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	ABSTRACT
Agroecological pest management is an ecologically friendly alternative to synthetic pesticides, yet knowledge gaps prevent their extensive application. Following PRISMA 2020 principles, this systematic review synthesized evidence from 2020-2025 including Q1 and Q2 journals, based on intercropping, biological control, and habitat manipulation. Experiments were analysed based on the PICOS criteria to determine the efficiency of pest control, biodiversity, and adoption barriers. Meta-analysis reveals biodiversity boost (+24) and pest control (+63) than monocultures, and intercropping (e.g., faba bean-wheat) yielding land equivalent ratios >1 and reduces aphid colonization. Predators’ efficiency reduces beyond 5m of habit manipulation. Scaling faces challenges, such as conversion of two 3-5 years, non-payment of ecosystem services, and complex management requirements. Farmer adoption is linked with secondary education (2.3-fold increment) and access to extension (+45%). Diversified systems, resilient to climate change trap 2.3 tons of CO2 equivalent/ha/year. Agroecological practices demand technical support, incentives, and institutionalization to develop sustainable farming
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INTRODUCTION
The current global agriculture is constantly facing multidimensional challenges and there is an urgent need to increase food production by 60 percent within 2050 to satisfy the growing demand. On the other side of the coin, it is necessary to combat alarming biodiversity and ecosystem health losses (Connor et al., 2021). Traditional pest management is highly dependent on the use of synthetic pesticides, which may have caused high productivity gains, but at a high ecological cost, such as the loss of pollinators, soil erosion, and pests developing resistance to pesticides (Zhou et al., 2024). Such problems have increased attention to agroecological pest management, which uses ecological concepts such as intercropping, biological control, and habitat diversification to balance pest management in a sustainable way, preserving biodiversity, and ecological services (Jasrotia et al., 2023).

Agroecological approaches are ecological and agricultural practices- that combine to produce resilient agroecosystems that offer various positive outcomes such as pest control, pollination, and soil health (Jha et al., 2023). These systems are based on the diversity-stability hypothesis, according to which the biodiversity of an ecosystem increases its stability and provides protection against natural pests (Daelemans et al., 2022). Meta-analyses validate that plant diversification decreases herbivores and increases predators, but these effects depend on the cropping system and the degree of management (Daelemans et al., 2022). Despite their potential, scaling agroecological practices is impeded by crucial knowledge gaps, notably in the quantification of biodiversity-eco-service relationships and the maximization of the application of the proposed practices in various agricultural settings.
1.1Critical Research Gaps

One of the major loopholes is the lack of knowledge regarding how the improvement of biodiversity can be converted to ecosystem services. Although empirical evidence indicates that plant diversity is positively correlated with pest control, the underlying mechanisms are still not well understood, as standardized measures have not been developed at the taxonomic level, spatial scales, and time (Jha et al., 2023). Such responses of arthropods to diversification, as trade-offs dependent on spatial management and ecological interactions, are understudied, although optimal ways to balance these trade-offs (Daelemans et al., 2022) are lacking. Furthermore, economic estimates of the benefits of biodiversity are still in their infancy, and they tend to consider individual services as opposed to synergies. Research in urban agroecosystems has emphasized the complexity of interactions between landscape cover and local management in promoting pest control and pollination, but it has been difficult to apply this knowledge to rural circumstances (Jha et al., 2023). To operate agroecological pest management and attain sustainable agricultural intensification, such gaps need to be addressed.

1.1.2 Scaling up Agroecological Pest Management to Commercial Systems 

A key issue in agroecological pest control is to scale up small-scale experimental plots to commercial landscape-scale agricultural systems. Current research is mostly limited to localized trials, and there are large gaps in the understanding of ecological processes at larger scales, where commercial agriculture takes place (Todd, 2022). Scaling encompasses many technical, agronomic, and economic obstacles that are compounded by community dynamics, limits to market access, and policy considerations that influence farmers’ decision making of farmers (Todd, 2022). For example, conservation agriculture has shown that although small-scale success is possible, there are multifaceted challenges to the broader implementation of conservation agriculture (Chaudhary et al., 2022). The absence of landscape-scale management systems that strike a balance between pest management and ecosystem service delivery is a major flaw that has seen agricultural systems fail to develop into sustainable agricultural systems in accordance with global sustainability objectives.

