


Agrobiodiversity as Climate Adaptation: Effects on Yield Stability, Pests, and Nutrition—A Systematic Review
Abstract
Climate change is intensifying production risks in agriculture by amplifying heat, drought, floods, and pest outbreaks. Agrobiodiversity—the deliberate diversification of crops, varieties, rotations, and non-crop habitats—offers a practical adaptation pathway that can stabilize yields while delivering ecosystem services essential for resilient food systems. This systematic review synthesizes recent field evidence from meta-analyses and long-term experiments to evaluate how agrobiodiversity influences three outcomes central to climate adaptation: yield stability, pest and disease regulation, and nutrition. We screened studies that report field-based outcomes for diversified practices such as cultivar mixtures, multi-species rotations, intercropping, and landscape elements including hedgerows and floral strips. Across diverse climates and production systems, diversification generally maintains or increases mean yields and reduces interannual variability, with variety mixtures buffering weather shocks and rotational diversity strengthening resource use efficiency over time. At the same time, field- and landscape-level diversification supports pollination and natural enemy communities, often lowering pest pressure and reducing reliance on broad-spectrum pesticides without compromising yield. Nutrition outcomes show a consistent, context-dependent pattern: greater on-farm production diversity and food-system-level agrobiodiversity are associated with more diverse diets and more stable nutrient availability, particularly where market access is limited or volatile. Mechanistically, three drivers recur: response diversity that spreads climate risk across genotypes and species; functional complementarity that improves nutrient, water, and light capture; and service scaffolding, whereby semi-natural habitat sustains pollinators and natural enemies under warming and land-use change. Effective design emphasizes functionally distinct mixtures, legume-inclusive rotations, multi-scale habitat, alignment with integrated pest management, and policies that connect farm diversity to market and diet diversity. Notable trade-offs include management complexity, labor demands, and context dependence where benefits weaken in highly simplified landscapes. We outline monitoring priorities that pair practice indicators with outcome metrics such as yield variance, pesticide intensity, and biodiversity measures, enabling performance-based incentives. Overall, agrobiodiversity emerges as a no-regrets adaptation strategy that strengthens resilience, sustains productivity, and supports nutrition, while creating co-benefits for ecosystems and livelihoods.
Keywords: agrobiodiversity; crop diversification; variety mixtures; crop rotation; yield stability; pest suppression; biological control; dietary diversity; climate adaptation; food systems.

[bookmark: _GoBack]1. Introduction
1.1 Rationale and problem framing
Escalating heatwaves, erratic rainfall, and shifting pest and disease ranges are eroding agricultural reliability in many regions. These shocks expose a central challenge for adaptation policy and practice: securing not only higher mean yields but also more stable yields and more resilient food systems. Agrobiodiversity—the intentional diversification of crops, varieties, rotations, and associated semi-natural habitats—has emerged as a pragmatic pathway that can buffer climate risks while sustaining or even enhancing productivity and ecosystem services. Large-scale syntheses show that diversified farming typically maintains yields while improving multiple regulating and supporting services, suggesting that a supposed “diversification penalty” is not a general rule (Tamburini et al., 2020; Beillouin et al., 2021). At the national scale, crop diversity is linked to more stable aggregate food production over time, pointing to portfolio effects that matter to macro-level risk managers (Renard & Tilman, 2019). At field and landscape scales, the same diversity scaffolds pollination and biological control, two services expected to become more valuable as climates warm and variability increases (Dainese et al., 2019; Karp et al., 2018). Together, these lines of evidence position agrobiodiversity as a no-regrets lever for climate adaptation that can align agronomic goals with ecological processes.
1.2 Definitions, mechanisms, and relevance to climate adaptation
In this review, agrobiodiversity encompasses within-crop genetic diversity (e.g., cultivar mixtures, polyvarieties), among-crop diversity (e.g., rotations, intercrops), and landscape elements (e.g., hedgerows, floral strips, semi-natural patches). Three mechanisms recur across the literature. First, response diversity spreads risk: genotypes and species differ in tolerance to heat, drought, excess moisture, and pathogens, so mixtures and rotations dampen interannual yield variance (Huang et al., 2024; Renard & Tilman, 2019). Second, resource-use complementarity—through temporal and spatial partitioning of water, nutrients, and light—improves efficiency and soil condition, with benefits that accumulate in long-term experiments as systems reorganize (Smith et al., 2023; Tamburini et al., 2020). Third, service scaffolding arises when diversified fields and landscapes support pollinators and natural enemies; these communities not only raise average service delivery but also make it more resilient to climatic swings (Dainese et al., 2019; Feit et al., 2021). Scale matters: landscape complexity amplifies on-farm diversification effects and can reduce dependence on broad-spectrum pesticides, which themselves can destabilize enemy communities (Gagic et al., 2021; Karp et al., 2018). Importantly, diversification is not a single practice but a design space whose performance is context-dependent—varying with climate zone, market access, and baseline management (Aramburu Merlos & Hijmans, 2020).
1.3 Scope and objectives of this article
This article provides a systematic review of recent field-based evidence—emphasizing meta-analyses and long-term experiments—on how agrobiodiversity functions as climate adaptation across three outcome domains: (i) yield stability and level, (ii) pest and disease regulation, and (iii) nutrition and dietary diversity. We focus on studies published mainly since 2018 to reflect current understanding and practice relevance. Our objectives are fourfold. First, to synthesize the magnitude and consistency of diversification effects on mean yields and interannual yield variability, including evidence for cultivar mixtures, rotational diversity, and multi-species plantings (Huang et al., 2024; Smith et al., 2023; Tamburini et al., 2020). Second, to evaluate how field- and landscape-level diversification shapes pest pressure, pollination, and biological control under warming and increasing climate variability (Dainese et al., 2019; Feit et al., 2021; Gagic et al., 2021; Karp et al., 2018). Third, to connect on-farm diversification to nutrition outcomes, assessing evidence that production and food-system agrobiodiversity contribute to dietary diversity and the stability of nutrient availability, particularly where markets are thin or volatile (Jones et al., 2021; Nicholson et al., 2021). Fourth, to distill design principles and monitoring, reporting, and verification (MRV) implications that can guide climate-risk policy, investment, and on-farm decision-making. Throughout, we attend to context dependence and identify priority evidence gaps—such as standardization of stability metrics, multi-scale design, and integration with input use and integrated pest management. By clarifying mechanisms, synthesizing outcomes, and surfacing implementation guidance, the review aims to support researchers, extension systems, and policymakers seeking adaptation strategies that jointly advance resilience, productivity, and nutrition.

