
herbivore species.

Species 2 3 | 5 6 7 8 9 10 11 12 13 14 15

O 0N B W N e
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Both Hymenopteran and Dipteran parasitoids emerged from the pupae of rice
insects. Emergence otHneumonid wasps was the highest4) followed by
Tachinidae (83). The highest number of pupal parasitoids emerged Rorgna
(n=7) (Table.1.13).

Table 1.13.Pupal parasitoids reared from the rice pestdarth Kerala

Order Family Parasitoid Hosts
Hymenoptera Braconidae Aspidobracon noyesi Pelopidas agna
Pelopidas mathias
Ichneumonidae Goryphus basilaris Pelopidas agna

Xanthopimpla flavolineata Cnaphalocrocis medinalis,
Pelopidas agna
Xanthopimpla punctata ~ Cnaphalocrocis medinalis,
Pelopidas agna,
Psalis pennatula

Barichneumorsp. Pelopidas agna

Agryponsp. Ampittia dioscorides
Diptera Tachinidae Argyrophylaxsp. Orsotriaena medus

Thecocarceliasp. Parnarasp.

Melanitis leda ismene

Pelopidas agna
Senometopiap. Psalispennatula

Pelopidas agna

The connectance of the herbiviopepal parasitoid trophic welFig. 1.4)
was 0.221. The proportion of pupal parasitoid overlap between the herbivore species
was 0.25, and the pupae of two pairs of herbivore species were linkadrbythan
one parasitoidTable 1.14).
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Table 1.14.The extent of pupal parasitoid overlap among herbivores is depicted in
the table. It illustrates the count of shared pupal parasitoid species between each
potential pair of herbivore species.

Lh
(=2}
|
[}

Species 2 3 4

Fig. 1.4 Trophic interactions between herbivores and parasitoids in the rice ecosystem of
North Kerala. Composite connectance web summarizing pupal parasitism and within the
rice insect community. Insect pests:Almpittia dioscorides2. Cnaphalocrocis medinalis

3. Melanitis leda ismene4. Orsotriaena medys5. Parnara sp., 6.Pelopidas agna?.
Pelopidas mathigs 8. Psalis pennatula Primary parasitoids: 1.Agrypon sp., 2.
Argyrophylaxsp., 3.Aspidobracon noyes#é. Barichneumorsp., 5.Goryphus basilaris6.
Senometopiasp., 7. Thecocarceliasp., 8. Xanthopimpla flavolineata9. Xanthopimpla
punctata

Pupal parasitoids

l

Pupae of rice pests

|.||
™

Hyperparasitoids belonging to six families comprising 20 parasitoid species were

recorded. Braconidae and Ichneumonidae are more susceptible to attack of
hypermrasitoids and the highest number of secondary parasitoids emerged from the
pupae ofC. ajanta(n=8), followed byApantelesp. 2(n=6) (Table 1.15).
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Table 1.15.Hyperparasitoids emerged from the primary parasitoids of rice pests of

North Kerala.

Order

Family

Parasitoid

Hosts

Hymenopteral

Ceraphronidae

Aphanogmus fijiensis

Apantelesp. 1
Casinaria ajanta,
Cotesia flavipes,
Cotesia ruficrus,
Trathala flavoorbitalis

Chalcididae Brachymeria excarinata Aspidobracon noyesi
Brachymeria lasus Casinaria ganta
Charops bicolor
Diadegmasp.
Trathala flavoorbitalis
Brachymeria burski Casinaria ajanta
Brachymeria jambolana Casinaria ajanta
Eulophidae Tetrastichus vayalicus Apantelesp. 1
Tetrastichusp. 1 Apantelesp. 2
Tetrastichusp. 2 Casnaria ajanta
Elasmussp. 1 Casinaria ajanta
Elasmussp. 2 Apantelesp. 2
Eurytomidae | Eurytoma manilensis Apantelesp. 1

Ichneumonidae

Mesochorusp.

Cotesia ruficrus

Paraphylaxsp. 1

Apantelesp. 1

Paraphylaxsp. 2

Apantelesp. 2

Paraphylaxsp. 3

Apantelesp. 2

Paraphylaxsp. 4

Apantelesp. 2

Pteromalidae

Trichomalopsis apanteloctenu

Apantelesp. 1

Pteromalidsp. 1

Casinaria ajanta

Pteromalidsp. 2

Apantelesp. 2

Pteromalidsp. 3

Cotesia ruficrus
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Fig. 15 Trophic interactions between primary parasitoids and hyperparasitoids in the rice
ecosystem of North Kerala. Composite connectance web summarizing hyperparasitism
within the rice insect community. Primary parasitoidsApantelesp.1, 2 Apantelessp. 2,

3. Aspidobracon noyes#. Casinaria ajanta 5. Cotesia flavipes6. Cotesia ruficrus 7.
Charops bicolor 8. Diadegma sp., 9. Trathala flavoorbitalis Hyperparasitoids: 1.
Aphanogmus fijiensi2. Brachymeria burski3. Brachymeria excarinata4. Brachymeria
jambolana 5. Brachymeria lasus 6. Elasmussp.l, 7.Elasmussp. 2, 8. Eurytoma
manilensis 9. Mesochorussp., 10.Paraphylaxsp.1, 11.Paraphylaxsp. 2, 12 Paraphylax

sp. 3, 13Paraphylaxsp. 4, 14. Pteromalid sp.1, 15. Pteromalid sp. 2, 160t sp. 3,

17. Tetrastichus vayalicyd 8. Tetrastichussp.1, 19. Tetrastichussp. 2, 20 Trichomalopsis
apanteloctena

Hyperparasitoidséiig? HEEE EE ﬁmm Eﬂﬁﬁmﬁﬁ

The connectance value for the primary parasilyigerparasitoid trophic
web was recorded at 0.1B6ig. 1.5). Overall, the hypegpasitoid overlap among the
primary parasitoids was 0.416. Only one pair of primary parasitoid species was
found to be interconnected by multiple hyperparasitoids (Table 1.16).

Table 1.16.Hyperparasitoid overlap among primary parasitoids.

Species 2 3 4 5 6 7 8 9
1 1 1 1 1
2

3

4 1 1 1 1 2
5 1 1
6 1
7 1 1
8 p !
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Fig. 1.6 Biology of major rice insect pest in the rice ecosystems of North Kerala.
Cnaphalocrocis medinalis: a. Eggs, b. Larva, c. Pupa, d. Adult, e. leaf shelter with visible sign of
rice plant damage; Parapoynx stagnalis: f. Larva, g. leaf shelter, h. feeding the rice plant, i. Pupa,
j. Pupa within the silken cocoon, k. Adult
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Fig. 1.7 Major parasitoids in the rice ecosystems of North Kerala.

a. Apanteles sp. (Larval parasitoid), b. Casinaria ajanta (Larval parasitoid), c. Telenomus sp.

(Egg parasitoid), d. Cardiochiles philippinensis (Larval parasitoid), e. Brachymeria sp. (Pupal parasitoid),
f. Aphanogmus fijiensis (Hyperparasitoid).

500 pm
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Parasitoid defense strategy in Lepidopteran rice pests

In order to avoid parasitoids, insects exhibit different defense mechanisms.
Clutch size and egg covering status (eggs with or without covering) were chosen as
variables to determine the factors aftfeg the rate of egg parasitism. Kruskal
Wal l i s test and Dunnbés post hoc test were
significant difference was observed between egg parasitism with ditehand
eggs without coveringH = 16.73, df = 18, p < 00D2). Il n Dunnds post h
clutch size (p = 0.011) and eggs without covering (p = 0.001) were significant.
Kendall 6s tau <correlation coefficient wa s
parasitism rate and the two variables. A positive correlationolvasrved between
clutch size (r = 0.4385, p = 0.008) and egg parasitism. A negative correlation was
observed between eggs without covering (naked eggs) and parasitisth3s15, p
= 0.035).

The significance of larval morphological features, viz., skatolG hair
length, and larval exposure against the parasitization rate, was teégjed.§)
Statistical analysis revealed that both larval hair length and the degree of larval
exposure significantly affected parasitism rates. Exposure type refers taidioly
larvaeare positioned in their habitathether fully exposed, partially hidden (semi
exposed), or completely concealed within plant structures. The Krl&idk test,
foll owed by Dunnos post hoc compari sons,
parasitism rates based on hair length (p = 0.004) and exposure type (p = 0.007),
while larval skin color had no significant effect (p = 0.773).

Further analysis using Spearmanods rank
negative relationship between hair ldm@nd parasitism (r ¥0.465, p = 0.005),
indicating that larvae with longer hair experienced lower parasittdthough no
significant monotonic trend was found when treating larval exposure as an ordered
variable (r =10.121, p = 0.467), further analgsiising binary comparisons revealed
a more detailed pattern. Spearmandés rank
association between parasitism and sexposed larvae (r = 0.816, p < 0.001),

indicating that parasitism rates were substantially highdmsngroup.
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In contrast, fully exposed larvae showed a moderate negative correlation
with parasitsm (r =10.536, p = 0.018), suggesting reduced vulnerability, while

concealed larvae exhibited a weak, +sognificant negative correlation (ri=.261,
p = 0.281).

Fig. 1.9 The relation between larval exposure and larval parasitism in rice pests.
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In this study, semconcealment emerged as a key morphological trait associated
with increased susceptibility to parasitism in lepidopteran rice pPstspoynx
stagnalis which constructs partially enclosed tubular shelters from folded rice
leaves(Fig. 1.6g) recorded a parasitism rate of 20.Q9%ticeably higher than that
observed in fully concealed species. This pattern supports the overall trend in the
dataset, where sernoncealed larvae consistently experienced the highest levels of
parasitism comparedo both exposed and fully concealed larvae. Additional
observations revealed that parasitized stagnalislarvae often modified their
shelters after attadky Apantelesp, the primary parasitai®pecifically, they sealed

both ends of their leafase wih silk and attached it more securely to the plant
surface. This structural change, likely influenced by parasitoid development within
the host, appeared to restrict movement and reduce the chances of further parasitoid
entry. As a result, hyperparasitisatesby Elasmussp. andParaphylaxsp.in these
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modified shelters remained very [o{0.6% -1%) despite high primary parasitism

rates.
Discussion

This study is the first systematic report of the trophic interaction of the rice
pest parasitoid complex antdetmorphologicalantiparasitoid defense strategy of
lepidopteran pests association with the species makeup of rice insect pests and
parasitoids ifNorth Kerala Fig. 1.8). The findings of the study provide insight into
several aspects related to thedps composition of insect pests and their associated
parasitoids in agricultural ecosystems, focusing on their distribution and potential
implications for pest management strategies. The results revealed several key
insights into the intricate relationpls between pest species and their parasitoids,

shedding light on the complex dynamics witkinese ecological communities.

