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ABSTRACT
Rodent pests are a serious threat to orchard ecosystems, resulting in economic losses, ecological imbalance and public health concerns. Sustainable rodent management has grown in importance as agro-ecological conditions change, such as climate variability, habitat modification and decreased reliance on chemical rodenticides. This review brings together current research on rodent ecology, damage patterns and integrated management approaches, with a focus on habitat manipulation, stakeholder-driven strategies and ecological methods. Research shows that habitat modification, coordinated management frameworks and integrated pest management (IPM) approaches significantly reduce rodent damage while minimizing environmental risks. Future strategies should prioritize adaptive, ecosystem-based management, aided by stakeholder collaboration and predictive tools.
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1. INTRODUCTION
Rodents are classified as vertebrate pests, alongside birds and wild animals. They are small mammals from the Order Rodentia, subfamily Murinae and family Muridae. They are the world's most diverse mammal group, with an estimated 2,277 species (Musser and Carleton, 2005). They are keystone species or ecosystem engineers in many habitats (Delibes-Mateos et al., 2011). More recently, it was reported that more than 2500 species exist (Burgin et al., 2018). Species exist on all continents except Antarctica. Rodents have adapted to diverse environments worldwide, including arctic, alpine, temperate woods, grasslands, dry regions and aquatic systems. They serve multiple ecosystem roles, such as soil aeration, seed and spore dissemination, vegetation succession and as a food source for predatory animals. In several regions of the world, humans consume certain rodent species. Rodents are typically small, secretive, nocturnal, versatile and possess high sensory abilities. Certain species, however, have worldwide effects and harm all nations that cultivate arable crops (especially in more diverse urban systems but also in simplified ecosystems like agro-ecosystems).
Most rodent species have a high reproductive capacity and produce multiple litters annually. Some rodent species live relatively long lives (k-selected species), while the majority live short lives (r-selected). Populations of some species remain steady, whereas others see fluctuations (Singleton, 2010). Rodents cause significant damage to crops through gnawing, spoilage, contamination and hoarding activities.
The nation's food security is also at risk from rodent pests (Harvey et al., 2014). Over 100,000 tonnes of paddy rice are thought to have been lost before harvest in 2021 due to rats in particular (Duplantier & Rakotondravony, 1999; FAO, 2020). Preharvest crop losses are well-studied, with average losses ranging from 5-15% but up to 100% in some cases (Brown et al., 2017; John, 2014; Singleton et al., 2010). This is especially crucial since, in order to feed the world's expanding population and ensure household and national food security, grain production must rise by 50-70% worldwide (FAO, 2009). The issue is made worse by climate change (vVan Dijk et al., 2021).
Effective management requires knowing when and where mice will be a problem, as well as having sustainable control strategies that avoid unintended repercussions for non-targeted populations and other detrimental effects on ecosystems (Giraudoux, 2022). Because rodent consequences are complex, there are calls for coordinated efforts to support management techniques, raise public and governmental knowledge and involve a number of stakeholders (Colombe et al., 2019; Scobie et al., 2023). In the 1980s, Australia used the PICA strategy (Redhead & Singleton, 1988) to manage the effects of mouse plagues. This four-step strategy included: (1) Predicting the mouse plague, (2) informing governments, farmers and other managers, (3) controlling using a tactical, prophylactic approach to prevent mouse abundance from reaching plague proportions and (4) assessing the effectiveness of the control operation (Redhead & Singleton, 1988b). Although this technique was well-founded, it was not widely implemented due to a lack of central agency oversight. There is no established entity in charge of coordinating all parts or overseeing responses. Ad hoc control of large-scale rat epidemics can result in delayed damage repair and unsatisfactory cost-benefit outcomes (Redhead & Singleton, 1988a).
The lack of adequate knowledge about the feeding habits of rats and mice is currently the main obstacle to controlling these pests in our farms. Since there is a dearth of scientific data regarding the origins of rodent damage issues, research on damage patterns is essential to gaining a comprehensive understanding of these agricultural pests. There are calls for well-coordinated measures to support control strategies, increase public and authority knowledge and involve a variety of stakeholders due to the multifaceted character of rodent impacts (Colombe et al.,2019; Scobie et al., 2023).
Involving a variety of stakeholders is crucial to effective pest management because people with different roles and viewpoints influence decisions about what constitutes a "pest" and how to control it (Braysher, 2017). In areas like Australia, Bolivia, South Africa and Singapore, multi-stakeholder platforms or working groups have been extensively employed to address pest and natural resource management issues, assisting in bridging the gap between research, policy and practical implementation (Faysse, 2006; Hajkowicz, 2008; Davies et al., 2020; Nash et al., 2020). These platforms place a strong emphasis on cooperative knowledge co-production that is pertinent and available to stakeholders; however, research processes frequently lack structured stakeholder input and feedback, often remaining informal. This paper examines the establishment processes and functional roles of multi-stakeholder working groups in order to assess how they contribute to improved rodent pest management outcomes. It emphasizes the importance of these collaborative platforms for improving coordinated pest management strategies and knowledge exchange. The review aims to identify key lessons and best practices that can inform and strengthen future stakeholder-driven rodent pest management approaches.
2. RODENT ECOLOGY IN ORCHARD ECOSYSTEMS
All rodent species mature sexually quickly, have a short life expectancy and follow a polyestrial cycle. Female rodents can mate immediately after birth. Small rodents do not have a specific mating season and can mate throughout the year. Overpopulation and disruption of natural balance can occur due to rodent reproduction, food availability, and favorable climatic conditions, leading to high population density and occasional calamities (Klemola et al., 1998; Klaa et al., 2005).
Rodents prefer to hibernate in their burrows, which have a favorable microclimate. During the winter, rodents rest and eat stored food (hamsters), or they are active beneath the snow (mice and voles). A few centimeters of snow protect rodents from freezing at −6 °C, while a layer of 30 cm protects them from severe frost and allows for reproduction. The density of rodent populations fluctuates over time and is influenced by various factors.