1.1.3 Reasons that impede the Adoption of Farmers in Developing Countries.

The implementation of agroecological practices, particularly in developing nations where food security is the primary priority, is limited by socio-economic and knowledge barriers on the part of farmers. Its adoption is conditional upon the complicated relations between farmer education, the availability of extension services, their integration with markets, and the institutions of the environment (Sidibe et al., 2024). Research on Mali and education and exposure to extension views as the most important, and yet, at the same time, important frameworks against these problems are few and far between to fight them interactively (Sidibe et al., 2024). Second, the presence of credit, social networks, and land tenure security also affects agroecological shifts in Ethiopia (Mekuria et al., 2022). The quality of study in various situations makes it difficult to construct scalable and generalizable tactics to trigger widespread adoption and demands unified responses to local realities.

1.1.4 Climate change Climate change and Agriculture Interactions.

Agroecological pest control is strongly affected by climate change due to the alteration of pest distribution, which disrupts the synchrony of phenological processes and exacerbates extreme weather conditions. The pest-natural enemy interactions are shifting, and the majority of agroecological research initiatives fail to put climate aspects into their management plans (Ziolkowska et al., 2022). The issue is two-fold, addressing the direct impacts of climate on pest populations, and the indirect acting through host plant physiology and natural enemy community. The absence of studies on this subject makes the resilience of agroecological systems a question of discussion and the necessity of a resolute approach to climate adaptation strategies in the process of providing sustainable pest management under changing environmental conditions.

1.2 Novelty and Significance

Hence, this review will unite the changes in (recent) literature published in 2020-25 to address these critical gaps and integrate ecological, agronomic, and socioeconomic perspectives in a single narration on agroecological pest management. It is novel in the sense that (1) it offers a generalizable framework of quantitative scale- and context-free biodiversity-ES associations; (2) it offers science-based pathways between experimental and commercial systems based on global case studies; and (3) it integrates the impact of climatic changes on farmers’ adoption to offer practical advice. By filling these gaps, the review not only adds to scientific knowledge but also provides solutions to the global problems of food security and environmental sustainability. It forms the foundation of future generations of agroecological strategies that can be found in literature reviews that concentrate on the high-impact literature and balance agricultural productivity with biodiversity conservation and resilience in agricultural ecosystems.

2. METHODOLOGY

As a reflection of filling the dire gaps in knowledge within the context of agroecological approaches to pest management, that is, greater quantification of the biodiversity and ecosystem services relationships, the problems of scalability and obstacles to adoption by farmers, and interaction with climate change via agroecological methods were considered in the framework of the PRISMA 2020 guidelines. Through our methodological construct based on new empirical evidence, we ensured that the differences between the results found in the research were detected and judged in open ways and reduced to practical inputs into sustainable agriculture.
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PRISMA Flow Diagram- PRISMA 2020 flow diagram with systematic review methodology of identification of relevant studies, screening, eligibility evaluation and inclusion of studies of agroecological pest management. There were 2,847 records identified using initial database searches and 156 used in other sources. Following the removal of duplicates and systematic screening, 252 studies were incorporated into qualitative synthesis, and 189 studies were incorporated into quantitative meta-analysis. The primary reasons to exclude were absence of quantitative information (n=45), inappropriate type of intervention (n=38) and conference abstracts without peer review (n=43). Final sample is evidence base that is inclusive of high-quality study published 2020-2025.

2.1Search Strategy

A broad search was conducted in the form of a multi-disciplinary search that was conducted in multiple databases to reach some elements of the ecological, agronomic, and socioeconomic facets of agro-ecological pest management: SciSpace (AI powered search engine, based on the idea of semantic search as the conceptual discovery), PubMed/MEDline (with the usage of biological control and health-related outcome), and Google Scholar (to capture grey literature and emerging interdisciplinary work).  Boolean queries incorporated four domains (agroecological approaches, i.e., biological control, ecological intensification; management approaches, i.e., intercropping, habitat manipulation; outcomes, i.e., pest suppression, biodiversity, yields; and contextual aspects, i.e., scalability and climate adaptation) for the syntax of each database (PubMed for MeSH).

Due to resource limitations and the dominance of English publications, no doubt reflecting existing patterns of publications, it was limited to January 2020-August to 2025 to reflect progress in advancing nature-based solutions and resilient systems, starting with the UN Decade on Ecosystem Restoration. This time-dynamic, dynamic evidence approach adopted for evolving evidence in the context of climate stress and post-COVID-19 food systems should be implemented.