2. Methods: Approach to a Systematic Review
We conducted a structured review of peer-reviewed, field-based studies and meta-analyses published between January 2013 and March 2025, giving priority weight to evidence from 2018 onward. Searches were run in Web of Science Core Collection, Scopus, PubMed, and CAB Abstracts using Boolean strings combining agrobiodiversity terms (e.g., “crop* diversif*,” “cultivar mixture*,” “intercrop*,” “rotation*,” “hedgerow*,” “flower strip*”) with outcome terms (“yield stability,” “pest*,” “biological control,” “pollinat*,” “diet* divers*,” “nutrition,” “resilien*”). We prioritized studies quantifying yield stability (variance, coefficient of variation, temporal stability metrics), pest pressure/biocontrol, and nutrition/dietary outcomes. Inclusion criteria were: (i) field experiments, long-term trials, observational multi-year studies, or formal meta-analyses; (ii) clear diversification contrast versus a conventional control; (iii) at least one focal outcome (mean yield and/or interannual variability; pest/disease pressure or service indicators; diet/nutrition metrics); and (iv) adequate replication and statistics. Exclusions were greenhouse/pot trials, modeling without field validation, preprints, non-English articles, and outlets known for poor peer review. Data extracted included location, climate, crop and practice details, landscape context, baseline input intensity, study duration, design, and effect metrics. When standardized effect sizes were unavailable, direction and magnitude categories were synthesized. Risk of bias (selection, confounding, measurement, and reporting) was appraised with an adapted rubric, and certainty judgments reflected study quality, consistency, and external validity.
3. Results and Synthesis
3.1 Yield level and temporal stability
Across diverse climates and crops, diversification generally maintains or increases mean yields while buffering interannual variability. A global synthesis spanning tens of thousands of comparisons found that agricultural diversification promotes multiple ecosystem services without compromising yield, contradicting the presumption of a universal diversification penalty (Tamburini et al., 2020). Complementing this, a meta-analysis of cultivar mixtures showed small but consistent yield gains and improved temporal stability across major cereals, with particularly strong effects in rice and maize, underscoring the value of within-crop genetic diversity for climate risk management (Huang et al., 2024). Variety-mixture benefits align with earlier evidence from wheat indicating yield gains and disease moderation when functionally distinct cultivars are combined (Borg et al., 2018). Rotational diversity improves cereal yields in long-term experiments and often does so increasingly over time, suggesting that soil structure and biotic networks reorganize to support more stable productivity (Smith et al., 2023). At broader spatial scales, national harvests exhibit greater stability where crop diversity is higher, consistent with portfolio effects that distribute climate and market risks across species with distinct response profiles (Renard & Tilman, 2019). Scale dependence is also evident: landscape-level crop diversity can contribute to field-scale yield stability, though responses vary with region, crop identity, and climate anomalies (Aramburu Merlos & Hijmans, 2020). Together, these findings indicate that both genetic and species-level diversity act as “insurance,” elevating or sustaining average yields while dampening variance.
3.2 Pest, disease, and ecosystem service outcomes
Field and landscape diversification consistently strengthens services that regulate pests and support yields. A global synthesis showed that higher richness and abundance of pollinators and natural enemies enhance pollination and biological control, translating into improved crop outcomes (Dainese et al., 2019). Landscape complexity—through hedgerows, semi-natural habitat, and floral strips—improves the resilience of natural enemy communities to warming, protecting biocontrol under climate stress (Feit et al., 2021). In practice, farms embedded in less intensive, more complex landscapes experience lower pest pressure and lower insecticide use without yield penalties, suggesting that diversified landscapes can substitute for some chemical control while maintaining productivity (Gagic et al., 2021). At the same time, responses are shaped by baseline pesticide intensity and habitat configuration. Broad-spectrum applications can disrupt enemy communities and erode biocontrol benefits, highlighting the complementarity between diversification and integrated pest management (Karp et al., 2018). Within-crop genetic diversity reduces disease incidence and stabilizes yields, aligning agronomic and ecological objectives (Huang et al., 2024). The convergent message is that multi-scale agrobiodiversity scaffolds pollination and biological control—services whose value increases with climate volatility—while offering pathways to reduce reliance on inputs that can be both costly and environmentally damaging.
3.3 Nutrition and dietary diversity
Evidence linking farm-level production diversity to household dietary diversity is positive but context-dependent. Cross-country analyses show that increasing crop diversity at national scale is associated with greater nutritional stability—the capacity to maintain nutrient availability under disturbance—indicating a system-level insurance effect analogous to yield stability (Nicholson et al., 2021). At the food-system level, many countries underutilize agrobiodiversity, suggesting substantial headroom to improve diet quality and resilience by diversifying production, conservation, and consumption portfolios (Jones et al., 2021). At household scale, empirical studies commonly find a modest positive association between production diversity and dietary diversity; effects are strongest where market access is thin or volatile and weaker where markets already provide diverse foods (Khandoker et al., 2022; Nandi and Nedumaran, 2022). These findings imply that translating on-farm agrobiodiversity into diet quality requires complementary investments in market diversity, value chains for underutilized species, and public procurement that creates predictable demand for nutrient-dense crops.
3.4 Mechanisms and cross-scale synthesis
Three mechanisms explain the observed patterns. Response diversity—differences among genotypes and species in phenology, stress tolerance, and disease resistance—reduces the covariance of failure across years and sites, stabilizing yields from the field to national scales (Huang et al., 2024; Renard & Tilman, 2019). Resource-use complementarity in rotations and mixtures partitions light, water, and nutrients across time and space; over multi-year horizons, this improves soil physical structure and microbial networks, supporting both higher average yields and lower interannual variance (Smith et al., 2023; Tamburini et al., 2020). Service scaffolding arises when field and landscape elements sustain pollinators and natural enemies, which in turn buffer pest and pollination risks that intensify with climate change (Dainese et al., 2019; Feit et al., 2021; Gagic et al., 2021). These mechanisms interact across scales: landscape complexity amplifies field-level diversification benefits, while IPM alignment prevents the erosion of natural enemy communities (Karp et al., 2018). The synthesis supports a design principle: functionally meaningful diversity, embedded in supportive landscapes and coupled with prudent input use, yields the most consistent adaptation benefits.
3.5 Heterogeneity, trade-offs, and strength of evidence
Effects are heterogeneous and context-dependent. Diversification benefits are generally larger in systems with degraded soils, simplified rotations, or climates prone to extremes; in highly intensive systems with heavy pesticide use, biocontrol gains can be muted (Karp et al., 2018; Gagic et al., 2021). Management complexity and labor demands can rise with greater species or genetic richness, and some rotational choices can temporarily depress specific crops if not matched to local constraints (Smith et al., 2023). Nevertheless, the weight of evidence—from multiple global meta-analyses, long-term experiments, and national-scale assessments—supports agrobiodiversity as a robust, scalable adaptation pathway that stabilizes yields, supports ecosystem services, and contributes to nutrition when paired with enabling markets and policies (Tamburini et al., 2020; Beillouin et al., 2021; Renard & Tilman, 2019; Jones et al., 2021; Nicholson et al., 2021).