Fig 1: Rodent overpopulation in nature (Jurišić et al., 2022)	Comment by LEGA: Include a citation in the text of the paragraph above.
The average mortality rate of mouse-like rodents reaches 80% in the winter after an autumn with no seed yield (Bjedov et al., 2017). Rodent overpopulation is influenced by various factors such as microclimate, weed presence, light intensity, activity, flood duration and groundwater fluctuations. In search of food, rodents migrate to areas where food is abundant. Rodents can be found in various environments, including fields, crops, forests, orchards, vineyards, stables, warehouses, and buildings (Margaletic et al., 2002).
3. NATURE AND EXTENT OF RODENT DAMAGE
Field mice (Microtus sp.) can cause significant damage in North American orchards (Byers, 1984). Meadow and pine voles (M. pinetorum Leconte) are a major issue in apple orchards in the eastern United States, causing an estimated $ 40-50 million in economic damage each year (La Voie and & Teitjen, 1978). Damage and control costs can exceed $100 per hectare (Phillips et al., 1987). Voles eat the bark, phloem, cambium and outer xylem of large roots, crowns and lower trunks, causing tree damage and even death. Other mammals, such as birds, rabbits and ungulates, can also damage crops (Lamichhane, 2021).
Rodents have three significant impacts. The first issue is that they can cause significant damage to crops at any stage of growth. The second is the postharvest damage they cause to stored grains and vegetables. The third, and often overlooked, impact is on the health of smallholder farmers, as rodents carry at least 20 severe human diseases (Meerburg et al., 2009). This can happen at any time of year, even when there is snow. Rodents' feeding preferences vary throughout the plant life cycle, beginning with planted seeds, progressing to germinating plants and finally mature plants and their seeds/fruits. Rodents typically prefer succulent vegetation, but may shift to senescent or woody vegetation, such as bark and roots, throughout the year. Pocket gophers and other subterranean rodents primarily consume underground plant material (Begall et al., 2007). Crop damage can range from minor (a few percent) to severe (>30%), resulting in almost complete crop loss. Although commensal rodents (Rattus Mus) cause less damage than native rodents, their impact can still be 1-15% and even higher on some islands (Lund, 2015).
In Asia alone, rodents consume enough grain to feed 200 million people for a year, demonstrating the severe damage they can cause (Singleton et al., 2003). Additionally, damage levels can vary significantly from year to year. Rodents can also cause damage to stored crops and livestock feed. This can be caused by direct consumption or contamination with urine and feces. Rodents can cause damage to farm equipment, livestock, and foundations through digging and burrowing. Rodents can also cause damage to wiring and insulation in buildings. Rodents can spread diseases such as plague, leptospirosis, chagas disease, giardiasis and hantavirus to humans and livestock (Meerburg, et al., 2009; Battersby, 2015).
4. MONITORING OF RODENT POPULATION
Monitoring rodent populations typically involves transects or grids. Along transects, the person makes periodic stops, such as every 10 meters, to look for new rodent signs (tracks, droppings, digging and vegetation gnawing). Grids are created in a similar manner at each grid stop location. There is no definitive percentage of rodent "positive" stations that should prompt a person to initiate rodent control, but some researchers and managers recommend that control begin at sites with more than 10% rodent activity. For more intensive and costly monitoring, traps or non-toxic chew blocks must be placed at each monitoring station. Field cameras are used to monitor wildlife, including rodents (Witmer, 2008). 
Monitoring rodent populations is crucial for efficient management. Although it is ideal to know the exact number of animals in a specific area, this is not always possible. Instead, population size is typically determined through sampling. Mark-capture methods (Otis et al., 1978) and line transects (Burnham et al.,1980) aim to estimate the density of animals in a given area. However, these methods can be challenging to implement and may require complex analytical assumptions that can lead to inaccurate estimates (Leidloff, 2000). Indexing procedures can be used to monitor wildlife populations (Engeman, 2003). Problems that were previously defined in terms of absolute density can be reframed to reflect abundance, providing an efficient solution (Caughley, 1977; Krebs, 1989). Examples include tracking rates, feces deposition, capture rates, bait consumption, and visual observations, among many others. Indices are not accurate estimates of population numbers and are used to compare populations or track trends within them (Caughley, 1977). This review   describes a general observational and analytical paradigm (Engeman, 2005) that can accommodate various measurement methods for indexing rodent species.
Table 1: Examples of the diversity of rodents and observation procedures encompassed by the general indexing paradigm (Engeman and Whisson, 2006).	Comment by LEGA: Include a citation in the text of the paragraph above.
	Station Example
	Potential (nonbinary) Measurement
	Examples of Potential Species Observed
	Example Citations for the Type of Station or Measurement