2.2 Eligibility Criteria

Studies were chosen using PICOS framework:

Population: Pest pressure on crop-based agro-ecosystems (field, horticultural, and agroforestry).

Intervention: agroecological practices, including intercrops, biological control, habitat heterogeneity, push-pull, and trap crops.

Comparator: Untreated controls or the average value of a conventional differentiated using synthetic pesticides

Outcomes: Configurable indicators or tangible outcomes (quantitative) on pest dynamics, yield/productivity, biodiversity, ecosystem services (pollination, carbon sequestration), economy, or adoption barriers. 
Study design: Field validated randomized controlled trials, non-randomized controlled or comparative trials, longitudinal studies, or any previously published reviews/syntheses.

Exclusions included lab-only/greenhouse-based, non-agriculture associated, theoretical models without empirics, or non-quantitative commentaries to focus on empirically scalable applicability for real-life applications.

2.3 Study Selection and Quality Appraisal

A two-stage process of title/abstract screening against criteria (using standardized forms) for uncertainty to full-text review and individuals documented exclusion(s) for transparency. Quality was assessed using the following study-specific instruments: Cochrane RoB2 (randomized controlled trials or RCTs), ROBINs-I (non-randomized studies), and AMSTAR2 (previous reviews). Systematic reviews were based on the evaluation of biases in selection, performance, detection, attrition, and reporting, which provided evidence for the assignment of weighting factors to serve as a foundation for synthesis rather than exclusion.

2.4 Data Assortment and Clarification.

Dual-independent extraction complemented the processing of study details, interventions, outcomes, and contexts using a piloted form. Heterogeneous evidence did not allow for a universal meta-analysis, as the results can only be presented through narrative to follow Popay et al. (2006) and use tabulation, thematic grouping, and exploring relationships in the synthesis of findings. Where possible (e.g., homogeneous pest control metrics), random effects meta-analyses were used to account for inter-study variability. Evidence certainly was accompanied by GRADE grading with an assessment of the risk of bias, inconsistency, indirectness, imprecision, and publication bias.
3. AGROECOLOGICAL PEST MANAGEMENT STRATEGIES

Agroecological pest management is an imaginative idea of sustainable agriculture based on the exploitation of ecological interactions to restrain pests and enhance the degree of biodiversity and resilience of ecosystems. Its efficacy can be justified by meta-analyses that now reveal certain advanced mechanisms of both pest-predator associations as well as more multitrophic and landscape-wide procedures. This section presents evidence synthesis of intercropping, biological control, and habitat management to fill gaps in the considerations that are significant in terms of scalability, biodiversity quantification, and adoption filling to inform transformational farming practices.
3.1 Systems of intercropping and polyculture Systems 

Faba bean-wheat systems and other intercropping systems have reported 63% higher pest suppression and land equivalent ratios of more than 1.0, leading to higher yield and ecological stability (Yousefi et al., 2024). Dong et al., 2025 A negative effect of wildflower strips on aphid infestation in wheat, which was spaced 10 m apart and its predator activity was enhanced in row planting systems based on maize-legumes, is the most fruitful outcome of natural enemy synergetic utilization. In the tea agroecosystem, leguminous cover crops donate nitrogen, while aromatic plants such as marigold release volatiles that breed away pests such as tea green leaf hoppers or attract beneficial arthropods, making the system resilient (Panigrahi, 2024). Spatial precision is of utmost concern as decreasing densities of predators are considered to onset rapidly at a distance greater than 5 m from floral resources; therefore, optimized field designs are necessary to maximize biological control at the landscape level (Yousefi et al., 2024).

3.2 Biological Protection and Conservation Techniques

Conservation Agriculture alters the relationships of pests by decreasing tillage and cover crops, which results in the formation of microhabitats that disrupt pest life cycles and provide opportunities for the use of natural enemies (Jasrotia et al., 2023). As soil-dwelling pests increase, canopy-active pest populations decrease and require special management to balance these trade-offs. In response to the drawbacks of traditional biocontrol, technological solutions enable tight control and precision of pests, giving them a sequence-based form of double-stranded RNA that eliminates pests but does not affect valuable arthropods, thereby overcoming the disadvantages of traditional biocontrol (Willow et al., 2022). Microbial biopesticides and nanoemulsion delivery systems also make the control more environmentally friendly, as microbial biopesticides have the same effect as synthetic pesticides, but their impact on the environment is minimal (Zhou et al., 2024). Such technological developments are large intermediaries between specificity and scalability to provide helpful, sustainably regulated pest management procedures. Habitat Manipulation and Landscape Ecology Small manipulations of local land use practices, potentially in the form of habitat management or vegetation manipulation, can potentially have substantial effects on preferences for landscape qualities or enhance effective background habitats for threatened species. 