4. Synthesis of Mechanisms: Why Agrobiodiversity Buffers Climate Risk
4.1 Conceptual framing: insurance, complementarity, and services
Agrobiodiversity cushions climate shocks through three interacting pathways. First, insurance arises when diverse genotypes and species respond differently to stress, so that poor performance of one component is offset by others (Yachi & Loreau, 1999; Elmqvist et al., 2003). Second, resource-use complementarity lets crops (or cultivars) partition light, water, nutrients, and time, sustaining mean yields and reducing variance across years (Loreau & Hector, 2001). Third, service scaffolding maintains pollination and biological control networks that become more valuable as temperature and precipitation variability intensify (Dainese et al., 2019). These pathways propagate upward: stabilized field yields aggregate into more stable national harvests as diversity spreads risk in space and time (Renard & Tilman, 2019). 
4.2 Insurance via response diversity and asynchrony
The insurance hypothesis formalizes why diversity reduces the probability of simultaneous failure under fluctuating climates: as species/genotypes differ in phenology, heat tolerance, or disease resistance, community-level productivity varies less than its parts (Yachi & Loreau, 1999). Response diversity—the range of responses among species performing a similar function—adds resilience when stresses shift unpredictably across seasons and sites (Elmqvist et al., 2003). At larger spatial scales, spatial insurance shows how dispersal and heterogeneity allow high-functioning patches to compensate for low-functioning ones, stabilizing regional production (Loreau et al., 2003). Long-term field experiments confirm that more diverse plant communities exhibit higher temporal stability of productivity, a hallmark of climate buffering (Tilman et al., 2006). Together, these results explain why cultivar mixtures and diversified rotations—both increasing response diversity—tend to damp interannual yield variability even when mean yields are similar to controls. 
4.3 Complementarity and the soil–plant–microbe nexus
Complementarity disentangles two diversity benefits: a complementarity effect, where species/varieties use resources more completely across space and time, and a selection effect, where high-performing types are more likely present (Loreau & Hector, 2001). In agriculture, years-to-decades of diversified rotations reorganize soils—aggregate stability, rooting depth, and microbial networks—so that crops capture water and nutrients more efficiently across wet and dry years (Smith et al., 2023). Within-crop cultivar mixtures extend these gains by combining genotypes that differ in canopy structure, phenology, or disease resistance; a recent global meta-analysis documents modest but consistent increases in mean yield and temporal yield stability, especially in rice and maize (Huang et al., 2024). System-level syntheses show that diversification commonly enhances nutrient cycling and water regulation, mechanisms that directly mediate climate impacts on yield (Tamburini et al., 2020). These complementarity-driven processes convert diversity into buffered performance—maintaining function during heat spikes, delayed monsoons, or mid-season dry spells. 
4.4 Service scaffolding: pollination and biological control under climate stress
Agrobiodiversity also stabilizes ecosystem services that underpin yields. Across 1,000+ sites, higher richness and abundance of pollinators and natural enemies improved pollination, biological control, and, ultimately, crop production (Dainese et al., 2019). Landscape complexity—hedgerows, semi-natural habitats, diverse field mosaics—makes enemy communities more thermally resilient, reducing climate-sensitivity of pest suppression (Feit et al., 2021). At farm and landscape scales, less intensive, more diversified landscapes experienced lower pest pressure and lower insecticide use without yield penalties, indicating that habitat-mediated services can substitute for some chemical control (Gagic et al., 2021). Yet responses can be muted where broad-spectrum insecticides disrupt natural enemies; aligning diversification with IPM is critical to realize service-based buffering (Karp et al., 2018). The broader lesson is that diversified fields nested within supportive landscapes provide redundancy and response diversity in service providers, keeping pollination and biocontrol functional as climates warm and weather variability increases. 
4.5 Cross-scale interactions and aggregation to food-system stability
Mechanisms interact across scales. Field-level diversification reduces variance within plots; when many farms diversify, asynchronous responses across landscapes reduce the covariance of failures, yielding more stable regional and national harvests (Renard & Tilman, 2019). Empirically, crop diversity’s stabilizing effects strengthen at intermediate spatial grains corresponding to farm-to-county scales, where spatial and temporal diversity most strongly couple—a key design insight for policy targeting (Aramburu Merlos & Hijmans, 2020). In rotations, functional richness (e.g., including legumes and deep-rooted perennials) matters at least as much as species counts; across 32 long-term experiments, rotational diversity benefits increased over time, consistent with slow-building soil and biotic mechanisms (Smith et al., 2023). These cross-scale dynamics explain why plot-level gains from cultivar mixtures and rotations can translate into harvest reliability at food-system scales when adoption is sufficiently widespread. 
4.6 Boundary conditions and design implications
Mechanisms have limits. Complementarity and service scaffolding require functional rather than nominal diversity; poorly chosen mixtures or rotations may add species without spanning climatic niches or resource axes, blunting insurance. Landscape-mediated services depend on habitat configuration and pesticide regimes; indiscriminate chemical use collapses enemy networks and erodes benefits (Karp et al., 2018; Gagic et al., 2021). Finally, stability benefits can be scale-dependent: diversity that stabilizes farm incomes may be invisible in national statistics if adoption is patchy or if aggregation dilutes asynchrony signals (Aramburu Merlos & Hijmans, 2020). Designing for climate adaptation therefore means: (i) targeting response diversity (phenology, heat/drought tolerance, disease resistance) within cultivar portfolios; (ii) maximizing functional richness in rotations; and (iii) embedding fields in complex landscapes while aligning with IPM to protect service providers.