Fig. 1.10 The two aspects of the study carried out. Species composition (1) and host
parasitoid associations (2) of rice insects.
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The results revealed a diverse spectrum of insect species belonging to four

distinct orders and 15 families, with Lepidoptera exhibiting the highest species
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richness among the collected insects. Tusiinance of Lepidoptera in both species
richness and abundance across all @&gpaogical zones underscores its significance

as a crucial component in the local rice pest community. It may be attributed to their
host plant preferences, adaptability taiagjtural landscapes, feeding habits, life
cycle characteristics, reduced predation pressure (Bito et al., 2011), and potential
tolerance to pesticides commonly used in rice cultivation. Conversely, while
Coleoptera exhibited lower species richness, fipeapecies likeDicladispa
armigeraandLeptispa pygmaeaere observed to have significant population
fluctuations across dry and wet seasons, potentially impacting rice crops. It may be
becaus®. armigeraandL. pygmaegrefer specific habitats or foosburces that
fluctuate between dry and wet seasons. Environmental conditions during different
seasons can influence the availability of suitable breeding sites or food resources,
affecting their population sizes accordingly. Among Lepidopterans, Erebathe h
the highest species richness in the rice fieldslafth Kerala. Some species within

the Erebidae family are known pests of various crops (Kitclahagl, 1998),
including rice. Higher numbers of these pest species can escalate pest pressure in
rice fields, leading to increased crop damage and vyield losses. The study site was
home to four Hesperiid specigsmpittia dioscoridesPelopidas agna, P. mathias
andParnaraspecies. They are common in rice fields. Skippers, notably the
Hesperiidae family, sbtngly prefer grassy habitats, finding rice fields an ideal
environment due to the structural and nutritional attributes of rice plants (Grist and
Lever, 1969), contributing to their prevalence in rice fields. However, the
dominance of Hesperiidae in riceells may vary based on geographic regions,

farming practices, climate, and natural enemy diversity.

A noticeable seasonal variation in insect abundance was evident, with wet
seasons displaying higher insect populations than dry seasons. This pattern may
align with the increased availability of resources such as water (Pathak, 1968) and
vegetation during wet seasons, facilitating favorable conditions for insect breeding
and population growth. Moreover, the increased nutrient influx and abundant water
supply may have improved crop growth, which would have increased the pest

population. More tiller growth may have resulted from the rice transplanting
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method, the abundant water supply during the rainy season, the nitrogen availability
(Evers et al., 2006), anthe organic nutrients washed into the rice fields from the
adjacent home gardens and forests. Farmemdorth Kerala claimed that amid
heavy rains, a significant amount of alluvial soil was deposited in paddy fields,
which may have also aided crop growiNambudiri, 2018). For instance, the
prevalence of various Lepidopteran species, inclu@ngphalocrocis
medinalisandParapoynxstagnalis(e.g., Pathak, 1968), was notably higher during
wet seasons, suggesting a correlation between their population idgnand

suitable habitat conditions.

Dry seasons often create conditions that are less favorable for the
proliferation of insect pests. Reduced humidity and moisture levels can limit the
survival and reproduction of certain pests that thrive in humid emvients.
Additionally, extreme temperatures or prolonged dry conditions may negatively
impact the development and survival of insect populations (e.g., Hu et al., 2016).
Furthermore, the seasonal variations in pest management practices, such as pesticide
applications or cultural control methods, could influence the population dynamics of

these insects.

Additionally, the study highlighted zorspecific preferences among certain
insect species. For instance, while some pestsCdana spectr&xhibited
comparable population distributions across all zones, others, sudtyrida
perpusilla were more predominant in specific zones (midland laterite), indicating
potential ecological niche preferences. Moreover, the emergence of particular
species likeC. medimlis as a dominant pest in the midland laterite region during the
dry season necessitates targeted pest management strategies specific to each zone
and season. The observations on the prevalen€e wiedinalisn the dry season
across the foothill and miahd laterite areas and the dominancé® oftagnalisn
the high hill zone suggest a strong correlation between insect species distribution
and specific ecological conditions. This pattern may be influenced by the climate
suitability for these species idifferent zones, as supported by previous studies

associatingc. medinalidominance with drier climates (Ali et al., 2019) dhd
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stagnalisprevalence with humid, highainfall regions (Heinrichs and Viajante,
1987; Pathak and Khan, 1994). The findingsKafvazu et al. (2005), Park et al.
(2010a), and Park et al. (2010b) further support dhbiservation emphasizing the
influence of geographical regions on the outbreak.ahedinaligpopulations.

Conversely, the midland laterite region consistently supdoa higher
composition ofC. medinalisacross both dry and wet seasons, possibly due to
distinct agreclimatic features favoring this species' prevalence. Moreover, the
scarcity of certain pest species like versicolor Lyclenesp., andV. frugalisin the
midland laterite zone during the wet season could be attributgzbtific biotic and
abiotic factors operating within the rice agroosystem. Biotic factors are likely to
include limited availability of preferred host plants, increased interspecific
competition, or greater pressure from natural enemies such as parasitoids and
predators. Abiotic influences, such as the poor wadéding capacity of laterite
soils, fluctuations in temperature and humidity, and inconsistent moisture
availability due torainfall variability, possibly constrain the establishment and
proliferation of these species in the midland laterite zoFteese observations
underscore the complex interplay of environmental factors, geographic nuances, and
pest species adaptability, phasizing the need for regi@pecific pest management

strategies tailored to the ecological characteristics of each zone.

The study identified a diverse array of insect pests across various rice
ecosystems, with distinct compositions observed in diffegengraphical regions.
This variation in species richness and abundance underscores the importance of
local environmental factors in shaping the pest community structure. Moreover, the
presence of multiple pest species within the same-egpsystem highihts the
need for multifaceted pest management approaches to mitigate crop damage

effectively.

Conversely, the study revealed an equally diverse community of parasitoids
associated with the insect pests. The diversity of parasitoid species reflects the

intricate nature of biological control mechanisms operating in these ecosystems. The
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prevalence and distribution of specific parasitoid species suggest their potential role

in regulating pest populations, thereby influencing pest outbreaks and crop damage.

The findings of the present study highlight the prevalence and dominance of
parasitic wasps, particularly from the families Ichneumonidae and Braconidae, in the
rice fields of North Kerala. The data revealed the occurrence of 27 species of
Ichneumonidae anél0 species of Braconidae, suggesting the prominence of these
families in the local rice agrecosystem. Ichneumonidae is recognized for its vast
species diversity globally, and their prevalence in rice fields further emphasizes their
ecological significane within this specific agrecosystem (e.g., Wahl, 1993).
Numerous species within the Ichneumonidae family in rice fields suggest a complex
and diverse community of parasitoids, indicating their adaptation to this
environment and potential specializationpreying upon or parasitizing various pest
species found within the rice ecosystem. Understanding the species richness of
Ichneumonidae parasitoids in rice fields is crucial for comprehending their
ecological impact, relationships with other organismsd aheir potential

contributions to sustainable pest management practices in agriculture.

The study conducted iNorth Kerala during consecutive dry and wet seasons
provided insights into the varying prevalence of parasitoid wasp families across
different aricultural zones. Braconidae emerged as the most prevalent family,
accounting for 35.18% during the dry season and 29.67% during the wet season.
Within Braconidae, microgastrine wasps, particul&jbantelesp., were notably
abundant, consistent with preus findings identifyingApantelesas the
predominant genus in Kerala's rice fields (Ranijith et al., B0THhe abundance of
Ichneumonidae followethy Braconidae, withfCasinaria ajantabeing prominent in
the foothill region, contributesignificantly tothe species composition. The diverse
species observed across different altitudes and ecological zones indicate how biotic
and abiotic environmental factors can influence the structure of these parasitoid
wasp communities (e.g., Shmida and Wilson, 198%)di#onally, Chalcididae
exhibited substantial representation in the high hill region during the wet season,

potentially due to favorable climatic conditions. Furthermore, Scelionidae showed
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significant presence across various zones, particularly in ttikeamali laterite during
both dry and wet seasons, witklenomus remys generalist egg parasitoid, being

notably prevalent, possibly due to favorable conditions for host availability.

The study also highlights a discrepancy in the occurrence of two patasit
families across different zones. Specifically, Mymaridae were absent in the collected
samples in the midland laterite zone throughout both dry and wet seasons, while
Encyrtid species were absent in all zones during the dry season. The absence or
presece of certain parasitoids, such as Encyrtids and Mymarids, in specific zones
during different seasons might be due to the influence of a combination of

ecological factors, host availability, and the intricacies of their life cycles.
Hostparasitoid asso@itions

Hostparasitoid associations refer to ecological relationships between a host
organism and a parasitic species living in or on the host, deriving its nourishment
from the host's body while typically causing death to the host (Scletnadt 2008).

These associations are integral to natural ecosystems and can significantly impact
population dynamics, biodiversity, and ecological balance. Studying these
interactions helps elucidate the complex ecological networks and aids in conserving

host and parasiid diversity, vital for maintaining ecosystem health and resilience.