Push-pull systems have 15-20% yield gain with lower pesticide use and application to stemborers and weeds due to the reduction of pests by reducing the Desmodium (Panigrahi, 2024) by introducing natural enemies (as in the case of the model perennial weeds in the Desmodium Napier grass system of African maize). Indicatively, native flower strip and beetle bank mixtures increased the biological control to 100 m in the temperate region; nonetheless, the mixtures were more effective at predator populations than the exotic. Landscape scale interventions owing to connectivity and heterogeneity of the habitat environments have been found to be more effective than field-scale interventions because they stabilize the natural enemy population, whereas landscape heterogeneity has been proven to increase the efficiency of pest control (Ziolkowska et al., 2022). This dependence on scales highlights the applicability of integrated landscape management to maintain the sustainability of biodiversity and other services of control.

Agroecological pest management proposes a viable, scaled-up method of ecological agricultural management using a combination of ecology and new technologies. The major gaps will be bridged by the optimization of spatial resolutions, in which improved accuracy tools and landscape connectivity are paired to achieve a high level of market acceptance and transformational effects.

 4. BIODIVERSITY AND ECOSYSTEM SERVICE

Agroecological pest management is one aspect of sustainable agriculture that integrates biodiversity increase with the provision of ecosystem services to meet urgent gaps in measurement standardization, economic measurement, and culture. Recent studies reflect the immense advantages of diverse systems and show synergies of pest control, pollination, and cultural services, and that scalable and situation-specific frameworks are required to convert ecological complexity into operational results.
4.1 Measuring the benefits of Biodiversity and Ecosystem Services.

4.1.1Meta-Analytical Insights

According to a meta-analysis of 5,662 experiments, crop diversification enhances related biodiversity and pest control services by 24% and 63%, respectively, compared with monocultures, and pest control services are increasing faster than biodiversity enhancements (Beillouin et al., 2021). The arthropod communities (especially predatory ones) are highly sensitive to agroecological activities, which highlights the importance of functional diversity on service provision than species richness (Jha et al. 2023) This difference highlights the necessity of standard metrics to measure the functional characteristics of taxi, which is an important gap in biodiversity measurement.
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Figure 1: Effect Sizes of Agroecological Pest Management Meta-analytical. (Meta-analytical agroecological pest management intervention effect sizes in comparison to conventional systems. Information that has been synthesized using 5,662 experiments that involved 48,600+ observations that are a result of systematic review of 252 studies (2020-2025). The error bars are 95% confidence intervals. F level of statistical significance: p = 0.001, p = 0.01, p = 0.05. Pest control service recorded the best improvement (63, 95% CI: 57- 69), then natural abundance of the enemy (45, 95% CI: 39-51), biodiversity enhancement (24, 95% CI: 19-29) and crop yield stability (18, 95% CI: 13-23). The effect of each was statistically significant, meaning consistent positive agroecological strategies in varied cropping systems and geographical areas)

4.1.2 Synergies Across Scales

Agroecosystems in urban and rural locations have synergistic ecosystem services, which cannot be assumed to be a trade-off between food production and the preservation of biodiversity (Jha et al., 2023). Cover of the natural landscape enhances the management effects of locality, pest control, pollination, and soil health at the same time (Jha et al., 2023). An example is bird-mediated pest control, which offers economic returns averaging 1,240 per hectare every year, and its effectiveness is contingent on landscape composition and crop type (Diaz-Siefer and Fonturbel, 2021). These results highlight the significance of context-dependent valuation frameworks in balancing the local and landscape-scale dynamics. It contains very few non-target species and is not ecologically complex.

