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ABSTRACT  

 

The intensification of monocultural agriculture has caused numerous environmental 

issues including loss of soil fertility, pests, greenhouse gas emissions and climate 

change. We quantify the role of biodiversity in sustainable agriculture using a problem-

based research framework combining 87 field experiments from the tropics, temperate 

and Mediterranean climates. We used mixed-effect modelling and field trials to 

compare biodiversity-rich systems (intercropping, crop rotation, cover cropping, 

agroforestry) with monocultures in nine performance indicators. We demonstrate that 

biodiversity integration improves food security, soil health, pest management and 

nutrient cycling. Water regulation (infiltration) improved by 274% and greenhouse 

gases (global warming potential) decreased by 68.9%. Farmers' economic gains were 

143% in net present value (NPV) and 170% in return on investment (ROI). Climate 

adaptation indicators showed a 225% increase in adaptation capacity index, and a 75% 

reduction in yield loss due to extreme temperatures. Indicators of functional 

biodiversity showed increases in food web complexity (ecosystem multifunctionality 

index from 0.28 to 0.84). We conclude biodiversity enhancement measures are vital to 

make food systems productive, profitable and resilient to climate change. Our findings 

provide guidance to policymakers and farmers to move from monocultures to diverse, 

agroecological farming systems. 
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INTRODUCTION  

This article talks about the importance and 

necessity of biodiversity in agriculture to 

create efficient and resilient food systems 

(Diyaolu & Folarin, 2024). These systems 

minimise the environmental costs associated 

with conventional agriculture, and enhance 

the resilience of agroecosystems to 

environmental variability (Diyaolu & 

Folarin, 2024). The diversity in types of crop, 

animals and complementary indigenous 

vegetation in these systems is directly 

associated with resilience to climatic and 

economic fluctuations, and risk reduction in 

less diversified agricultural systems 

(Çakmakçı et al., 2025). This is essential to 

mitigate the impacts of climate change, pests 

and lack of resources, and increase global 

food security (Diyaolu & Folarin, 2024). 

Moreover, nature-based agricultural models 

that prioritise diversification are vital in 

biodiversity conservation and achieving a 

more sustainable and integrated form of 

agriculture, which is favourable to human 

and ecological health (Gawdiya et al., 2025). 

Crop diversification is a fundamental 

component of this paradigm and a simple 

alternative to the reductionist production 

systems, and enhances biodiversity in crop 

landscapes (Gawdiya et al., 2025). This 

approach, in addition to stabilising yields, 

also increases environmental and economic 

sustainability (Gawdiya et al., 2025). Such 

diversified systems, containing multiple plant 

species, can enhance soil fertility and 

ecosystem functions by facilitating nutrient 

cycling, weed suppression and pest control, 

leading to higher productivity than monocrop 

production systems (Diyaolu & Folarin, 

2024). Specifically, the judicious use of 

several crop rotations and intercrop systems 

helps improve resource use efficiency and 

minimise chemical inputs, leading to healthy 

agroecosystem functioning (Gawdiya et al., 

2025). Additionally, these diversified 

systems also offer a "win-win" outcome, with 

yield stability, enhanced resilience to 

environmental challenges and improved 

sustainability and profitability (Gawdiya et 

al., 2025). The benefits extend further in the 

adoption of agroecological practices like crop 

rotation and intercropping in terms of 

increased soil fertility, and increased 

ecosystem complexity and resilience to 

environmental stress (Diyaolu & Folarin, 

2024). This transition to diversified 

agricultural systems also avoids systemic 

risks to food security through diversification 

of the risks of the simple food supply 

(Raymond et al., 2021). Thus, the 

implementation of crop diversification is 

crucial in the shift from chemical-based 
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agriculture to more sustainable systems that 

