


Review Article
Impact of Climate Change on Muga Silk Production in Assam: A Review	Comment by Priyambodo bin Katiyun: The title is clear, specific, and accurately reflects the thematic and geographical focus of the manuscript. It correctly identifies the study as a review and clearly signals the linkage between climate change and muga silk production in Assam. However, while descriptive and appropriate, the title could better reflect the analytical depth of the manuscript, particularly its systems-based framing and emphasis on pathways and adaptation. A refined version such as “Climate Change Risks, Pathways, and Adaptation Options for Muga Silk Production in Assam: A Systems-Based Review” would more fully capture the conceptual strength of the paper. Nonetheless, the current title remains suitable and aligned with the scope of the journal. 
Abstract	Comment by Priyambodo bin Katiyun: The abstract is comprehensive, conceptually well structured, and clearly communicates the ecological specificity of muga sericulture as an outdoor and climate-sensitive production system. It successfully identifies key impact pathways, including host-plant physiology, larval development, disease dynamics, cocoon traits, and spatial suitability, while also emphasizing the episodic and brood-specific nature of climate risks. The synthesis-oriented framing is particularly strong.
However, minor improvements are recommended. First, the abstract should briefly mention the structured PRISMA-based literature selection process to strengthen methodological transparency. Second, it would benefit from one concise sentence highlighting the main research gaps identified in the review. Finally, some tightening of phrasing would enhance conciseness without compromising clarity. Overall, the abstract is strong but would benefit from slight refinement for precision and brevity.
Muga silk production in Assam is a distinctive, place-based agro-ecological livelihood system reliant on the semi-domesticated moth Antheraea assamensis and a narrow set of primary host plants, notably Persea bombycina (som) and Litsea monopetala (soalu). Because rearing is largely outdoor and aligned to seasonal brood cycles, muga sericulture is unusually exposed to climate variability and to longer-term climatic shifts that operate through temperature regimes, rainfall timing, humidity, and the frequency of extremes. This review synthesises evidence on how observed and projected climate change across India and the broader monsoon domain can influence muga silk production pathways in Assam, including host-plant physiology and leaf quality, larval survival and development, disease dynamics, cocoon traits, and spatial suitability for silkworm–host co-occurrence. We integrate findings from studies on North-East Indian climate trends, monsoon variability, extreme precipitation and hotspot emergence, and regional climate model projections with muga-specific work on host-plant diversity and stress tolerance, cocoon quality variation, pathogen identification, and climate-space distribution modelling. The synthesis indicates that climate change risks for muga sericulture are unlikely to manifest as a single linear decline; rather, risks will be episodic and season-specific, driven by shifts in brood-wise thermal and moisture stress, increased probability of high-impact rainfall extremes, and altered suitability overlaps between silkworm and host plants. Adaptation therefore requires coupled interventions across plantation management, brood scheduling and risk-buffering, disease surveillance, and climate-informed spatial planning.
Keywords	Comment by Priyambodo bin Katiyun: The selected keywords are relevant and well aligned with the manuscript’s scope, covering the organism, geographic focus, climatic drivers, host plants, and modelling approach. However, for improved discoverability and indexing visibility, it would be beneficial to include broader conceptual terms such as climate adaptation, monsoon variability, eco-climatic system, or sericulture. The current keywords are scientifically appropriate, but minor expansion could increase citation reach and search engine optimization. 
Muga silk; Antheraea assamensis; Assam; climate variability; extreme precipitation; host plants; Persea bombycina; Litsea monopetala; disease ecology; species distribution modelling
1. Introduction	Comment by Priyambodo bin Katiyun: The introduction is conceptually strong and intellectually engaging. The framing of muga sericulture as a coupled socio-ecological and eco-climatic system is particularly compelling, and the use of synchrony as an organizing concept is effective. The integration of climate science literature with biological and sericultural evidence demonstrates a solid interdisciplinary understanding.
However, the introduction is relatively long and occasionally overlaps with later sections, particularly in the discussion of climate signals. Some condensation of approximately ten to fifteen percent would improve structural efficiency. Additionally, there is an evident typographical error that must be corrected. The introduction would also benefit from a more explicit statement of the research gap that clarifies how this review advances beyond existing muga or climate reviews. With minor tightening and editorial correction, this section would be excellent.
Muga silk, produced by the endemic golden silkmoth Antheraea assamensis, represents a rare intersection of biodiversity, heritage, and livelihood in Assam and adjoining parts of North-East India. Its value lies not only in the fibre’s natural lustre and durability, but also in the place-specific production ecology that has evolved around outdoor rearing, host-plant management, and brood scheduling in a monsoon-dominated climate. Unlike tightly controlled indoor sericulture, muga production remains strongly coupled to ambient weather because rearing is commonly conducted in open conditions, with the insect’s development, feeding behaviour, and cocooning stages exposed to seasonally varying temperature, humidity, and rainfall. Foundational accounts of muga distribution, biology, and breeding emphasise that rearing success is shaped by ecological context and field-level stressors, including pests and disease, making the system inherently sensitive to environmental variability (Tikader et al., 2013). This sensitivity becomes more consequential under climate change, which is expected to alter not only mean conditions but also the frequency, timing, and intensity of weather extremes that directly affect outdoor rearing operations.
