


A review on Intercropping Strategies in Plantation Crops: Designing Multifunctional, Climate-Resilient and Profitable Perennial Systems
Abstract
Plantation crops occupy vast areas of the humid and sub-humid tropics and generate livelihoods for millions of smallholders and estate workers, yet many plantation landscapes remain simplified, input-intensive and vulnerable to climate variability, pests, price shocks and soil degradation. Intercropping and broader forms of diversification within perennial plantations are increasingly positioned as practical routes towards sustainable intensification, capable of stabilising income while improving resource-use efficiency, soil health, biodiversity and climate outcomes. This review synthesises evidence on intercropping strategies in major plantation crops, with emphasis on oil palm, coconut, rubber, coffee and cocoa systems, and draws out cross-cutting design principles for spatial and temporal arrangement, species selection and management. Recent research highlights that well-designed intercrops can deliver complementary canopy and root resource capture, improve nutrient cycling via legumes and litter pathways, buffer microclimatic stress through shade, and strengthen biological control through understorey habitat management. Nonetheless, intercropping benefits are contingent on careful matching of companion species to plantation phenology and market context, as well as on operational compatibility with harvesting logistics and labour constraints. The review proposes an integrated framework that links plantation stage (immature versus mature), limiting resources (light, water, nutrients) and targeted services (income, soil protection, pest regulation, carbon) to recommended intercropping options and monitoring indicators. It concludes with implementation priorities and research needs, including long-term trials spanning full plantation cycles, multi-criteria performance assessment and decision-support tools that translate ecological interactions into actionable farm design.
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1. Introduction
Agriculture plays a significant role in most of the developing countries. But due to the increased population and development of urban clusters along with industrial growth in the developing world, there is shrinkage in the availability of land for farming because of its non-agricultural uses. Under these circumstances, the adoption of high-intensity cropping systems may be a viable option to increase agricultural productivity and production as a whole. Agriculture is a tradition and heritage in most countries. Traditional farming practices are evidenced around the world with the growing of crop mixtures, which is nothing but a form of mixed cropping or intercropping. The farming systems of ancient periods in different corners on the planet are documented as having grown crop mixtures which were nurtured by the people for a long time (Maitra et al., 2021). Plantation crops such as oil palm, coconut, rubber, coffee, cocoa and tea are distinctive within global agriculture because they are long-lived perennials managed through repeated harvests over decades, typically under strong market pressures and often within fragile tropical environments. Historically, many plantation systems have trended towards simplification—either as monocultures or as highly controlled understories—because uniformity supports operational efficiency, mechanisation and simplified pest and nutrient management. Yet the ecological and economic costs of simplification are increasingly evident: nutrient losses and declining soil organic matter, reduced habitat heterogeneity and associated functional biodiversity, greater exposure of crops to heat and water stress, and income vulnerability when single-commodity prices fall. These risks are amplified by climate change, which affects rainfall distribution, vapour pressure deficit, pest and disease pressure and the reliability of farm labour calendars. The advantages of intercropping have been extensively studied; there is a growing corpus of research investigating innovative methods and technological breakthroughs that provide a deeper understanding of the intricate interactions occurring in intercropped systems (Toker et al., 2024).
Intercropping—broadly understood as growing two or more crop species together in the same field for at least part of their life cycle—has regained attention in plantation contexts as a means of strengthening system resilience without necessarily expanding land area. Contemporary intercropping within plantations spans a spectrum from short-lived annual intercrops established during immature phases, to multi-strata agroforestry configurations maintained throughout the plantation cycle, to strategic understorey management that favours beneficial ground vegetation for ecosystem functioning. General intercropping theory highlights mechanisms of complementarity and facilitation, including niche differentiation in light interception, rooting depth, temporal resource demand, nutrient mobilisation and microclimate moderation (Brooker et al., 2015). In plantations, these mechanisms operate within a dynamic canopy context: light and microclimate shift as the perennial crop matures, and management windows change with harvest cycles and labour availability.
In practice, plantation intercropping is shaped by a set of persistent constraints. First, light is frequently the limiting resource in mature plantations, shifting the feasible species set towards shade-tolerant crops or those that can exploit edge and alley light environments. Second, perennial root systems can dominate water and nutrient capture, so intercrops must be selected and managed to avoid excessive competition, particularly during drought periods. Third, harvest logistics, access paths and safety requirements often define “no-planting zones”, which interact strongly with spatial design. Fourth, the economic case for intercropping depends on labour costs, access to markets for intercrops, and the timing of returns relative to the plantation crop’s revenue profile. Evidence from rubber-based systems, for example, shows that early-phase intercrops can bridge long immature periods, while certain designs can create longer-term compatibility through modified tree spacing and alley management (Rodrigo et al., 2004; Rodrigo et al., 2005). Similarly, oil palm diversification efforts increasingly explore tree-crop combinations and understorey strategies that can improve multifunctionality while remaining operationally feasible (Khasanah et al., 2020; Stone et al., 2023).
1.1 Plantation crops as “moving targets” for intercropping design
A core feature distinguishing plantation intercropping from annual-field intercropping is the time-dependent change in the overstorey. Immature plantations often have abundant light and open space, favouring annual food and cash crops, while mature plantations impose shade and root competition that may exclude many annuals. Consequently, the most robust intercropping strategies are those explicitly aligned with plantation development stages. Rubber systems provide a clear example: banana intercropping during early growth can increase system radiation capture and generate income without necessarily reducing rubber performance, and long-term evidence suggests that early intercropping can yield persistent benefits in rubber growth and latex yield even after the intercrop is removed (Rodrigo et al., 2001; Rodrigo et al., 2005). In oil palm, legume covers are widely used during early stages to protect soils and contribute biologically fixed nitrogen, but their performance and composition shift as canopy closure proceeds (Pipai et al., 2023). Coconut plantations can host multistoried crop assemblies even at later ages, given canopy architecture and spacing typical of many coconut-growing regions, but performance remains sensitive to crop combinations and nutrient management (Namitha et al., 2025).