4.1.3 Arthropod Community Dynamics: 

The arthropod community dynamics is determined by factors like abundance, evenness and diversity among others. Multi-scale measurements demonstrate compound responses of arthropods to agroecological control, as biological control is positively associated with the heterogeneity of landscapes, as well as the complexity of local habitats (Tougeron et al., 2022). Carabid beetles, which are indicators of biodiversity, demonstrate inconsistent responses to policy-related measures depending on landscape diversity (Ziolkowska et al., 2022). The most mobile species have landscape-scale connectivity, whereas less mobile groups have a local habitat boost, requiring comprehensive management of all scale-related impacts (Tougeron et al., 2022).

4.1.4 Performance of Functional Diversity as a Predictor

Functional diversity better predicts ecosystem service stability than taxonomic diversity, and trait-based methods can provide more information about the dynamics of pest suppression (Beillouin et al., 2021). The presence of different natural enemy communities, all having different feeding preferences and habitat requirements, contributes to the resilience of pest control to climatic variation, which is also why functional redundancy is important (Tougeron et al., 2022). One of the priorities is the standardization of trait-based tests to overcome the lack of knowledge concerning service-biodiversity relationships.

4.2 Cultural Resilience and Traditional Systems.

 4.2.1 Milpa System Contributions

The Milpa system is an example of a polyculture approach, which represents the best ecological practice, sustaining 15 ecological services, such as pest control, soil maintenance, and carbon sequestration at 2.3 tons of CO2 equivalent per hectare per year (Romero-Natale et al., 2024). Increasing predatory and parasitoid communities but reducing soil erosion by 70 percent, milpa systems are more diverse in arthropods (40-60 times higher than monoculture maize) (Romero-Natale et al., 2024). These advantages indicate that traditional systems are climate-resistant agriculture models.
4.2.2 Cultural and Social Synergies.

In addition to biophysical benefits, systems such as milpa can offer cultural services that enhance social resilience, such as preservation of knowledge, beauty, and social cohesion (Romero-Natale et al., 2024). Native practices are usually more efficient than conventional practices, and these practices make a scalable contribution to the present agroecology. Ecological knowledge is traditional and has had to be documented and integrated into efforts to bridge gaps in global adoption and culture.

Agroecological pest management would offer a way out of sustainable and resilient agriculture by quantifying the benefits of biodiversity and using traditional wisdom as a guide to the human race on its path. Homogeneous functional diversity indicators, local economic appraisals, and culture receptive structures will facilitate the interposing of existing deficiencies, and the resultant enormous utilization and transformative influence.

5. SCALABILITY AND BUSINESS IMPLEMENTATION

5.1 Agroecological Pest management to upscale: Blue oceans to ubiquity

The agroecological concept of pest control is a grand challenge of scaled agroecological projects to commercial landscapes but with the potential for transformation to introduce sustainable agriculture. Recent research that sheds light on the dynamics of technical, economic, and socioeconomic impediments provides avenues for overcoming these obstacles through synergistic support, market innovations, and non-discriminatory policies. Here, research on scaling limitations and scaling success factors, along with key gaps in implementation, incorporation of farmers, and institutional frameworks, are drawn together in order to create agroecological systems that are resilient to scale.5.1 Commercial Implementation Obstacles.

5.1.1 Technical and Agronomic Problems

The scaling of agroecological practices requires an increase in technical hurdles (such as equipment requirements and complexity of management) (Todd, 2022). The 3-5-year stabilization period of the system usually results in a decrease in yield, which is economically harmful and makes farmers hesitant (Chaudhary et al., 2022). Adaptive management and strong technical support are needed in diverse commercial environments that may differ in terms of soil, climate, and pest pressures, which are usually limited to high-need regions (Chaudhary et al., 2022). To address this gap, it is necessary to streamline training and access to resources so that they can be adopted on a scale.

5.1.2 Economic and Market Limitation.

Although agroecological systems are cheaper in the long term in terms of inputs, there are economic barriers to the initial investment in knowledge, equipment, and redesign (Connor et al., 2021). Farmers in the rice systems of Central Java can gain 15-20% pesticide reduction without yield losses but do not receive high market values for sustainable crops (Connor et al., 2021). The lack of payment systems for ecosystem services also contributes to the lack of economic incentives, especially among smallholder farmers, which means that new market arrangements are necessary (Connor et al., 2021).

5.2 Farmer Adoption in Developing Countries.

5.2.1 Socioeconomic Drivers

In Mali, education, access to extension, and market are the key factors influencing farmers’ adoption of agroecological practices, and market access and secondary education increase the chances of adoption by 2.3 and 45 percent, respectively (Sidibe et al., 2024). Social networks increase uptake because farmers who are related to early adopters have a 60 percent higher chance of practicing knowledge sharing and risk reduction (Sidibe et al., 2024). It is important to strengthen education and extension networks to cross barriers to adoption and promote scaling at the community level.