Climate change risk for muga silk production is best understood through the notion of synchrony. Productive outcomes depend on synchrony between (i) the seasonal availability and nutritional quality of host-plant leaves, (ii) the developmental timing of the silkworm across broods, and (iii) weather windows that allow sustained feeding and successful cocoon formation. Disruptions to any of these components can cascade through the system. Reviews of muga food plants highlight that, while the silkworm may utilise multiple hosts, commercial performance often relies heavily on a limited set of key food plants; consequently, the stability of host-plant growth and leaf quality is central to production reliability (Devi et al., 2021). Environmental stress that alters leaf biochemistry, water status, and tolerance traits can therefore translate into reduced larval performance and poorer cocoon traits. In this context, evidence that the primary host plant Persea bombycina shows measurable physiological variation under environmental stress underscores why plantation resilience and microclimate buffering are increasingly important for sustaining the resource base on which repeated brood cycles depend (Jigyasu et al., 2023).
Assam’s muga sector is embedded within a regional climate system characterised by strong seasonality and high interannual variability. Observational analyses indicate that North-East India has experienced notable temperature changes alongside spatially heterogeneous rainfall behaviour, implying that warming trends may already be modifying the background conditions for agriculture and climate-sensitive livelihoods (Jain et al., 2013). Long-term analyses of rainfall trends across India further demonstrate that precipitation change is often expressed as regional and seasonal redistribution rather than uniform shifts in annual totals, a point that matters for muga because brood calendars hinge on specific seasonal windows rather than on yearly averages (Kumar et al., 2010). Beyond means, the increasing prominence of extremes is particularly relevant for an outdoor system. Evidence linking anthropogenic warming to increases in extreme precipitation events over India suggests that high-impact rainfall episodes—capable of interrupting feeding, prolonging leaf wetness, and damaging host-plant stands—may become a more frequent cause of acute production loss (Mukherjee et al., 2018). Complementary multi-model assessments identify precipitation-based climate change hotspots across India and indicate that parts of the North-East can emerge as regions of heightened change in precipitation characteristics, reinforcing the need to plan for greater volatility rather than only gradual change (Sarkar et al., 2023).
Projections specific to North-East India strengthen the rationale for climate-informed risk management. Regional climate modelling indicates warming and associated changes in precipitation characteristics, suggesting that historically reliable rearing conditions may be altered in magnitude, timing, or persistence (Dash et al., 2012). Although uncertainty remains regarding local detail, these projections imply that even modest shifts in temperature and humidity regimes could affect brood-wise survival and cocooning success by altering developmental rates and stress thresholds. At the same time, large-scale drivers of monsoon variability provide a mechanism through which year-to-year fluctuations may intensify or shift, affecting the predictability of conditions that rearers depend upon. A prominent pattern of year-to-year variability in Indian summer monsoon rainfall has been documented, emphasising that variability has structured features rather than being purely random noise (Mishra et al., 2012). Variability is also shaped by teleconnections; evidence of changes in the relationship between ENSO and northeast monsoon rainfall illustrates that climate linkages can strengthen over time, potentially altering seasonal risk profiles in ways that complicate reliance on historical experience (Kumar et al., 2007). Multi-model work on precipitation projection under higher warming scenarios further illustrates that seasonal precipitation can be modulated by circulation changes, reinforcing the importance of anticipating shifts in the seasonal sequencing of wet and dry spells that can affect outdoor production systems (Tiwari et al., 2023).
Muga-specific biological constraints can amplify climate vulnerability. Disease is a major production limiter in outdoor rearing, and climate conditions can influence pathogen persistence and host susceptibility. Molecular identification of microsporidian infection causing nosemosis in muga, together with demonstrated impacts on cocoon and silk traits, highlights disease as a central pathway through which climate variability can translate into yield and quality loss, particularly during prolonged wetness and high humidity phases (Subrahmanyam et al., 2019). At the same time, cocoon traits show meaningful variability across populations, and environmental conditions interact with stock characteristics to determine economic outcomes. Characterisation of cocoons from different populations underscores that shell ratio, cocoon weight, and fibre properties can differ across stocks, indicating both vulnerability and opportunity: vulnerability because climate stress may disproportionately affect certain stocks, and opportunity because adaptive selection and management may exploit more resilient traits (Kalita & Dutta, 2020). Evidence of genetic diversity and population structure in A. assamensis further HOMEO YOJNA orts the view that conserving and mobilising genetic resources may be critical for long-term resilience, including potential tolerance to climatic stressors and disease (Arunkumar et al., 2012).
In recent years, modelling approaches have begun to connect these biological sensitivities to climate space, enabling more explicit discussion of where muga production may remain viable under changing conditions. Ensemble distribution modelling of A. assamensis and its primary host plant Litsea monopetala indicates that climate-driven changes can alter the overlap of suitable conditions for both silkworm and host, implying that climate change may influence not only productivity within current zones but also the geography of viable production landscapes (Sarma et al., 2025). Such work does not replace field-level management, yet it provides a valuable planning lens: it emphasises that the muga system’s vulnerability is jointly determined by insect ecology, host-plant distribution, and regional climate dynamics. Taken together, the evidence base suggests that climate change impacts are likely to be episodic and brood-specific, shaped by shifts in seasonal thresholds, the emergence of more disruptive extremes, and changing disease and host-plant stress landscapes. This review therefore treats muga sericulture as a coupled eco-climatic system and synthesises the literature needed to understand its risks and adaptation options.