	Dirt tracking plots
	Number of intrusions by each species into plot
	Medium to large rodents, especially in arid habitats
	Engeman et al., 2002

	Tracking tiles/plates
	Proportion/area tile tracked by each species
	Rats, hutia, most terrestrial rodents
	Engeman, 2005; Fiedler, 1994

	Mound count plot
	Number of mounds or feeder plugs in plot
	Pocket gophers
	Anthony and Barnes, 1983; Engeman et al., 1993; Reid et al., 1966

	Open hole
	Plugged openings to burrows
	Pocket gophers
	Engeman et al., 1993

	Chew cards
	Proportion/area removed (or remaining)
	Rodents and other small–medium mammals
	Caughley et al., 1998

	Visual observation sites
	Number seen within a fixed time and distance
	Ground squirrels, muskrats, prairie dogs
	Engeman and Whisson, 2003

	Bait
	Amount or proportion of bait removed
	Rats, voles, hutia, many rodents
	Chitty, 1954; Engeman, 2005; Whisson and Engeman, 2003; Whisson et al., 2005

	Apple slice(s)
	Amount or proportion of apple removed
	Voles
	Byers, 1975; Tobin et al., 1992



5. LIMITATIONS OF RODENT CONTROL
Manual activities have three key drawbacks: 
1) They are labor-intensive to perform and assess
2) The analysis is subjective
3) The results are frequently qualitative (Sindhurakar et al., 2019). 
6. HABITAT MANIPULATION: A CORE SUSTAINABLE STRATEGY
Habitat manipulation is an alternative approach to rodent control that focuses on the environment surrounding the crop. This control strategy works by removing habitats or habitat components that are critical to the species' high rates of survival and/or reproduction, allowing them to cause significant economic damage. Controlling rodents through habitat manipulation requires a thorough understanding of the species' population ecology. In-crop weed removal has effectively reduced pocket gopher damage in apple orchards (Sullivan and Hogue, 1987), rat damage in rice fields (Drost and & Moody, 1982), and rat damage in Australian sugarcane (Wilson and Whisson, 1993). Similarly, manipulating adjacent non-crop habitats has significantly reduced rodent damage to sugarcane in Hawaii and Australia (Sugihara et al., 1977; Wilson and & Whisson, 1993). Despite the demonstrated effectiveness of habitat manipulation in rodent control, very few agricultural industries have adopted this technique.
7. INTEGRATED RODENT MANAGEMENT (IRM) 
Integrated rodent control is a long-standing, science-based decision-making process that reduces pest risk while also improving traditional pest management strategies. The goal of integrated rodent control is to prevent the presence of pests by combining a number of preventive measures, while also minimizing pesticide use. Pest control using IRM is a precisely planned control program that combines biological, mechanical, physical, and chemical measures, as well as continuous surveillance and monitoring. The integrated approach does not rule out the use of rodenticides, but it does allow for the efficient and responsible application of these agents in cases of rodent overpopulation. (Tobin, 1993; Desoky, 2018). An integrated approach should provide an effective strategy for rodent management and control across all sectors of agriculture, forestry and communal hygiene. The integration of all measures aims to optimize treatment outcomes while remaining cost-effective and environmentally friendly. The most important instructions should follow the recommendations of WHO, ECDC and FSC (Authority et al., 2018; WHO, 1974).
Plant and invertebrate pest control has long used integrated pest management (IPM) (Kogan & Jepson, 2007). In the management of vertebrate pests, its use has decreased. For rat damage management, the practical, effective and efficient approach is most frequently employed. This has included shooting and trapping larger creatures like ungulates and carnivores. It has involved using traps or rodenticides for rodents. This persists even though a single management strategy can cause rodents to adapt or adjust in different ways. Over time, terrifying gadgets and repellents may lose their effect on them. These techniques may render toxicants physically or genetically unaffected. When first-generation anticoagulants were used excessively, rodents developed resistance to them. As a result, second-generation anticoagulants were created and put to use.
Table 2: Key Components of Integrated Rodent Management (IRM)	Comment by LEGA: Include a citation in the text of the paragraph above.
	Component
	Tools/Methods
	Benefit
	References