The study highlightIelenomusas the dominant genus of egg parasitoids,
encompassing seven species, particularly emphasiziregmusas a major generalist
egg parasitoid for controfig rice pests. This species exhibited effectiveness against
eggs from six distinct lepidopteran specidythimna separataSpodoptera
mauritia, Scirpophaga incertulasScirpophaga innotataPsalis
pennatulaPelopidas agna andPelopidas mathias Telenonus
remus(Hymenoptera: Scelionidae) is a promising biological control candidate as
noted by Tang et al. (2010) and Kenis et al. (2019). The present study indicates that
when there is a higher availability or abundance of host eggs in a specific area or
haltat, there is an increased likelihood or frequency of those eggs being parasitized

by parasitoids (e.g., Kemp and Simmons, 1978). However, it is important to note
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that while this relationship generally holds in many ecological scenarios, it may not

be unversal (Yu and Byers, 1994)

Koinobiont endo parasitism was the most frequent type of larval parasitism
in the study region and was reported from Braconida8)(ichneumoniidae &9),
and Tachinidae @8). This type of parasitism was common in sexyposel, soft
bodied larvae. Idiobiont ecfparasitism was more frequent in Eulophidae5(n
followed by Bethylidae (83).

The study highlights two main parasitic strategies adopted by parasitoid
wasps, known as koinobionts and idiobionts, which differ inrthest specificity.
Idiobiont ectoparasitism, notably seen in hairy caterpillars and concealed
lepidopteran larvae in the study region in align with Quicke (2015). The study
identified Eulophidae genera, such EagplectrusandSympiesis exhibiting this
parasitic behaviorEuplectrussp. preferred tubercleovered or tuftyhaired exposed
caterpillars for oviposition, whil8ympiesipreferred semexposed sheltdsuilding
caterpillars. This demonstrates how different parasitoid families and genera exhibit
varying parasitic strategies, targeting specific host characteristics or behaviors for
their parasitization due to their evolutionary adaptations to optimize their
reproductive success within their specific ecological niches. These variations may
arise fromthe diverse selection pressures imposed by the hosts' characteristics and
behaviors. These variations may arise from the diverse selection pressures imposed

by the hosts' characteristics and behaviors.

The study found that ichneumonid species were thmgugi parasitoids
attacking pupae of rice pests, followed by Tachinidae. This discovery was consistent
with the findings of Aubert (1969), who noted that Ichneumonidae commonly target
larvae or pupae of various insects belonging to the Lepidoptera, Cogoptel
Hymenoptera orders. The prevalencePefopidas agnaa butterfly species, was
notably high at the study sites. The higher parasitizatioR. cignapupae by
ichneumonids could be linked to its increased abundance, as parasitism rates

generally corelate with the host's abundance.
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In this study, it was noted that Braconidae and Ichneumonidae showed
greater susceptibility to hyperparasitoids. The primary parasitoids, sdsamria
ajanta(lchneumonidae) andlpantelesp. 2 (Braconidae) were highvulnerable to
hyperparasitism. This vulnerability might be associated with their higher abundance
in the rice environment, as previously identified by Ranjith et al. (@01Bor
instanceC. ajantg a solitary larval endparasitoid, a potential parésd of
hespriid defoliators, was abundant in the foothill region. On the other
hand,Apantelesp. was abundant in all zones in the studied region. This pattern
might suggest that varying environmental conditions across these zones could
influence the disibution and abundance of these primary parasitoids, which in turn

leads to increased hyperparasitism.

The herbivoreparasitoid and primary parasiteinyperparasitoid trophic
webs constructed in our study provided comprehensive insights into the trophic
interactions within the pegiarasitoid networks of the sites observed. The
connectance estimates between trophic levels revealed distinct connectivity patterns:
the herbivoreegg parasitoid trophic webs exhibited a connectance of 0.15, the
herbivoré larval parasitoid trophic web showed 0.088, the herbivoupal
parasitoid trophic web displayed 0.221, and the primary paraditgperparasitoid
trophic web revealed a connectance of 0.15. Comparisons with previous studies
showcased variations in connectanaeéues across different ecosystems. The values
obtained in our study were higher than those reported in coconut intercrops
(Shameer et al., 2018) and natural communities of herbivores and parasitoids but
lower than values from cropping systems with a lichiteimber of species (Rocca
and Greco, 2015). Moreover, our connectance estimates surpass certain values
documented for natural communities of herbivores and parasitoidsi Q0106
across 45 hosts and 31 parasitoids, as reported by Maunsell et al., T2@&L.Bjoss
study comparisons between connectance estimates must be made with care because
the connectance values are sensitive to sample limitations, which would increase
mechanistically in large webs and may explain the lower estimates among webs
including more species (Bluthgen, 2010; Poulin, 2010). The observed trophic

connectance could be influenced by factors such as biotic, abiotic, and cultural
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elements that affect pest and parasitoid populations, thus influencing trophic

interactions.

Moreover, highe overlap among parasitoids targeting pests from the same
genera was evident, emphasizing the tendency for species within the same genera to
share common parasitoids. For instar®&pophaga incertulaandS.
innotataexhibited higher overlap in egg pait@ids due to their genus
similarity. Pelopidas agnavas noted for sharing a substantial number of parasitoids
with other pests during its larval and pupal stages, reinforcing the tendency of
certain pests to share common parasitoids across differenbplevmtal stages.

Anti -parasitoid defense strategy in Lepidopteran pests

This study investigates how the rates of parasitism among different pest
species during their immature stages are influenced by their defense mechanisms
against parasitoids. The studielves into comparing the parasitism rates and
physical traits of both the egg and larval stages of these pests. The findings reveal
significant connections between egg parasitism, clutch size, and egg exposure. A
positive correlation is observed betweduntch size and egg parasitism, indicating
that higher clutch sizes coincide with increased parasitism rates. Unexpectedly, a
negative correlation emerges between egg exposure and parasitism, implying that
eggs lacking protective covers are less prongiteek byparasitoids. Interestingly,
individuals with protective egg masses and larger clutch sizes show higher
parasitism ratesThe presence or absence of egg coverings and the clutch size can
have multiple functions. These features not only act as asmafadefense against
parasitoids but also provide signals about the quality and availability of the host. The
parasitoids use these signals to locate and select their hosts. Larger egg masses that
are more conspicuous may attract more parasitoids thdlesarad less visible ones
(Thomas et al., 1998). This may explain the observed negative correlation between
egg exposure and parasitism in the present study, which is influenced by the trade
off between protection and detection. In line with the findiogsThomas et al.
(1998), the variation in egg coverings and clutch sizes may reflect the different

levels of predation and parasitism pressures across various habitats and seasons. In
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environments where predation risk is higher, such as open grasslampdsyegngs
may provide greater benefits, while in habitats where parasitism risk is high, such as
forests, clutch sizes may play a more critical role. The timing of these features may
also be significant, with egg coverings being more effective in epripg when
parasitoids are less active, while clutch sizes may be more relevant in late spring

when parasitoids are more abundant.

The study also explores how the morphological features of caterpillars
influence parasitism or predation rates. While theeaiveness of lepidopteran
larval hairs against parasitism remains unclear, the research highlights that larval
hair length and larval exposure significantly influence larval parasitism compared to
larval skin color. Intriguingly, brightly colored catefpils do not necessarily deter
parasitism, as certain parasitoids are not repelled by vibrant hues (Dyer, 1997;
Gentry and Dyer, 2002).

Higher parasitism rates are found in se&axposed larvae. Studies comparing
free-feeding and sheltdsuilding caterpillas has demonstrated that shelterlding
enhances parasitism. This is likely because shiltiding caterpillars experience
reduced predation by predators reliant on visual cues to locate prey. Notable studies
supporting this include those by Gentry dbykr (2002), Diniz et al. (2012), Hrcek
et al. (2013), and Baer and Marquis (2020). Consequently, these caterpillars may
provide a safer environment for parasitoids by avoiding predators that would
consume them. This suggests that shditéiding caterdlars might create an
enemyfree space for parasitoids, free from predatory threats (Jeffries and Lawton,
1984; Murphy et al., 2014; Stireman et al., 2006).

The findings fromParapoynx stagnaligprovide valuable insight into the
limitations of semiconce#ément as a morphological defense against parasitoids in
lepidopteran rice pests. Despite residing within folded plant matériatagnalis
experienced a relatively high parasitism rate (20.09%), comparable to other semi
concealed species analyzed in tetady. This supports the broader pattern that
partial concealment offers limited protection compared to full enclosure.- Semi

concealed shelters may slow parasitoid access but do not effectively prevent
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detection or oviposition, leaving larvae vulnerablaridg their development.
Interestingly, parasitized individuals Bf stagnalisvere observed to reinforce their
shelters posattack by sealing both ends with silk and anchoring the case to the plant
substrate. This behavior significantly reduced hype&gasm, with secondary
parasitoid incidence dropping to D186 even in cases where primary parasitism
reached up to 40% (KallyadamdNasser, 2024). While this pegarasitism shelter
modification may benefit the parasitoid by protecting its developmogd from
competitors, it highlights the limited role of reactive defense in preventing initial
parasitic entry. These observations are consistent with previous findings that
emphasize the importance of structural concealment as a primapaeaitoid tait
(Gross, 1993; Cornell et al., 1987). Larvae that feed or reside within concealed
spacesuch as leaf rolls, stems, or sdkaled case®nd to exhibit lower parasitism
rates due to reduced exposure. In contrast, intermediate form®.likeagnalis
though partially sheltered, appear to occupy a vulnerable middle ground, where
incomplete concealment offers neither the mobility of exposed larvae nor the full

protection of concealed environments.

Overall, the study sheds light on how different defensesh as protective
covers for eggs and sheleuilding behavior in larvae, influence the susceptibility
of pests to parasitism, providing valuable insights into-pasasitoid interactions
and parasitoid avoidance strategies. The findings from thig/ stnderscore the
variation in parasitism rates among diverse pest species during their immature life
stages, potentially influenced by their apéirasitoid defense mechanisms. These
insights highlight the multifaceted strategies of egg parasitoids ictisglehosts
based on certain characteristics and the nuanced interactions between larval traits
and parasitism. The findings emphasize the need for further exploration into the
complexities of hosparasitoid interactions and the diverse defensive mecharaé
pests, providing valuable insights into pest managementgitta and ecological
dynamicsMoreover, this study provides a foundation for further investigations into
hostparasitoid interactions and encourages the exploration of new avenues in pest
management techniques, leveraging biological control mechanisms tailored to the

specific challenges posed by rice pests.
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Intro duction

Rice pests infest all plant parts at all phases of their development. Since
various species have variable preferences for plants at different growth stages, their
numbers increase when rice plants of diverse ages are available. Leaf folders, for
example, may attack crops at any growth stage and in any field. Black bugs have
been observed to harm rice plants at all phases of development, from seedling to
maturity (Pathak and Khan, 1994). So, studying the relationship between crop

development phasesd@insect diversity, such as pests and parasitoids, is necessary.