1.1 Scope and objective
This review examines how climate change and climate variability can influence muga silk production in Assam by synthesising evidence on regional climate trends and projections, monsoon variability and extremes, and muga-specific studies on host plants, disease constraints, cocoon traits, genetic resources, and climate-space suitability. The objectives are to map the main climate-sensitive components of the muga production system, evaluate plausible mechanisms linking climatic shifts to yield and quality outcomes, assess emerging evidence on geographic suitability change for silkworm–host overlap, and identify adaptation priorities and research gaps relevant to sustaining muga sericulture under a changing climate.
2. Methods for literature selection	Comment by Priyambodo bin Katiyun: The Methods section demonstrates transparency by adopting a PRISMA-2020 framework and clearly stating the databases searched, inclusion and exclusion criteria, time range, and screening process. The presentation of the selection flow, which resulted in twenty-one included studies, supports methodological credibility.
However, clarification is needed regarding whether this is a systematic review or a structured narrative review guided by PRISMA principles. The manuscript does not describe any formal quality appraisal or risk-of-bias assessment for included studies, which would strengthen rigor. In addition, the PRISMA flow diagram requires visual correction and formatting improvement. Strengthening this section with brief commentary on study quality assessment and synthesis strategy would enhance methodological robustness.
A structured literature search (PRISMA-2020) was conducted across Web of Science, Scopus, Google Scholar, and PubMed for publications dated January 2000 through January 2026. Search strings combined muga sericulture terms and climate terms, including variants of: “muga” OR “Antheraea assamensis” OR “Persea bombycina” OR “Litsea monopetala” AND “climate change” OR “temperature” OR “rainfall” OR “monsoon” OR “extreme precipitation” OR “disease” OR “microsporidia” OR “distribution model”. Inclusion criteria were peer-reviewed journal articles (and, where necessary for system context, highly cited scholarly sources) that provided empirical evidence, modelling results, or rigorous syntheses relevant to climate–sericulture linkages or the muga production ecology. Exclusion criteria included non-scholarly reports lacking stable bibliographic metadata, sources without verifiable DOI metadata, and items whose content did not materially address the climate sensitivity of muga production pathways. From the eligible pool, priority was given to studies directly addressing North-East Indian climate trends and projections and to muga-specific studies on host plants, disease, cocoon traits, and spatial suitability. Figure 1 explains stratified methods of literature selection.
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Figure 1: Stratified methods of literature selection

3. The muga silk production system in Assam	Comment by Priyambodo bin Katiyun: The Findings and Discussion sections, particularly Sections 3 through 6, are conceptually sophisticated and represent the strongest part of the manuscript. The identification of five climate impact pathways, namely host-plant mediated effects, direct physiological effects, disease amplification, stock-specific trait sensitivity, and spatial suitability shifts, provides a clear analytical framework. The integration of climate projections, biological mechanisms, and adaptation strategies is coherent and well articulated.
Nonetheless, some redundancy occurs between the climate signals section and the pathways section, which could be streamlined. Several inferential arguments linking climate projections to brood-specific outcomes remain conceptual rather than quantitatively supported, which is understandable but should be acknowledged more explicitly. The inclusion of a conceptual diagram summarizing the five pathways would significantly strengthen clarity and visual synthesis. Furthermore, a dedicated subsection addressing uncertainty in climate projections and their implications for sericulture planning would improve analytical balance. Overall, this section is intellectually strong but would benefit from minor condensation and visual enhancement.
Muga silk production in Assam is best understood as a coupled socio-ecological system in which insect biology, host-plant ecophysiology, and human management are co-ordinated around seasonal weather windows. The principal producer, the muga silkmoth Antheraea assamensis, is semi-domesticated and typically reared under outdoor conditions, which distinguishes the system from many mulberry-based, indoor sericulture models. This outdoor reliance means that farm-level decisions—such as brood timing, selection of rearing sites within plantations, and leaf harvest practices—are inseparable from ambient temperature, humidity, rainfall, and microclimatic variation. Foundational accounts of the muga silkworm’s distribution, biology, and breeding emphasise that field exposure to fluctuating environmental conditions, together with pests and diseases, strongly shapes survivorship and cocooning success, making the production system inherently sensitive to climatic variability (Tikader et al., 2013). In Assam, this sensitivity is amplified by the monsoon-dominated climate, where short periods of persistent rainfall, high humidity, or sudden storms can interrupt feeding and cocoon formation, while intermittent dry-hot spells can stress host plants and reduce leaf palatability.
A defining feature of the muga system is that productivity depends on synchrony across multiple components. The silkworm must encounter abundant, nutritionally suitable leaves at the right developmental stages, and the environment must remain sufficiently favourable for feeding, moulting, and spinning. When this synchrony fails—because host leaves are too mature or water-stressed, because prolonged wetness limits feeding time, or because disease pressure escalates—cocoon yield and quality can decline sharply. Thus, the “production system” is not merely the insect, but the interaction among host plants, seasonal brood calendars, plantation management, and local ecological stressors, including pathogens and natural enemies. While many of these interactions are embedded in traditional knowledge and practice, the scientific literature makes clear that each step has identifiable biological and physiological sensitivities that can be leveraged for improved management and resilience (Tikader et al., 2013).