5. Design Principles for Practice under Climate Change
5.1 Matching diversity to climatic hazards through cultivar portfolios
Start with functionally distinct cultivar mixtures rather than nominal diversity. Mixtures that span phenology, canopy structure, heat or drought tolerance, and disease resistance deliver small but consistent yield gains and improved temporal stability across major crops; effects are particularly visible in rice and maize, making them attractive, low-disruption entry points for climate adaptation (Huang et al., 2024). The operational rule is to assemble portfolios that hedge the most likely local hazards—heat at flowering, erratic monsoon onset, or disease outbreaks—so one genotype’s weakness is offset by others. At larger scales, such response diversity aggregates into more stable harvests, reinforcing risk management from field to nation (Renard & Tilman, 2019). 
5.2 Rotational design that builds soil function and spreads risk
Diversifying rotations increases average cereal yields in long-term trials, with benefits that grow over time as soils and biotic networks reorganize—evidence that temporal diversity underpins resilience rather than only short-term gains (Smith et al., 2023). Within those rotations, legume phases are consistently high-leverage: a global meta-analysis shows legume pre-crops confer substantial yield advantages to subsequent cereals, while also improving nitrogen supply and soil structure (Zhao et al., 2022). Where climate and markets allow, adding cash-crop and legume phases can simultaneously raise equivalent yield and improve greenhouse-gas balances, demonstrating that adaptation and mitigation can co-travel in diversified rotations (Yang et al., 2024). The design takeaway is to program rotations for functional richness—including legumes and deep-rooted species—so resource-use complementarity and insurance effects compound over years. 
5.3 Landscape elements that secure service resilience
Field-scale diversification performs best when embedded in complex landscapes. Semi-natural habitat, hedgerows, and floral strips raise the richness and abundance of pollinators and natural enemies, improving pollination and biological control that support yields (Dainese et al., 2019). Crucially, landscape complexity increases the thermal resilience of predator communities, maintaining biocontrol as temperatures swing more wildly with climate change (Feit et al., 2021). Farms situated in less intensive, more diversified landscapes tend to face lower pest pressure and use fewer insecticides without sacrificing yield, showing that habitat-mediated services can substitute for some chemical control (Gagic et al., 2021). Because responses can vary with landscape composition, habitat placement should prioritize connectivity and the protection of overwintering and floral resources within short flight distances of target fields (Karp et al., 2018). 
5.4 Aligning inputs and IPM so diversity is not undermined
Diversification and IPM are complements. Broad-spectrum, prophylactic pesticide regimes can destabilize natural-enemy networks and mute the benefits of landscape and field diversity (Karp et al., 2018). Conversely, threshold-based spraying, selective chemistries, and refuge habitat preserve enemy communities so that diversification can deliver pest suppression and reduce input costs (Gagic et al., 2021). Where cultivar mixtures reduce disease pressure, fungicide programs should be recalibrated to avoid erasing those gains; similarly, rotations that cut pest carryover justify adjusting insecticide intensity. The principle is simple: design inputs around services, not despite them. 
5.5 Linking farm diversity to diets through seed, market, and policy
Production diversity improves outcomes when seed systems supply climate-resilient varieties and underutilized crops, and when markets can absorb and reward diversity. National assessments show agrobiodiversity is widely underutilized across food systems, indicating policy space for procurement, value-chain development, and consumer programs that pull nutrient-dense, climate-resilient crops into regular demand (Jones et al., 2021). At system scale, greater crop diversity is associated with higher nutritional stability—the ability to maintain nutrient availability under disturbance—underscoring why market and policy instruments should target both production and consumption diversity (Nicholson et al., 2021). For practitioners, this means coordinating varietal choice and rotation plans with buyers, public procurement, and social protection so farm-level diversity reliably translates into diet diversity. 
5.6 Monitoring and credible performance signals
Because adaptation is ultimately about reliability, monitoring should track both practice and performance. At farm scale, record cultivar-mix composition, rotational diversity, and habitat features; at outcome level, track yield variance (not only means), pest pressure, pesticide intensity, and simple biodiversity indicators of pollinators and enemies. These are the signals used by global syntheses linking diversity to services and stability and can be aggregated for policy programs (Tamburini et al., 2020; Renard & Tilman, 2019). Embedding such metrics in certification, insurance discounts, or climate-smart programs creates incentives aligned with the core objective of this article: stable yields, resilient services, and better nutrition through agrobiodiversity. 
Table 1 represents the Practice–Mechanism–Effect matrix for agrobiodiversity under climate change.
Table 1: Practice–Mechanism–Effect matrix for agrobiodiversity under climate change
	Diversification lever
	Primary mechanism(s)
	Expected effects
	Context notes
	Key sources