In addition, the study assessed the overall impact of farming prabiyces
collecting dataon the frequency of pesticide applicativom the farmeron insect
populations in rice fields t@rovide solutions for the sustainable management of
critical rice pests. Intensive farming in India is typified by sraadla farms mainly
belonging to separate owners with autonomous agricultural practices. Under the
currentagriculturalscenario field-based management is a reasonable method. Still,
its efficacy remains an open topic, especially when chemicals might be dispersed
throughout fields during pest control activities. Hence, this current investigation
scrutinized the diversity of pests and p#amds across rice fields managed by
farmers, distinguishing between those treated with pesticides and those left
untreated.

Changes in species diversity have long been recognized as substantially
influencing the ecology (Ricklefs, 1987; Tilman and Downit@94) and phylogeny
(Darwin, 1859) of interacting species. Spatial and seasonal variations in community
species composition may affect distribution patterns, life cycle traits, population
trends, and evolutionary responses of species in a communityh@ihét al., 2003;
Thompson, 2005; Johnson and Stinchcombe, 2007; Rowntree et al., 2011). As a

result, knowing community structure over time and space can reveal knowledge

about speciesd6é ecological and coevol uti

especially in tropical areas with wellefined rain and dry seasons, may be observed

as a natural process that affects the makeup of animals and shapes the number of

species in their habitats (Aranda et al., 2021). Seasonality plays a crucial role in the
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life cycles of many organisms, mainly insects, and it needs to be figured out how
changes in climate and temperature i mpact
Fedorka et al., 2013). In the tropics, where temperature changes are modest and
seasons are defidéby rain and drought, seasonal characteristics and consequences

are astonishingly diverse (Wolda, 1988; Anu et al., 2009; Vasconcellos et al., 2010;

Silva et al., 2011). Several diversity indices are used to calculate the diversity of

species and their lative abundance in a community. Consequently, diversity

indices offer a more comprehensive insight into community composition beyond

mere species count, considering the relative abundance of different species. These
indices provide valuable insights intbe prevalence of rare and common species

within a community. For biologists striving to understand community organization,

the ability to estimate diversity in this way is essential (Pal et al., 2017). This study

delved into the species diversity pattemughin a hostparasitoid gstem across

diverse geographical regions and seasonal variations. Through metrics such as
species di versity (H and e HNj) , it ai med
community resemblance and the geographic distribution of rice insect pests and

parasitoidcommunities ifNorth Kerala.

Climate change is the most significant dynamic and worldwide
environmental challenge (Kunkel et al.,, 1999a; Easterling et al., 2000). The
repercussions of climate change, from rising temperatures, frequent droughts,
unpredictale rainfall, etc., are already visible. Global climatic changes substantially
influence agriculture and agricultural pests (Porter et al., 1991). Insects and plants
are affected by climate change and harsh weather conditions. The direct
consequence of amtbpogenic climate change has been recorded on every continent
and in most major taxonomic groupings (Cornell and Hawkins, 1995). Insects are
presumably very vulnerable to changes in environmental circumstances (Guedes et
al., 2000). The present study intigated the impact of climatic conditions on pests
and parasitic hymenopterans in rice within three @wgaogical zones oNorth
Kerala, viz., the high hill, foothill, and midland laterite zones. The study explores
the effect of climatic factors on theuasitic hymenopterans that play a critical role

in regulating the abundance of numerous rice pests.
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The development of agriculture has deteriorated the complexity of
agricultural landscapes because of the increase of arable fields and the loss of
natural habitats (Zhao et al., 2014). These landscape changes, which greatly
influence natural enemies (e.g., parasitoids) and biological control services (Brewer
et al., 2008; Zhao et al., 2013), have lately gained considerable attention. This study
performed fidd research on pests and parasitoids to examine if the complexity of
agricultural landscape layout affects insect diversity associated with rice. Also, it
evaluated the influence of structural diversity at different geographical scales.

The pest is likelyto disperse to other major riggowing regions of the
country as climatic conditions change, posing substantial dangers to rice production
(Huang et al., 2010; Karuppaiah and Sujayanad, 2012; Kwon et al., 2012; Arora and
Dhawan, 2013; Ali et al., 2014 khis context, the current study uses the maximum
entropy (MaxEnt) modeling approach to investigate the impact of climate change on
the proliferation and spatial and temporal distribution of potential pests and
parasitoids in India by delineating the Hiowtic variables governing their
geographical spread and abundance. The findings of this study might help rice
farmers be better prepared for the anticipated spread of rice pests by implementing

efficient pest control measures ahead of time.

Earlier studes in Bogor Regency found that the nature of agricultural
landscapes substantially influences the abundance of parasitoids and their functional
diversity (Ulina et al., 2019). While natural habitats might enhance species richness
and diversity, especiallgf parasitoids, their presence does not always improve the
biological management of pests in the agricultural landscape (Karp et al., 2018). As
an outcome, integrating food web interactions (Miranda et al., 2013) may explain
the link between a resource,nspimer, and withiguild competition (Dormann et
al.,, 2017), which is necessary for understanding the agricultural landscape
composition impacts on biodiversity. In agricultural contexts, research on food webs
has been conducted to investigate the inflaeesfchabitat loss and fragmentation on
food web interactions (Hagen et al., 2012) and the relationship between biodiversity

and food web structure (Rooney and McCann, 2012). This study used quantitative
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food-web statistics to investigate the structure ioé pestparasitoid food webs in

the three agrecological zones dflorth Kerala.

Hence, this chapter addressed the following questions:

1. What is the community structure of rice pests and parasitoids in the rice
ecosystem?

2. Spatietemporal variatia of ricepests and parasitoids

3. What are the factoraffecting pest and parasitoid diversity across spatial
scales?

Review of Literature
Studies on the community structure of rice pests and parasitoids

Each insect presence in the rice field has a distinct role izt be
distinguished by guild structure categorization based on their function, including
pest, predator, and parasitoid (Bambaradeniya and Edirisinghe, 2008). A few studies
have been conducted in rice fields to determine the species makeup of terrestrial
insect pests and their natural enemies. Heong et al. (1991) and Schoenly et al. (1996)
conducted studies in irrigated rice fields in the Philippines, providing insight into
arthropod communities and guild structure. In Sri Lanka, studies on arthropod
comnunities in rice fields are limited to surveys documenting the distribution of
major rice pests and their natural enemies (Otake et al.,, 1976; Rajendran and
Devaraph, 1990; Kobayashi et al., 199Robayashi et al., 1995), while no steps
have been taken iindia to record the structure and diversity of both pests and

parasitoid communities in a single study.
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Studies on spatitemporal variations of pests and parasitoids
Spatial variation of rice insects

Insect abundance and diversity are also influenlogdthe latitude and
altitude of their environment (Gauld, 1987; Lawton et al., 1987; Price, 1991; Martin

Pierra and Lobo, 1993) . Knowing community

fluctuations can reveal ecological and coevolutionary processes erfahng
species. Ecologists are tasked with documenting biogeographic patterns of
community diversity and discovering the variables that drive them (Gaston, 2000).
Except for bees (Michener, 1979) and certain parasitic Hymenoptera, it has become
evident hat insect groups have many more species at lower altitudes than at higher
altitudes (Gauld, 1987). In Papua New Guinea, Hebert (1980) finds a progressive
drop in moth species richness between 2200 and 2800 m and refers to additional
evidence for a similadecrease between 2000 and 3400 m. He adds that preliminary
studies demonstrate that the diversity of moth populations in Papua New Guinea
shows no additional growth at lower altitudes. The loss of species richness with
altitude may only begin at higher esiations. Claridge and Singhrao (1978)
discovered that the species richness of grasshoppers did not vary much between 300
and 1800 meters on the French Mont Ventdbiénthart(1984) found a decline in
Homopteran species richness as elevation increaseegdret®200 and 3060 m in

Switzerland, but there is no comparable data at lower altitudes.

Numerous investigations have explored the diversity of parasitic wasps
within rice ecosystems across three distinct-gomving regions in Tamil Nadu,
namely the westa zone, the Cauvery delta zone, and the high rainfall zone. The
study examinedCeraphronoida Figitidae, Evanoidea, Diapriidae, Platygastridae,
Ichneumonidae, and Braconidae, which were the most abundant familieshireall t
zones (Daniel et al., 20198aniel and Ramaraju, 2019a; Daniel and Ramaraju,
2019b). The high rainfall zone was the most diverse, and the Cauvery Delta zone
was the least varied but with greater evenness in the cddgnaodridae (Daniel et
al., 2019& Surveys done to explore therasitic aculeate fauna in the rice

ecosystems of Tamil Nadu in 202916 found the high rainfall zone as the most
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diverse zone, with the Cauvery delta zone being the least diverse (Daniel and
Ramaraju, 2020a). A study conducted between 2015 and 2016 tairarglore the
Platygastroidea fauna across three distinctgroaving zones in Tamil Nadu. The
findings revealedsryon sp. nr.clavigralla as the dominant platygastroid within the
rice ecosystem, accounting for a relative abundance of 15.2 percent!(Bradie
Ramaraju, 2020b). Additionally, surveys were conducted to investigate the
Ichneumonid fauna in Tamil Nadu's rice ecosystems during the same period,
highlighting the western zone as the most diverse region, while the Cauvery delta
zone exhibited theolvest level of diversityLeptobatopsis indicavas the main
Ichneumonid species in the rice environment, with a relative abundance of 8.1
percent (Daniel et al., 2020). The study of the diversity of Eupelmidae and
Eurytomidae in three distinct rice enviroents of Tamil Nadu discovered
thatNeobepharatap. (Eurytomidae) anMlesocomysp. (Eupelmidae) were the
most numerous faunae among all the species seen, with a relative abundance of 24.0

percent and 50.6 percentspectively Alfred et al., 2013

A few studies have been conducted on the diversity of rice pests and
parasitoids on different spatial scales. Because of this, the present study addressed
the species diversity of several rice insects in the differentexplogical zones of