1.2 From yield maximisation to multifunctionality
Intercropping benefits are increasingly evaluated not only as yield gains, but also as multi-objective outcomes: income diversification, labour smoothing, soil protection, carbon storage, biodiversity support and reduced reliance on agrochemicals. In shaded perennial systems such as coffee and cocoa, the multifunctional role of shade trees is especially prominent, providing microclimate regulation and additional products while influencing pest dynamics and biodiversity (Tscharntke et al., 2011). However, the multifunctionality agenda introduces trade-offs. Shade can buffer climate stress and support habitat complexity, but may reduce yields or alter product quality depending on intensity, cultivar and site conditions. For robusta coffee, meta-analytic evidence indicates that shade impacts depend on tree age and clone, with moderate shade improving growth and yield in older plantations while sometimes depressing beverage quality at higher shade levels (Piato et al., 2020). For cocoa, recent synthesis suggests that yield penalties in agroforestry are not universal and depend on system complexity and management, with simple agroforestry configurations often approaching monocrop yields while delivering other benefits (Mattalia et al., 2022). These findings reinforce the need for intercropping strategies that are explicit about which services are prioritised and how trade-offs will be managed.
1.3 Intercropping as a pathway for climate resilience in plantation landscapes
Plantations are increasingly exposed to climate hazards: hotter dry seasons, more erratic rainfall, stronger storms and novel pest outbreaks. Intercropping can contribute to climate resilience through multiple pathways. Structurally diverse canopies can reduce thermal stress and evaporative demand, while ground covers and litter can protect soil moisture and reduce erosion. Diverse rooting patterns can stabilise water uptake across soil depths, as suggested by rubber–tea systems where increased intercropped species richness altered water uptake depth and created hydrological niche differentiation, though with potential nutrient constraints for intercrops if competition becomes intense (Zhao et al., 2023). From a livelihood perspective, diversified revenue streams can reduce vulnerability to commodity price shocks, a concern historically motivating rubber intercropping and still central to smallholder strategies.
1.4 Scope and objectives
This review synthesises peer-reviewed evidence on intercropping strategies in major plantation crops, focusing on (i) design principles for spatial and temporal arrangement across plantation development stages; (ii) crop-specific lessons from oil palm, coconut, rubber, coffee and cocoa systems; (iii) management levers that determine productivity, soil health and ecological functioning; and (iv) practical considerations for adoption, monitoring and research priorities to support scalable, multifunctional plantation diversification.
2. Methods for literature selection
A structured search was undertaken using Web of Science, Scopus and Google Scholar for the period January 2000 to February 2026. Search strings combined terms for plantation systems and diversification, including “plantation crop” OR “oil palm” OR “rubber” OR “coconut” OR “coffee” OR “cocoa” with “intercropping”, “agroforestry”, “multistrata”, “understorey”, “cover crop”, “shade tree”, “species richness”, “integrated livestock”, and “ecosystem services”. Studies were included if they (i) evaluated intercropping or intentional within-plantation diversification in plantation crops, (ii) reported agronomic, ecological, economic or combined outcomes, and (iii) were based on field experiments, observational farm studies, modelling anchored in field data, meta-analyses or systematic reviews. Exclusion criteria were (i) purely conceptual pieces without empirical grounding, (ii) studies focused solely on annual cropping systems without clear plantation relevance, and (iii) reports lacking sufficient methodological detail. Priority was given to studies in well-established, peer-reviewed journals and to those explicitly addressing trade-offs among productivity, environment and livelihoods.
3. Conceptual foundations for intercropping in perennial plantations
3.1 Complementarity, facilitation and competition in a long-lived canopy context
Intercropping theory rests on the idea that mixtures can outperform single-species stands when component crops differ sufficiently in how, when, and where they acquire limiting resources. These gains can arise through complementarity, where species partition light, water, nutrients or time; through facilitation, where one species improves the growing environment for another (for example, by improving nutrient availability or moderating microclimate); or through risk buffering, where different crops respond differently to weather and market shocks. At the same time, mixtures can underperform when competition dominates, particularly if component species overlap strongly in their demand for the most limiting resource. A key conceptual point, therefore, is that intercropping outcomes are not fixed properties of species combinations but emergent properties of species traits interacting with management and site constraints. Syntheses of intercropping research emphasise the need to understand trait-based mechanisms and management mediation, rather than assuming that diversity alone guarantees benefits (Brooker et al., 2015).
Perennial plantations add distinctive dynamics to these classic mechanisms. Because the main crop persists for decades, its canopy and rooting system expand over time, and the balance between complementarity and competition shifts accordingly. An intercrop that is complementary in the first three years may become strongly light-limited after canopy closure, while root competition can intensify gradually as the perennial’s root system occupies more soil volume. These dynamics mean that plantation intercropping should be conceptualized as a time-sequenced strategy with changing feasible options across development stages. In this sense, “intercropping in plantations” often encompasses a portfolio of arrangements across time, ranging from early-phase food or cash crops in open interspaces to later-phase shade-adapted understories or multi-strata assemblies. The conceptual foundation is therefore inherently temporal: the system is a moving target, and the same mixture cannot be assumed to remain optimal across the plantation life cycle.