3.1 Host plants, nutrition, and landscape management
Host-plant resources anchor the muga production system. Although A. assamensis can utilise a range of plants, commercial production depends heavily on a limited set of principal hosts, and this reliance makes host-plant health and leaf quality central determinants of rearing success. A synthesis of food-plant diversity and nutritional aspects highlights that distribution and availability of suitable host plants, along with their nutritive profiles, shape larval growth and cocoon traits, implying that constraints on the host-plant base translate directly into production instability (Devi et al., 2021). In practice, this means that the plantation landscape—tree density, age structure, canopy condition, soil moisture retention, and local shade regimes—functions as a productivity driver. The production system therefore includes not only the act of rearing but also long-term host-plant establishment and maintenance, because stable leaf supply across multiple broods depends on sustained plant vigour.
Environmental stress can alter host-plant physiology in ways that matter for larval feeding. Evidence from physiological assessment of Persea bombycina under environmental stress shows that biochemical and water-related traits can vary with site conditions and season, underscoring that leaf quality is not static and that stress can shift the plant’s functional state (Jigyasu et al., 2023). For muga rearers, the practical implication is that plantation management must aim to minimise host stress—through appropriate site selection, protection of root zones, and reduction of cumulative stressors—so that leaf resources remain tender and nutritionally adequate during key larval stages. Because muga production is recurrent and brood-based, small declines in leaf quality can accumulate into substantial annual losses when repeated across multiple rearing cycles.
3.2 Cocoon traits, stock variation, and production outcomes
Cocoon and fibre traits represent the final economic expression of the production system and reflect both biological potential and environmental conditions. Empirical characterisation across different populations of A. assamensis demonstrates that cocoon parameters such as cocoon weight, shell weight, shell ratio, and fibre-related attributes can differ among stocks, indicating that local populations and management contexts leave an imprint on economically important traits (Kalita & Dutta, 2020). This variability matters because it suggests that the production system is not uniform even within Assam; rather, outcomes depend on how particular stocks respond to local host-plant conditions and seasonal weather regimes. It also implies a pathway for resilience: where certain stocks maintain acceptable cocoon traits across a wider range of conditions, they may be better suited for climates characterised by higher variability.
The same evidence base also highlights trade-offs that are relevant for system design. For instance, some populations may exhibit favourable filament properties yet present practical constraints for reeling or processing, which can limit their adoption despite biological advantages (Kalita & Dutta, 2020). Therefore, the production system must be evaluated not only in terms of cocoon yield but also in terms of downstream usability, which is shaped by cocoon structure and fibre behaviour. In a climate-sensitive context, such trade-offs become more prominent because management interventions may prioritise stability and robustness over peak performance in ideal conditions.
3.3 Disease constraints and their systemic role
Disease is not an ancillary concern in muga sericulture; it is a system-level determinant that interacts with outdoor rearing conditions, host-plant microclimates, and husbandry practices. Molecular identification and isolation of microsporidian pathogens associated with nosemosis in muga, alongside documented negative impacts on cocoon and silk traits, demonstrate that infection can significantly reduce key production parameters, directly lowering yield and quality (Subrahmanyam et al., 2019). Because outdoor rearing exposes larvae and rearing surfaces to fluctuating humidity and rainfall, the conditions that favour disease persistence and transmission may occur frequently during monsoon phases. This makes hygiene practices, early detection, and the timing of rearing operations critical components of the production system rather than optional add-ons.
Importantly, disease impacts cannot be treated independently of host-plant management. Stressed host plants can yield poorer leaves, reducing larval fitness and potentially increasing susceptibility to infection, while wet leaves and prolonged surface moisture can create favourable microenvironments for pathogen spread. In this way, plantation microclimate, leaf handling, and brood timing collectively shape disease risk. The production system therefore benefits from an integrated perspective in which host-plant health, rearing conditions, and disease surveillance are managed as a single risk portfolio. This system framing aligns with the broader biological understanding that muga sericulture is shaped by field exposure to environmental fluctuations and biotic pressures (Tikader et al., 2013), and that stable production requires co-ordinated management across the plantation–rearing interface.

4. Climate change signals relevant to muga sericulture in Assam
Climate change risk for muga sericulture arises from a combination of gradual shifts in mean conditions and changes in variability and extremes. For an outdoor, brood-based production system, the most consequential signals are often seasonal and event-based rather than annual averages. The muga landscape in Assam sits within a monsoon-dominated climate regime characterised by strong seasonality, high humidity, and marked year-to-year fluctuations in rainfall and temperature. In this setting, even small shifts in seasonal timing, the persistence of wet spells, or the frequency of heavy rainfall events can disrupt feeding windows, prolong leaf wetness, and affect both host-plant physiology and silkworm health. Accordingly, interpreting climate change for muga requires attention to (i) observed trends in temperature and precipitation, (ii) the structure of monsoon variability and its teleconnections, (iii) changes in extremes, and (iv) projected future changes that may alter the reliability of rearing windows.
