Green Leafhopper (Nephotettix spp.) in Rice Ecosystems: Biology, Ecology and Integrated Pest Management Strategies



Abstract
[bookmark: _GoBack]Rice (Oryza sativa L.) is a major staple food for more than half of the global population, with Asian countries contributing the largest share of production and consumption. Sap-feeding hemipterans are among the many arthropod pests that have increased to a problematic level due to feeding injury and their role in transmitting viral diseases in rice. The Green leafhopper (Nephotettix spp.) is one of the most economically harmful insect pests affecting rice in tropical and subtropical areas. Besides undermining plants by continuously sucking phloem sap, Nephotettix species are very effective vectors of rice tungro disease, a viral complex that causes devastating yield losses and periodic epidemics.
The past decades have been characterized by a sharp rise in the frequency and severity of Green leafhopper occurrences, driven by increased rice cultivation, overuse of nitrogen fertilizers, erosion of agroecosystem biodiversity, indiscriminate use of insecticides, and ongoing climate change. This review is a study dedicated to biology, distribution, host relationships, damage processes, ecological relationships, and control of the green leafhopper in rice ecosystems. Specific focus is placed on pest population ecology, responses to climate mediation, insecticide and host plant resistance, and biological control through conservation. There is a critical analysis of the integrated pest management (IPM) strategies that focus on ecological engineering, the use of resistant cultivars, balanced nutrition, and selective chemical intervention. New uses of digital agriculture and predictive pest management are also considered as elements of future climate-resilient rice IPM. It is hoped that, by drawing on existing scientific knowledge, this review can either facilitate the adoption of sustainable pest management practices or provide information to support research and policy interventions aimed at the long-term stability of rice production systems.
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Introduction
Over 165 million hectares of rice are cultivated worldwide, and rice cannot be replaced by alternative foods, as it is a major contributor to daily caloric intake, especially in Asia, where it accounts for a considerable share of food security (Bhandari et al., 2023; Tagliapietra et al., 2024). Although rice production has undergone considerable improvement in breeding and crop management, it is still constrained by persistent biotic factors, resulting in substantial losses from insect pests. Insect pests can reduce rice yield by 20-30 percent under limited management, and sap-feeding hemipteran hosts have emerged as a major factor in intensively managed production systems (Savary et al., 2019). Among these species, Green Leafhopper of the genus Nephotettix have have become particularly important due to their adaptabilityto host species' ecology, rapid population increases, and ability to transmit viral pathogens. Many economically significant species belong to the Nephotettix species complex, the first most famous being Nephotettix virescens and Nephotettix nigropictus that are numerous in South and southeast Asia. The insects feed primarily on phloem sap, imposing chronic physiological stress as indicated by stunted tillering, reduced mobility of assimilates to the grain, and reduced grain filling. Unlike chewing herbivores, the damage caused by leafhoppers can take time to appear and become invisible at the initial stages of the infestation. Economic damage is often not immediately apparent. “Never-ending rice culture " and thus, before it is realized, populations grow exponentially, making it difficult to take timely measures to combat them.An important consideration that puts greater significance on Nephotettix spp. is their capability to cause a viral syndrome known as rice tungro disease caused by the joint action of rice tungro bacilliform virus and rice tungro spherical virus (Valarmathi, P., & Ladhalakshmi, D., 2019; Dey et al., 2024). Tungro outbreaks are closely linked with high population of green leafhopper and may cause massive yield loss or total crop failure in case of a major epidemic (Horgan et al., 2015). This means that control of Green leafhopper populations not only forms the core of direct feeding damage reduction but also helps alleviate the spread of the virus in rice ecosystems.High nitrogen fertilization leads to higher nitrogen levels in plants and plants become succulent, thus increasing host suitability and higher survival, fecundity, and population growth of hoppers (Lu et al., 2007; Zhou et al., 2025). Continuous rice cultivation, planting out of time, and simplified landscapes also contribute to the persistence of pests and reduce the performance of natural predators. Moreover, due to long-term use of broad-spectrum insecticides, ecological control has been disrupted, and the development of insecticide resistance among hopper groups has intensified (Bass et al., 2015; Zhang et al., 2018).