	Cultivar / variety mixtures (within-crop genetic diversity)
	Response diversity; partial disease suppression; staggered phenology/canopy
	Mean yield: small ↑; Temporal stability: ↑; Disease pressure: ↓; Pesticide use: ↓ (context-dependent)
	Strongest evidence in rice & maize; requires functionally distinct mixtures
	(Huang, 2024; Borg et al., 2018)

	Rotational diversity with legume & non-cereal phases
	Resource-use complementarity; soil & microbial reorganization; N provisioning
	Mean yield: ↑ (growing over time); Temporal stability: ↑; Input efficiency: ↑
	Benefits accumulate in long-term trials; align with local markets & climate
	(Smith et al., 2023; Zhao et al., 2022; Yang et al., 2024)

	Non-crop habitat (hedgerows, floral strips, semi-natural patches)
	Service scaffolding for pollinators & natural enemies
	Pest pressure: ↓; Insecticide use: ↓; Yield support via biocontrol & pollination
	Works best with IPM/selective chemistries; proximity & connectivity matter
	(Dainese et al., 2019; Gagic et al., 2021; Feit et al., 2021)

	Landscape crop diversity (mosaic across farms)
	Insurance via spatial asynchrony; reduced covariance of failures
	Regional/national harvest stability: ↑; Farm-level stability: ↑ (context-dependent)
	Signals strongest at farm-to-county scales; adoption breadth is critical
	(Renard & Tilman, 2019; Aramburu Merlos & Hijmans, 2020)

	Production diversity linked to markets (nutrition pathway)
	Portfolio of nutrient sources; buffering of nutrient availability
	Diet diversity: small ↑ (stronger where markets are thin); Nutritional stability: ↑
	Needs seed access, procurement, and value-chain pull for underutilized crops
	(Nicholson et al., 2021; Jones et al., 2021; Nandi et al., 2022)



