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Role of Termites in Soil Conservation and Sustainable Agriculture Practice

ABSTRACT
Termites are typical of the subtropical, temperate, and tropical regions of the world, and may also play an important role in soil construction and nutrient cycling, and ecosystem processes. They are also referred to as ecosystem bioengineers in the tropical landscapes, and they have great influence on the soil’s fertility, nutrient cycle, and decomposition of organic matter. Termites make the soil more porous, which lets water and air through. They do this by making complex subterranean passageways and mounds, which stops land runoff and erosion. Termites help transfer minerals from deep soils to the surface, where they create nutrient-rich areas that help plants grow. Their tunnelling creates better paths for water to move, which helps the damaged landscapes store more moisture and improves the soil's ability to hold water during dry spells. 
The goal of the study is to look at and combine all the scientific research on how termites can protect soil and make agriculture more sustainable. The paper's goals are to find out how termites change the physical, chemical, and biological properties of soil; to find out how they affect the cycling of nutrients, the breakdown of organic matter, and the storage of carbon; to find out how termites change soils affect crop growth and ecosystem stability; and to look into ways to use termite activity in ecological restoration and sustainable agriculture.
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2. INTRODUCTION
Termites are one of the most important soil engineers of the tropical land (Bignell, 2006; Jouquet et al., 2011). Although termites are small insects, they have an important ecological role, partly because they are decomposers, soil engineers, and nutrient cyclists (Jouquet et al. 2016; Harit et al. 2017; 2021). Their level of success in colonization and coevolution is ensured by the organized social life with a system of chemical communication and elaborate defense mechanisms in physiology and morphology (De Bruyn and Conacher, 1990). They constitute up to 10 % of animal biomass (Jones et al. 2000; Ahmad et al. 2021; Krishna et al. 2013; Effowe et al. 2021). The ecological role of termites is largely hidden in the pedology or the formation of the soils. Mound-building termites are well known to be ecosystem engineers, Soil aggregate recognizers or Weathering agents (Dangerfield et al., 1998; Jouquet et al., 2011, 2016; de Souza et al., 2021) that build galleries, create organo-mineral structures with particular physical, chemical, and biological characteristics of soil and under some conditions alter the mineralogical properties of clay 
(Jouquet et al., 2002, 2005, 2007). There are so many aboveground termite nests in many regions that they dominate landscapes and exert significant impacts on ecological patterns (Funch, 2015; Meyer et al., 1999; Martin et al., 2018). Due to the presence of termite nests and mounds, the ecosystem has many susceptibilities and attributes appropriate to the environment.
Termites proved also to be great architects (Noirot and Darlington, 2000) whose mounds are engineering masterpieces created through the process of mechanism, cooperation, and adaptation to the environment (Worall, 2011). The fraternity center serves as these piles since it keeps the temperature and humidity stable and is where the colony's intricate social life happens (Noirot and Darlington, 2000; Korb, 2010; Korb and Linsenmair, 1999). The termites' constructions are so sophisticated that they can create complex microenvironments that not only support their collector but also change how the whole ecology works. These mounds are a great example of biological engineering. Over millions of years, they have changed the soil and the terrain to make it better for the colony to live in. 
Termites have a lot of different effects on the agroecosystem, therefore they need to be able to clearly explain what those effects are and how they affect farming. Termites may be thought of as pests in agriculture because they can damage crops and wooden structures. However, their roles in soil health, nutrient cycling, and ecosystem services have been getting more attention. So, the goal of this review is to bring together what we already know about how termites affect agroecosystems in a complicated way and talk about how these insects can help or hurt agricultural productivity, soil quality, and ecosystem services. We will also talk about how termites work as ecosystem engineers and how they might be important for sustainable agricultural management in tropical and subtropical areas.