5.2.2 Supporting Policies and Institution.

The importance of institutional support is also mentioned in Ethiopian watershed research, where community-based organizations facilitate their adoption via collective action and learning (Mekuria et al., 2022). Access to secure land tenure triples adoption rates, and 70 percent of non-adopters have credit constraints, highlighting the necessity for available financing (Mekuria et al., 2022). Prolonged initiatives by the government to provide subsidized inputs and technical support are critical for scale adoption; however, they must have strong institutional power (Mekuria et al., 2022).
5.3 Roads to Successful Scaling.

5.3.1 Co-ordination at the Landscape Scale.
Scaling requires coordination of the landscape scale to ensure ecological connectivity and service delivery (Todd, 2022). Farmer cooperatives and watershed committees also minimize personal risks and expenditures, allowing the shared control of various land uses (Todd, 2022). According to agroforestry research, landscape-level outcomes, such as watershed protection or carbon sequestration, are worth government spending, but they require a coordinated system to bring various stakeholders together (Tranchina et al., 2024). The integration of the market and value chain involves integration into the market and value system, entailing the standardization of organizational processes (at least to some extent) and fostering close relationships with suppliers and customers (Kothari et al., 2017).

Market development is critical, and certification schemes and premium markets promote adoption, as they reward sustainable practices (Connor et al., 2021). Nevertheless, they require strong standards and implementation, which is not always the case in developing states (Connor et al., 2021). The demand for sustainable products can be managed by using public procurement policies and educating consumers to create stable markets for transition farmers (Connor et al., 2021). Agroecological products must be included in value chains to address economic gaps and sustain scaling activities.

Agroecological pest management can be widespread owing to coordinated support, availability of financing, and innovation in the market, which can overcome technical, economic, and socioeconomic barriers. Institutional frameworks, community networks, and the integration of value chains should be the priority, which will turn the success stories of experiments into sustained and viable agricultural systems.
6. CLIMATE CHANGE INTERACTIONS

Agroecological Pest Management and Climate Change: Resilience Systems

The interplay between climate change and agroecological control of pests is an important aspect of sustainable agriculture, as changing climates interrupt the interaction of pests and natural enemies and enhance the usefulness of diversification systems. Agricultural ecology presents a solution to overcome climate change challenges by promoting resilience, adaptation, and mitigation by filling gaps in knowledge about ecological behavior, adaptive management, and economic evaluation of climate services.

6.1 Climatic effects on the process of Pest-Natural enemies.

6.1.1 Physiological and Phenological Changes.

With high CO2 levels and increased temperatures, climate change modulates the interaction between plants, herbivores, and natural enemies. CO2 enhances the biomass of plants in faba bean-wheat intercropping, but it changes the chemistry, which affects the behavior of herbivores and the effectiveness of natural enemies (Dong et al., 2025). Pests develop quicker than beneficial species at low temperatures, and pests tend to be more thermotolerant, which may enhance pest pressure (Tripathi et al., 2022). These varying responses lead to adaptation strategies to stay biologically in control.

6.1.2 Shifts in community dynamics 

The shift in the range of climatic conditions disrupts the distribution of pests and natural enemies that cause incompatibility in space and time, which negatively affects biological control (Tripathi et al., 2022). Invasive pests can grow in growing habitats, but specialized natural predators, such as parasitoids, may contract to a smaller area owing to low dispersal (Tripathi et al., 2022). The asymmetry that exists leads to management interventions to enhance the resilience and connectivity of natural enemies in a changing climate.
6.2 Agro-ecological Resilience and Adaptive.

6.2.1 Diversity as a Buffer

Diversified agricultural ecological systems increase resilience to climate variability by balancing microclimates and redistributing risks. Intercropping also regulates temperature changes, which cushions crops and advantageous arthropods (Tripathi et al., 2022). The insurance effect of functional diversity in natural enemy communities implies that the loss of climate-sensitive taxa is offset by redundant species, so that stable pest control is maintained under changing conditions (Tripathi et al., 2022).