3.2 Spatial design as a mechanism, not merely an arrangement
In perennial plantations, spatial design is not only a way of placing crops; it is itself a mechanism that shapes the intensity of competition and the scope for complementarity. The geometry of planting determines light penetration, the continuity of root competition zones, and the feasibility of maintaining harvest access. Rubber research on modified planting arrangements illustrates this principle clearly: by altering spatial configuration, it becomes possible to improve within-stand light environments and thus extend the practical window for intercropping beyond what conventional layouts would permit (Rodrigo et al., 2004). Conceptually, such evidence implies that successful plantation intercropping is often a co-design problem, in which the perennial crop’s architecture and management pathways are reconfigured to create niches where intercrops can persist.
This shifts the framing away from a simple “add intercrops between rows” mentality towards a niche-creation approach. Alley widths, access paths, clumping versus regular spacing, and the deliberate retention of light corridors can each be seen as design levers that modulate resource overlap. In mature plantations, where light is often the binding constraint, these levers become especially important because they define whether the understorey  is dominated by suppression and bare ground or can support productive and ecologically functional vegetation. Spatial design also mediates operational feasibility: if intercrops obstruct harvesting routes or complicate input application, even ecologically sound combinations become impractical. Hence, the conceptual foundation must integrate spatial ecology with farm operations, recognizing that the “effective niche” for intercrops is jointly determined by biophysics and logistics.
3.3 Multi-strata agroforestry and the plantation meaning of “intercropping”
In coffee and cocoa landscapes, intercropping often takes the form of shade-tree agroforestry rather than discrete row-based mixtures, and this expands the conceptual scope beyond yield to include microclimate and habitat management. Shade trees are simultaneously companion plants and infrastructure that shapes radiation, temperature, humidity and wind regimes. Reviews of shade-tree management in tropical agroforestry highlight the multifunctionality of this structure, showing how canopy composition and management can be tuned to produce bundles of services rather than a single output (Tscharntke et al., 2011). From a conceptual standpoint, this underscores that plantation intercropping is frequently a structural intervention: it modifies the plantation’s vertical profile, not simply its species count.
Biodiversity considerations further strengthen this framing. Shade coffee has been described as a refuge for biodiversity in agricultural landscapes, although the persistence of that refuge depends on socio-economic pressures and the intensity of management (Jha et al., 2014). Conceptually, this means that intercropping in perennial plantations can be understood as a land-use design that creates habitat heterogeneity and continuity, potentially stabilising ecological processes that support production over time. The “intercrop” is not only an additional commodity; it can be a functional component that provides regulating services and resilience. This perspective is particularly valuable in plantation debates where sustainability outcomes are judged across ecological and social dimensions rather than yields alone.
3.4 Evaluating performance: from single outputs to multifunctional metrics
A further conceptual foundation concerns how performance is defined and measured. Plantation managers typically focus on primary-crop yield and cost efficiency, whereas intercropping advocates often emphasize combined productivity, risk reduction and environmental performance. Bridging these perspectives requires evaluation frameworks that integrate multiple objectives and that capture trade-offs explicitly. In oil palm contexts, modelling-based assessments have operationalised this idea through multifunctional land-equivalent concepts that integrate economic and environmental indicators, demonstrating that mixed systems can provide gains when viewed through a broader objective set than single-crop yield (Khasanah et al., 2020). The conceptual implication is that “success” in plantation intercropping is rarely a single number; it is a negotiated balance among productivity, resilience, environmental outcomes, and feasibility.
This, in turn, suggests that plantation intercropping should be conceptualized as a design problem under constraints. The question is not simply whether intercropping can increase output, but whether it can shift a system towards a more desirable set of outcomes given limits in labour, capital, market access, and environmental risk. Intercropping theory provides the ecological logic for how such shifts might occur (Brooker et al., 2015), while plantation-specific evidence shows that geometry and structure can create the conditions for those mechanisms to operate (Rodrigo et al., 2004), and that agroforestry-like configurations can broaden the bundle of services at stake (Tscharntke et al., 2011; Jha et al., 2014). Multifunctional metrics then provide the accounting language needed to compare options fairly and transparently in real-world decision-making (Khasanah et al., 2020).

4. Crop-specific intercropping strategies and evidence
4.1 Oil palm systems: from legume covers to mixed tree–crop designs
Oil palm cultivation has expanded rapidly and faces intense scrutiny for environmental impacts. Within existing plantations, intercropping strategies are increasingly framed as “diversification within footprints”, aiming to improve sustainability without further land conversion. Three themes dominate recent evidence: legume covers and nutrient cycling, mixed oil palm agroforestry designs, and understorey management for ecological functioning.
Legume covers remain a cornerstone of early-stage oil palm management in many regions. Recent work in Papua New Guinea calibrated and applied a ureide-based approach to quantify biological nitrogen fixation by legume cover plants under oil palms of different ages, showing that dependence on fixation was strongly influenced by soil nitrate and that groundcover biomass and fixed nitrogen were greater under younger palms where shade was lower (Pipai et al., 2023). This evidence reinforces a practical design principle: legume cover benefits are maximised when maintained as vigorous groundcovers in early years, with management attention to nitrate dynamics and shade-tolerant species selection as plantations age.
Beyond ground covers, mixed oil palm systems integrating perennial cash crops have been evaluated using modelling anchored in field and parameter data. A prominent example assessed oil palm intercropped with cocoa and pepper, indicating that certain mixed configurations can improve economic robustness and deliver environmental gains according to multifunctional land-equivalent indicators, although trade-offs may include changes in carbon stock and nitrogen losses depending on design and soil context (Khasanah et al., 2020). These results suggest that diversification is not inherently beneficial; rather, it must be tailored to site constraints (including soil type) and accompanied by nutrient and residue management that prevents leakage losses.