4.1 Observed temperature and rainfall behaviour in North-East India
Observational assessments of climate records in North-East India provide an essential baseline for understanding how the environmental envelope for muga sericulture may already be shifting. Evidence indicates that temperature changes are clearly detectable across the region, while rainfall trends are more heterogeneous and spatially variable (Jain et al., 2013). For muga production, this asymmetry matters because warming can influence multiple points in the production system even when rainfall trends are not uniform. Higher temperatures can modify larval development rates, affect the duration of instars, and alter the balance between growth and stress responses in outdoor rearing. Warming may also affect host-plant phenology, shifting the timing and quality of leaf flush in ways that can desynchronise optimal feeding stages from traditional brood calendars.
Long-term rainfall analyses across India emphasise that precipitation change is frequently expressed through redistribution across seasons and regions rather than through simple monotonic trends in annual totals (Kumar et al., 2010). This is particularly relevant for Assam, where rearing outcomes depend on brood-specific windows. A modest shift in the timing of wet spells or the persistence of rainy days can be more damaging than a comparable change in annual rainfall totals, because wet leaves reduce effective feeding time, increase the likelihood of microbial growth on foliage, and complicate cocooning and post-harvest handling. Therefore, from a sericulture perspective, rainfall “character” (frequency, intensity, persistence, and seasonality) can be more important than total accumulation.
4.2 Monsoon variability, structured year-to-year fluctuations, and predictability
Year-to-year variability in the Indian monsoon is not simply random noise; it exhibits structured patterns and modes that shape the distribution of rainfall across regions and seasons. A documented prominent pattern of interannual variability in Indian summer monsoon rainfall highlights that large-scale circulation features organise rainfall anomalies and can influence the intensity and timing of monsoon behaviour (Mishra et al., 2012). For Assam and the broader North-East, such variability can translate into shifts in the onset and retreat of wet conditions, changes in the likelihood of prolonged wet spells, and altered sequencing of wet and dry periods within a season. In an outdoor system, this creates operational risk: rearing activities that are normally safe within a typical seasonal pattern may become riskier when intra-seasonal variability increases.
Teleconnections further complicate the risk landscape because they can change over time, altering the predictability of seasonal rainfall. Evidence that the relationship between ENSO and northeast monsoon rainfall has strengthened in recent decades illustrates that climate linkages can evolve and that seasonal rainfall behaviour may become more tightly coupled to large-scale ocean–atmosphere conditions (Kumar et al., 2007). While northeast monsoon dynamics are most directly relevant to southern peninsular India, the broader implication for muga sericulture is that evolving teleconnections and circulation regimes can shift the timing and reliability of rainfall seasons in ways that producers may not easily anticipate using historical experience alone. This strengthens the case for integrating climate information into brood planning, particularly when multiple broods are spread across the year and each brood intersects different segments of the regional seasonal cycle.
4.3 Extreme precipitation as a dominant disruption pathway
For outdoor sericulture, extremes often represent the most immediate cause of large losses. Heavy rainfall events can physically damage host plantations, knock larvae from foliage, interrupt feeding, and create persistently wet microclimates that favour disease emergence and spread. Evidence indicates that extreme precipitation events have increased over India in association with anthropogenic warming, suggesting that high-impact rainfall episodes may become more frequent or more intense (Mukherjee et al., 2018). In Assam, where high humidity and heavy rainfall are already common, a marginal increase in extreme event likelihood can disproportionately affect muga production by increasing the frequency of “failed windows” during which rearing becomes impractical or biologically risky.
Hotspot-oriented analyses help interpret how precipitation characteristics may change across the country under future climate scenarios. A precipitation-based climate change hotspot assessment using a multi-model framework identifies regions where precipitation shifts and extremes are projected to be particularly pronounced, and it indicates that parts of the North-East can emerge as areas of notable change (Sarkar et al., 2023). For muga sericulture, the key implication is that risk may not rise uniformly; rather, certain micro-regions may experience a sharper increase in disruptive rainfall behaviour than others, influencing where plantation investments remain viable and where additional protective measures become necessary. Such evidence also supports a focus on buffering and preparedness—reducing exposure during high-risk periods, strengthening plantation resilience to waterlogging and wind, and improving post-harvest handling strategies to prevent loss during extended wet conditions.
4.4 Projections for North-East India and seasonal shifts in the rearing envelope
Projections from regional climate modelling provide a forward-looking view of how the climatic envelope for muga sericulture may evolve. Regional assessments for North-East India suggest warming and associated changes in precipitation characteristics under future scenarios, implying that historically familiar rearing conditions may shift in intensity and timing (Dash et al., 2012). For muga production, rising temperatures can create new stress risks during already warm, humid months, but may also alter the balance of suitability across broods. In practical terms, the “best” brood seasons under historical conditions may no longer remain best, while previously marginal periods may become more viable or may become riskier depending on how temperature and rainfall co-evolve.
Seasonal precipitation projections under higher warming scenarios further illustrate that rainfall regimes can be modulated by circulation changes and that the seasonal structure of precipitation can shift, not only its mean magnitude (Tiwari et al., 2023). The broader lesson for Assam’s muga system is that adaptation planning should remain seasonal and brood-specific. Producers and planners should anticipate that risk may increase via compound conditions such as warm, humid spells coinciding with persistent wetness, which can simultaneously reduce feeding time and elevate disease pressure. Conversely, more frequent warm nights could alter larval metabolic costs and host-plant water relations, changing growth and cocooning outcomes in ways that may vary by stock and locality.