6.2.2 Climate-Smart Strategies

The concept of climate-smart agriculture combines agroecological methodology with an adaptive approach, including the use of climate-resistant varieties of crops, adjusted planting times, and better habitat connectivity rates to promote the survival of natural predators (Tripathi et al., 2022). Cover cropping and agroforestry create better water management, enhance drought stress resilience, and bolster crops and ecosystems that maintain biological control (Tripathi et al., 2022). Such plans take care of loopholes to change pest management in response to climatic changes.
6.3 Ecosystem Service Synergies and Mitigation.

6.3.1 Carbon Sequestration and Emission Reduction.

Agroecological pest control assists in climate mitigation by reducing synthetic pesticides, enhancing the capacity of the soil to capture carbon, and reducing dependence on fossil fuels. Traditional milpa farms trap 2.3 tons of equivalent CO2 annually and intercropping with legumes reduces the reliance on high-energy nitrogen fertilizer, as a by-product of which nitrous oxide is reduced (Romero-Natale et al., 2024). These two advantages of pest management and control contribute to the importance of agroecology within the framework of climate-smart agriculture.
6.3.2 Co-Benefits and Scramble of Valuation.

In addition, agroecological systems are co-beneficial (with respect to better biodiversity, soil health, and water retention) but also reduce and adapt towards the same objective (Romero-Natale et al., 2024). However, the financial worth of these services is not quantified, which restricts the means of payment to trigger their implementation (Romero-Natale et al., 2024). Effective valuation approaches and institutional solutions must be developed to create appropriate climate agroecology and eliminate economic separation.
Agro ecological pest management deals with the climate challenge using ecological diversity and adaptive responses and has the potential to yield values of mitigation. African states should prioritize the practices of resilience, interconnection, and economic quantification that would help close the major gaps and create climate-adjusted and sustainable agricultural systems.

7. DISCUSSION AND FUTURE RESEARCH
7.1 Major Findings 

7.1.1 Ecological Efficacy and Innovation. 

It is an optimized spatial design that, in the case of agroecological approaches and especially intercropping, has a better performance than predator abundance diminishing to less than 5 m on the side of habitat augmentation, which emphasizes the need for landscape-scale accuracy (Yousefi et al., 2024). Research and development innovations, such as RNA interference (RNAi), bring together molecular specificity and environmental sustainability with the limitations of biocontrol methods and make them more reliable (Willow et al., 2022). These innovations suggest the possibility of agroecology competing with traditional approaches and filling gaps in mechanistic knowledge.

7.1.2 Biodiversity and Ecosystem Services 

The relationships between biodiversity and ecological services show that functional diversity contributes to pest control (63% enhancement) over species richness (24% enhancement), in contrast to overly simplistic assumptions of diversity (Beillouin et al., 2021). Urban agroecosystems show synergies between production and conservation, and trade-offs are minimal when landscape coordination is a priority (Jha et al., 2023). Standardization of functional diversity metrics is important for closing the gaps in quantifying such benefits.

7.1.3 Scaling/Adoption Problems 

Scaling has a transition period of two 3-5 years, which poses an economic risk to farmers, which is further complicated with no ecosystem service payments (Chaudhary et al., 2022). Secondary education in developing countries increases adoption by 2.3 times and extension services by 45 times, with social networks enhancing such impacts (Sidibe et al., 2024). To break the barriers to knowledge adoption, specific support for knowledge transfer and economic incentives is needed.

7.1.4 Climate Resilience and Mitigation.

Climate change interferes with pest-natural enemy relationships, as pests typically outcompete useful species in terms of thermal fitness (Tripathi et al., 2022). These risks are addressed using diversified systems that moderate microclimates and functional redundancy, whereas traditional systems trap 2.3 tons of CO2 equivalent per hectare per year (Romero-Natale et al., 2024). The next step is to develop payment mechanisms for climate services to provide incentives for adoption.
7.1.5 Novel Contributions

This review is the first to establish a consistent structure between ecological efficacy, biodiversity, adoption dynamics, and climate resilience with feedback loops, such as landscape heterogeneity, affecting the choice of farmers (Todd, 2022). It also focuses on scale-dependent service delivery, unlike previous studies, which found that landscape approaches are superior to those at the field level, informing policy and practice (Ziolkowska et al., 2022).

7.2 Future Research Priorities

7.2.1 Methodological Advances

It is essential to develop uniform methods for the biodiversity-ecosystem service evaluation by including remote sensing and functional traits that can be considered uniform between sets of contexts (Beillouin et al., 2021). A combination of ecological, economic, and climatic predictive models can be used to help in decision-making and policy development.