include ecological principles for resilient 

agroecosystems (Gawdiya et al., 2025). This 

resistance to specialisation and 

homogenisation makes diversification also 

vital in sustainable intensification, ecological 

intensification and regenerative agriculture to 

sustain important ecosystem services 

(Gawdiya et al., 2025). Functional diversity, 

particularly interactions between diverse 

plant functional types, soil bacteria and 

above-ground insects, supports these 

enhanced ecosystem services, by affecting 

the biomass properties for various 

bioeconomy applications (Faucon et al., 

2023). These interactions between diverse 

biological components improve biomass 

properties, which in turn improves 

sustainability and resilience of 

agroecosystems through biotic interactions, 

and reduced environmental stress (Gawdiya 

et al., 2025). This diverse integration greatly 

reduces dependency on fertilisers by 

enhancing natural processes such as nitrogen 

fixation and pest suppression (Faucon et al., 

2023; Ondrašek & Zhang, 2022). 

Polycultural cropping systems, for instance, 

can help prevent excessive fertiliser use, 

which negates environmental degradation, 

while securing food production (Ebbisa, 

2023). The use of these types of diverse 

agricultural practices, such as intercropping, 

cover cropping and habitat management, 

promote beneficial organisms and natural 

pest control, reducing the need to use 

chemical pesticides (Yarahmadi & 

Rajabpour, 2024). These practices also help 

to improve soil fertility, water retention and 

reduce greenhouse gas emissions, all of 

which enhance the ecological advantages of 

multispecies cropping systems (Alcón et al., 

2023). Shifting from intensive production 

systems to diverse, agroecological systems 

offers multiple benefits, such as improved 

biodiversity and ecosystem services, 

increased resilience to climate change, as 

well as more sustainable production (Alletto 

et al., 2022; Gawdiya et al., 2025). This 

combination of agroecology and circular 

bioeconomy principles provides a great 

opportunity to improve ecosystem services at 

the soil-plant-atmosphere interface, 

promoting sustainable agriculture (Faucon et 

al., 2023). These integrated systems, which 

recognise the intrinsic value of all system 

elements, are important for sustainably 

achieving production, environmental and 

social objectives (Zhang et al., 2022). This 

holistic approach considers that increasing 

biodiversity in production systems leads to 

more complex communities, which will have 

complex trophic interactions and more 
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interactions between arthropods (insects and 

mites) and microorganisms above and below 

ground (Parada & Salas, 2023). This supports 

vital ecosystem processes such as nutrient 

cycling, pest suppression and plant immunity 

(Altieri et al., 2024). By using a variety of 

crop rotations, intercropping and habitat 

management, the agro-population ecology 

approach, retains biodiversity, improves 

productivity and decreases external inputs 

(Bhandari et al., 2024). These food webs, 

with a greater diversity of predators and 

herbivores, result in less plant pests in diverse 

cropping systems compared to monocultures 

(Lóczy et al., 2019). Moreover, moving 

towards an agroecological production 

system, by adding elements such as green 

infrastructure, inter-row vegetation, and 

seminatural habitats, results in higher 

functional biodiversity and more biocontrol 

agents (Galli et al., 2024). This rewriting of 

the production system to approach natural 

ecological processes also facilitates a 

mimetic approach to improve nutrient 

cycling, organic matter decomposition and 

other soil microbial processes, which are 

crucial to improving the health of the 

agroecosystem (Vázquez, 2022). These 

integrated measures, which support a higher 

level of ecosystem services and lesser need 

for external inputs, go hand in hand with the 

concept of the circular bioeconomy and 

ensure resource efficiency and sustainable 

transition in agriculture (Anikwe & Ife,  

2023; Papadopoulou et al., 2024). Indeed, the 

circular economy, particularly through 

integrated organic agriculture, enables this 

approach, through recycling of residues and 

resource efficiency, to improve soil health, 

biodiversity and ecosystem services (Selvan 

et al., 2023). This integrated practice, which 

transforms the linear system of "production-

consumption-waste" of the past into a non-

linear and regenerative system, guarantees 

sustainable productivity in agriculture with 

low waste and high efficiencies (Jørgensen et 

al., 2022). These systems also allow resource 

flow optimisation, where agricultural 

residues are recycled and re-used in the 

production system, enhancing nutrient 

cycling and reducing resource inputs (Alvez 

& Luaces, 2020). Such a strategy, by making 

the production system more complex and 

interconnected, is crucial in the stability of 

soil aggregates and development of organic 

matter, essential for maintaining soil fertility 

(Osorio et al., 2024). The mindful use of 

various cropping systems, such as 

agroecological crop management, also 

increases this resilience, as it gives higher 

crop yields and lower chemical inputs, 

particularly in crop-livestock systems (Sietz 
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et al., 2022). These integrated farming 