3. TERMITES AS ECOSYSTEM ENGINEERS
Termites are well recognised as ecosystem engineers due to their significant influence on soil structure, nitrogen cycling, and soil heterogeneity within terrestrial ecosystems. Jones et al. (1994) say that ecosystem engineers are living things that change the status of biotic or abiotic materials in a way that directly or indirectly affects how available resources are to other species. A case in point is the termites, which dig huge holes, construct mounds, and break down organic stuff. The depth and laterality of their galleries may approach meters, creating macropores and enhancing soil porosity and water percolation (Jouquet et al., 2011). These bioturbation mechanisms move soil particles across different layers in a way that mixes minerals and organic matter, which changes the soil's physical and chemical properties. Studies in tropical and subtropical regions have demonstrated that termite control can increase soil macroporosity by up to 30 percent compared to soils not affected by termites; this post-termite effect has also enhanced soil hydraulic conductivity (Bottinelli et al., 2015). 

Termites' capacity to manufacture nutrients extends much beyond just moving dirt around on a physical level. Termites eat plant litter, wood, and soil organic debris, which speeds up the process of breaking down these materials and releasing nutrients. This makes it easier for plants to absorb vital nutrients. According to Jouquet et al. (2016), termite mounds and the soil surrounding them generally have far greater levels of nitrogen, phosphate, potassium, calcium, and magnesium than the control soils next to them. Termites develop a gut microbiome composed of various bacteria, archaea, and protists that contribute to the decomposition of resistant lignocellulosic materials and the fixation of atmospheric nitrogen, hence enhancing soil fertility (Brune & Dietrich, 2015). Studies of the African savannas revealed that termite mounds create fertile islands in the land, where the flora is more productive and diverse over both short and long periods of time (Erens et al., 2015). The spatial variability of the landscape is caused by the concentration of nutrients. This has been shown to increase the number of plant species in the area and provide important resources during times of environmental stress. 
Termite engineering activities also play a very significant function in carbon sequestration and soil organic processes. These activities have an impact on climate change management and sustainable land management. Termites do release carbon dioxide and methane into the soil as part of their metabolism, but overall, they have a positive effect on the soil's ability to store carbon. This is because the organic matter that is stabilised in mound systems and the partially decomposed matter that is added to stable soil aggregates (Jouquet et al., 2011). Termite constructions might serve as enduring carbon sinks in the landscape, given that the clay-based construction materials may last for decades or even centuries. Soils that have been changed by termites are also more stable against erosion because they have better aggregate stability and more plant cover (Mando et al., 1996). There is also a connection between termites and more crops that can survive dry seasons. This is because termites have a unique ability to remember water in soil-related processes and their root systems can go very deep, creating root galleries. Consequently, the engineering effects of termites on ecosystems vary according to termite functional group, soil type, climate, and land use intensity. This indicates that local conditions must be considered when evaluating the role of termites in soil conservation and agricultural sustainability (Jouquet et al., 2016).
4. ROLE OF TERMITES IN SOIL PHYSICAL AND CHEMICAL PROPERTIES
The physical properties of soils have been affected by termites on a scale of huge impacts through the process of constructing the mounds as well as the selective manipulation of particles, the impacts of which considerably change depending on the type of soil and the environmental conditions. 
A study of Karnataka Bandipur Tiger Reserve shown by Jouquet et al. (2015) showed that mound wall in Luvisols had significantly more clay and less been carbon and nitrogen than much of their Ferrallsol counterparts, showing that particulate clay enrichment during the Odontotermes obesus mound wall construction is probably predominantly led by passive enrichment processes and not necessarily active selective particle rights. The morphology of the termite mounds has been shown to be dominated by both intrinsic soil pedagogical aspects more than colony-needs in focus, and there has been a strong focus on the paramount existence of termite’s behavior and substrate suitability. 