	Monitoring
	Tracking tunnels, camera traps
	Early detection
	Witmer, 2008

	Habitat manipulation
	Vegetation control
	Long-term suppression
	Drost and Moody, 1982; Sugihara et al., 1978; Wilson and Whisson, 1993

	Cultural practices
	Sanitation, crop management
	Prevents infestation
	Rao, 1992

	Physical methods
	Trap Barrier System (TBS)
	Attract rats
	Rao, 1992

	Biological control
	Raptors, predators
	Eco-friendly regulation
	Rao, 1992

	Chemical control (limited)
	Targeted baiting
	Quick reduction
	Tripathi, 2014

	Technology use
	Models
	Improves precision
	Campbell et al., 2015



8. SOCIO-ECONOMIC AND FARMER PERSPECTIVES
Key constraints include a lack of awareness about ecological management strategies, an overreliance on chemical control and insufficient extension services. To address these challenges, farmer education must be strengthened, sustainable practices promoted and community-based rodent management approaches encouraged, which have proven to be more effective and reduce reinvasion risks.
9. ROLE OF MULTI-STAKEHOLDER APPROACHES
Rodents cause agricultural damage and disease transmission in urban, semi-urban and rural areas, primarily affecting farmers. Humans can cause health problems (Caughley et al., 1994; Meerburg et al.,2009). To mitigate these repercussions, critical stakeholders must provide input. According to Aslin and Brown (2004), stakeholders are individuals with an interest in a problem, whether it is financial, moral, legal, personal, community based or indirect.
Anyone who has an interest in an issue, whether that interest is financial, moral, legal, personal, community-based, direct or indirect is the definition of a stakeholder (Aslin & Brown, 2004). Relevant stakeholders in the context of controlling rodent pests in agriculture to lessen crop damage and disease impacts include the government, farmers and other managers (Redhead & Singleton, 1988b) but they could also include regulators, industry bodies, health departments, environmentalists, animal welfare organizations, etc. With interests centered on the dimensions of people, resources, knowledge and power, stakeholders were identified as crucial to enabling participatory approaches in the management of rodent pests in Madagascar (Scobie et al., 2023).
Multi-stakeholder platforms are decision-making bodies that bring together disparate stakeholders that acknowledge a common resource management problem and their interdependence in resolving it, allowing them to collaborate on action plans (Steins & Edwards, 1999). Their fundamental goal is to encourage stakeholders' active and empowered participation in discovering and implementing solutions to common concerns (Faysse, 2006). These platforms can address both specific and cross-cutting concerns (Davies et al.,2020), but they frequently encounter a knowing-doing gap, emphasizing the importance of ongoing collaboration with researchers, especially social scientists, to transfer information into successful action.
These platforms have been established in a number of contexts, such as water governance initiatives in Bolivia and South Africa with varying degrees of success (Faysse, 2006) and environmental management in Queensland, Australia, where tools like multiple criteria analysis improved transparent decision-making (Hajkowicz, 2008). Power dynamics, stakeholder representation, decision-making processes and resource requirements are important variables that affect effectiveness. Effective examples, like the Singapore Pangolin Working Group, highlight the significance of early stakeholder engagement, ongoing funding, ethical considerations and consistent participation, which result in better conservation outcomes and cooperative research (Davies et al., 2020; Nash et al., 2020). These platforms, which emphasize "learning by doing" and coordinated stakeholder involvement to handle complex environmental challenges, are generally consistent with the ideas of adaptive management (Walters & Holling, 1990; Williams, 2011).
10. Conclusion
Sustainable rodent management in orchard ecosystems necessitates a shift from reactive, single-method control to integrated, ecosystem-based strategies. Strategies that combine habitat manipulation, systematic monitoring, biological regulation and stakeholder coordination produce more effective and environmentally sustainable results than traditional approaches. To control rodent populations in changing agroecological conditions, adaptive and science-driven management is required, supported by predictive tools, climate-resilient practices and landscape-level interventions. Improving farmer participation and extension support will boost adoption and long-term effectiveness. Collectively, these approaches are critical for reducing crop losses, mitigating environmental risks and ensuring long-term orchard productivity and resilience.
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