Understorey management has also emerged as a key lever linking intercropping-like diversification to pest regulation and biodiversity. Field evidence indicates that maintaining or enhancing understorey vegetation can increase the abundance of beneficial predatory insects, implying potential gains for biological control within oil palm landscapes (Stone et al., 2023). Complementary work suggests that integrating livestock, such as cattle grazing, can control vegetation height and reduce reliance on chemical herbicides while maintaining undergrowth cover, thereby aligning operational needs with ecological benefits (Tohiran et al., 2019). Together, these studies support a strategy of “managed complexity”: rather than eliminating understorey vegetation, plantations can regulate it to maintain harvest access while sustaining ecological functions.
Oil palm agroforestry is also being explored as a pathway for carbon and livelihood outcomes. Evidence from northeast India indicates that oil palm agroforestry systems can enhance crop yield alongside ecosystem carbon stock, suggesting potential alignment with broader sustainability goals when diversification is planned and monitored (Ahirwal et al., 2022). In such contexts, intercrops may include spices, fruits or food crops adapted to local markets, and system success depends on matching companion crops to microclimate conditions and labour availability.
4.2 Coconut-based multistoried systems: intensification within wide-spaced palms
Coconut plantations, especially in smallholder landscapes, are often amenable to multistoried cropping because of relatively wide spacing and canopy architecture that allows light penetration. Contemporary research increasingly evaluates coconut-based systems through combined productivity, profitability and soil health metrics. In a multistoried coconut system in Kerala, crop combinations involving banana and spice/tuber intercrops, coupled with adjusted nutrient management, were shown to enhance system productivity and profitability while improving soil biological indicators and soil organic carbon, illustrating how crop choice and fertiliser strategy interact in shaping outcomes (Namitha et al., 2025). These findings are consistent with a broader pattern: banana often function as a high-biomass “middle storey” crop that can exploit available light and provide rapid returns, while floor crops such as turmeric, ginger or tubers can contribute additional income if nutrient competition is managed.
Sustainability assessments are also extending to energy and environmental footprints. A life-cycle oriented evaluation of coconut-based cropping systems in the west coast of India reported meaningful differences among intercrop combinations in economic and environmental performance, highlighting that some coconut-based agroforestry/intercropping configurations can improve profitability and energy efficiency while moderating environmental impacts relative to more input-intensive options (Arunachalam et al., 2025). Such work underscores that intercropping strategies should be assessed not only by gross output, but also by input profiles, especially nitrogen fertiliser and fuel use that strongly influence greenhouse gas footprints. Comparable evidence from arecanut plantations indicates that vegetable intercrops (e.g., French bean or cowpea) can improve net returns and soil fertility indicators while maintaining arecanut yield, underscoring the scope for market-oriented annual intercrops in widely spaced perennial stands (Desai et al., 2023).
4.3 Rubber-based intercropping: bridging immature phases and redesigning mature systems
Rubber is a classic case where intercropping is motivated by the long immature period before latex production begins. Evidence from Sri Lanka demonstrates that banana intercropping can improve fractional light interception and radiation-use efficiency in immature rubber plantations, supporting the principle that intercrops can increase whole-system resource capture when rubber canopies are still open (Rodrigo et al., 2001). Importantly, long-term findings indicate that intercropping with banana during early stages can improve rubber growth and latex yield at maturity, suggesting that early intercropping effects can persist beyond the intercrop period, potentially through improved early growth trajectories, microclimate moderation or soil condition improvements (Rodrigo et al., 2005). These studies challenge a common assumption that intercropping is neutral to the main crop; in some contexts, it can be positively synergistic when competition is managed.
A critical limitation in rubber intercropping is the progressive shading created by mature rubber canopies. Research on planting geometry shows that spatial arrangements can be redesigned to improve light penetration and facilitate longer-term intercropping, identifying double-row systems as potential options for extending intercropping feasibility (Rodrigo et al., 2004). This demonstrates that long-term diversification may require structural redesign rather than simply inserting intercrops into conventional layouts.
Rubber–tea systems represent another important diversification pathway, particularly in parts of Asia. Economic analyses suggest that rubber–tea intercropping can outperform monocultures in land expectation value under certain cost and price conditions, supporting the argument that diversification can improve economic resilience when markets are volatile (Guo et al., 2006). Yet ecological interactions in rubber–tea systems are complex. Evidence indicates that increasing intercropped species richness can shift rubber trees towards deeper soil water uptake and create hydrological niche differentiation, but may also weaken nutrient status for intercrops through intensified competition, implying that “more diversity” is not automatically better without nutrient management and species matching (Zhao et al., 2023). These findings align with a broader design recommendation: rubber-based intercropping beyond early phases should prioritise shade-tolerant companions, maintain adequate nutrient supply (especially phosphorus where limiting), and use spatial designs that reduce direct competition.
4.4 Coffee and cocoa: plantation intercropping through shade-tree agroforestry
Coffee and cocoa provide some of the strongest global evidence bases for plantation diversification, because shade-tree systems have long histories and have been studied across biodiversity, yield and quality dimensions. A major review emphasised that shade-tree management can deliver multiple ecological benefits and adaptive capacity, even as intensification trends reduce shade complexity (Tscharntke et al., 2011). For coffee specifically, synthesis work has described shade coffee systems as important refuges for biodiversity, though their persistence depends on economic incentives and management regimes that keep farms competitive (Jha et al., 2014). These perspectives position shade trees not as optional add-ons but as multifunctional infrastructure within plantation landscapes.