Climate change is another factor that is increasing in power in the outbreak of Green Leafhopper (Senoaji et al., 2023). Increasing temperatures, changing rainfall regimes, and greater climatic variability are increasing pest rates, seasonal abundance, and distribution. According to global assessments, climate change is likely to increase pressure from insect pests on major cereal crops, such as rice, thereby increasing the threat to food security in vulnerable areas (Deutsch et al., 2018; Bebber et al., 2013).Given these pressures, management of Green leafhopper under sustainability demands an ecologically based, integrative approach. Even more recent developments in the ecological engineering field, habitat diversification, and digital technologies for decision support optimize the challenge of managing pests under changing climate conditions (Gurr et al., 2017; Prasanna et al., 2023). This is a review of the peer-reviewed literature on the ecology and management of the green leafhopper, aimed at assisting in the development of climate-resilient IPM policies for sustainable rice production. Although considerable research has been conducted on the green leafhopper (Nephotettix spp.), much of the existing literature remains fragmented, with studies often focusing on individual aspects such as pest biology, chemical control, or host plant resistance in isolation. There is limited integration of ecological, agronomic, and climatic factors that collectively influence pest dynamics under real field conditions. In particular, the impact of climate change on population fluctuations and outbreak patterns remains poorly understood in tropical rice ecosystems. Furthermore, while Integrated Pest Management (IPM) strategies are widely recommended, their adoption at the field level is often inconsistent due to socio-economic constraints, limited awareness, and regional variability. Therefore, there is a need for more interdisciplinary and field-oriented research that bridges the gap between experimental findings and practical implementation.
2. Distribution, Host Range, and Alternate Hosts of Green Leafhopper
2.1 The two main variables are Geographical Distribution and Prevalence in Rice.
The Green Leafhopper (Nephotettix spp.) are found in the key areas of rice production of South, Southeast, and East Asia, where the climate and cropping conditions offer unending chances of survival and reproduction. The conditions favoring the establishment of the population are very good due to warm temperatures, high relative humidity, and extensive irrigated rice plantations. The species most likely to be found in tropical and subtropical rice ecosystems is N. virescens and N. nigropictus; population data for these species are highly dependent on seasonal weather conditions and the intensity of harvesting (Kiritani, 2019).
With the advanced use of high-yielding rice and other production practices that have intensified, the infestation of Green Leafhopper has risen. The patterns of crop planting, denoted by continuous rice crops, overlapping crop histories, and the absence of planting synchrony, allow the perpetual reproduction of pests and the intersection of pests across agricultural landscapes. The lack of fallow periods in most regions where rice is grown means that populations of hoppers remain active year-round, causing early-season attacks and high rates of virus spread in newly planted areas (Ali et al., 2017). Continuous climatic warming has also increased the range of potential distribution of Nephotettix species, where colonization was formerly constrained by temperature (Bebber et al., 2013).
Differences in the practices used in crop management, the availability of hostplants and diversity of natural enemy communities are key determinants of their spatial variation in the abundance of green leafhoppers. High-nitrogen, intensive, managed monocropping systems typically experience greater pest pressure than diversified systems with habitat management and ecological engineering. Empirical evidence indicates that greater vegetation diversity increases predator and parasitoid populations, which are predicted to increase, resulting in biological control and reduced hopper outbreak frequency (Gurr et al., 2017).