theNorthregionof Kerala, India.
Seasonal variation of rice insects

Seasonality, particularly in tropical regions with wedlfined wet and dry
seasons, may be seen as a natural process that affects the makeup of animals and
shapes the abundance of species in their dtabfAranda et al., 2021). Seasonality
plays a crucial role in the life cycles of many organisms, mainly insectording
to Daniel et al. (2019b leaf folder and rice horned caterpillar larval parasitization
were highest in the second fortnight of Dexter (64.3%) and the first fortnight of
January (71.88%), respectively; egg parasitism in rice ear head bug was highest in
the second fortnight of December (62.95%). Some species are only active for a short
period each year. In the tropics, where tempeeathanges are modest and seasons

are defined by rain and drought, seasonal characteristics and consequences are
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astonishingly diverse (Wolda, 1988; Anu et al., 2009; Vasconcellos et al., 2010;
Silva et al., 2011). Because various elements, such as hyniabd availability,

and interactions with other organisms, are directly or indirectly connected with this
phenomenon, it is predicted that seasonality would alter insect abundance
throughout the year (Wolda, 1978; Novotny and Basset, 1998; Southwodbd et a
2004). Only a few studies on the effect of seasonality on the population of rice pests
and parasitoids have been conducted in India. The peak activity of the rice gall
midge occurs between the 36th and 43rd weeks, spanning from September to
October, as determined by field observations of pest incidence. The
parasitoiddlatygaster oryza€Cameron)Neanastatus grallariufMasi), and one
predatorPaederus fuscipeSurtis, were active in the 40th to 47th weeks, i.e.,
October through November, according the findings (Shrivastava et al.,
1987).Tetrastichus schoenolandTrichogramma chilonistwo parasitoids of the

rice yellow stem borefS. incertulas were active virtually all year, whereas
rowaniwas active from late August until the middle of t@mer (Chakraborty,
2012). Over time, species compositions within a community can undergo alterations,
holding notable consequences for the interactions among these species (e.g.,
Bertrand et al., 2016; Sgolastra et al., 2016; Salmah et al., 2017). Seas@t@ns

in community composition may also be helpful in agricultural contexts since they
can give management instructions for biological control (Bertrand et al., 2016). As a
result, we investigated the diversity of rice pests and parasitoids in dgree

ecological zones of Kerala throughout the dry eetlseasons.
Variation of the rice insect population in relation to crop growth stages

It is well known that the composition of arthropod populations changes as
the rice crop grows (Heong et al., 199During its life cycle, the rice plant goes
through ten stages: (1) germination and emergence; (2) seedling; (3) tillering; (4)
stem elongation; (5) panicle initiation; (6) panicle development; (7) flowering; (8)
milk grain; (9) dough grain; and (10) nua¢ grainstageqReissig et al., 1986). We
looked at three phases of rice crop development: vegetative (seedling), booting

(tillering), and ripening (panicle development). The pests infest all parts of the plant
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at all stages of development. Since différepecies have varying preferences for
plants at various stages of development, they multiply when rice plants of all ages
are accessibleSo far, not much research has looked into how different pests and
their parasitoids vary across the stages of rleatpgrowth.The leaf folders may
attack the crop at any stage of development in any field. Black bugs have been found
to damage rice plants at different phases of development, from seedling through
maturity (Pathak and Khan, 1994). An egg peak charaeteteaf folder population
patterns during maximal tillering and a broad larval peak around the booting stage.
The peak density of larvae per hill varied from 0.2 to 2.0 (de Kraker et al., 1999). In
a nochoice situationC. medinalismoths emerging aftetdwering did not oviposit

in the same crop but emigrated (Wada et al., 1980; Wada and Kobayashi, 1982).
Rice leaf folders may accomplish two to three generations on a single rice crop,
considering their generation time of laying most eggs in the tilledrap
(Fukamachi, 1980, 1983). Wada (1979), Cheng (1987), and Heong (1990) suggest
that oviposition preference is connected to the quality of the host plant since rice
plants in the ripening stage are less suitable for the growth and survival of leaf folder
larvae.Marasmia patnali@ndM. exiguaboth seem to avoid oviposition on a crop
after blooming since just a few eggs of each leaf folder species were observed at the
ripening stage (de Kraker et al., 1999). Until now, few studies have been carried out
on the influence of rice plant growth stages on rice pests (e.g., Bakar and Khan,
2016). So, this study examined how plant growth stages affected the pests in the rice

ecosystem.
Effect of farming practices on rice insect populations

Tillage, irrigation, crp establishment, and pesticide application are common
farming practices affecting rice fields. Similarly, the surrounding environment and
habitat characteristics may impact insect populations and offer alternate locations for
prey and predators (Sharma at, 2019). Different species respond to organic
farming in different ways (Hole et al., 2005; Rahmann, 2011), which might be
related to variations in movement or other biological features. Rioeé sativa..)

is one of the most important food crops warm climates, with plenty of
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precipitation, mainly in Asia. Previous research has generally focused on the
implications for local generalist predator groups (e.g., carabid beetles, spiders, bats,
and frogs), and the effects of organic farming comparemwentional farming on
biodiversity levels are seldom explored in rice fields (Katayama et al., 2019).
Previous research has looked at a few expansions of different predatory,
phytophagous, or neutral/other assemblages (e.g., insect communities in anganic
nonorganic rice habitats in Indonesia) (Ohwaki, 2015; Toffoli and Rughetti, 2017),
in addition to generalist predators (Ovawanda et al., 2016). Several investigations of
organic systems have shown increased natural yremndance (Fuller et al.,
2008. Sharma et al. (2020) compared the numbers of natural enemies in organically
and conventionally cultivated aromatic
(Tetrastichussp.,T. japonicum andTelenomusp.), three larval parasitoids
(Stenobraconnicevillei, Braconsp., andCotesiasp.), and three pupal parasitoids
(Tetrastichussp.,Brachymeriasp., andXanthopimplasp.) were reported. On the
other hand, organic rice has considerably more natural parasitism by parasitoids and
predators than conveanal rice. In Southwest England, Macfadyen et al. (2011)
found that the greater the number of species within functional groups in an organic
system, the greater the temporal stability of parasitism rates. Gnanakumar et al.
(2012) wanted to see whetheradges in management approaches impacted the
diversity of hymenopteran egg parasitoids. In total, they identified 40 distinct egg
parasitoids within organic and conventional paddy ecosystems, with 29 out of the 40
species belonging to 16 taxa within thetfiastridae family. On the other hand, the
egg parasitoid populations in both environments showed fewer taxonomic

similarities.

It is important to study the effect of agricultural practices on the insect
population diversity in the rice ecosystem, andcdeerthis study addressed this

aspect.
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Studies on factors affecting pest and parasitoid diversity across spatial scales
Effect of climatic factors on pestparasitoid population

Agriculture and agricultural pests are both affected by global climate change
Climate change impacts crop plants and pests in both direct and indirect ways.
Global warming forecasts obscure regional realities, with more frequent heatwaves,
droughts, and severe precipitation events predicted (Kunkel et al., 1999b; Easterling
et al, 2000). Most organisms, including insects, will struggle more due to these
harsh weather conditions (Godfray et al., 1994). Growsigason temperatures will
almost certainly exceed the previous century by 2050, significantly reducing
agricultural yields Battisti and Naylor, 2009; Porter et al., 2014; Rosenzweig et al.,
2014) . Pest speciesb6b reactions to gl obal
future, affecting the relative responses of pests spatially and across crops (Zvereva
and Kozlov, 2006; Ddsch et al.,, 2008). Species distributions, life cycles,
community structure, and ecosystem function are all affected by global climate
change (Easterling et al., 2000; Bale et al., 2002). According to a study of over 1700
species, climate change has algeadpacted 50% of these wild species (Parmesan
and Yohe, 2003). Climate and weather variations might significantly impact
population genetic composition and the dynamics and status of crop insect pests.
These changes arise due to indirect effects on teketpe 6 h o st pl ant s, C (
physiology, and direct effects on the distribution and abundance of pest population

dynamics (Porter et al., 1991).

According to Cornell and Hawkins (1995), climatic conditions may impact
insect pest populations directly wedfects on reproductive and mortality ratios and
indirectly through parasitoids. Seasonal climatic variations, such as rainfall and
temperature maxima and minima, might lead to drastic shifts in parasite
hymenopteran abundance, particularly in temperatdtdia. Weather conditions
impact food availability, parasitoids, and herbivorous populations, according to
Guedes et al. (2000), and hence, might be key drivers of 4pssttpopulation
fluctuations. The food availability of an insect pest, in particutadetermined by

climatic factors, which impact parasitoid population growth. Insect population
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dynamics are influenced by climatic factors such as faster developmental rates with
increasing temperature and lower survival with heavy rain, extreme tdomesta

and low moisture (Hespenheide, 1991; Nestel et al., 1994), as well as by negatively
affecting individual reproductive behavidégthreand Hofsvang, 2002). Similarly,
weather conditions may impact the mortality rate produced by parasitic
hymenopteras (Weisser et al., 1997; Stireman et al., 2005). Most parts of the world
will see changes in development rates, voltinism, and survival rates due to global
warming (IPCC, 2001). Changes in climate and insects, which in turn influence the
size, density, ah abundance of populations, might significantly impact the genetic
makeup of populations and the dynamics and status of insect pests on crops. These
might include the level at which the host plant is exploited (Bale et al., 2002).
Climate change is exped¢o boost the frequency of abiotic disturbances, which is
detrimental to species that cannot tolerate even small abiotic disturbances.
Temperatures alter local to regional frost resistance dynamics, which may cause
diapauses or expand the extent of tretunlbance (Bale et al., 2002). The magnitude

of the disturbance will substantially influence the local to regional dynamics of
insect populations and species composition. Insects find optimal growth conditions
within a specified temperature range, restdcby speciespecific lower and higher
developmental thresholds. These adjustments and slow changes may impact the
population dynamics of parameters such as development, reproduction, diapause,
winter mortality, and flight and dispersion (Warren et aDPP). According to
Lomeli-Floreset al. (2010), understanding the effects of local meteorological factors
on insect population dynamics is critical for the ldagn viability of any agre
ecosystem. The current research explores the effect of climatorsach the

population of hymenopteran parasitoids and rice pests.
Effect of landscape complexity on rice insect pests