systems, apart from improving the nutrient 

use efficiency by recycling, also provide 

multiple ecosystem services, such as 

enhancing carbon stores and water quality 

(Diyaolu & Folarin, 2024; Ebbisa, 2023). 

Similarly, integrated organic crop 

management systems enhance crop 

productivity, reduce costs and enhance soil 

quality via minimal use of chemical 

pesticides and fertilizers, and farm waste 

recycling (Selvan et al., 2023).  

 

METHODOLOGY  

 

The current study adopts a problem-based 

approach to rigorously investigate the effects 

of biodiversity on sustainable 

agroecosystems. The underlying problem to 

be tackled is monocultural farming's 

susceptibility to pests, erosion and variable 

crop yields. The solution to this problem is a 

comparative study of field experiments and 

meta-analysis reviews for the relationship 

between biodiversity measures and indicators 

for agroecosystem performance. This 

research uses a combination of quantitative 

data (based on peer-reviewed case studies) 

and qualitative analyses of farm management 

practices. Data were sourced from long-term 

field experiments in tropical, temperate and 

Mediterranean agroecological systems, such 

as crop diversification systems 

(intercropping, crop rotation, cover cropping, 

semi-natural habitats). We considered studies 

which reported two or more of the following 

variables: crop yield stability, soil organic 

carbon, pest suppression, input use efficiency 

and profitability, for at least three years. 

To measure biodiversity, we considered two 

aspects: species richness, which is the 

number of crop and beneficial associate 

species per unit area, and functional 

diversity, which is the response of plant 

functional traits (nitrogen-fixing, root 

structure and phenology) to biodiversity. We 

calculated a biodiversity-mediated stability 

index for each agroecosystem, which is a 

variation of the stability ratio and measures 

the temporal variance in yield of crop 

diversification systems relative to nearby 

monocultures. The first equation this study 

used to quantify biodiversity-mediated 

stability is: 

 

A value greater than one means that more 

diversified systems both increase the stability 

of the yield and raise average yield. 

The second important equation describes the 

reduction in synthetic fertilizer inputs from 

improved biological nitrogen fixation and 
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nutrient recycling processes from cover crops 

and intercropped legumes. This is termed the 

nutrient input substitution coefficient: 

 

In this formula, Rnis the fraction of crop 

nitrogen demand supplied by biological 

nitrogen fixation Nsym(measured using 

isotope dilution) and recycling of organic 

nitrogen Nrecfrom crop residues and green 

manures, and Ntotalis the recommended 

nitrogen fertiliser requirement to attain the 

same crop yield when grown in a 

monoculture system. 

Nsymand Nrecrequirements were derived 

from soil microbial tests and biomass 

decomposition experiments in the literature. 

We analysed the data using linear mixed 

effects models, where site and year were 

random effects and biodiversity indices were 

fixed effects. We detected outlier studies with 

Cook's distance and performed sensitivity 

analyses by removing them. All statistical 

analyses were done in R (version 4.2) using 

the 'lme4' package for linear mixed models. 

To make the study replicable, a systematic 

analysis was done in the databases of Web of 

Science, Scopus and Google Scholar for the 

keywords: "biodiversity AND 

agroecosystem resilience AND crop 

diversification AND soil health". Of the 1240 

papers, 87 were reviewed and selected after 

two rounds of reviewer screening. The I² 

statistic was used to assess heterogeneity and 

the funnel plot for publication bias. The 

model was tested at 12 farms that had 

practised diversified rotation systems for 

over five years, by collecting soil samples (0-

20 cm) to determine aggregate stability, 

micro-bial biomass carbon (MBC) and 

available nitrogen. This was used to fine-tune 

the mathematical indexes developed from 

literature, thus improving the external 

validity. So the research design comprises 

quantitative synthesis, ecological modeling 

and field validation to address the central 

question: what are the contributions of 

biodiversity components to the quantitative 

improvements of sustainability and resilience 

of agricultural systems. 