2.2 The host range and host specificity
Green Leafhopper exhibit a high level of specialization for cultivated rice (Oryza sativa L.) as the primary and most appropriate host, although this crop has been strongly specialized for Green Leafhopper under natural field conditions. Both nymphal and adult stages are nearly totally dependent on phloem sap of rice plants, and the highest-quality demographic performance occurs when the crops are actively growing through the vegetative stage and in early reproductive stages. One of the most important factors in hopper fitness is host nutritional status, as feeding activity, survivorship, and reproductive capacity are directly dependent on plant quality. Plants with high nitrogen application are especially preferred, as they promote faster growth and higher fecundity in hopper populations (Lu et al., 2007).
Despite the obvious preference for rice, the Green Leafhopper is less flexible in its host choice and is not obligate monophagous. Empirical evidence suggests that Nephotettix species can endure at low population density on various graminaceous weeds and relatives of wild rice. These alternative hosts do not support optimal population growth, but they allow the survival and limited hopper population Oryza sativa during periods when cultivated rice is unavailable, thus serving as ecological brokers between the production cycles (Horgan & Crisol, 2013). Genetic differences between different rice cultivars also affect host-associated variation. Resistance screening has shown that some varieties hinder feeding in the hopper, slow development rates, and slow fecundity, thereby reducing population growth. Nevertheless, there is a significant difference in the susceptibility of modern high-yielding cultivars and hybrid cultivars. Otherwise, due to improved plant health and better nutritional value that accompany yield improvement, particular hybrids become more susceptible to hopper infestation (Horgan & Crisol, 2013; Fujita et al., 2013).


2.3 Alternate Hosts in Epidemiology of Diseases and Pest Persistence.
Alternate host plants are also very important in sustaining the Green leafhopper populations during periods when rice is not growing. Panicum spp., Leersia spp., Cynodon dactylon, and a variety of grasses and weeds, such as Echinochloa spp., are commonly found along field margins, irrigation canals, and unmanaged bunds. Hopper populations can survive in these types of plants because they provide shelter and very few nutritional resources, either during fallow periods or when rice plants are not physiologically fit to feed them (Ali et al., 2018).
fact that Green Leafhopper persist in alternate hosts has significant implications for disease epidemiology, especially concerning the rice tungro virus. Vectors that pick uptungro viruses during a feeding experience on an infected rice plant may be infectious during a stay on weed hosts and then transfer the virus to a newly established crop of rice. Such a mechanism facilitates a pathogen's carriage between seasons via early disease outbreaks and subsequent outbreaks of tungro disease in its endemic areas (Horgan et al., 2015). Consequently, weed management is more than a crop husbandry practice, as it is also a major preventive strategy in integrated pest-disease management.In both field research and laboratory experiments, it was consistently observed that under-managed, heavily weeded landscapes facilitate early colonization of rice fields by green leafhoppers. On the other hand, pest establishment can be adequately slowed and population growth minimized by strategic elimination of alternate hosts, alongside habitat manipulation to increase predator abundance. Ecological engineering, which allows replacing weed refuges with flowering plants that serve as food for natural enemies, has been proven effective in breaking the continuity of hopper populations and enhancing the effectiveness of biological control (Ali et al., 2018; Gurr et al., 2017)
2.4 Implication on the step approach of Integrated Pest Management.
Knowledge of host specificity and alternate host use is critical to delivering effective IPM services for Green leafhopper management. Techniques of control that focus solely on rice crops and leave surrounding vegetation unmanaged usually do not prevent early infestation or halt disease transmission. Conversely, in combination with weed suppression, timed planting, and habitat diversification, integrated-based strategies prove more effective at reducing pest occurrences across the landscape. The ecological significance of alternate hosts underscores the need for area-wide pest management rather than field-level measures. Coordinated execution of farming routines and regular weeding of crops on adjacent farms can break the continuity of attacks and contain their potential. These organized interventions are also becoming increasingly vital in the context of climate change, as it is anticipated that such factors will prolong pest survival, expand their potential range, and increase stress on pests across rice-growing regions (Deutsch et al., 2018).


