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ABSTRACT: Horticultural systems are increasingly exposed to climate variability, biosecurity 

threats, and market uncertainties, necessitating a transition toward resilience-oriented production 

models. This study develops a multi-dimensional framework to analyze resilience in New 

Zealand’s Kiwifruit and Apple systems by integrating technological, governance, biological, and 

socio-economic dimensions. Using a review-cum-analytical approach, the paper synthesizes 

evidence from 2005–2025 literature and compares crop-specific resilience pathways. Results 

indicate that kiwifruit systems rely on centralized governance and genetic innovation, while apple 

systems emphasize diversification and decentralized adaptation. The findings highlight that 

resilience is not technology-driven alone but emerges from the alignment of innovation systems, 

institutional frameworks, and crop characteristics. The study contributes to resilience theory and 

provides actionable insights for designing sustainable horticultural systems globally. 
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INTRODUCTION 

Sustainable agriculture increasingly emphasizes ecological intensification and resilience-oriented 

approaches (Altieri, 2018; 1Chahal, & Kumar, 2024; Pretty, 2008; Tilman et al., 2002). 

Contemporary horticultural systems are undergoing rapid transformation under the combined 

pressures of climate change, technological disruption, and shifting global market dynamics. The 

increasing frequency and intensity of extreme climatic events—including heatwaves, frost 

variability, droughts, and erratic precipitation—have substantially elevated production risks, 

particularly in perennial cropping systems (Lesk et al., 2022; Ortiz-Bobea et al., 2022). These 

challenges are further compounded by biosecurity threats, invasive pests and pathogens, labor 

shortages, and rising input costs, collectively necessitating a transition from productivity-driven to 

resilience-oriented production models. Empirical evidence already demonstrates measurable 

impacts of climate variability on agricultural stability (Wheeler & von Braun, 2013; Powell & 

Reinhard, 2016; Masson-Delmotte et al., 2018), while global disruptions such as pandemics have 

exposed structural vulnerabilities in food supply chains (Aday & Aday, 2022; 2Chahal, & Kumar, 

2024). 

Within this evolving context, resilience has emerged as a central organizing concept in agricultural 

sustainability science. Rooted in social–ecological systems theory, resilience encompasses the 
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capacity of systems to absorb disturbances while adapting and transforming in response to change 

(1Chahal,2026; Folke, 2006; Walker et al., 2004). Contemporary perspectives conceptualize 

resilience as a dynamic, multi-dimensional property shaped by interactions among ecological 

processes, technological innovation, institutional arrangements, and socio-economic structures 

(Folke et al., 2010). In horticultural systems, this implies that resilience cannot be achieved through 

technological intensification alone but requires coordinated, system-level interventions. Moreover, 

resilience is increasingly linked to broader agri-food system transitions and structural 

transformations (3Chahal, & Kumar, 2024; Tendall et al., 2015; Lamine, 2015; El Bilali, 2022). 

New Zealand offers a compelling empirical setting for examining these dynamics. Its horticulture 

sector is highly export-oriented, technologically advanced, and supported by robust institutional 

frameworks. Within this sector, kiwifruit and apple production systems represent globally 

competitive industries that exhibit distinct resilience pathways. Kiwifruit systems are 

characterized by centralized governance, coordinated innovation, and standardized production 

practices, whereas apple systems operate within more decentralized structures, with greater 

diversity in varietal selection, market engagement, and technological adoption (Greer & Saunders, 

2017). Both systems function within broader environmental constraints shaped by planetary 

boundaries and sustainability imperatives (Rockström et al., 2009). 

Despite extensive scholarship on climate-smart agriculture and sustainable intensification, 

existing research often examines technological, institutional, and biological dimensions in 

isolation. Integrated, crop-specific analyses remain limited. This study addresses this gap by 

developing a multi-dimensional analytical framework to examine resilience in New Zealand’s 

kiwifruit and apple systems. Specifically, it aims to: 

(i) identify key drivers of vulnerability and resilience; 

(ii) analyze technological and institutional interventions; and 

(iii) compare crop-specific resilience pathways. 