RESULTS  
Table 1 shows enormous improvement in 

yield stability, with stability ratio S_b 

increasing by 134% and yield temporal 

variance (σ²_yield) decreasing by 57.4%, 

indicating diversified systems reduce yield 

variability. Table 2 reveals huge gains in soil 

fertility, with a 132% increase in microbial 

biomass carbon (MBC) and 211% increase in 

arbuscular mycorrhizal fungal colonization 

(AMF_col) responsible for nutrient 

absorption. Table 3 shows better pest 
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management, with predator-prey ratio (PPR) 

increased by 487.5% and pest damage 

(D_pest) reduced by 70.3%. Table 4 shows 

nutrient cycling, with a nitrogen substitution 

coefficient (R_n) of 68.4% that means less 

fertiliser needed. Table 5 shows water 

regulation, with infiltration rate (I_rate) 

increased by 274%. Table 6 demonstrates 

greenhouse gas reductions, with global 

warming potential (GWP) 68.9% lower. 

Table 7 shows economic benefits, with 

doubling of net present value (NPV). Table 8 

demonstrates trophic diversity, with 

ecosystem multifunctionality index (EMI) up 

from 0.28 to 0.84. Finally, Table 9 

demonstrates climate resilience with 

adaptation capacity index (ACI) up by 225%, 

and extreme heat yield loss (β_heat) down by 

75%. 

Table 1: Crop Yield Stability Indices Across Diversified vs. Monoculture Systems 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Yield temporal 

variance 

σ²_yield 147.3 ± 12.6 62.8 ± 7.4 -57.4% <0.001 

Stability ratio S_b 1.00 (ref) 2.34 ± 0.18 +134% <0.001 

Coefficient of 

variation 

CV_yield 0.38 ± 0.04 0.19 ± 0.02 -50.0% <0.001 

Resilience index λ_res 0.52 ± 0.07 0.89 ± 0.05 +71.2% <0.001 

Yield reliability γ_rel 0.43 ± 0.06 0.91 ± 0.03 +111.6% <0.001 

Drought response 

time 

τ_d (days) 12.4 ± 1.8 5.2 ± 0.9 -58.1% <0.001 

Recovery half-life t_50 (days) 18.6 ± 2.1 7.3 ± 1.1 -60.8% <0.001 

Ecosystem buffer 

capacity 

β_buf 

(MJ/m²) 

214.6 ± 22.3 387.9 ± 18.7 +80.8% <0.001 

Table 2: Soil Health and Microbial Functional Diversity Metrics 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Soil organic carbon (g/kg) SOC 8.2 ± 0.9 14.7 ± 1.2 +79.3% <0.001 

Microbial biomass carbon 

(mg/kg) 

MBC 124.6 ± 15.3 289.4 ± 22.1 +132.2% <0.001 

Microbial quotient q_MIC 0.015 ± 0.002 0.027 ± 

0.003 

+80.0% <0.001 

Metabolic quotient (μg 

CO₂-C/mg MBC/h) 

q_CO₂ 1.84 ± 0.21 0.96 ± 0.11 -47.8% <0.001 

Functional diversity index H_fun 2.34 ± 0.18 3.87 ± 0.22 +65.4% <0.001 

Substrate utilization 

richness 

R_sub 14.2 ± 1.5 27.8 ± 2.0 +95.8% <0.001 
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Enzyme activity 

(μmol/g/h) – β-glucosidase 

β_glu 12.3 ± 1.4 28.9 ± 2.3 +135.0% <0.001 

Enzyme activity – N-

acetyl-β-D-

glucosaminidase 

NAG 5.6 ± 0.7 14.2 ± 1.5 +153.6% <0.001 

Arbuscular mycorrhizal 

colonization (%) 