3. Biology and Damage Potential of Green Leafhopper 
The small hemipteran insects of the family Cicadellidae are called Green Leafhoppers (Nephotettix spp.), as their body shape is wedge-shaped and allows them to move quickly within the canopies of crops. Adults measure between 3 and 4 mm long and are highly colored, ranging from bright green to greenish yellow, which makes them a perfect hiding place in the rice leaves. Their slim shape and perfectly developed wings allow them to disperse over short distances in the field, as well as to move over longer distances in favorable climate conditions. Sexual dimorphism is evident; uniquely, females are larger and heavier than males due to greater reproductive investment (Kiritani, 2019).
Proper identification to species level may be necessitated by a close scrutiny of morphological features like wing venation, markings in the thoraces and male genitalia. Proper identification is critical when comparing the species of Nephotettix because each has varying vector competency, host interactions as well as reaction to control options. The inability to recognize species can and will lead to poor management decision making and underestimation of risk of tungro disease especially in endemic countries (Horgan et al., 2015).
3.1 The subject of life cycle and developmental biology is closely related to the current development, knowledge-building and research on the issue of human development.
Development cycle Green Leafhopper development is directly correlated with rice growth stages and influenced greatly by the temperatures, quality of the host plant and the environments of localities.  Females lay their oval-shaped transparent eggs in groups in the sheaths of leaves or along the midribs with help of ovipositors. Such hiding oviposition locations minimize desiccation and predation. In the tropical climate, egg development normally takes 6-9 days, and faster embryonic development occurs when it is hot (Lu et al., 2007).
After their emergence, the nymphs undergo five instar stages before they attain their adulthood. Under good conditions, the nymphal stage lasts 12-15 days, during which the individuals actively consume phloem sap and grow larger each day. Nymphs, since they do not possess wings and are not very mobile, are more susceptible to predation compared to adults. The adult lifespan typically lasts 10-20 days, depending on the quality of the host and the environment, and a female can lay hundreds of eggs over her lifetime (Ali et al., 2017).
The life cycle normally takes 25-30 days to complete, and several concurrent generations may occur within one rice-growing season. Such rapid turnover, high fecundity, and the constant availability of hosts in intensively managed systems (characteristics that contribute to rapid population growth) may lead to rapid population accumulation and the risk of an outbreak (Horgan & Crisol, 2013).

3.2 Feeding Behaviour and Interactions between Plants and Insects.
The hoppers are specialized green plant phloem feeders that contain piercing-sucking mouthparts that are developed with efficient sap harvesting functions. The nymphs as well as adults put in their stylets in the vascular tissues and tend to target phloem elements that are abundant and full of carbohydrates and amino acids. Activity in food feeding normally occurs around the lower end of rice plants where the largest amount of flow of assimilation occurs. Constant feeding disturbs migration of photosynthates causing chronic physiological stress on a host plant (Lu et al., 2007).
Hoppers release enzymes and effector molecules into the saliva in which stylet penetration and inhibition of plant defense mechanisms occur during feeding. Long-term feeding causes a change in hormone broadcast and resources in the plant, which will ultimately lower growth potential and yield. Several researches have shown that plants containing high levels of nitrogen promote feeding performance and nutrient physiological assimilation by hoppers leading to higher survival rates and reproduction (Lu et al., 2007; Ali et al., 2017).
3.3 Hopper burns and Physiological damage.
Lesions resulting due to the Green Leafhopper become progressive and, in most cases, these diseases become tricky to spot at the initial levels of infestation. The first ones are slight chlorosis, decreased vigor of the plants, and retarded tillering. With the increase in the intensity of feeding, photosynthetic activity reduces, B stores are depleted, and root growth is crippled. Severe cases result in hopperburn, a disease-like condition characterized by several signs, including brownness, wilting, and plant death (Ali et al., 2017).
Hopperburn occurs due to the depletion of phloem and tissue damage caused by toxins which cause collapse of the vascular functioning. Obstruction of nutrient transport causes rapid desiccation and necrosis of plant tissues. The damage is usually in spots relating to pest aggregation but in cases with good conditions it can spread very fast. When hopperburn occurs during a vulnerable period, such as tillering or panicle development, the losses incurred may be extreme.
3.4 Role in Virus Transmission
Besides causing direct feeding damage, the Green Leafhopper are also very effective vectors of the tungro disease in rice. Infection takes place when the virus is being fed on infected plants, and the retention and subsequent used as the mode of transmission in later feeding. The age of the virus vectors, feeding period, and the condition of the host-plant determine the interaction between the virus vectors and the plant. Infected plants range from