6. Evidence Gaps and Trade-offs
6.1 Metrics, methods, and comparability
A first gap concerns heterogeneity in outcome metrics and study designs. Yield stability is variously reported as variance, coefficient of variation, temporal stability indices, or risk-of-crop-failure, hindering cross-study synthesis and masking where diversification most reduces climate risk (Tamburini et al., 2020). Ecosystem-service outcomes—pollination, biological control, soil processes—are likewise measured with non-standard indicators that complicate aggregation (Beillouin et al., 2021). Many agronomic trials are short relative to system reorganization times, so early results may underestimate long-run benefits of rotational diversity that accrue through soil structure and microbial changes (Smith et al., 2023). Publication and outcome-reporting biases likely persist in the literature, emphasizing significant results and leaving negative or neutral findings underrepresented (Beillouin et al., 2021; Tamburini et al., 2020).
6.2 Context dependence and external validity
A core limitation is context dependence across climate zones, baseline management, and landscape configurations. Natural enemies and pests often respond inconsistently to surrounding habitat composition, which means landscape diversification can deliver strong biocontrol in some settings but weak or idiosyncratic responses in others (Karp et al., 2018). Conversely, syntheses show that richer communities of pollinators and enemies generally enhance services, yet the magnitude and reliability of these benefits depend on local species pools and management intensity (Dainese et al., 2019). Farms situated in less intensive, more diversified landscapes tend to experience lower pest pressure and reduced insecticide use without yield penalties, but this pattern weakens where broad-spectrum pesticides dominate (Gagic et al., 2021). Scale also matters: the stabilizing effects of crop diversity vary with spatial grain, peaking at farm-to-county scales where climatic and management asynchronies most effectively buffer production (Aramburu Merlos & Hijmans, 2020).
To strengthen the external validity of this review, additional case studies from the Global South have been included, elucidating how agrobiodiversity shapes adaptive capacities in smallholder contexts. For instance, in the Andean highlands of Peru and Bolivia, diversified quinoa and tuber cropping systems promoted by development programs have demonstrated significant benefits for income generation and nutrition, driven by local knowledge-sharing and integration of traditional varieties (Gotor et al., 2017). In Huánuco, Peruvian Andes, home gardens and crop fields together support exceptionally high species richness, outperforming monocultural systems and sustaining dietary diversity for rural households (Zimmerer et al., 2022). In Malawi, community seed banks have proven integral in the conservation and on-farm experimentation with local maize varieties, driven by farmer-led organizations that have strengthened resilience to climate stresses and food insecurity (Vansant et al., 2021). Similarly, Nepal’s LI-BIRD initiative has maintained robust seed banking systems since the 1990s, supporting farmers in post-disaster recovery and advancing agrobiodiversity through cooperative management and locally-adapted financial models (Vernooy et al., 2021). These examples collectively reveal that region-specific, participatory and organizational mechanisms are critical to sustaining agrobiodiversity and its climate-adaptive benefits across diverse agro-ecological landscapes (Zimmerer et al., 2022; Gotor et al., 2017).
6.3 Nutrition pathways and attribution
Evidence linking production diversity to diet quality is positive but modest and frequently mediated by markets. At national scale, greater crop diversity correlates with higher nutritional stability—maintenance of nutrient availability under disturbance—but these system-level relationships do not specify which on-farm mixes or value-chain steps drive the effect (Nicholson et al., 2021). Many countries underutilize agrobiodiversity across production and consumption, suggesting policy headroom but also indicating attribution challenges when food environments, prices, and preferences shift (Jones et al., 2021). At household scale, associations between farm diversity and dietary diversity strengthen where market access is thin and weaken where diverse foods are readily available, implying that market diversity and logistics often gate the translation of farm diversity into diets (Khandoker et al., 2022; Nandi and Nedumaran, 2022). More quasi-experimental and longitudinal designs are needed to isolate causal effects along these pathways.
6.4 Productivity, labor, and input trade-offs
While many diversification strategies maintain or raise average yields, effect sizes can be small and variable, and management complexity or labor demands may rise with added species or varieties (Huang et al., 2024; Beillouin et al., 2021). Rotational changes can temporarily depress specific crops if not aligned with local constraints, even as long-term averages improve (Smith et al., 2023). Historical debates over yield penalties in broad production system shifts remind us that diversification’s benefits are not automatic: yield gaps can appear where practices are poorly matched to biophysical or market context, though targeted diversification can narrow such gaps (Seufert et al., 2012; Ponisio et al., 2015). Input strategies also require recalibration; where diversification strengthens biocontrol, unchanged pesticide regimes can erode those gains and obscure benefits in trials and practice (Gagic et al., 2021; Karp et al., 2018).
6.5 Geographical, crop, and equity blind spots
The evidence base is geographically skewed toward temperate regions and a subset of staple crops, leaving under-represented smallholder systems, neglected and underutilized species, and stress-prone environments where adaptation needs are acute (Beillouin et al., 2021; Jones et al., 2021). Within-country variability—soil constraints, tenure, gendered labor, input access—can alter the feasibility and benefits of diversification but is rarely disaggregated in syntheses. Filling these gaps requires coordinated trials and monitoring in the Global South, explicit reporting of social and economic co-outcomes, and the integration of seed-system and market interventions within agronomic studies (Nicholson et al., 2021; Nandi and Nedumaran, 2022).
6.6 Priorities to close gaps and manage trade-offs
To make agrobiodiversity a bankable adaptation for policy and finance, research should converge on standardized stability metrics, multi-year trials that capture delayed soil and community reorganization, and designs that integrate landscape context and input regimes into treatment definitions (Tamburini et al., 2020; Smith et al., 2023; Karp et al., 2018). Nutrition studies need stronger causal identification and market-linked interventions to attribute effects beyond correlation (Nicholson et al., 2021; Jones et al., 2021). Finally, MRV frameworks should pair practice indicators with outcome metrics—yield variance, pesticide intensity, biodiversity of service providers—so programs can recognize genuine stability gains while monitoring where trade-offs emerge (Gagic et al., 2021; Dainese et al., 2019).