Intriguing results of subsequent studies by Jouquet et al. (2016) demonstrated that soil types had significantly different effects on soil aggregate stability, and Ferralsol mound soils were much less stable across all aggregate size fractions, with Vertisol effects limited to macro-aggregates greater than 250 μm. Interestingly, no changes in characteristic soil texture parameters (clay, silt, and sand proportions) were observed even when basic soil texture parameters were transformed greatly (aggregates structure, and stability). Implications of such findings include relevant findings on context-dependent effects of termite engineering activities on soil physical architecture, beneficial to water infiltration, root penetration and resistance to erosion within tropical agricultural landscapes.
One of the most auricularly important contributions of the termite mounds is the chemical enhancement of their fertility and these enhancements can be quite large and differ greatly in nature across the ecological gradients and soil types. Deke et al. (2016) recorded that Soil of termite mounds in the Borana Zone of Southern Ethiopia had a high degree of soil organic matter (SOM) and cation exchange capacity (CEC) than the control soils, and that site-specific characteristic existed between Boku Luboma and Did Yabello sites, which might lead to the application of the termite mound soils as natural soil modifications to increase crop productivity. 
More recent studies by Okweche et al. (2024) in the Nigerian ecosystems also verified that termitaria contained considerably high pH concentration, organic carbon, and available phosphorus and total nitrogen in comparison with the nearby soils, and the most common component of the mound structures was the element of aluminum. It was also found that a positive correlation between soil pH and organic carbon and CEC in termitaria soils and negative correlation in neighboring soils, which means that termites have a major impact on biogeochemical cycling. Nevertheless, Jouquet et al. (2016) found that carbon and nitrogen levels in soils of termite mounds were always lower in Ferralsol soils under all aggregation’s sizes but not in Vertisols soils under aggregations sizes greater than 2000 µm indicating that parent soil properties significantly contributed to defining the final chemical composition of soils altered by termites.
The distribution, density, and compositional properties of termite mounds in response to environmental gradients, especially the patterns of rainfall and vegetation, have a great level of control over the effects of these properties on soil properties. Shanbhag et al. (2017) examined mounds of termites under a rainfall gradient of 1160-3670 mm yr-1 in North Kanara, Karnataka and found that the numerical density of mounds had a positive correlation with mound height and negative correlation with rainfall, with drier regions exhibiting higher densities of mounds having larger individual structures. Notably, percentage of clay in mound walls did not differ significantly with vegetation type or rainfall, a positive linear correlation was observed between termite proportions of clay in mound walls and topsoils, which implied termite mound proportions did not change largely with vegetation type and rainfall, although this proved that clay selection is an important aspect of soil organic carbon dynamics. 

5. TERMITES AND SOIL BIOTURBATION
One of the most important natural processes of soil bioturbation by termites affecting soil structure, porosity, and hydrological processes in tropical and subtropical landscapes is soil bioturbation by termites. Bioturbation is achieved by termites in various ways such as construction of large underground galleries, vertical and horizontal movement of soil particles in the construction of mounds, and formation of surface sheeting structures in foraging process. Termite displacement of soil material could be significant, with the mound densities in both soil types reported by Jouquet et al. (2017) as the same, but with soil volumes of 27 m3ha- 1 in Ferralsols and 47 m3ha- 1 in Vertisols recorded in South Indian forests. This redistribution of subsurface materials to the soil surface is a necessary alteration in the vertical stratification of the soil characteristics. It makes it easy to see where different microhabitats with their own physical and chemical qualities are. During bioturbation, termites preferentially move particular types of particles. For example, they commonly employ materials from depth strata of 70 to 120 cm and move mineral-rich soils from below the surface to the top layers of soil that have a lot of organic matter (Jouquet et al., 2020). This mixing process makes the natural pedogenic horizons less stable and creates regions of increased fertility that remain important even after the mounds are no longer used. This makes the soil and flora more diverse at the landscape level. 