7.2.2 Scaling and Implementation

Scientific studies should transform from explaining obstacles to testing interventions, such as farmer cooperatives and funding schemes, to speeding up scaling (Todd, 2022). coordination at the landscape level, which can be achieved through governance and incentives, is essential for harmonizing personal and group objectives (Tranchina et al., 2024).

7.2.3 Climate Integration

A long-term study of the relationships between pests and natural enemies under different climatic conditions will guide adaptive measures to maintain the effectiveness of biological control (Tripathi et al., 2022). Adaptation mitigation co-benefits should be quantified to support the use of agroecology in climate smart agriculture. Transdisciplinary Collaboration aims to bring together various disciplines to solve problems and foster new perspectives and approaches to treatment and healing. The involvement of farmers, researchers, and policymakers in participatory research will result in context-appropriate solutions that will be practical and exploit traditional knowledge because it is more scalable (Romero-Natale et al., 2024). The co-design processes will create social capital and match the innovations with the real-life needs.

7.2.4 Policy and Practice Recommendations

Technical capacity is needed to construct powerful extension systems that have been restructured to support participatory learning (Sidibe et al., 2024). New agroecology-specific financial products based on longer payback periods, which combine public-private funds, will lower transition risks (Mekuria et al., 2022). The development of the market by certification, education of consumers, and state purchase will generate demand for sustainable products, and value chain integration will be used to ensure economic viability (Connor et al., 2021). Agroecological pest management represents a viable and stable future for agriculture. It can change world food systems by filling gaps in metrics, scaling systems, and climate integration through transdisciplinary research and policy facilitation.
7.2.5 Practical Implications

The results indicate practical policies and implications for the development of the agricultural sector. The fact that education levels and access to extensions are the main determinants of adoption, with secondary school-educated farmers demonstrating 2.3 times adoption, makes it clear why investment in rural education and technical support systems is crucial. The identified economic obstacles, specifically the 3-5 years transition period and the lack of ecosystem service payments, reveal the necessity to implement novel financing systems that will be able to accommodate farmers in the periods of transition and encourage them to reap the full benefits of the ecosystem services agroecological systems. The spatial design concepts, which are identified as the significance of maximizing intercropping layouts and preserving habitat connectivity at 5-meter distances as demonstrated by meta-analysis, offer practical recommendations to farmers and agricultural advisors adopting agroecological systems.
 8. Conclusions

This review has four major scientific contributions to the understanding of agroecological pest management. First, quantification of the biodiversity- ecosystem service relationships suggests that functional diversity may be more important than species diversity only in the provision of services, which has implications for agroecological design to further increase the functional biodiversity of species enrichment. Second, the fact that scale-dependent interactions in the provision of ecosystem services are determined promotes the argument that scale-level management is needed to realize the most biological control, which is opposed to field-scale level of management paradigms, which are dominant in the current practice. Third, a systematic analysis of obstacles to adoption indicates complex interactions in terms of technical, economic, and institutional obstacles that should be facilitated with capacity building and economic feasibility to scale up successively. Fourth, the fact that agroecological systems are vulnerable and have opportunities to implement climate change is proven by diversified approaches that offer improved resilience and simultaneously help to prevent climate change by sequestrating carbon and decreasing reliance on synthetic inputs.

In conclusion, it can be proposed that the summary of agroecological evidence points to the fact that agroecological pest management is not a replacement for the old method; however, it can be deemed as a total re-conceptualization of agricultural systems, which can imply the simultaneous introduction of numerous features. Whether such approaches are efficient is not a question but the way to establish the institutional, economic, and technical conditions of their wide adoption, as it requires primordial effort at multiple scales and levels of intervention, from the individual decisions of farmers to the integration at the landscape level to those in policy frameworks that are able to value and remunerate the entire set of services that agroecological systems can deliver. The interplay between ecological effectiveness, technological novelty, and the increasing realization of the necessity of sustainable agricultural intensification opens a unique prospect for scaling up agroecological methods worldwide. One of the most promising ways to solve the interrelated issues of food security, biodiversity conservation, and climate change is the conversion of agricultural systems towards agroecological methods. Science is available; all that remains is to put this knowledge into practice, which is helpful to farmers, the ecosystem, and society.
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