7. Policy and MRV (Monitoring, Reporting, Verification) Implications
7.1 Framing adaptation targets around reliability, not only means
Climate adaptation policy in agriculture often over-weights average yield and under-weights reliability. The evidence synthesized here indicates that agrobiodiversity improves mean performance and, critically, stabilizes it across variable years, especially when diversity is functional and multi-scale (Tamburini et al., 2020; Smith et al., 2023). At national scales, greater crop diversity is associated with more stable aggregate production, underscoring why ministries and insurers should include stability metrics in targets and dashboards (Renard & Tilman, 2019).
7.2 What to measure: practice indicators and outcome indicators
An effective MRV system pairs practice indicators—verifiable records of diversification—with outcome indicators that demonstrate performance. Practice indicators should log cultivar-mixture composition, rotational diversity (including legume phases), and mapped landscape habitat (hedgerows, floral strips). Outcome indicators should track yield variance (multi-year plot or farm series), pesticide intensity, and service-provider biodiversity (pollinator and natural-enemy richness/abundance), because these mediate climate resilience (Dainese et al., 2019; Gagic et al., 2021; Feit et al., 2021). In cereals and rice, cultivar-mixture performance and temporal yield stability are suitable field-scale KPIs that can be audited through plot records and simple harvest statistics (Huang et al., 2024). For rotations, long-term performance should be assessed at the crop-sequence level, recognizing that benefits accumulate over years (Smith et al., 2023).
7.3 Sampling, frequency, and aggregation
To be decision-useful, MRV must balance rigor with feasibility. A minimum viable design involves annual practice reporting tied to geo-referenced fields, plus outcome sampling on a rotating panel to estimate yield variance and service indicators with known uncertainty. Because stabilization emerges from spatial asynchrony, aggregation rules should preserve farm-to-landscape variation rather than averaging it away; county-scale dashboards are an appropriate compromise for many programs (Renard & Tilman, 2019). Where feasible, MRV should stratify by landscape complexity to attribute gains to on-farm versus habitat drivers (Dainese et al., 2019; Feit et al., 2021).
7.4 Incentives that pay for stability and service delivery
Performance payments should reward reduced yield variance and lower pesticide intensity alongside mean yield or revenue. Habitat stewardship credits can recognize maintained or restored semi-natural features that demonstrably support biocontrol and pollination (Gagic et al., 2021; Feit et al., 2021). Because market conditions gate the translation of production diversity into diet quality, procurement and value-chain policies should pull underutilized, nutrient-dense crops into steady demand so that on-farm diversity is reflected in diets (Jones et al., 2021; Nicholson et al., 2021). Where markets are thin, evidence suggests targeted interventions are needed to realize nutrition co-benefits (Nandi and Nedumaran, 2022; Khandoker et al., 2022).
7.5 Safeguards: aligning MRV with IPM and avoiding perverse incentives
Diversification’s service benefits can be muted by prophylactic, broad-spectrum pesticide regimes. MRV should therefore include IPM alignment—e.g., treatment frequency index and use of selective chemistries—so programs do not inadvertently subsidize practices that erode natural-enemy communities (Karp et al., 2018; Gagic et al., 2021). Similarly, verification should emphasize functional rather than nominal diversity (e.g., phenology, resistance traits, legume phases), consistent with mechanisms that drive stability (Huang et al., 2024; Smith et al., 2023).
7.6 Data infrastructure and governance
Credible MRV requires data standards, traceability, and farmer-centered design. Plot-level observations can be digitized through farm books and periodic audits; biodiversity sampling can be streamlined with standardized transects or pan-trap protocols linked to service models. Open, versioned indicator definitions and clear aggregation rules will enable comparability across programs and countries while keeping costs manageable. Critically, the policy value of MRV increases when indicators are legible to multiple constituencies—insurers, banks, and health agencies—bridging adaptation, risk finance, and nutrition agendas (Tamburini et al., 2020; Jones et al., 2021; Nicholson et al., 2021).
Decision-useful MRV indicators for agrobiodiversity-based adaptation has been depicted in Table 2.
Table 2: Decision-useful MRV indicators for agrobiodiversity-based adaptation

	Level
	Indicator
	What it captures
	Sampling & frequency
	Verification
	Rationale / evidence

	Field / Farm
	Temporal yield stability (multi-year variance or CV)
	Reliability of production under climate variability
	Annual harvest records over ≥3–5 years
	Farm books; audits; remote-sensed area cross-check
	Stability improves with mixtures & rotations; program-relevant KPI

	Field / Farm
	Pesticide intensity (treatment frequency index)
	Dependence on chemical control; proxy for biocontrol realization
	Per season by active ingredient
	Input invoices; spray logs
	Lower use in diversified/less-intensive landscapes without yield penalties

	Field
	Service-provider biodiversity (pollinator & natural-enemy richness/abundance)
	Capacity for pollination & biocontrol under climate stress
	Standard transects/pan traps once per season
	Field sampling; photographic vouchers
	Diversity of service providers predicts service reliability

	Farm
	Cultivar-mixture composition (share of area in mixtures)
	Within-crop genetic diversification
	Annual seed/planting records
	Seed tags; procurement records
	Mixtures deliver small ↑ yields and ↑ temporal stability

	Farm
	Rotational diversity index (functional groups over 3–5 yrs)
	Temporal functional richness & legume inclusion
	Rolling 3–5-year window
	Cropping history; extension records
	Benefits accumulate; improves soil function and reliability

	Landscape
	Habitat availability (hedgerow length; % semi-natural habitat within 1 km)
	Scaffolding for pollinators/enemies & connectivity
	Annual/biennial mapping
	Field GPS; high-res imagery
	Landscape complexity increases resilience of biocontrol

	System / Markets
	Market food diversity (count of food groups routinely available)
	Potential for production diversity to translate into diet diversity
	Quarterly market scans
	Market audits; price DBs
	Diet benefits strengthen where market diversity is limited without intervention




7.7 Role of Policy, Indigenous Wisdom, and Market Access
The successful maintenance and enhancement of agrobiodiversity in smallholder systems is strongly mediated by three factors: local policy frameworks, Indigenous knowledge, and access to dynamic markets. Local governmental policies, especially those that recognize and integrate agrobiodiversity objectives into agricultural and environmental planning, play a pivotal role in facilitating in situ conservation and farmer-led innovation. Evidence from multisite case studies indicates that supportive land-use, seed, and food system policies enhance the adoption and scaling of diversified agricultural practices (Måren et al., 2022). In contrast, restrictive or non-inclusive policies can impede farmers’ ability to maintain crop diversity and adapt to climatic variability.