The impacts of termite bioturbation on the physical characteristics of soils, such as bulk density, porosity, and aggregate stability, vary a lot depending on the kind of termite, the type of soil, and the specific bioturbation process that happened. Researchers looked at Tamil Nadu and found that the O. obesus foraging behaviour on desirable substrates like elephant dung caused a lot of soil sheeting, surface openings density, and a big drop in soil bulk density. This had a direct positive effect on how quickly water could get into the soil (Cheik et al., 2019). Building galleries to create macropores in the soil profile gives water better routes to go through the soil, which increases hydraulic conductivity and lowers the risk of surface runoff and erosion.
 The impacts of bioturbation on soil aggregate stability are however not all positive among soils. Jouquet et al. (2016) determined that in Ferralsol soils, termites greatly interactions were found to have diminished the soil aggregate stability at all size fractions compared to Vertisol materials, which were only affected by the destabilizing action of macro-aggregates greater than 250 mm. This selective effect may be due to the effects between deposition of organic matter by termites, alterations in clay mineralogy, and the natural structural properties of various soil types and could not be considered that the net effect of bioturbation on soil stability always is positive.
Spatial patterning and persistence of bioturbation effects leave sustained legacies in soil characteristics that persist in the agricultural productivity and ecological processes at both temporal scales of years up to centuries. The developmental patterns of the various mound types have been described in a study by Harit and Jouquet (2021), as cathedral mounds indicating separate patches of the landscape displaying distinctive physical and chemical characteristics (sharp contrast to the surrounding soils), and lenticular mounds that may be developed by differentiation of the soil or by colonization of former cathedral mounds by other termite species. Progression of lenticular mounds to background properties after background soil has been abandoned results in slow recovery and this in turn sustains the heterogeneity of the landscape and furnishes the environment with refugia to plant species when they are under stress. 
Archaeological studies on the influence of bioturbation on mound preservation through mapping of archival aerial photography of Cambodia of 1950s showed that mounds still appear recognizable 70 years later indicating that the effects of bio-turbation can persist over several human generations. Interestingly the densities of mounds were greater where the paddy fields had been recently converted than in areas that had been converted prior to the year 1953, which indicated possible initial stimulation of termites and bioturbators followed by subsequent declines in population. Such discoveries define the termite mounds as a permanent monument of vegetation community of the past and reflectors of historical land-use regime, and also point to their functions as source of nutrient concentration and biological diversity in present day agricultural horizons.
The functional consequences of the soil conservation and agricultural sustainability of termite bioturbation are dependent on the control of the ratio between positive effect on soil structure and the possible negative effects on crop establishment and the level of nutrients available. Nel et al. (2025) examined the possible impact of termite bioturbation on promoting inorganic carbon sequestration via the oxalate-carbonate mechanism where frass-treated soils had higher rates of respiration and bicarbonate generation, indicating that bioturbation by termites could have a role in the long-term sequestration of carbon other than the organic matter which commonly receives much attention in soil conservation discourse. The basic process that undergoes bioturbation is a profound change in the three-dimensional structure of the soil matrix and the formation of pore networks that can determine not only the flow of water and air but also the roots exploring patterns, accessibility of habitation of microorganisms, and the distribution of soil fauna space. 
In farming settings, the active termites can increase the soil strength to compaction and restore the normal state after any physical disturbance, and the mounds full of nutrients can be replenished and serve as natural soil amendments (Deke et al., 2016). But to harness the full potential of termite bioturbation services, it is imperative to appreciate the context-dependent nature of such effects: i.e., it is important to understand that soil type, climate, vegetation, and land management practices each moderate the ultimate manifestation of bioturbation effects on the outcome of soil conservation and agricultural productivity.






6. ROLE OF TERMITES IN SUSTAINABLE AGRICULTURE
It is recognised that they play a role in regulating natural settings, but not many research have looked at the idea of changing termite behaviour to improve ecosystem processes, which would help supply goods and services in agro-ecosystems. of fact, the nutrient-rich soil of termite mounds is employed as a soil supplement in most agricultural operations to get greater crop yields (Boga et al., 2000). Researchers have found that termites can live in tough conditions and cause water to seep through crusted soils. This is one of the ways that soil recovery and vegetation cover regeneration work well in Africa and Asia (Mando et al., 1996; 1997; Pardeshi et al., 2010; Pringle et al., 2010). 