being severely stunted to developing yellow-orange leaf discoloration, low tillering as well as unfilled grains, which tend to result in massive losses in yield (Horgan et al., 2015).
Their mobility, high reproductive ability, and their ability to survive on alternative hosts enhance the epidemiological significance of Green leafhoppers. Higher densities of vectors enhance chances of spreading the virus within and between fields and hence population suppression forms a major part of the tungro management. The strategies in place to address IPM should therefore consider the dynamics of insect populations and the process of virus transmission to achieve sustainable yield protection.
The damage caused by Green Leafhopper in rice ecosystems may be divided into two more components that are interconnected in that case the damage is directly caused by the activity of feeding and indirectly caused by the pathogen transmission. The two forms are a significant cause of yield instability and, in extreme circumstances, crop failure. The prolonged feeding of phloem by nymphs and adults’ results in direct injury that disrupts normal physiological functioning among rice plants. By taking away nutrients, continuous removal of assimilates breaks down nutrient distribution and leaves plants without carbohydrates and other vital metabolic compounds needed to grow and develop. The first signs are often ignored since they are not pronounced and are characterized by occasional cases of chlorosis and weakened plant growth. With the escalating amount of infestation, such symptoms advance to the manifestation of suppressed growth, decreased tiller growth, and retarded panicle initiation (Ali et al., 2017).
In extreme population needs, prolonged feeding will cause hopperburn which is a typical condition of damage syndrome which is characterized by instant leaf yellowing, browning, and desertion, ultimately resulting in the death of the plant. Hopperburn usually appears in discrete patches in areas, which show the generalized spatial distribution of populations of hoppers. These infected regions can grow very quickly especially when the circumstances are favorable, that is, when there is excessive nitrogen fertilization, favourable temperature and moisture conditions. Damages in the first few vegetative stages will restrain tiller production and canopy growth, and damages in the reproductive phase will directly lower the number of grains and the weight of the grain causing severe losses in yields.
The Green Leafhopper are vectors that cause contagious diseases in rice and thus their role in causing the indirect damage is significant. Tungro viruses cause severe stunting and yellow-orange leaf discoloration, loss of tillering ability and poor grain filling in the plants infected. Fields with an infected area tend to have patchy symptom expression and uneven vegetation growth which resembles the pattern of the populations of vectors. In epidemic

outbreaks, the losses due to the transmission of the virus often exceed those due to the feeding injury itself, which is why the epidemiological significance of the pest cannot be underrated (Horgan et al., 2015).
4.1. Economic Losses and Yield Effects.
The level of yield loss due to the attack of Green leafhopper is quite significant when it is associated with pest concentration, the level of crop development at the time of treatment, the relationship between the cultivar and the effectiveness of the treatment points. Infestations of low level usually cause capital losses of about 5-10 percent, moderate infestations usually cause losses in between 20-30 percent. Contrary to that, in extreme cases of outbreaks harmed by extensive hopperburn and tungro outbreaks, yield loss has been reported to occur over 60 percent, and sometimes almost all crops fail (Ali et al., 2017; Savary et al., 2019).
The overall economic impacts of Green Leafhopper at regional and national levels are large. The rice producing nations suffer losses of great magnitude every year because of low production, high costs of using the inputs to control pests and the requirement of applying the insecticides repeatedly. The same affects smallholder farmers who may not easily access the pest surveillance systems and timely advisory services. Economic costs are not restricted to yield loss, as expected surplus costs arise due to agroecosystem impaired health/degradation and compounded hazards of human health related to excessive exposure to pesticide application (Savary et al., 2019).
Insect pests are predicted to pose an economic challenge that is set to grow in future with regard to climate change projections. Increasing temperatures should cause insects to increase their metabolic rates, feeding rates, and reproductive output, thereby aggravating crop damage. The year-round soil structure and climate that promotes the successful pest survival and reproduction predispose tropical rice systems (Deutsch et al., 2018).
4.2 Agronomic Practices and their Influence on the Pest Dynamics.
Crop management activities have a strong impact on populations of the Green leafhoppers and frequently dictate the presence or absence of populations at the damaging threshold or result in outbreaks. Nitrogen fertilization has been found to be a leading cause of hopper increment, along with other agronomic factors. High nitrogen levels bring about plant succulence and amino acid levels which are concentrated in phloem sap that increase host suitability to sap-sucking insects. There exist many studies with positive high correlations between the rates of application of nitrogen and high rates of hopper survival, fecundity and population growth (Lu et al., 2007; Ali et al., 2017).