The role of Indigenous knowledge is equally crucial. Indigenous communities possess sophisticated knowledge systems for managing agrobiodiversity, including strategies for seed selection, intercropping, soil management, and pest control, honed over generations of local experimentation. Studies from African and global contexts illustrate how Indigenous ecological knowledge directly contributes to resilient, biodiverse, and productive agroecosystems, especially under stress conditions such as drought or changing market demands (Malekani, 2023; Malapane et al., 2024). Embedding this knowledge into development and policy initiatives not only supports biodiversity outcomes but also empowers marginalized farming groups.

Finally, access to viable markets is essential for sustaining on-farm agrobiodiversity. Local and regional markets serve as reservoirs and distribution hubs for diverse crop varieties and plant genetic resources, creating incentives for farmers to cultivate a broad portfolio of species and varieties. Research in Mexico reveals that traditional markets function as critical access points for both food and propagation materials, maintaining diversity through both consumption and trade (Heindorf et al., 2021). Policy measures that improve market access, reduce barriers, and enhance seed and product exchange are strongly associated with improved agrobiodiversity and livelihood resilience for smallholder farmers (Måren et al., 2022).
8. Conclusions
This review set out to evaluate whether agrobiodiversity—diversity within crops, among crops, and across landscapes—offers a dependable pathway for climate adaptation in agriculture, with specific attention to yield stability, pest regulation, and nutrition. The weight of field evidence and meta-analyses indicates that well-designed diversification typically sustains or modestly raises average yields while buffering interannual variability, strengthens pollination and biological control in ways that reduce dependence on broad-spectrum pesticides, and contributes—directly and indirectly—to more reliable nutrient availability and diet diversity. These outcomes are not accidental; they emerge from three interacting mechanisms: response diversity that spreads risk, resource-use complementarity that improves efficiency and soil function over time, and service scaffolding that keeps ecological support systems operating under climatic stress.
Translating mechanisms into practice points to clear priorities. Cultivar portfolios should emphasize functional contrasts—phenology, tolerance, disease resistance—so that one genotype’s weakness is offset by another’s strength. Rotations should build functional richness, especially through legume phases and deep-rooted species that restructure soils and stabilize performance over years rather than seasons. Field-level diversification works best when embedded in landscapes that retain semi-natural habitat; aligning inputs with integrated pest management ensures that ecological services are not undermined. Because production diversity reaches diets through markets, seed systems, procurement, and value chains must be engaged to convert on-farm diversity into consistent demand for nutrient-dense crops.
For policy and finance, adaptation targets should privilege reliability alongside means. Monitoring should pair practice indicators (cultivar mix, rotational diversity, habitat) with outcome indicators that decision-makers value: yield variance across years, pesticide intensity, and simple biodiversity measures tied to pollination and biocontrol. These signals can be audited at farm scale and aggregated credibly to program or national dashboards without losing the stabilizing effects that arise from spatial asynchrony.
Important caveats remain. Benefits are context-dependent and can be muted by incompatible input regimes or simplified landscapes; labor and management demands can rise; and standardized stability metrics and longer trial horizons are needed to capture slow-building soil and community reorganization. Even so, the overall conclusion is robust: agrobiodiversity is a practical, scalable, and no-regrets strategy that can make agricultural production more reliable while co-delivering ecosystem and nutrition benefits. With deliberate design and credible monitoring, it offers a unifying framework for farmers, extension, and policymakers to manage climate risk without sacrificing productivity.

9. Limitations
This review synthesizes field-based studies and meta-analyses but does not conduct a de novo quantitative meta-analysis; effect magnitudes are therefore summarized from heterogeneous sources rather than re-estimated with a unified model. The evidence base is uneven across geographies, crops, and management intensities, with temperate systems and major cereals overrepresented relative to smallholder and stress-prone regions and to neglected or underutilized species. Many agronomic experiments remain short relative to the multi-year reorganization of soils and biotic communities that underpin diversification benefits, which means early results may underestimate long-run stability gains or overstate transition costs. Outcome metrics lack standardization: yield stability, pest pressure, service indicators, and diet quality are measured in disparate ways, complicating cross-study comparability and policy translation. Publication and outcome-reporting biases are possible, particularly where neutral or negative findings are less likely to appear in the literature. Context dependence limits external validity; responses to diversification hinge on baseline input regimes, landscape configuration, seed access, and market conditions, any of which can mute or amplify benefits. Economic dimensions, including labor and management complexity, are unevenly reported, constraining robust assessments of profitability and adoption feasibility. Nutrition pathways are difficult to attribute because production diversity interacts with market diversity, price volatility, consumer behavior, and public procurement. Finally, while the review proposes monitoring, reporting, and verification indicators, practical implementation faces data-quality, sampling-frequency, and governance challenges that were outside the scope of the synthesis. These limitations underscore the need for longer trials, standardized metrics, transparent reporting, and integrative designs that couple farm practice with landscape context, markets, and nutrition outcomes.
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