Overall, the climate signals most relevant to muga sericulture in Assam are those that influence the reliability of weather windows for outdoor rearing and the stability of host-plant leaf resources across multiple broods. Observed warming and variable rainfall behaviour (Jain et al., 2013; Kumar et al., 2010), structured monsoon variability and evolving teleconnections (Mishra et al., 2012; Kumar et al., 2007), evidence of increasing extremes (Mukherjee et al., 2018), hotspot emergence (Sarkar et al., 2023), and regional projections (Dash et al., 2012; Tiwari et al., 2023) together support the conclusion that climate change is likely to increase the volatility of muga production more than it changes any single average condition. This reinforces the need to interpret climate change through brood calendars, operational risk windows, and plantation microclimates rather than through annual means alone.

5. Pathways through which climate change can affect muga silk production
Climate change can influence muga silk production through a set of interacting pathways rather than a single, linear mechanism. Because muga sericulture in Assam is largely an outdoor enterprise, climatic signals are transmitted simultaneously through the silkworm’s physiology, the host plants’ phenology and leaf quality, and the wider plantation microenvironment that governs disease pressure and operational feasibility. The system is therefore best conceptualised as an eco-climatic production complex in which weather and climate shape not only mean performance but also the frequency of brood failures and the consistency of cocoon traits. Foundational accounts of Antheraea assamensis emphasise that the species is reared under field conditions where environmental fluctuations, pests, and diseases become integral determinants of survivorship and cocooning success, making climate sensitivity intrinsic to the production model (Tikader et al., 2013).
5.1 Host-plant mediated nutrition and phenology mismatch
A primary pathway is indirect, operating via the host plants that supply larval nutrition. Although A. assamensis can utilise multiple food plants, commercial production in practice relies heavily on a narrow set of key hosts, and the system’s stability depends on the availability of abundant, tender leaves at the appropriate times (Devi et al., 2021). Climate change can disrupt this by shifting host-plant phenology, altering the timing and duration of leaf flush, and changing the proportion of leaves that remain in a nutritionally favourable state during the critical larval feeding period. If warming or altered rainfall timing advances leaf maturation or reduces the persistence of tender foliage, larvae may be forced onto tougher or nutritionally poorer leaves, lowering feeding efficiency and reducing the energy reserves available for silk production. This creates a “phenology mismatch” risk: even if the silkworm develops normally, the quality of its food may not align with its needs during specific instars, reducing cocoon weight and shell ratio.
Host-plant physiology also mediates climate impacts through stress responses that affect leaf chemistry and water status. Evidence that Persea bombycina exhibits measurable variation in stress-related biochemical parameters and tolerance traits under environmental pressures indicates that leaf quality is dynamic and sensitive to changing conditions (Jigyasu et al., 2023). Under warmer or more variable regimes, leaf water relations and stress metabolites may shift in ways that influence palatability, digestibility, and nutrient assimilation, with downstream effects on larval growth and cocoon formation. Because muga rearing spans multiple broods, even modest declines in host performance can accumulate across the production year, amplifying the effect of incremental climate stress into substantial reductions in annual output.
5.2 Direct effects on silkworm development, survival, and cocooning
A second pathway is direct, operating through the silkworm’s exposure to ambient temperature and humidity. In outdoor systems, larval development, moulting success, and spinning behaviour occur under fluctuating microclimates that can be pushed beyond favourable ranges during heat spikes, prolonged wetness, or abrupt weather transitions. Higher temperatures can accelerate development and potentially compress larval stages, which may reduce the time available for feeding and biomass accumulation if host leaves are not correspondingly abundant and tender. Conversely, periods of unfavourable humidity or persistent rainfall can limit active feeding time and increase physiological stress, thereby increasing mortality or weakening larvae such that cocoon formation is compromised. The biological framing offered in muga overviews underscores that field exposure to environmental variability is a defining feature of the species’ production ecology, implying that climate change can manifest as increased volatility in survivorship and cocooning success rather than as a uniform shift in average yields (Tikader et al., 2013).
5.3 Disease ecology and climate-amplified infection risk
A third pathway is disease amplification. Outdoor rearing increases the likelihood that climatic conditions will periodically favour pathogen persistence and transmission, particularly when high humidity and leaf wetness are prolonged. Microsporidian infection causing nosemosis in muga has been molecularly identified and is associated with significant reductions in cocoon and silk traits, including cocoon and pupal weight and silk ratio, directly undermining production quantity and quality (Subrahmanyam et al., 2019). Climate change can plausibly intensify this pathway by increasing the frequency of wet spells and humid microclimates that support pathogen survival on foliage and rearing surfaces, while simultaneously stressing larvae and reducing immune competence. The key practical implication is that disease should be treated as a climate-sensitive constraint: adverse weather does not only cause direct loss, but can also raise the baseline probability of infection-driven declines in cocoon traits.