Extensive planting and over tillering leads to high humidity and low air movement and conditions, which promotes the existence and reproduction of the hoppers. The constant field of rice cultivation and the absence of planting in accordance with the landscape eliminate any natural time constraints on pest development, allowing them to continue breeding and multiplying continuously. Conversely, planting on sync and crop rotation create intervals in the presence of hosts, interfering with their life cycles, and creating reduced infestation pressure at the landscape scale (Kiritani, 2019).
Poor application of insecticides has also contributed to the resurgence of pests. Regular insecticide use has also contributed to the rapid evolution of hopper resistance, leading to increased pest prevalence and reduced control efficacy in most rice-growing areas (Bass et al., 2015; Zhang et al., 2018).

4.3 Climate Change and Hopper Green Plant Dynamics.
Climate change is increasingly recognized as a significant driver of ecology and the effects of the green leafhoppers. An increase in temperature will lead to rapid insect development, shorten generation time, and increase the number of generations produced in a given growing season. The changes encourage high population growth and increase the risk of an outbreak. Secondly, warmer conditions promote the expansion of ranges, allowing pests to live in places where colder temperatures used to limit them (Bebber et al., 2013).
The dynamics of pests are also influenced by changes in rainfall patterns. Long dry periods can also boost hopper activity and dispersal, whereas unusual or extreme rainfall events can interfere with crop growth and destabilize natural enemy communities. Stresses caused by climate of rice plants can lead to augmentation of vulnerability to infestation and the interplay between pest pressure and environmental stress. Combined theoretical and measurement estimates indicate that, unless there is an adaptation and climate-resilient handle, the pressure of the pests within the rice systems will increase in the future under climate conditions (Deutsch et al., 2018; Prasanna et al., 2023).
5. Integrated Pest Management of Green leafhopper in rice ecosystems.
Integrated pest management (IPM) offers a scientifically sound and ecologically sound system of destroying the population of Green Leafhopper in rice fields. Instead of applying single control measures, IPM combines several strategies that are compatible with each other, reducing pest densities to levels that do not cause economic damage and minimizing risks to non-target organisms, human health, and ecosystem integrity. The need to have IPM in handling Green Leafhopper has been on the rise owing to the concerted forces

of agricultural intensification, climate unpredictability, and prevalent insecticide resistance. Consequently, IPM is a versatile and adaptable methodology that is able to respond to the ecological complexity as well as the challenges of the production in the future (Kiritani, 2019; Prasanna et al., 2023).
5.1. Strategies to Control Culture
The cultural practices form the base of IPM as they alter the crop environment to attenuate the establishment, colonization and multiplication of pests. Synchronized planting in the surrounding rice fields is one of the best cultural practices that help in the intervention of cultural activities. Planting of rice crops close to the size of a defined planting window allows the permanence of hostile ongoing and inhibits further season succession in populations of hoppers. Planting at the right time has always been linked to fewer cases of infestation in the early period and less tungro virus transmission (Kiritani, 2019).
Cultural control is mainly centred around nitrogen management that is a component of nutrient management. High nitrogen build-up levels augment the succulence of plants and the levels of amino acids in sap, making the plants more attractive to sap-sucking insects. Empirical evidence shows that high amounts of nitrogen greatly enhance the population of hopper feeding, survival, and fecundity. Balanced fertilization, in contrast, lowers the pest pressures and maintains crop productivity in the conditions of split nitrogen application, matching nitrogen demand to crop requirements, and the application of organic amendments (Lu et al., 2007; Ali et al., 2017).
Weed and residue management are also other significant cultural measures. The existence of many gramineous weeds is an alternate host whereby the hopper population can survive during fallow periods. Early removal of the weeds in the field borders, bunds and irrigation channels decreases the off-season weeds and restricts early colonization of crops. Rice stubble is destroyed after harvest and cannot be used as a oviposition site, and the seasonal carryover of pests is broken. Besides that, water management, including intermittent drying, can provide poor microclimatic conditions to those hoppers to survive and reproduce (Ali et al., 2018).
5.2 Host Plant Resistance
Rice varieties are resistant to Green Leafhopper by using many mechanisms such as antixenosis (loss of attraction), antibiosis (adverse effects on insect development and reproduction) and tolerance (capability to bear yield with infestation). Through intensive screening programs, many resistance genes have been identified and most have been integrated