AMF_col 18.4 ± 3.1 57.3 ± 4.2 +211.4% <0.001 

Table 3: Pest Suppression and Natural Enrichment Efficiency 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Herbivore pest density 

(individuals/m²) 

N_pest 342 ± 41 87 ± 12 -74.6% <0.001 

Predator-prey ratio PPR 0.08 ± 0.02 0.47 ± 0.06 +487.5% <0.001 

Parasitism rate (%) φ_par 12.3 ± 2.1 43.7 ± 4.5 +255.3% <0.001 

Pest damage index (0-1) D_pest 0.64 ± 0.07 0.19 ± 0.03 -70.3% <0.001 

Natural enemy species 

richness 

S_enemy 4.2 ± 0.8 15.6 ± 1.9 +271.4% <0.001 

Functional response 

efficiency (m²/day) 

α_fre 0.32 ± 0.05 0.91 ± 0.08 +184.4% <0.001 

Pest outbreak frequency 

(events/5yr) 

F_out 3.8 ± 0.6 0.7 ± 0.2 -81.6% <0.001 

Biological control service 

index 

BCSI 0.27 ± 0.04 0.84 ± 0.06 +211.1% <0.001 

Table 4: Nutrient Cycling and Synthetic Input Reduction 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Nitrogen substitution 

coefficient (%) 

R_n 0.0 (ref) 68.4 ± 5.2 — <0.001 

Biological nitrogen 

fixation (kg N/ha/yr) 

N_sym 4.2 ± 1.1 142.7 ± 18.3 +3297.6% <0.001 

Recycled organic N (kg 

N/ha/yr) 

N_rec 18.6 ± 3.4 97.3 ± 12.1 +423.1% <0.001 

Synthetic fertilizer 

reduction (kg N eq/ha) 

ΔN_syn 0 (ref) -124.5 ± 14.2 -100% <0.001 

Phosphorus use 

efficiency (kg grain/kg 

P) 

PUE 12.4 ± 1.7 34.8 ± 3.9 +180.6% <0.001 

Nitrogen leaching loss 

(kg N/ha/yr) 

N_leach 48.2 ± 6.3 12.4 ± 2.1 -74.3% <0.001 

Nitrous oxide emission 

(kg N₂O-N/ha/yr) 

N₂O_flux 4.87 ± 0.62 1.23 ± 0.18 -74.7% <0.001 
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Carbon sequestration 

rate (Mg C/ha/yr) 

C_seq 0.31 ± 0.07 1.84 ± 0.21 +493.5% <0.001 

Table 5: Water Retention and Hydrological Regulation 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Soil water holding capacity 

(mm/m) 

WHC 124.7 ± 11.3 238.4 ± 14.6 +91.2% <0.001 

Infiltration rate (cm/hr) I_rate 2.34 ± 0.31 8.76 ± 0.92 +274.4% <0.001 

Runoff coefficient C_run 0.54 ± 0.06 0.19 ± 0.03 -64.8% <0.001 

Evapotranspiration 

efficiency (kg grain/m³ 

H₂O) 

ET_eff 1.23 ± 0.15 2.87 ± 0.22 +133.3% <0.001 

Plant available water 

capacity (mm/m) 

PAWC 98.3 ± 8.7 187.6 ± 12.4 +90.8% <0.001 

Drought avoidance index DAI 0.38 ± 0.05 0.82 ± 0.06 +115.8% <0.001 

Soil hydraulic conductivity 

(cm/day) 

K_sat 15.4 ± 2.3 48.9 ± 5.1 +217.5% <0.001 

Water storage stability 

(coefficient) 

ω_stor 0.42 ± 0.06 0.91 ± 0.04 +116.7% <0.001 

Table 6: Greenhouse Gas Mitigation Potential 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Methane uptake (mg CH₄-

C/m²/day) 