5.4 Environmental imprinting on cocoon traits and stock-specific sensitivity
A fourth pathway concerns how climate interacts with stock variation to shape cocoon quality. Cocoon characterisation across different populations of A. assamensis shows that economically important parameters vary among populations, indicating that genetic background and local conditions jointly influence outcomes such as cocoon weight, shell ratio, and fibre performance (Kalita & Dutta, 2020). Under climate change, this implies that some stocks may be more vulnerable to particular stress combinations (for example, warm–humid conditions during late larval stages), while others may retain acceptable cocoon traits across a wider range of conditions. The production consequence is that climate change may not simply reduce output; it may re-rank the relative performance of stocks and locations, making robustness and consistency increasingly valuable selection targets. At the same time, cocoon traits also have processing implications, and the feasibility of adopting certain stocks can be constrained by reeling and handling properties, meaning that climate-resilient choices must remain compatible with downstream value-chain requirements (Kalita & Dutta, 2020).
5.5 Spatial suitability shifts and silkworm–host overlap
A fifth pathway is geographic, operating through climate-driven changes in the overlap between suitable conditions for the silkworm and its primary host plants. Ensemble distribution modelling that jointly considers A. assamensis and the principal host Litsea monopetala in defined climate space suggests that future climate change can modify where suitable overlap occurs, implying potential shifts in viable production landscapes (Sarma et al., 2025). This matters because muga sericulture depends on co-location: even if the insect can survive, production viability declines if host plants become stressed or less suitable, or if suitable conditions for silkworm development drift away from the current host-plant distribution. In operational terms, spatial suitability change can influence where plantation investments are likely to remain productive and where assisted regeneration or diversification of host resources might be warranted.
Overall, these pathways are tightly coupled. Host-plant stress can weaken larval nutrition and increase susceptibility to disease; wet spells can simultaneously reduce feeding time and promote pathogen transmission; and spatial shifts can change which micro-regions experience these compound risks most frequently. A pathways framing therefore points towards adaptation strategies that address the system as an integrated whole—supporting host-plant resilience, managing brood-wise weather risk, strengthening disease surveillance, and using climate-space evidence to guide longer-term spatial planning—rather than attempting single-point fixes.

6. Adaptation options and governance priorities for Assam’s muga sector 
6.1 Climate-smart host-plant management
Effective adaptation for muga sericulture must be multi-layered because climate impacts operate simultaneously across host-plant condition, silkworm developmental performance, disease pressure, and value-chain logistics. A first priority is to strengthen host-plant resilience through plantation and landscape management that buffers thermal and moisture extremes, because host-plant diversity, distribution, and leaf nutritional quality fundamentally constrain rearing success (Devi et al., 2021). Where multiple environmental stressors co-occur, routine monitoring of host-plant physiological indicators can support site-appropriate protective actions and more climate-tolerant plantation choices, given evidence that stress conditions can measurably alter key biochemical traits in Persea bombycina with implications for the muga production resource base (Jigyasu et al., 2023). Because som and soalu are perennial trees, increasing frequency and severity of drought and heat stress can elevate host-plant decline and mortality risk, thereby weakening the leaf resource base needed for repeated brood cycles (Allen et al., 2010).
6.2 Brood-wise climate risk calendars and operational flexibility
A second priority is to operationalise brood-scale climate-risk calendars using actionable weather and seasonal information. Observational analyses indicate warming signals across North-East India and non-uniform rainfall variability (Jain et al., 2013), while regional projections suggest that future temperature and precipitation characteristics may continue to shift in ways that could reconfigure historically reliable rearing windows (Dash et al., 2012). Recent evidence from a North-East India grainage study also reports that adverse seasonal conditions (including high temperature and heavy rainfall with disease/pest pressure, or prolonged cool conditions with fungal infestation) can depress overall muga productivity to roughly 10–20% in vulnerable seasons, underscoring the need for climate-responsive brood planning and risk buffering in outdoor systems (Kumar et al., 2025). Evidence from India-focused sub-seasonal to seasonal prediction research indicates that skilful multi-week forecasts of dry and wet extremes can support “ready–set–go” early warning frameworks, which are directly transferable to brood scheduling and temporary suspension decisions in outdoor sericulture (Malik & Mishra, 2024). These findings do not imply abandoning established brood knowledge; rather, they support contingency decision rules for delayed rainfall onset, unseasonal warm–humid spells, and persistent wetness that increases operational and biological risk, thereby reducing avoidable losses in outdoor rearing systems.
6.3 Disease surveillance, diagnostics, and climate-sensitive seed governance
A third priority is disease surveillance and rapid response capacity. Microsporidian infection has demonstrated quantifiable impacts on cocoon and silk traits in Antheraea assamensis, implying that strengthened diagnostics, hygiene, and preventive management are direct adaptation actions under climate variability (Subrahmanyam et al., 2019). Integrating disease monitoring with weather triggers (for example, extended leaf wetness periods) is particularly relevant for outdoor systems where microclimatic humidity can shift quickly during monsoon phases. A recent muga-specific synthesis of reproductive biology and seed technology notes that reproductive efficiency in A. assamensis is climatically sensitive and that stabilising grainage practices is central to sustaining production under increasingly variable seasonal conditions (Nath et al., 2025). More broadly, warming can amplify insect pest impacts via temperature-linked increases in insect metabolism and (in many regions) population growth, implying that strengthened pest surveillance around host plantations should be treated as a preventive adaptation in muga landscapes (Deutsch et al., 2018).