into better rice varieties using conventional breeding and molecular techniques (Yamasaki et al., 2010; Fujita et al., 2013).
Resistant cultivars hamper hopper feasting performance, extend development period, and diminish fecundity and so the population increase and the spread of virus is crippled. Nevertheless, the adaptation range of hopper populations limits the usefulness of resistance over the long-term. A high genetic variation in the Nephotettix spp. allows the development of virulence biotypes such that they surpass individual genes of resistance. To address this threat, the deployment of resistance genes must be strategic via pyramid, rotation of resistant varieties as well as combination with other IPM to diminish the selection pressure (Saxena et al, 2014; Fujita et al, 2013).
Naturally, there is no such resistance as balancing nutrition and saving natural enemies, preventing recurrence and sluggish progression of biotypes. Further research on breeding of resistance using genomic tools and markers aided selection is needed to ensure sustainable management of hoppers in rice ecosystems.
5.3 Biological Control and Protection of Natural Enemies.
One of the regulatory systems in ecologically balanced rice systems is biological control. Rice fields host a wide range of natural enemies which cause huge predation pressure on the population of Green leafhoppers. Hopper eggs, larvae and adults are prey to predators like Cyrtorhinus lividipensis, spiders (e.g., Lycosa and Tetragnatha spp.), dragonflies, damselflies and ground beetles and in most cases these predators ensure that low-input management regimes do not lead to outbreaks (Settle et al., 1996).
Biological control conservation aims at improving the abundance and performance of these natural enemies by altering the habitats and decreasing the disruptive activities. Other food sources, shelters and micro-habitat of predators and parasitoids are offered by ecological engineering methods, such as introduction of flowering plants on field bunds and marginal areas. Field experiments prove that natural enemies are more effectively concentrated in such habitat diversification because it more effectively suppresses hoppers than strategies that rely on insecticides (Ali et al., 2018; Gurr et al., 2017).
Biological control is only successful when an ecological balance is established in rice agroecosystems. Generalized insecticides interfere with predator prey relationships and often have the effect of causing the re-emergence of pests by preferentially killing beneficial predators. Therefore, preserving desirable arthropods is the focus of IPM and can lead to sustainability of pest control, decrease in the use of pesticides and increase in ecosystem services.

Resistance management: This section offers the complete set of instructions for the subsection, outlining the tasks to perform and the materials to use.Chemical Control and Resistance Management: In the sub-section, the entire sub-section of the instructions is presented and the tasks to be carried out and the materials to be used.
The use of chemical management is the supplementary aspect of IPM but not a dominant component since it must be deployed only in situations whereby the pest population surpasses the set economic considerations. The preference is inclined to the use of selective insecticides like buprofezin and pymetrozine with the specific mode of action influencing the insect development and feeding habits and at the same time with a relatively low toxicity to natural predators (Zhang et al., 2018).
The intensive appearance and distribution of resistance underscore the shortcomings of the prescribed strategy of chemical interventions alone, and it is essential to demand strategies to control resistance, such as alternating insecticides with disparate mechanisms of action and complementing them with non-chemical interventions (Bass et al., 2015).Successful application of chemicals in IPM models also entails frequent monitoring of pests, proper identification of species, and making of informed decisions. New opportunities for optimal insecticide timing and dosage emerge from advances in digital agriculture, such as real-time pest surveillance, climate-based forecasting, and decision-support tools. Such innovations can render unwarranted use, hinder resistance development, and, in general, boost the sustainability of pest management under more variable climatic conditions (Prasanna et al., 2023).
6. Limitations of the Study
This review is based on available published literature, which may not fully represent the diversity of agroecological conditions across different rice-growing regions. Variations in climate, cropping systems, and pest management practices can significantly influence green leafhopper dynamics, making generalization challenging. In addition, many of the cited studies are conducted under controlled or localized conditions, which may not accurately reflect large-scale field realities. Although emerging approaches such as digital pest surveillance and climate-based forecasting are discussed, their practical application remains limited in many developing regions. The availability of long-term, region-specific data is also limited, restricting a comprehensive understanding of pest trends over time. Therefore, further research integrating multi-location field studies, farmer participatory approaches, and advanced predictive tools is essential to strengthen future pest management strategies.