Recent quantitative synthesis adds nuance regarding shade trade-offs. A meta-analysis on robusta coffee found that shade effects vary with coffee age and clone, with moderate shade improving growth and yield in older plantations, while higher shade levels were associated with reduced beverage quality, highlighting the need for calibrated shade targets rather than generic prescriptions (Piato et al., 2020). For cocoa, a review comparing monocrops and agroforestry systems reported that yield differences depend strongly on agroforestry type and management, with simple agroforestry often achieving yields close to monocrops while delivering broader sustainability benefits (Mattalia et al., 2022). Importantly, these findings imply that “agroforestry” should not be treated as a single category; rather, system complexity and management intensity jointly determine outcomes.
Biodiversity evidence further supports the role of agroforestry in cocoa landscapes. Modelling work comparing land uses in cocoa-producing regions indicates that cocoa agroforests can support higher biodiversity intactness than open-land systems, and that land-use history (for example, forest-derived versus open-land-derived agroforests) shapes the extent to which agroforests retain forest-like community similarity (Maney et al., 2022). This has strategic implications: in some contexts, maintaining existing shade and preventing simplification may be the most biodiversity-effective option, whereas in degraded areas, establishing shade-based agroforestry may contribute to restoration-oriented gains.
The link between cocoa yields and carbon storage is increasingly investigated as markets and policies develop carbon incentives. Farm-based evaluation in Bahia, Brazil suggests that carbon-rich cocoa agroforests can still achieve high yield potential when management practices and shade conditions are tuned appropriately, with shade trees contributing the majority of aboveground carbon while management intensity remains a key driver of productivity (Figueiredo et al., 2026). This evidence supports an emerging “co-optimisation” agenda: rather than treating carbon and yields as oppositional, system design can search for regions of the management space where both are acceptable, though such co-optimisation is likely site-specific and sensitive to labour and input constraints.
5. Management levers for effective plantation intercropping
5.1 Light and canopy management
Light is the first “gatekeeper” for plantation intercropping, because the overstorey canopy changes continuously as the perennial crop develops. In immature plantations, open canopies create generous radiation environments where annuals and fast-growing short-lived perennials can thrive, whereas canopy closure in mature plantations quickly shifts feasibility towards shade-tolerant intercrops, edge-based planting, or designs that deliberately preserve light corridors. A practical implication is that intercropping should be planned as a staged strategy rather than a single decision taken at establishment. Structural design and canopy manipulation are therefore central tools. Evidence from rubber demonstrates that altered planting geometry can improve within-stand light penetration and maintain intercropping opportunities for longer, especially where access alleys and double-row arrangements increase the proportion of the ground receiving intermittent direct light (Rodrigo et al., 2004).
In coffee and cocoa landscapes, shade management sits at the core of intercropping because shade trees function simultaneously as a structural intercrop and as a microclimate regulator. The management challenge is not whether to have shade, but how much, of which species, and how it is spatially arranged and pruned over time. Reviews of shade-tree management emphasise that canopy structure can be tuned to balance multiple objectives—yield stability, habitat provision and reduced climatic stress—rather than being treated as an all-or-nothing practice (Tscharntke et al., 2011). At the same time, quantitative synthesis on robusta coffee indicates that shade effects vary with plantation age and genetic material, and that excessive shade can carry quality penalties even where growth or yield benefits occur under moderate shade (Piato et al., 2020). These findings collectively point to a design principle: aim for adjustable shade regimes that can be modified seasonally and as plantations age, using pruning and species choice to keep light within a target range aligned with crop physiology and product goals.
5.2 Soil fertility, nutrient cycling and nitrogen management
Intercropping changes nutrient demand and nutrient supply pathways at the same time, making fertilizer strategy and organic matter management decisive. In oil palm systems, legume cover plants are often used to protect soil and contribute biologically fixed nitrogen, but fixation is not guaranteed; it responds to soil nitrate availability and plantation age-related shading effects that influence legume biomass (Pipai et al., 2023). This implies that “standard” fertilizer programmes can inadvertently suppress biological nitrogen fixation if nitrate levels remain high, and that cover-crop performance must be managed, not assumed.
Coconut-based multistoried systems illustrate the same principle from a different angle: companion crop combinations and nutrient regimes interact to determine productivity and soil health outcomes. Where nutrient management is deliberately aligned with the requirements of each layer, multistoried coconut systems can improve system profitability while supporting soil biological indicators and organic carbon (Namitha et al., 2025). In rubber–tea agroforestry, the nutrient dimension is particularly important because increased species richness may intensify nutrient competition even if water niches diversify; evidence suggests that plant and soil nutrient status can weaken as species richness rises, highlighting the need for targeted nutrient diagnostics and replenishment to keep intercrops from becoming chronically nutrient-limited (Zhao et al., 2023). Across plantation types, the operational message is consistent: intercropping should be coupled with explicit nutrient budgeting and residue management, including careful attention to nitrogen form and timing, and monitoring that detects emerging nutrient imbalances early rather than after yield losses are embedded.
5.3 Water relations and drought-risk management
Water interactions in plantation intercrops can switch from beneficial to harmful depending on seasonality and drought intensity. Intercropping may reduce evaporative demand through shade and ground cover, and can enhance infiltration and soil moisture conservation through continuous litter and root activity. Yet competition for water can become acute when the perennial overstorey and intercrops overlap strongly in rooting zones, particularly during extended dry spells. Rubber–tea systems offer an instructive example: increasing intercropped species richness can improve plant water use patterns, including greater uptake depth for rubber, but the same diversification can coincide with weaker nutrient status, signalling that resource interactions are coupled and that water “wins” may not translate into whole-system gains unless nutrients are secured (Zhao et al., 2023).