Modern intensive agriculture has substantially altered the organization of
arable lands and nesrop ecosystems, resulting in insect oedtks (Wu et al., 2008;
Gagic et al., 2011; Cobbold and MacMahon, 2012). A relationship between
landscape complexity and local biodiversity in arable lands has been demonstrated
in various organisms (Finke and Snyder, 2010; Holzschuh et al.,, 2010). Many
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naural enemies need alternate hosts and food incngm environments, and pest
species dominate insect groups due to landscape simplification in modern
agriculture (Toledo and Burlingame, 20@Béneatet al., 2012). Insect parasitoids

are a broad group opscies that can control pest populations (Menalled et al., 1999;
Bianchi et al., 2006; Tscharntke et al., 2012). Due to manycram habitats in

these landscapes, such as hedgerows, forests, streams, fallows, and grassland,
structurally complex landscapesay sustain numerous ecosystem services besides
biological pest management (Wratten et al., 2012). Thesecnognhabitats may
increase species diversity or the abundance of natural enemies in arable lands,
successfully suppressing insect populations @hoet al., 2007). As has been
demonstrated in several studies.g(, Risch et al., 1983), increasing structural
diversity in agreecosystems results in a wider variety of pests and beneficial insects
and reduced pest damage, as has been demonstratedrial seudies (Risch et al.,
1983). This is true both within fieldslue to intercropping (Perrin, 1977; Altieri et

al., 1978; Risch, 1980; Theunissen and Den Ouden, 1980; Tukahirwa and Coaker,
1982; Ryan et al., 1980; McKinlay, 1985) and outside field® (@upromoting a
weedy backgyund (Root, 1973; Smith, 1976a,Altieri et al., 1981); interactions
between species, such as parasitism by insect parasitoids) may be influenced by the
complexity of the landscape (Brewer et al., 2008; Zhao et al., 2013 uBeof the
availability of food, shelter, good microclimates, alternate hosts, or a combination of
these factors, parasitoids in agricultural landscapes may benefit from additional crop
field habitats (Landis et al., 2000; Gagic et al., 2011). As a rasuibus norcrop
habitats in structurally complex | andscap
activity and abundance (Schmidt and Tscharntke, 2005).

Primary parasitism and hyperparasitism have been linked to increased
landscape complexity (Schmidtt @l.,, 2008; Gagic et al., 2011; Segoli and
Rosenheim, 2012). Most research has concentrated on the link between primary
parasitoids and the complexity of the terrain (Roschewitz et al., 2005; Gagic et al.,
2011; Macfadyen et al., 2011). Furthermore, thpact of landscape complexity on
hyperparasitoids and biological pest management is unclear (Gagic et al., 2011).
Because of the combined impacts of hyperparasitoids and landscape composition on
primary parasitoids, little is known about the interactioesmMeen pests, primary
parasitoids, hyperparasitoids, and landscape complexity (e.g., Costamagna et al.,
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2004; Gagic et al., 2011). However, Zhao et al. (2014) showed that landscape
complexity might enhance the activity or diverse range of primary padssiaoid
hyperparasitoids. Several studies have demonstrated that increased landscape
complexity might boost natural enemy biodiversity, assisting management
approaches such as biological control in such ecosystems (Bianchi et al., 2006;
Schmidt et al., 20Q8Thies et al., 2008). Natural enemies, for example, insect
predators, might be influenced by the surrounding landscape (Ali et al., 2020).
Expanding the scope to encompass urban and rural agricultural landscapes through
manual or automated classificatioh aerial or satellite images offers a promising
avenue to mitigate methodological biases that might overlook specific production
areas like home gardens. Despite its potential, this approach has seen limited
application in mapping extant urban and rugrd@ultural sites (Taylor et al., 2012).

Most applications have been exploratory and focused on identifying
agricultural aredas typically farm® in open spaces in peurban and urban
landscapes irdeveloping countries (Appeani#pdo, 2010). As objects, amgyr
ecosystems exhibit high levels of internal heterogeneity, complicating classification
efforts. They are composed of patches within patches, oolgeabts, at very fine
scales, and the density and size of-sbfects may change as crops develop and
senese (Forster et al., 2009). Participatory GIS (participatory geographical
information systems, PGIS) techniques combine community participation using
digital geospatial techniques and enable the farmers to identify the landscape
surrounding the agriculturafields through a map. In practical application,
Participatory GIS solutions exhibit variability contingent upon the specific
objectives of the application, the requisite level of information, and the participants’
expertise. PGIS methodologies are commoeimployed in urban planning and
natural resource allocation contexts (e.g., Kingston et al., 2000; Craig et al., 2002;
Voss et al., 2004; Fagerholm and Kayhko, 2009). For landscape mapping and patch
analysis, participatory GIS techniques offer a valuapproach (e.g., Fagerholm
and Kayhko, 2009). The process of participatory mapping of landscape values
encompasses both individual and group data collection perspectives (e.g., Mcintyre
et al., 2004; Gunderson and Watson, 2007; Fagerholm and Kayhko, RIededpds,
such as sticker dots, point markers, and polygon delineations on the maps, have been
applied (Mcintyre et al., 2004; Black and Liljeblad, 2006; Tyrvainen et al., 2007),
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and in some cases, data has been collected via map interfaces throughrile¢ Inte
(Kyttd and Kahila, 2006).

Studies on food webs

Food webs have been extensively studied in recent decades to learn more
about the trophic relationships between different species within an ecosystem
(Winemiller and Polis, 1996; Shurin et al., 2006gdret al., 2009), and are defined
by the presence of feeding links and the strength of interactions among species
(Lohaus et al., 2013). Individual food webs provide information on probable direct
and indirect interactions between organisms in a commuBityups of food webs
give information on the organization of natural communities (Rott and Godfray,
2000). The development of a database of food webs known as Eco Web (Cohen,
1989) was the first step in the study of food webs, with research revealingeaofan
invariant traits common to a large fraction of webs (e.g., Cohen, 1978; Pimm et al.,
1991; Schoenly et al., 1991). These feeding interactions may be crucial for the
effective functioning of ecological systems, such as biological control (Tylianakis e
al., 2010). Parasitoids are often considered the most important components in
controlling phytophagous insect population dynamics (Waage and Hassell, 1982).
Plant, herbivorous insect, and parasitoid food webs are a subgroup of the food web
that focuses w feeding interactions between plants, herbivorous insects, and
parasitoids (Memmotet al., 1994; Valladares and Salvo, 1999). The number of
parasitoid species may alter the rate of parasitism (Balvanera et al., 2006) and the
food web structure into whickthey are absorbed, as predicted in the divérsity
function relationship (Montoya et al., 2003; Gagic et al., 2012). The structure of
parasitoids is important for various reasons, and shared parasitism may significantly
impact the structure of the whole @t$ community (Holt, 1977; Lawton, 1986; Holt
and Lawton, 1993). The parasitoid food web is also used to investigate some aspects
of agriculture systems (e.g., Valladares and Salvo, 1999; Tylianakis et al., 2007,
Jonsson et al., 2009; Macfadyen et al.,2@agic et al., 2011; Lohaus et al., 2013),

such as host overlap, parasitoid species richness on hosts, parasitoid host range, and
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apparent competition (Memntoand Godfray, 1994). In terrestrial food webs,

guantitative information on shared parasitismlimited. Our understanding of

population dynamics is based on models involving one or a few pairs of hosts and
parasitoids (Hassell|, 1986) . To comprehenc
dynamics, one must first grasp how trophic relationships wadktle strength and

dispersion of these interactions in nature (Mentraotl Godfray, 1994).
Study area

The survey was conducted rice-growing fields in the high hill, foothill,
and mdland laterite regions oNorth Kerala, India, (Refer Chapter 1: Talle?,
Map 2) during the dry and wet seasons (4@029) to investigate the incidence of
rice pests and parasitoids and the factors affecting their population.

Materials and methods
Sweeping and handpicking

Parasitoid sampling was conducted using sweedngedlong the peripheries of the
paddy fields, with each field divided into transects measuring 25 meters by 2 meters
(25 m x 2 m). Transects were laid along the four sides of each rice field. A
triangular sweep net was used to collect samples, and tpatasivere retrieved
using an aspirator and then preserved in 70% alcohol for identification. In addition
to sweep netting, handpicking was employed to collect lepidopteran caterpillars and
other pest species. The number of pests collected was recorakbdselmeted
caterpillars were reared under laboratory conditions until adult emergence to
accurately idenfty the host species. Special attention was given to caterpillars
exhibiting signs of parasitism; these were also reared separately to allow the
emerg@ace of parasitoids, thereby enabling identification of the parasitoid species
and determination of hogiarasitoid associations.
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Community Structure of Pests and Parasitoids
Relative Abundance:

The relative abundance of each spewias computedsing the following
formula: Relative abundance (#%Number of individuals of one specieslbtal
numberof individuals ofall species) x 100e(g.,Daniel and Ramaraju, 2019a)

Relative Density:

The relative density of each species was determined using timailéor
Relative density (%)(Number of individuals of one species / Number of individuals
of all species) x 10((g.,Daniel and Ramaraju, 2019a)

Relative Frequency:

Species frequenayas calculatedsing the formula: FrequenefNumber of
occurrences of e species / Total numberf sites).Relative frequency of each
species was then calculated as follows: Relative frequency(ff¥#&guency of one
species / Sum of the frequency of all species)& (Daniel and Ramaraju, 20)9a

Quantitative food web analyss

From combining yearly data (2012019) for three agrecological zones,
we constructed summary quantitative hpatasitoid food webs and estimated the
following metrics: Number of higher trophic (hyperparasitoids); Number of lower
trophic (caterpillars) Connectance: the realized proportion of possibieks]
Linkage Density: the meanumber of connections per species; Vulnerability is
characterized as the average number of consumers (parasitoids) per host
(caterpillar), while generality denotes the ag® number of hosts per consumer
(Graham, 2021). Interaction evenness assesses the uniformity of energy flows across
various pathways. Additionally, graphical representations of cumulative food webs
were generated using the Food Web Designer 3.0 softpacdéing data from all
threeyear samples for each zone to offer a comprehensive overview encompassing
all identified interactions.