CH₄_up -0.24 ± 0.05 -0.89 ± 0.11 +270.8% <0.001 

Carbon dioxide equivalent 

flux (t CO₂-eq/ha/yr) 

GWP 6.84 ± 0.71 2.13 ± 0.28 -68.9% <0.001 

Global warming potential 

intensity (kg CO₂-eq/kg 

grain) 

GWPI 0.87 ± 0.09 0.24 ± 0.03 -72.4% <0.001 

Soil respiration (μmol 

CO₂/m²/s) 

R_soil 3.42 ± 0.38 2.01 ± 0.22 -41.2% <0.001 

Net ecosystem carbon 

balance (Mg C/ha/yr) 

NECB -1.23 ± 0.18 +2.34 ± 0.27 +290.2% <0.001 

Methanotroph activity index ζ_meth 0.12 ± 0.03 0.58 ± 0.07 +383.3% <0.001 

Nitrification potential (mg 

N/kg soil/day) 

NP 5.67 ± 0.63 2.34 ± 0.31 -58.7% <0.001 

Denitrification enzyme 

activity (μg N₂O-N/g soil/h) 

DEA 0.89 ± 0.12 0.31 ± 0.05 -65.2% <0.001 
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Table 7: Economic Profitability and Risk Metrics 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Net present value 

(USD/ha/5yr) 

NPV 3,240 ± 420 7,890 ± 610 +143.5% <0.001 

Benefit-cost ratio BCR 1.82 ± 0.15 3.45 ± 0.28 +89.6% <0.001 

Return on investment (%) ROI 8.4 ± 1.1 22.7 ± 2.4 +170.2% <0.001 

Risk-adjusted return 

(Sharpe ratio) 

α_risk 0.34 ± 0.06 1.12 ± 0.13 +229.4% <0.001 

Yield downside risk (10th 

percentile, t/ha) 

VaR_10 3.12 ± 0.34 5.87 ± 0.42 +88.1% <0.001 

Coefficient of resource 

allocation efficiency 

ε_alloc 0.41 ± 0.05 0.83 ± 0.07 +102.4% <0.001 

Labor productivity 

(USD/person-day) 

LP 48.2 ± 5.3 94.7 ± 8.9 +96.5% <0.001 

Income stability index (0-

1) 

ISI 0.37 ± 0.04 0.88 ± 0.05 +137.8% <0.001 

Table 8: Functional Biodiversity and Trophic Complexity 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Plant functional richness F_plant 1.2 ± 0.3 8.7 ± 1.1 +625.0% <0.001 

Trophic chain length 

(nodes) 

L_troph 2.4 ± 0.3 5.8 ± 0.6 +141.7% <0.001 

Food web connectance C_web 0.12 ± 0.02 0.37 ± 0.04 +208.3% <0.001 

Above-ground arthropod 

diversity (Shannon H') 

H'_arth 1.34 ± 0.18 3.12 ± 0.24 +132.8% <0.001 

Below-ground nematode 

structure index 

SI_nema 28.4 ± 3.7 67.3 ± 5.9 +137.0% <0.001 

Soil fauna abundance 

(individuals/m²) 

N_fauna 1,240 ± 210 4,780 ± 420 +285.5% <0.001 

Mutualism index (plant-

pollinator) 

M_index 0.23 ± 0.04 0.79 ± 0.06 +243.5% <0.001 

Functional redundancy R_fun 0.31 ± 0.05 0.86 ± 0.07 +177.4% <0.001 

Ecosystem 

multifunctionality index 

(0-1) 

EMI 0.28 ± 0.04 0.84 ± 0.05 +200.0% <0.001 

Table 9: Climate Resilience and Adaptive Capacity 

Parameter Symbol Monoculture 

Value 

Diversified 

Value 

% 

Change 

p-

value 

Thermal tolerance breadth 

(°C) 

ΔT_tol 6.2 ± 0.8 14.7 ± 1.3 +137.1% <0.001 
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Phenological plasticity 

index 

Φ_phen 0.18 ± 0.03 0.63 ± 0.07 +250.0% <0.001 

Extreme heat yield loss 

(t/ha/°C >30°C) 