There hasn't been as much research on the real-world examples used to promote ecosystem services via termite activity as there has been on the many studies that have linked earthworm engineering activity with ecosystem services and the resulting experimental changes to earthworm populations. There have been a number of problems to the idea, however, therefore there haven't been many investigations. First of all, termites are social insects, which means that their culture (or raising them on a semi-industrial scale) is usually hard, sluggish, or impossible (particularly with soil-feeding termites and the bigger mound-building Macrotermitinae). In big numbers, it is also hard to move them straight to the field (which is much simpler with earthworms) and keep the colony structure and any symbiotic relationships intact. It's also quite likely that the termites that were moved would be very weak. 
To the ants that attacked them while they were building their defences and foraging galleries. Second, indigenous termites have been bred in land that has been damaged, mostly to make species that grow fungus. This can be done by either drilling residues into the column of soil or mulch that is stacked on top of the soil (Mando et al., 1999a, b, c; Rouland et al., 2003). 
Third, termites' actions affect how resources are spread out in ecosystems because they store nutrients in their nests (Jouquet et al., 2007). This impact of the termites on the uneven distribution of resources makes it harder to manage land. Lastly, using termites to promote ecosystem services is in competition with less sustainable but more enticing strategies that work right away. 
The farmers destroyed most of the termite mounds because they didn't see the point in letting the termites reproduce in their fields. However, the mounds provided ecosystem services like keeping a reserve of animal and plant species that could be used as food, medicine, or natural pesticides (Choosai et al., 2009, 2010). Vegetable plants such shallots, garlic, chilli, and tobacco were also grown on the edges of the termite mounds (Ruaysoongnern et al., 1998). The dirt from the termite mounds was used as a natural fertiliser, which is still done in Cambodia (Martin et al., 2025).
7. TRADITIONAL KNOWLEDGE AND ETHNO-AGRICULTURAL USES
Farming and pastoral communities in Africa, Asia, and Latin America have known for a long time that termites can help the soil by multiplying, and they have come up with complex ethno-agricultural methods to build termite systems that can grow crops and improve soil fertility. Indigenous knowledge systems have shown that the soils in termite mounds provide superior planting soils than the soils in the area around them because they hold more water, have greater nutrient levels, and are more stable in their structure. Farmers in many African farming systems grow high-value crops including vegetables, medicinal plants, and fruit trees on or near termite mounds. They do this to take advantage of the nutrient concentration and moisture conservation that these microsites offer (Mando, 1997). Another frequent traditional practice is collecting termite mound material to use as soil amendments. Farmers take the mound dirt and sprinkle it all over their fields to improve the structure and fertility of the soil. A scientific study conducted by Deke et al. (2016) in the Borana Zone of Southern Ethiopia validated this cultural practice, demonstrating that termite mound soil exhibited significantly elevated levels of soil organic matter, cation exchange capacity, and available nutrients compared to control soils. These findings suggest that termite mound soil acts as a natural soil supplement to enhance crop productivity, eliminating the need for expensive synthetic fertilisers. 
Using termites as animal fodder, particularly for chicken farming, is another example of how old knowledge and current sustainable agricultural approaches are similar. In sub-Saharan Africa and certain parts of Asia, rural tribes have to harvest termite alates (winged reproductive forms) when the swarms settle on trees. This happens often during specific seasons, generally after a few good rains. The insects are high in protein, and when given to chickens, ducks, and other domestic birds, they are a fantastic extra diet that adds vitamins, minerals, and necessary amino acids at almost no cost (Kinyuru et al., 2013). In certain ancient farming systems, people may control termite resources by managing heaps of wood waste or keeping a specific tree or tree species that termites like to visit. The integration of termite harvesting into a broader livelihoods framework exemplifies the multidimensionality of traditional agroecological knowledge. Farmers benefit from soil enhancement by termites while simultaneously utilising these insects as a renewable protein source for animal production systems. 