For shaded perennial systems such as coffee, shade regimes may serve as a drought-buffering tool by reducing heat load and moderating microclimate extremes, but the balance between buffering and competition is sensitive to shade intensity and management (Piato et al., 2020). In practice, drought-risk management in intercropped plantations benefits from conservative intercrop densities, spatial zoning that avoids the most competitive zones near tree bases, and ground covers that protect soil moisture while remaining compatible with harvest access. The key is to treat water as a limiting resource that varies year-to-year, designing intercrops that remain “safe” under dry conditions rather than only profitable in wet years.
5.4 Pest regulation and understorey habitat management
Intercropping and, more broadly, understorey diversification can reshape pest dynamics through habitat provision for natural enemies and by altering microclimate and host availability. Evidence from oil palm indicates that maintaining understorey vegetation can support higher numbers of predatory insects, suggesting that complete understorey suppression may reduce biological control potential (Stone et al., 2023).  More broadly, intercropping-driven increases in plant diversity are frequently reported to lower pest infestation risk and reduce reliance on chemical control by disrupting host-finding and supporting natural enemies (Mir et al., 2022). Understorey diversification should therefore be managed for structure and function: retaining vegetative cover and floral resources where feasible while preventing excessive height or density that obstructs operations. One practical mechanism is integrated grazing; cattle grazing in oil palm plantations has been shown to control understorey vegetation in ways that can reduce reliance on chemical or mechanical weeding while sustaining ground cover (Tohiran et al., 2019).
In coffee systems, the ecological rationale for shade-based diversification includes the maintenance of biodiversity and associated regulating services, even though socio-economic pressures can erode shade cover over time (Jha et al., 2014). Reviews of shade-tree management similarly emphasize that multifunctional shade systems can contribute to ecological regulation when canopy composition and management support habitat complexity (Tscharntke et al., 2011). Taken together, these findings support a “managed complexity” approach: rather than aiming for maximum simplification, plantations can actively shape vegetation layers to promote natural enemies and stability, while still meeting operational constraints.
5.5 Operational compatibility, labour, and harvest logistics
Even strong biological designs fail if they are operationally incompatible. Plantation intercropping must accommodate regular harvesting routes, safety needs, and timely access for fertiliser application, pruning, and pest monitoring. Spatial zoning is therefore not merely a convenience but a design requirement: intercrops should be positioned to preserve harvest paths and to reduce interference with collection and transport. Labour calendars also matter, particularly where intercrops introduce new peak periods that compete with the main crop harvest. The most adoptable strategies typically either (i) provide early, reliable returns during immature phases without creating long-term obstruction, or (ii) rely on perennial or semi-perennial intercrops that can be maintained with low disturbance and predictable labour inputs. In rubber, for example, redesigning spatial arrangement can create longer-term intercropping feasibility without compromising plantation access, demonstrating that geometry can serve both ecological and operational objectives (Rodrigo et al., 2004). In coconut-based multistoried systems, profitability gains are tightly linked to whether nutrient and crop management remain manageable at the household or estate labour scale (Namitha et al., 2025).
Ultimately, effective plantation intercropping is an exercise in joint optimization: biological complementarity must be co-designed with logistics, labour and input management. Where this alignment is achieved, intercropping becomes a stable component of the production system rather than an opportunistic add-on.

6. Ecosystem services and sustainability outcomes
Plantation intercropping is increasingly evaluated through an ecosystem services lens because mixed systems can alter not only harvested outputs but also the processes that regulate productivity over time. In perennial plantations, these outcomes are shaped by slow-changing soil properties, evolving canopy structure, and management decisions that influence nutrient and water flows for years rather than seasons. A useful way to interpret the evidence is to consider how intercropping modifies (i) soil protection and nutrient retention, (ii) biodiversity and ecological regulation, (iii) carbon storage and climate-relevant outcomes, and (iv) livelihood resilience and sustainability performance beyond yield alone. Across these domains, the central message is that intercropping benefits are real but conditional: they emerge when system design aligns with local constraints and when input and residue management are adjusted to the new, more complex crop community.
6.1 Soil protection, nutrient retention and long-term soil functioning
Soil-related services are often the most immediate and consistently reported benefits of maintaining plant cover and additional biomass inputs within plantations. Ground vegetation, intercrops and litter can reduce raindrop impact, slow overland flow and strengthen soil aggregate stability, thereby lowering erosion risk and supporting infiltration. However, the net soil fertility outcome depends on whether intercrops are treated as partners in nutrient management or simply inserted into an unchanged fertilizer programme. Oil palm agroforestry assessments have highlighted that mixed systems can shift nitrogen dynamics and potential losses, meaning that environmental performance may improve or deteriorate depending on soil context and how nutrient inputs are managed (Khasanah et al., 2020). This is particularly relevant where added plant biomass and altered uptake patterns interact with fertiliser timing, potentially affecting nitrate availability and leakage pathways.
Within oil palm plantations, legume cover plants provide a more specific nutrient-cycling service through biological nitrogen fixation, but the magnitude of this service is not fixed. Evidence indicates that fixation dependence is responsive to soil nitrate and plantation age-related conditions that influence cover-crop biomass; where nitrate is high, fixation can be suppressed, and where shade increases, cover biomass and associated nitrogen inputs may decline (Pipai et al., 2023). From a sustainability perspective, this implies that legume covers can support nutrient self-reliance only when managers actively create conditions favourable for fixation and biomass persistence. In other words, soil and nutrient outcomes should be evaluated as system properties emerging from management choices rather than as automatic “add-ons” of diversification.