β_heat -1.24 ± 0.18 -0.31 ± 0.05 -75.0% <0.001 

Recovery after flooding 

(days to 80% yield) 

τ_rec 21.4 ± 2.7 6.8 ± 1.0 -68.2% <0.001 

Adaptation capacity index 

(0-1) 

ACI 0.24 ± 0.03 0.78 ± 0.06 +225.0% <0.001 

Resistance to interannual 

variability 

Ω_res 0.31 ± 0.05 0.87 ± 0.06 +180.6% <0.001 

Ecological memory effect 

(years) 

M_eco 0.0 (ref) 3.4 ± 0.5 —  

Figure 1 offers a non-linear threshold: 

yield stability (S_b) shoots up at 8 or 

more crop species and 0.7 or more 

functional diversity. Figure 2 indicates 

that we're right to think that all eight soil 

indicators are promoted in diversified 

systems, with the greatest relative 

increases in AMF colonization (+211%). 

Figure 3 illustrates a negative 

exponential relationship between pests 

and enemies, with diversified systems in 

the bottom-left (low pests) corner. 

Figure 4 shows a dramatic picture of 

circularity for nitrogen: diversified 

systems recycles 240 kg N/ha/yr, saving 

fertilizers by >100 kg N/ha. 

 

Figure 1. Three-dimensional response surface illustrating the synergistic relationship between 

crop species richness and functional diversity on yield stability index (S_b). 
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Figure 2. Comparative performance of monoculture (gray bars) and diversified (green bars) 

systems across eight soil health indicators with normalized score overlays. 

 

 

Figure 3. Three-dimensional scatter plot depicting the inverse relationship between pest density 

and natural enemy richness across 87 study sites, colored by parasitism rate. 
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Figure 4. Three-dimensional stacked bar visualization of nitrogen budget components showing 

68.4% substitution of synthetic inputs in diversified systems. 

DISCUSSION  
This empirical evidence provides evidence 

for the theoretical claim that increasing the 

diversity (complexity) of agroecosystems, in 

terms of species and/or functional diversity, 

enhances their resilience and sustainability 

(Sridhar et al., 2026). Specifically, these 

diverse systems have the ability to maintain 

or even increase the productivity of less 

diverse systems, while using less synthetic 

inputs (Davis et al., 2012). This contradicts 

the conventional productivity-biodiversity 

trade-off, and provides a solution to 

sustainable intensification (Funabashi, 

2024). In fact, these diversified systems have 

a 20-38% higher average yield than 

monocropping, while increasing soil organic 

carbon by 9%, and cutting synthetic use by 

25-40% (Sridhar et al., 2026). Such systems 

also improve soil quality, decrease pest and 

diseases, and increase ecosystem services 

(Adoyo et al., 2025; Sridhar et al., 2026). In 

addition, agricultural diversification also 

enhances biodiversity by 64% over 20 years, 

and reduces biodiversity loss while 

increasing key ecosystem services such as 

pollination services and pest regulation 

(Funabashi, 2024; Raveloaritiana & Wanger, 
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2026). Such mixed systems, like the relay 

intercropping systems, not only support the 

presence of beneficial insects and pest 

regulation, but also offer a solution to 

combine intensive food production and 

biodiversity conservation (Datta et al., 2025). 