6.4 Spatial planning guided by suitability overlap and extremes risk
A fourth priority is spatial planning guided by evidence on where silkworm–host suitability overlaps may persist or change. Climate-space modelling of A. assamensis and its primary host Litsea monopetala indicates that overlap suitability can change materially under future climatic conditions, supporting climate-informed plantation investment, conservation prioritisation, and assisted regeneration strategies (Sarma et al., 2025; Singh et al., 2024). Because precipitation-based hotspot analyses also indicate that parts of India, including the North-East, may experience pronounced changes in precipitation characteristics and extremes (Sarkar et al., 2023), and because extreme precipitation has been shown to be increasing at the national scale (Mukherjee et al., 2018), adaptation strategies should explicitly address disruption risks from heavy rainfall events, waterlogging, and flood-associated plantation damage alongside gradual warming. Long-term observational evidence has documented an increasing trend in the frequency and magnitude of extreme rain events over India, reinforcing that disruption risk from short-duration heavy rainfall is a persistent hazard likely to compound with more recent extremes in a warming climate (Goswami et al., 2006).

7. Research gaps and future directions
Despite a growing base of climate and muga-specific studies, important gaps remain. First, there is limited brood-resolved quantitative evidence linking specific weather anomalies to cocoon yield and quality outcomes in Assam at scales that would support robust early warning and decision support. Existing climate studies provide regional signals and projections (Jain et al., 2013; Dash et al., 2012), but their translation into brood-wise thresholds and operational guidance requires integrated field datasets that pair rearing outcomes with microclimate observations.
Secondly, the interaction between host-plant physiological stress responses and larval nutritional outcomes needs greater mechanistic clarity. Host plant studies show that biochemical traits vary with stress and season (Jigyasu et al., 2023), but there is a need for integrative experiments that link leaf trait shifts to larval growth trajectories and cocoon traits across different stocks.
Thirdly, disease ecology under changing climate deserves deeper attention. While pathogen identification and quantified impacts on cocoon traits are clear (Subrahmanyam et al., 2019), the climate sensitivity of transmission dynamics in the muga landscape remains under-characterised. This includes the roles of humidity regimes, rainfall extremes, and temperature stress in modulating host immunity and pathogen persistence.
Fourthly, spatial suitability modelling is a promising direction but requires continued refinement and local validation. Climate-space modelling demonstrates potential changes in suitability overlap for silkworm and host plants (Sarma et al., 2025), yet translating these projections into adaptation decisions will require high-resolution ground truthing, explicit treatment of land use change, and socio-economic feasibility assessment. Similarly, precipitation hotspot mapping suggests heightened future risk in parts of the North-East (Sarkar et al., 2023), but implications for plantation survival, flood damage, and operational disruption require sector-specific impact modelling.
Finally, governance and policy research remains essential. Climate change will likely interact with market dynamics, land use pressures, and livelihood diversification. Understanding how producer households manage risk across broods and how institutional support mechanisms can be strengthened is crucial for designing equitable adaptation pathways.

8. Conclusions	Comment by Priyambodo bin Katiyun: The conclusion is coherent and well aligned with the objectives, and it avoids overstatement. It effectively reiterates the multi-pathway risk framing and emphasizes adaptation as a coupled and system-wide strategy. The emphasis on integrating climate science with local production knowledge is particularly appropriate.
However, the conclusion could be slightly tightened to reduce repetition from earlier sections. Adding one forward-looking statement emphasizing institutional and governance innovation would provide a stronger closing impact. Overall, the conclusion is well developed and appropriate.
Climate change poses a complex and seasonally differentiated risk to muga silk production in Assam because the system is fundamentally outdoor, host-plant dependent, and disease constrained. Evidence indicates warming trends and changing rainfall characteristics relevant to North-East India, alongside increasing precipitation extremes and emerging hotspot regions that may amplify disruption. In muga-specific terms, climate risks materialise through host-plant leaf quality and availability, altered brood-wise development conditions, disease pressures that reduce key silk traits, and climate-driven shifts in spatial suitability overlap between silkworm and primary host plants. Adaptation is therefore best framed as a coupled strategy spanning host-plant resilience, brood-scale climate risk management, strengthened disease surveillance, and climate-informed spatial planning. Sustaining muga sericulture under climate change will depend on integrating climate science with local production knowledge, while building institutional capacity to manage both gradual shifts and high-impact extremes.
9. Limitations	Comment by Priyambodo bin Katiyun: The limitations section is transparent and appropriately acknowledges key constraints, including the limited availability of brood-specific quantitative datasets and challenges in climate attribution. It correctly notes that projection-based evidence represents plausible futures rather than deterministic outcomes.
To further strengthen this section, the authors could mention the relatively small number of directly relevant studies, potential publication bias, and geographic generalization limits. A brief acknowledgment of uncertainties inherent in model-based suitability projections would also enhance completeness. Nonetheless, the limitations are appropriately presented and contribute to the manuscript’s credibility.
This review is constrained by the uneven distribution of empirical studies that directly quantify climate–yield relationships for muga silk production at fine temporal resolution across broods and locations in Assam. Several climate studies provide strong regional signals, but translating these into operational thresholds requires additional local datasets. Some muga-specific studies emphasise biological, host-plant, or disease factors without explicit climate attribution, which limits definitive causal inference about climate change impacts. Finally, projection-based evidence depends on model structure and scenario assumptions, and therefore should be interpreted as plausible futures rather than deterministic outcomes.
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