6.2 Biodiversity, habitat quality and regulating services
Biodiversity outcomes are frequently invoked to justify diversification in plantation landscapes, yet the evidence shows that responses vary by land-use history and by the structural and compositional complexity of the intercropped system. Cocoa agroforests are often used as an illustrative case because shade-tree cover can maintain habitat conditions that are closer to those of more complex tropical systems than open-field land uses. Modelling work focused on cocoa landscapes indicates that agroforests can support higher biodiversity intactness than open-land systems, while also demonstrating that land-use history matters: agroforests derived from different baseline conditions can differ substantially in the extent to which they retain forest-like community similarity (Maney et al., 2022). The sustainability implication is that “agroforestry” or “intercropping” labels are insufficient by themselves; biodiversity benefits are more likely when diversification preserves or recreates key habitat attributes (for example, multi-layer structure, resource continuity and microclimatic buffering) and when it is implemented with awareness of what the landscape previously supported.
Although biodiversity is often discussed as an intrinsic outcome, it also underpins regulating services such as pest suppression and pollination support. In plantation settings, these services can be difficult to quantify directly, and studies may use habitat-structure indicators or community metrics as proxies. Even where direct service measurement is limited, the broader literature base suggests that systems maintaining higher habitat heterogeneity have stronger potential to stabilize ecological interactions. Within this review’s evidence base, the cocoa modelling results provide a strong argument that diversification can shift plantations away from ecological simplification, which is a necessary (though not always sufficient) condition for enhanced regulating services (Maney et al., 2022).
6.3 Carbon storage (use carbon sequestration word) and climate-relevant outcomes
Carbon outcomes have moved to the centre of sustainability evaluations for plantation systems, especially where market mechanisms or policies increasingly reward carbon retention and sequestration. In cocoa systems, recent evidence from Bahia, Brazil indicates that cocoa agroforests can combine high yield potential with substantial carbon stocks when shade-tree structure and management are tuned appropriately, with shade trees often contributing most of the aboveground carbon pool (Figueiredo et al., 2026). This matters because it challenges the idea that carbon-rich systems must inevitably be low-yielding. Instead, it suggests that some plantation agroforestry configurations can occupy a “co-benefit space” where productive performance and carbon storage are simultaneously acceptable, provided that management is sufficiently attentive to canopy structure, competition control and input adequacy.
Oil palm diversification is also increasingly discussed in relation to carbon and broader ecosystem sustainability. Evidence from northeast India suggests that oil palm agroforestry can enhance crop yield while increasing ecosystem carbon stocks, supporting the view that diversification can contribute to climate-relevant outcomes alongside livelihood objectives (Ahirwal et al., 2022). At the same time, modelling and assessment work cautions that carbon and nitrogen outcomes can move in different directions depending on design choices and soil context; multifunctional performance can be positive overall, but specific environmental indicators such as nitrogen losses may require active mitigation through nutrient and residue management (Khasanah et al., 2020). Thus, carbon gains should not be interpreted as a blanket guarantee of overall environmental improvement; comprehensive sustainability assessment remains essential.
6.4 Livelihood resilience and multi-criteria sustainability assessment
Beyond biophysical outcomes, intercropping affects sustainability through livelihood stability, risk reduction and the timing of returns. Rubber–tea intercropping analyses show that, under certain price and cost conditions, diversified systems can improve long-term economic performance relative to monocultures, illustrating how diversification can function as a financial risk-management strategy in perennial commodities (Guo et al., 2006). Similarly, oil palm agroforestry evaluations point to potential economic robustness when multiple products are integrated and assessed alongside environmental indicators rather than in isolation (Khasanah et al., 2020). In these cases, the sustainability value of intercropping lies not only in higher average returns but also in reduced dependency on a single volatile commodity and improved capacity to maintain household cash flow across the plantation cycle.
Sustainability outcomes also depend on how performance is measured. Studies adopting energy budgeting and environmental impact accounting demonstrate that cropping-system choices can change input profiles and environmental footprints, thereby altering sustainability conclusions even when yields appear similar. In coconut-based systems, environmental impact assessments have shown that intercrop combinations can differ in economic performance, energy use and environmental indicators, indicating that the “best” intercropping strategy depends on whether the goal is profit maximization, footprint reduction, or a balanced compromise (Arunachalam et al., 2025). Taken together, the evidence suggests that ecosystem services in plantation intercrops should be evaluated through a multi-criteria lens that includes soil and nutrient outcomes, biodiversity and habitat quality, carbon-related indicators, and livelihood resilience—because improvements in one dimension can be offset by deterioration in another if management is not carefully aligned.
7. Implementation pathways and research frontiers
7.1 From “trial plots” to adoptable farm designs
Moving plantation intercropping from promising case studies to routine practice depends on whether designs are operationally realistic and economically legible for farmers and estate managers. Adoption is rarely blocked by a lack of potential intercrops; rather, it is constrained by uncertainty over outcomes, the risks of interfering with the primary commodity, and the transaction costs of learning a more complex system. Practical implementation pathways, therefore, begin with staged, low-regret interventions that fit existing labour calendars and harvest logistics, and then progress towards more structurally integrated designs once confidence and local evidence accumulate. Long-term results in rubber demonstrate why staged approaches matter: early-stage intercropping can have effects that persist into the mature production phase, improving growth and latex yield at maturity, which strengthens the case for investing in well-managed early intercropping despite the temptation to minimize complexity during establishment (Rodrigo et al., 2005). In implementation terms, this implies that extension and advisory services should treat the immature phase as a strategic window for building both farmer income and future plantation performance, provided competition is managed and intercrops are compatible with plantation access.