Conclusion and Future Perspectives.
The Green leafhopper (Nephotettix spp.) is one of the most troublesome and destructive constraints on the sustainability of rice farming in Asia and other regions where rice is grown. The significance does not only lie in causing phloem-feeding damage to plant physiological activity and yield development, but their prime position in the spread of rice tungro disease, which may trigger catastrophic and massive crop losses. These increasing roles of Green Leafhopper in contemporary rice are part of larger changes in agroecosystem activities, such as the intensification of monocropping, increased nitrogen use, shorter agroecosystem organization, and greater reliance on chemical insecticides.
The evidence that is synthesized in this review indicates that the Green leafhopper outbreak is essentially an ecological process of complex interactions between host plant quality, pest life-history characteristics, natural enemies, agronomic management, and climatic conditions. The short generation period of the insect, its great reproductive capability, and its
ability to utilize other hosts enable the populations to bloom when the regulatory measures are compromised. Increased host suitability, resulting as a consequence of agronomic intensification, especially over-fertilization with nitrogen and the cultivation of rice on continuous instead of intermittent basis, and the breakdown in biological control, has led to increased resurgence and increased severity of pests and a faster rate of evolutionary resistance to insecticides.
Climate change is serving as a boost to these issues by changing the rate of pest development, seasonal presence, and distribution. An increase in temperature, changes in the rainfall cycle and the climatic variability will further favor the survival and dispersal of Green leafhopper and at the same time increase crop susceptibility to infestation and diseases. These fashions indicate that those control methods, which are reactive and revolve around the use of insecticides, will continue to prove inefficient and will be costly to the environment in the production environment of the future.
The most feasible way to go is integrated pest management where the way to go to sustainable Green leafhopper control is through this approach. Cultural needs, like planting time synchrony, nutrient management, and managing weeds and residues, and proper water control are the components that make up the successful IPM, making the conditions less conducive to the pests and breaking their life cycle.





The use of chemical control, though it is still a condition in some cases, has to be applied sparingly in a IPM system. The prevalence in increasing cases of insecticide resistance in hopper populations of green plants highlights the shortcomings of using chemical only strategies. Certain insecticides used selectively, applications done depending on threshold parameters, as well as management methods for resistance, have been necessary in order to maintain the effect of the chemicals as well as to protect other beneficial organisms. In its part, new digitalized means of pest monitoring, climate forecasting, and decision support provide great opportunities to enhance the precision and sustainability of management interventions.
In the future, the management of Green Leafhopper will need a paradigm shift towards system and holistic solutions that combine ecological international and technological innovations. The close integration of research and extension will be important to enlarge-scale implementation of IPM, the access of farmers to decision-support tools will be improved, and policies that encourage sustainable practices should be promoted. Further funding of interdisciplinary research which would include insect ecology, climate science, plant breeding and digital agriculture will be critical to come up with climate resistant pest managementtechniques that can withstand future changes and protect rice productivity on a more uncertain future. Despite these limitations, this review provides a comprehensive synthesis of current knowledge and highlights key directions for future research and sustainable pest management.
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