The Food Web Designer serves as a quantitative visualization tool for
trophic and other bipartite and tripartite interactioetworks. It allows the
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connection of up to three trophic levels, illustrating -ttmwvn and bottorup
connections with cascading links between taxa within each level. This tool facilitates
the quantification of link width/strength and taxa abundance,liagathe creation

of quantitative networks. Utilizing the Food Web Designer, -pasasitoid and
hyperparasitoid food webs were constructed to visually depict interaction networks,
offering insights into pest control and other ecological interactionsnmitianaged

and natural ecosystems from an ecological network pergpdSint and Traugott,
2016).

Measurement of diversity

Alpha diversity

The alpha diversity of the three distinct agmological zone$ high hill,
foothill, and midland laterit® was evalated using the Shannadi ener i ndex ( HE
Margalef Index (U), and Pielouds Evenness

ShannonWiener index

The Shannotwi ener i ndex (HO) i Ee®PpréaasgdPiags
where P£S/N; S denotes the number of individuals of a particsigecies, N
represents the total number of all individuals in the sample, and In signifies the
natur al l ogarithm (Shannon and Wiener, 194

diversity (Daniel and Ramaraju, 2019a).

Margalef index

Species richness waalculated for the three zones using the Margalef index,
which is given as Margalef Indek) = (18In (N); S=the total number of species,

N=the total number of individuals in the sample (Margalef, 1958).

Pi e |llevwrnass index

Speci es evenness was determined usi ng
calculated as EEH6 / Il n(S), w hthe ISeannéiWiener digersiggs ent s
index, and S denotes the total number of species in the sample (Pielou, 1966). As
both species richness and evenness rise, diversity correspondingly increases
(Magurran, 1988).
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Spatial variation of pests and parasitoids

The spéal distribution of pests and parasitoids was studied using nonmetric
multidimensional scaling (NMDS) (Shepard, 1974). Pests and parasitoids were
analyzed for both the dry and wet seasons. Parasitoids were divided into three main
categories: egg, larvadnd hyperparasitoids, and they were tested in both seasons.
Al | pl otsé NMDS stress values showed good
to 0.1. Oneway ANOSIM, was used to assess the spatial dissimilarity across zones.
To compare the mean of rankedssimilarities between groups with the mean of
ranked dissimilarities within a group, ANOSIM was employed. ArvaRie
approaching 1.0 signifies significant group dissimilarity, while a value near 0
suggests an equitable distribution of high and low rankk tadthin and between
groups. In the case of pests, arvdue near 1.0 indicates strong dissimilarity in

both the dry and wet seasons.

Climatic data set

Climatic data, including rainfall and temperature records, from the preceding
three years (2012019), were sourced from the Prediction of Worldwide Energy
Resources web portal, facilitated by the National Aeronautics and Space
Administration (NASA POWER website) (e.g., Allen et al., 2014). Household data
and historical meteorological records were usedl@scriptive statistics to show
farmersé perceptions of climate wvariabild]
sourced from the gridded weather stations (GridWS) within the NASA/POWER
system. records of minimum, maximum, and average air temperatyre Thax
and Tag and relative humidity (RH) from the database were evaluated (Stackhouse
et al., 2011).

The CRU TS (Climatic Research Unit gridded Time Series) dataset is widely
utilized (Harris et al., 2020). The CRU TS version 4 (CRU) dataset is gexelny
the Climatic Research Unit (CRU) at the University of East Anglia, England. Station
anomalies based on 19@8P90 means are spatially interpolated into 0.5° x 0.5° grid
boxes, covering the global land surface except Antarctica, and merged with an

existing climatology to derive absolute monthly values (Zhu et al., 2015). More
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details about data interpolation and quality assessment were reported by Harris et al.
(2014). The Ilatest version, CRU TS version 4.05 (available at
https://crudata.uea.ac.uk/cdata/hrg/), uses a revised interpolation function,
superseding versions v4.04 and v3.26 (Harris et al., 2020). We collected weather

records of precipitation and diurnal temperature for analysis.

The Global Positioning System (GPS), overseen by the UnitatesS
Department of Defense, serves the purpose of assisting gbaged units in
determining their precise retime location through latitude and longitude
coordinates. GPS is used for agricultural applications for machine guidance and and
data collecton during harvesting operations, soil sampling, and field scouting (Ess
and Morgan,2003. GPS from Google Maps was used to find the location

coordinates and find the altitude from Google Earth software.

Additionally, to capture the stress induced by tbebined effects of high
temperature and high humidity, we calculated apparent heat using the Heat Index
(Rothfusz, 1990), where:

Hi=c1+c2T+c3R+ c4TR+ c5T2+ c6R2+ c7T2R+ c8TR2+ c9T2R2

The heat indexvascalculated using the coefficients below when the teatpee is

provided in degrees Celsius, where
Hi=heat index (in degrees Celsius)
T=ambient drybulb temperature (in degrees Celsius)
R=relative humidity (percentage value between 0 and 100)

c1=-8.78469475556, c2A.61139411, c32.33854883889, ¢40.14611605,
€5=-0.012308094, ¢6-0.0164248277778, €0.002211732, c8).00072546,
and c%-0.000003582

Cultural dataset

Water depth, plardpacing frequency of pesticide application, weed cover in

the bunds, and distance from the home garden to the field wereeldwted
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variables for the study. We measured the water depth in each quadrate using a ruler
scale and calculated the average value. Then, at random, we measured the distance
between each rice hill in the quadrate and took an average ¥dug.(bp detals

about the pesticide application rate were obtained from the rice farmers. Weed cover
present in each bund was assessed independently by visual obsevgti@il(¢)

using the BrawBlanquet scale @<1%, =11 10%, 2=11i 25%, 3-26i 50%, 451

75%, and 576/ 100%) (BraurBlanquet, 1979). Furthermore, Google Earth
software measured the distance between eachdre the adjacent home garden.

Fig. 2.1 Measuring of cultural data sets: a) water depth, and b) geacing

Mapping of the land use charactercsti

This study analyzed the effects of different types of land use and land cover
change in the landscape surrounding the rice ecosystedorth Kerala on the
population of pests and parasitoids. We monitored the vegetation characteristics and
operationaland-use types covering the study area.

The landscape mapping of the rice agomsystem relied on openly
accessible global geospatial datasets and satellite imagery, integrated with
participatory reference data collection methods and the utilization ofl&darth
and Google Earth Engin€&i@. 2.2) (e.g., Koskinen et al., 2019). The study used two
strategies to characterize patches surrounding the riceeagsystems iNorth
Kerala: (1) the visual analysis of aerial images of the landscape and (2) the
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participatory mapping of complex sites by using higholution aerial images in

Google Earth.

We generated a collection of reference images depicting rice agricultural
landscapes at the study sites within the three distinctegpiogical zone&s high
hill, foothill, and midland laterite zon@susing aerial images from Google Earth in
North Kerala. The reference images of the surrounding landscape of the study sites
included the patches of areca nut plantations, banana plantationgjpbaiieas,
coconut platations, fallow land, homesteads, paddy fields, pineapple plantations,
ponds, rivers, rubber plantations, shrubs, streams, vegetable gardens, and wetland

area. The sites were visited from July to December 2019 for gitowitiihg.

We organized the spatialollection of the geographical data through a
participatory mapping campaign lWorth Kerala from May to September 20Hid.
2.2).

This PGIS campaign used digitally gesferenced aerial photographs
obtained from Google Earth Software. Aerial photograpage been helpful in
PGIS campaigns since they are visually attractive without landscape abstraction
(Corbett et al., 2006). Aerial photographs were tested in earlier PGIS campaigns and
found valuable and reliable for locatispecific tasks given to theommunity
members (Makandi, 2008). Aerial pictures of study sites were marked with a 500m
radius circle using Google Earth software, with rectangular grids to identify
vegetation patches, and printed on a laminated paper sheet for data collection. Then
we interviewed seventywo farmer communities associated with the study site from
all three agreecological zones of North Kerala by showing the printéd.@.2) and
mobile images of the study sites and associated landscapes.
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Fig. 2.2 Participatory mappg campaign, al.

Mapping of vegetation characteristic

The National Aeronautics and Space Administration of the USA (NASA)
uses 7band data for feature extraction, called a LANDSAT image (Hu et al., 2008).
NDVI is a commonly used index (Bhandari et, &012). It is an important
vegetation index, widely applied in research on global environmental and climatic
change (Bhandari et al., 2012DVI (Normalized Difference Vegetation Index) is
calculated as a ratio difference between measured canopy mtkeaathe red and
nearinfrared bands, respectively (NageswRa@oet al., 2005).

NDVI serves as a metric for quantifying vegetation greenness, aiding in the
evaluation of vegetation density and the assessment of changes in plant health. It is
determinedby the ratio between the neafrared (NIR) and red (R) values,
calculated using the traditional formula: NDA{NIR -R) / (NIR + R) (Zeng et al.,

2024)

Landsat 8 satellite images were employed and used spectral bands such as
Band 4 and Band 5. NIR is negsented by Band 5, and R is represented by Band 4.
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NDVI=(Band 5/ Band 4) / (Band 5 + Band 4).

The NDVI procedure involves segmenting each band to identify the
vegetation index from the multispectral remote sensing image embedded within the
satellite imag. Once the bands are segregated, the NDVI technique is employed
based on its attributes, such as distinguishing vegetation at different NDVI threshold
values. Diverse NDVI threshold values are employed to obtain optimal results from
the satellite imagergf the study sites (e.g., Alex et al., 2017). The resultant NDVI
class values obtained from the NDVI an@éyare given below (Table 2.1).

Table 2.1 The ranges of normalized difference vegetation index (NDVI) identified
for the various landcover classegy(eAkbar et al., 2019).