7.2 Enabling conditions: markets, credit, labour and risk management
Even technically sound intercropping packages can fail without enabling conditions. Market access for intercrops is a decisive factor because diversified outputs only translate into resilience when they can be sold reliably and at acceptable margins. Credit and cash-flow support also shape feasibility: intercropping often shifts costs forward (for seeds, planting material, additional labour, and sometimes irrigation or post-harvest handling) while benefits can be distributed unevenly across seasons and years. Risk perceptions matter as well; households and estates may avoid intercropping if they fear reductions in primary-crop yields, even when empirical evidence suggests neutral or positive effects under certain management regimes. Economic assessment frameworks that explicitly compare diversification strategies under different price and cost scenarios can reduce this uncertainty by translating ecological interactions into financial narratives. In oil palm agroforestry research, multifunctional evaluation approaches have been used to show that mixed systems can generate economic and environmental gains simultaneously under some configurations, reinforcing the value of decision frameworks that quantify multiple objectives rather than focusing narrowly on single-crop yield (Khasanah et al., 2020). For implementation, the message is that advisory support should include simple, transparent budgeting tools that incorporate labour availability, expected product prices, and sensitivity to adverse seasons, so that intercropping is framed as a risk-managed investment rather than an ideological shift.
7.3 Research frontier: long-term, whole-cycle evidence and adaptive management rules
A persistent limitation in plantation intercropping science is that many studies are short relative to plantation lifespans. Because canopies close, roots expand and microclimates evolve, outcomes measured over two to five years may not predict performance over a full production cycle. Research priorities therefore include long-term trials that follow systems across canopy development stages and that record not only yields but also management effort, input changes and indicators of soil and plant health. The rubber evidence base provides a model for the kind of long-horizon learning required, showing that early intercropping choices can shape later performance in ways that would be invisible in short trials (Rodrigo et al., 2005). A complementary frontier is the development of adaptive management rules—practical thresholds and triggers for altering intercrop density, pruning intensity, or fertilizer regimes as light and resource competition shift. Such rules need to be locally calibrated, but the research goal should be generalizable decision heuristics that are simple enough for routine use.
7.4 Research frontier: disentangling resource competition and co-benefits
Resource interactions remain one of the most consequential uncertainties for both adoption and policy. In mixed plantation systems, water and nutrient dynamics are coupled, and interventions that improve one dimension can expose constraints in another. Rubber–tea agroforestry evidence illustrates this coupling clearly: increased intercropped species richness can improve plant water use patterns while simultaneously weakening nutrient status of plants and soil, indicating that diversification can intensify nutrient limitation even when water relations appear to benefit (Zhao et al., 2023). This points to an applied research agenda focused on identifying competition thresholds and mitigation strategies, including nutrient replenishment approaches and spatial zoning that reduces direct overlap in competitive root zones.
A second co-benefit frontier concerns carbon and biodiversity alongside yield. Recent India-focused synthesis work further emphasises that agroforestry configurations which explicitly integrate annual intercrops within tree-based systems can strengthen climate adaptation and mitigation outcomes through improved carbon sequestration, nutrient recycling and biodiversity conservation—reinforcing the strategic value of intercropping as a resilience pathway in long-lived plantations (Prabakaran et al., 2025). Cocoa agroforests provide a particularly important test case because they can potentially support substantial carbon stocks while remaining highly productive. Evidence from Bahia suggests that carbon- and biodiversity-rich cocoa agroforests can retain high yield potential under appropriate management, implying that “co-optimised” zones of practice may exist where farms do not have to choose between climate-relevant outcomes and profitability (Figueiredo et al., 2026). The next research step is to translate such findings into operational prescriptions—shade structure targets, management intensity ranges and monitoring indicators—that can be tested across regions and genotypes. Importantly, co-benefits should be reported as conditional relationships with clear management descriptors, so that farmers and programmes understand what must be done to achieve them.
7.5 Research frontier: assessment methods, footprints and decision support for scaling
As sustainability requirements tighten, intercropping strategies will increasingly be evaluated through broader accounting frameworks rather than yield alone. Environmental footprint assessments can reveal differences among cropping-system options that would be missed by production metrics, particularly when input profiles differ. In coconut-based systems, combined economic, energy and environmental impact assessment has demonstrated that different diversification choices can lead to markedly different sustainability profiles, reinforcing the need for multi-criteria assessment when recommending systems for scaling (Arunachalam et al., 2025). For research and implementation, this implies that trials should routinely capture input use, labour, and indicators relevant to environmental performance, enabling comparisons that align with emerging sustainability standards.
Decision-support tools represent another scaling frontier, especially where they integrate multiple objectives and help users navigate trade-offs. The logic of multifunctional evaluation in oil palm agroforestry provides a foundation for such tools, as it explicitly connects system design to both economic and environmental outcomes (Khasanah et al., 2020). The practical challenge is to keep tools usable: they must rely on data that farmers or advisers can realistically obtain, and they must produce recommendations that are compatible with plantation operations. The most valuable tools will likely be those that couple simple diagnostics (light conditions, soil constraints, labour availability) with staged options that can be adopted incrementally and adjusted as plantations mature.
8. Conclusions
[bookmark: _GoBack]Intercropping in plantation crops is best understood as a portfolio of diversification strategies that must be matched to the plantation stage, site limitations and farmer objectives. Evidence across oil palm, coconut, rubber, coffee and cocoa demonstrates that well-designed intercrops can improve land-use efficiency, stabilise livelihoods and support ecological functioning through enhanced resource capture, improved nutrient cycling, microclimate buffering and habitat provision for beneficial organisms. However, benefits are neither automatic nor uniform; they depend on careful species selection, spatial zoning that protects operational access, and adaptive management of shade, nutrients and understorey vegetation. The most promising pathways are those that explicitly pursue multifunctionality, using diversified system design to address productivity, resilience and environmental performance together rather than treating these goals as separate. Future progress will rely on long-term, full-cycle evaluations and on practical decision frameworks that translate ecological interactions into implementable plantation designs.
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