More sophisticated ideas about conventional ecological knowledge include up-to-date, useful information about how termites function, their ecology, and where they like to live. This information may be utilised to make choices about land management and plan farming operations. Indigenous farmers in various regions have created classification systems for several termite species based on observable morphological traits, such as mound shape, soldier morphology, and foraging behaviour. Each functional group of termites has its own specific management practices. For example, farmers often separate termites into two groups: those that have different head sizes and can grow into large epigeal mounds (Macrotermitinae) and are thought to be helpful in keeping the soil healthy (usually), and those that eat wood, which can kill living trees and damage farming equipment (Sileshi et al., 2009). Farmers may make smart choices about whether to keep or kill termite colonies based on how they could affect crop yields. In savanna ecosystems, there are traditional burning activities that happen at the best times to keep termite populations safe and the soil healthy. This is because termites are known to be important for nutrient cycling. The integration of termite indicators into historical calendars and agricultural decision-making processes demonstrates the depth of traditional ecological knowledge and its relevance to contemporary sustainable agricultural initiatives. 
Even while ancient knowledge about using termites in farming has been shown to be useful, there are several things that make it hard for these methods to become more common in contemporary farming. The increasing pressure from farming, the widespread use of synthetic pesticides, and the transition of various agroecosystems to monocultures have disrupted traditional management practices and, in many instances, resulted in a decline in termite populations (Sileshi et al., 2009). Institutional limitations on recognising and promoting complex termites as beneficial for soil conservation and fertility management have emerged owing to their poor portrayal as pests in most official agricultural extension frameworks. There is a very high need to document, certify, and incorporate traditional ecological knowledge on termite management into current agricultural research and outreach. Participatory research approaches that combine indigenous knowledge-based research with scientific research may uncover the most effective strategies tailored to individual contexts, enabling the harnessing of termite ecological advantages while mitigating agricultural damage risks (Mando et al., 1996). This integration would help create localised, ecologically sustainable soil conservation methods that support the long-term health of agriculture and value traditional knowledge systems that have helped agricultural productivity thrive in termite-infested areas for generations.
8. CONCLUSION
Termites are very important engineers in ecosystems, and their complicated functions in protecting soil and making farming more sustainable should be better appreciated and included in current farming systems. Termites change the physical properties of the soil a lot by doing things like building galleries, mounds, and moving soil particles around, which makes the soil more porous, lets water in more easily, and creates macro pore networks that let roots grow and resist erosion. They are particularly significant for nutrient cycling because termite mounds are hot locations where plants may grow. They have a lot of organic matter, nitrogen, phosphorus, and critical cations that can endure for decades or even centuries when the mounds are no longer used. Because the impacts of termites depend on the kind of soil, the climate, the plants, and the functional groupings of termites, they need to be treated in a more nuanced way than just putting them into two categories: good and detrimental species. People have known about and used the ecosystem services that termites provide for a long time. For example, traditional ecological knowledge systems use practices like preferential mound-sites cultivation, termite soil harvesting as natural amendments, and management approaches that balance the goals of improving soil with those of controlling pests. But the widespread use of pesticides, the demand for more intensive farming, and institutional biases have made these traditional methods less popular and changed the number of termites on most farms. In the future, sustainable agriculture projects need to accept termites as natural partners in soil conservation by combining traditional knowledge with scientific research, creating management systems that make the most of positive termite behaviours and limit crop damage, and understanding that protecting and improving soil health and agricultural productivity in tropical and subtropical areas depends on protecting and promoting the ecosystem services that termites provide. The hard part isn't keeping the termites under control; it's learning about them and living with their natural behaviours so that we can create strong and productive agro-ecosystems that sustain both human existence and the health of the environment for centuries to come.
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