NDVI Class Range
Emergent aquatic vegetation -0.280.015
Fallow land 0.0150.18
Crop/Grass 0.180.27
Sparse vegetation 0.27-0.36
Agro-forestry 0.360.74

Species distribution model

We compiled the sitspecific geographicata from the research literature,
surveys, and monitoring of rice pests (i.e., latitude and longitude) on the incidence
of rice pests and parasitoids. During the rice pest survey, the latitude and longitude
for the selected points were referenced usingipusly reported information and
the global positioning system (GPS). A total of 50 records were used in this analysis
to predict the spatial distribution of major pests over the Indian subcontinent. The
WorldClim database served as the source for obtinifiormation on the prevailing
climate conditions, encompassing 19 "bioclimatic" variables, which include
temperatures (minimum, maximum, monthly average, quarterly average, and annual

average) as well as rainfall data (Hijmans et al., 2005).

All 19 biocli mat i c vari abl es wer e compared

correlation was used to exclude highly correlated variables. The MaxEnt model
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maps pestsd potenti al i nvasion risk and ge
To develop the probability distuthon function for species occurrence, it was
decided that MaxEnt should be used because
could be successful with a small number of data points (Pearson et al., 2007; Kumar

and Stohlgren, 2009). It creates the envimental conditions for random locations

based on maximal species entropy distribution (Phillips et al., 2006). After testing

with various parameters, we found that the default settings in MaxEnt provided the

best model for pest distribution in India. Accioigl to Peterson et al. (2011), the

model 6s efficiency was evalwuated wusing th
Receiver Operating Characteristic (ROC) (Swets, 1988) and the Akaike Information

Criterion (AIC). Response curves represented the interrelatmnbetween

bioclimatic variables and the likelihood of observing pests. Tenfold -sa&tation

was done in this software to reduce modeling errors caused by the random splitting

of data into testing and training subsets. The final MaxEnt model outpsit wa

projected onto a spatial map for the chosen climate scenarios (RCP2.6 and RCP8.5)

to visualize existing habitat suitability for lepidopteran pests. Spatial mapping was

carried out in DIVAGIS to generate suitability maps under current climatic

conditions

For predicting the potential distribution of species occurrence data of the
species collected from the field, other presence points were used by the global
biodiversity information facility (GBIF). Presence points were collected only for
Peninsular IndiaNineteen bioclimatic variables from Worldclim data were used as
background. The variables include BKXnnual Mean Temperature, BIORlean
Diurnal Range (average of monthly max temmin temp), BIOZIsothermality
(BIO2/BIO7) (multiplied by 100), BlOATemperature Seasonality (standard
deviation multiplied by 100), BIG&8Max Temperature of Warmest Month,
BIO6=Min Temperature of Coldest Month, Bl&¥emperature Annual Range
(BIO5-BIO6), BIO8Mean Temperature of Wettest Quarter, Bi®Ran
Temperature of Driest @rter, BIO1&Mean Temperature of Warmest Quarter,
BlOl11=Mean Temperature of Coldest Quarter, BIGABnual Precipitation.
BIO13=Precipitation of Wettest Month, BIO%Rrecipitation of Driest Month,
BlIO15=Precipitation Seasonality (Coefficient of VariatioB)O16=Precipitation of
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Wettest Quarter, BIOEPrecipitation of Driest Quarter, BIOZBrecipitation of
Warmest Quarter, and BIO%Brecipitation of Coldest Quarter (Hijmans et al.,
2005; Koch and General, 2019). A Receiver Operating Characteristic (RO®@) cur
is used for testing model fithess in Maxent models. The Area Under Curve (AUC)
for the training data is close to 1, indicating good model fitness. The percent
contribution of environment variables gives the contribution or influence in the
potential digribution of the species.

Data analysis

The Shapirewilk test was done for the normality test. The Krusiadllis
test was used to determine the significance of the abundance of parasitoids in three
zones. Dunndés post hoc testgnwhscadowone o 12
contributions to parasitoid abundance. The Muvimtney U test was used to
determine the significant difference between pest and parasitoid abundance in the
dry and wet seasons. A Shanndrdt was used to assess the significafiGeasons
in pest and parasitoid diversity. The Wilcoxon rank test was carried out to test the
significance of crop age class for pest and parasitoid abundance. A Shdasbn t
was used to assess the significance of crop age for pest and parasitoity ders
MannWhitney U test was done to determine the significant difference between
pests and parasitoid abundance with reference to farming practices. Fa@&yne
ANOVA test was employed, as there is one categorical independent variable
("Zone") influencng a continuous dependent variable (pesticide application rates).

A Shannon-test was used to assess the significance of farming practices for
pest and parasitoid diversity. Omay ANOSIM was used to assess the spatial
dissimilarity across zones. Theatial distribution of pests and parasitoids was
studied using nonmetric multidimensional scaling (NMDS). A correlation/regression
analysis was performed to examine the impact of climatic variables (mean
temperature (Tmean), maximum temperature (Tmax),ndiutemperature (DT),
relative humidity (RH), the heat index (HI), precipitation (Pre.), and altitude (Alt))
on the pest and parasitoid population. Regression models were formulated using
multiple regression equations to estimate pest populations usimgficliparameters.

Mul tiple | inear regression analyses of pec:
variable (Y) and climatic factors, viz., maximum (Tmax) and mean temperatures
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(Tmean), diurnal temperature (DT), the heat index (HI), and relative hun(itity

as independent variables A correlation/regression analysis was performed to
examine the effect of agricultural factors such as water depth (@)t spacing

(P9, frequency of pesticide application (Fré&), bund weed coverage (BWC), and

home garde (HG) on the pest and parasitoid population. Multiple linear regression

anal yses of pest populationsd abundance as
factors, viz., water depth (WD)plant spacing(PS, frequency of pesticide

application (Freq.P), bund weed coverage (BWC), home garden (HG), and
parasitoids (p) as independent variables. The Kruodkallis test assessed the

significance of vegetation types for pest and parasitoid diversity. The effect of

different vegetation types on pest and pao&sitpopulations was tested using

Dunnés post hoc test. The MANOVA test was
patch richness in the abundance of pests and parasitoids. The jackknife method was
employed to assess the significance of environmental varighkgs notably

influenced the distribution of rice pests, namekmpittia dioscorides
Cnaphalocrocis medinalisParapoynx stagnalis Parnara bada and Pelopidas

agna The community structure, diversity, seasonal variation, spatial variation,

climatic variaton, the effect of agricultural factors, vegetation types, and land use

types of pests and parasitoids were analyzed using PAST 3.0 software. The structure

of the hostparasitoid food web was analyzed using Food Web Designer 3.0

software (Sint and Traugot2016). The MaxEnt software was used to map major

rice pests6é present and potenti al di stribu
was extracted with the help of ArcGIS 10 software to map the vegetation
characteristics of the sampling sitesi(iE2011).

The potentially suitable distribution areas of major rice pests as predicted by
the maximum entropy model were divided into four grades: the unsuitable region
(0 0.1069); the lowsuitability region (0.10690.4046); the moderately suitable
region (0.946 0.7023); and the highly suitable region (0.7023(Liu et al., 2005).
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Results

Community Structure of Pests and Parasitoids

a) Pest

In total, 25,010 pest specimens from 35 species were collected across three
zones. The foothill region had the highpsst count, with 32 species and a total of
11,470 specimens. The midland and high hill regions yielded similar numbers of

species (33 each), with specimen coumts,802 and 6,748 respectively.

Fig. 2.3. Agro-ecological zone wise distribution of rice pedtiH-high hill, FH
foothill, and ML-midland laterite region.
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Species likeCnaphalocrocis medinalifHH-1318, FH1823, ML-2669) and
Parapoynxstagnalis(HH-1609, FH2311, ML-273) are more abundant than other
pests, which contribute skewness to the d&ig. 2.3). There was no significant
difference between pests collected from the three zones (KiisMas test, H
(102)=0.359, p0.835).

a) Parasitoids

A total of 12,028 parasitoid specimens, comprising 100 species, were
gathered from three zones. The high region yielded the most parasitoids (83
species, N=4,890), followed by the foothills (91 species, N=3,910), and the midland
laterite (61 species, N=3,228Fi¢. 2.4). When comparing the abundance of
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parasitoids in three zones, a significant diffeeenbserved (Kruskalallis test, H

(2972F8 . 6 5, p=0.012) . Dunnos post hoc test

A

significance of zonesOd0 contributions
foothill showed no significance (p=0.667), but high hill and midl§o=0.006) and
foothill and midland showed (0.020) significant diffecenin the parasitoid

abundance.

Fig. 2.4. Agro-ecological zone wise distribution of parasitoi¢tH-high hill, FH-
foothill, and ML-midland laterite region.
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Species Accumulation Cuve

The Species Accumulation Curve (SAC) gives the number of observed
species as a function of sampling effort. Pest data was analyzed for both handpicked
and sweep net collected samples. Both the dry and wet seasons are analyzed
separately. SAC shows thatveep net collection yields more spcithan the
handpicking method.
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Fig. 2.5. Species accumulation curve for handpicking (a) and sweep netting (b) to
collect pests in the dry season of the three-agadogical zones: Hthigh hill, FH
foothill, and ML-midland laterite regions.
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There is overlap in all zones for both sampling methods in all seasons,
indicating no significant difference in the species accumulation in the three zones.
The sampling effort to get the maximum species in the sweep nebdneias less
than the handpicking method, even though the species composition might differ. It is

also evident that, in the handpicking method, more sampling effort is needed to yield
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the same number of species when compared with the sweep net nketh@dba &
b).
Fig. 2.6. Species accumulation curve for handpicking (a) and sweep netting (b) to

collect pests in the wet season of the three-agadogical zones: Htigh hill, FH
foothill, and ML-midland laterite regions.
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For parasitoids, the accutation curve illustrates that the abundance of
parasitoids collected from high hills and foothills was higher than in the midlands.
The overlapping confidence intervals in the high hills and foothills indicate that the

curve did not differ significantly fothese areas. Both the dry and wet seasons have
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similar SAC, though the latter requires more sampling effort to yield the same

number of species-(g. 2.6).

Fig. 2.7. Species accumulation curve of sweep netting to collect parasitoids in the
dry (a) and we(b) seasons of the three agroological zones dflorth Kerala: HH
high hill, FH-foothill, and ML-midland laterite regions.
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