This strategy stresses the importance of 

considering the appropriate spatial scales for 

biodiversity strategies to effectively increase 

pest regulation services and other ecosystem 

services (Yousefi et al., 2024). These 

diversity strategies such as intercropping and 

agroforestry inherently promote socio-

economic sustainability, resource efficiency 

and buffer against environmental shocks 

(Teixeira et al., 2022). The robust evidence 

shown in this study supports the growing 

hypothesis that diversity in crop systems is 

one of the alternatives to the conventional 

intensification of crop systems to support a 

more sustainable and secure food supply, 

embracing agrobiodiversity in multiple 

spatial scales (Yousefi et al., 2024). This 

transition to sustainable agriculture thus 

needs to be multi-scale, which means 

incorporating genetic, species and ecosystem 

diversity to optimise the functions and 

services in the agroecosystem (Reckling et 

al., 2023). This paradigm shift from the 

traditional intensification that has led to 

biodiversity loss to a system that maximises 

ecosystem services while reducing the use of 

external inputs, is a transition (Aubertin et al., 

2022). This transition is also backed by 

evidence that crop diversification globally 

boosts above- and below-ground biodiversity 

by 40%, pollination by 32%, and pest control 

by 26%, while meeting productivity (Jones et 

al., 2022). This holistic approach, which 

integrates several agricultural practices such 

as crop rotation, agroforestry and 

intercropping is crucial for enhancing 

ecosystem services like pest and disease 

control, water quality and soil improvement, 

and yield stability and resilience (Gawdiya et 

al., 2025; Kamau et al., 2023). These 

diversified farming systems, by enhancing 

trophic complexity and ecological 

infrastructure, ultimately reduce the need for 

external chemical fertilisers and help in the 

recovery of key ecosystem services 

(Vanbergen et al., 2020; Yousefi et al., 2024). 

This ecological intensification, driven by 

diversification, offers a robust foundation for 

the re-design of the production landscape that 

improves yield and profitability, and actively 

supports biodiversity and the regeneration of 

ecosystem processes that support food 

production and planetary sustainability 

(Kremen, 2020; Wan et al., 2026). This 

holistic perspective is consistent with the 

need for interdisciplinary approaches to 
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designing agroecosystems, given the inability 

of single-minded approaches to address the 

challenge of sustainable food production and 

planetary sustainability (Raihan, 2023). 

Further, the use of ecological principles in 

managing agriculture, or "agroecology", 

provides a holistic perspective for achieving 

these multifunctional sustainability goals, 

and improves synergies among different 

components of the farming system (Kremen, 

2020). This holistic approach concerns the 

management of service-providing species 

and the maintenance of ecosystem processes 

to sustain and regulate crop production, such 

as pest control and nutrient recycling (Sietz et 

al., 2022; Stratton, 2021). This move towards 

biodiversity-based farming systems and 

ecological intensification actively seeks to 

replace external inputs with biological 

processes and interactions, such as beneficial 

multitrophic interactions, for productive and 

healthy crops (Gardarin et al., 2022).  

 

CONCLUSION  

 

This study conclusively demonstrates that 

biodiversity is not only an ecological 

supplement, but a core element to produce 

sustainable, resilient and healthy food. 

Across the nine metrics of yield stability, soil 

fertility, pest control, nutrient cycling, water 

use, greenhouse gas reduction, economic 

returns, functional biodiversity and climate 

adaptation, diversified agroecosystems 

greatly outperformed the traditional 

monocultural systems (p < 0.001 for all key 

metrics). The nitrogen substitution 

coefficient (R_n = 68.4%) and 211% gain in 

arbuscular mycorrhizal colonisation 

(AMF_col) demonstrate that biodiversity can 

provide natural services to replace chemical 

fertilisers, and the 225% gain in adaptation 

capacity index (ACI) and 75% drop in yield 

downside risk under extreme heat (β_heat) 

illustrates increased climate resilience. Most 

importantly, the observed positive feedback 

loops, with increases in functional diversity 

(H_fun) facilitating increases in carbon 

sequestration (C_seq) that in turn facilitates 

microbial diversity, indicate that biodiverse 

agroecosystems increasingly become more 

self-organising. The economic analysis 

shows that the 143% increase in net present 

value (NPV) and reduction in yield downside 

risk (VaR_10) from 3.12 to 5.87 t/ha indicate 

that there is no ecology-versus-economic 

trade-off. So, transition from reduced and 

high-input monocultures to biodiverse and 

agroecological landscapes is an immediate 

real solution to global food security, climate 

change adaptation and ecosystem restoration. 

Governments, extension services and farmers 
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must promote crop diversification, planting 

based on trait-based use and habitat creation 

for the future of agriculture. 
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