By integrating resilience theory, agricultural systems research, and innovation studies, this study 

contributes to both theoretical advancement and policy-relevant insights for resilient horticultural 

systems. 

MATERIALS AND METHODS 

This study adopts a review-cum-analytical approach, combining systematic literature review with 

comparative synthesis. Relevant literature was sourced from Scopus, Web of Science, and Google 

Scholar, focusing on publications between 2005 and 2025. Studies were screened using inclusion 

criteria based on (i) relevance to horticultural systems, (ii) explicit focus on resilience or 

adaptation, and (iii) empirical or conceptual contributions to technological, governance, or 

biological dimensions. The synthesis followed a comparative thematic analysis to identify cross-

system patterns. The analytical framework is grounded in socio-ecological resilience theory and 

integrates four key dimensions: technological, biological, governance, and socio-economic. It 

further incorporates insights from data-driven agriculture, including machine learning and 

anomaly detection approaches (Flach et al., 2017; Gaitán, 2020), alongside recent advances in 

adaptation and vulnerability analysis (Eriksen et al., 2023). 
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RESULTS AND DISCUSSION 

The findings indicate that resilience in horticultural systems is an emergent, multi-dimensional 

property shaped by interactions among technological innovation, governance structures, biological 

characteristics, and socio-economic conditions. The comparative analysis of kiwifruit and apple 

systems demonstrates that resilience pathways are inherently context-specific. Kiwifruit systems 

follow coordinated, innovation-driven pathways, whereas apple systems rely on diversification 

and adaptive flexibility. These differences underscore the importance of system configuration in 

shaping adaptive and transformative capacities. Figure 1 operationalizes this framework by 

illustrating how interactions among climate drivers, technological interventions, and biological 

strategies produce distinct resilience outcomes. 

 

Fig. 1: Conceptual framework illustrating the interactions among climate variability, 

technological innovation, and germplasm strategies in shaping horticultural resilience. 

 

Technological Drivers of Resilience 

Technological innovation plays a critical role in enhancing resilience by improving monitoring, 

prediction, and adaptive management. Precision agriculture technologies—including remote 

sensing, IoT-based sensors, and AI-driven decision-support systems—enable real-time, site-

specific interventions, optimize resource use, and reduce exposure to environmental and biological 

risks (2Chahal,2026; Finger et al., 2022; Zhang et al., 2021; Lowenberg-DeBoer & Erickson, 

2019). Advances in artificial intelligence and machine learning further enhance predictive 

capabilities, supporting improved forecasting of crop performance and environmental variability 

(Liakos et al., 2023; Gaitán, 2020). 
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In New Zealand, kiwifruit systems demonstrate a high level of technological integration, 

particularly in response to the PSA outbreak. The use of digital surveillance systems and 

centralized data platforms enabled rapid detection and coordinated responses, while genomic 

breeding facilitated the development of disease-resistant cultivars. Complementary technologies 

such as tissue culture and germplasm conservation further strengthen long-term resilience 

(Pathirana et al., 2021; Nadarajan et al., 2023). 

By contrast, apple systems exhibit more heterogeneous patterns of technological adoption, 

including robotics, precision spraying, and advanced canopy management. Although this 

decentralized approach may limit scalability, it promotes experimentation and localized 

adaptation, thereby enhancing system-level resilience through diversification (Pickering et al., 

2026). 

 

Table 1. Technological drivers, interventions, and resilience outcomes in New Zealand 

horticulture systems. 

Drivers Technological Interventions Resilience Outcomes 

Climate variability 

(frost, drought, 

extreme rainfall) 

Precision agriculture (sensor-based 

monitoring, climate forecasting tools) (Finger 

et al., 2022; Zhang et al., 2021; Lowenberg-

DeBoer & Erickson, 2019) 

Improved adaptive 

capacity and risk 

mitigation 

Disease outbreaks 

(e.g., PSA in kiwifruit) 

Disease surveillance systems, resistant 

cultivars, digital diagnostics (Greer & 

Saunders, 2017; Tyson et al., 2018) 

Enhanced biosecurity 

resilience and rapid 

response capability 

Labor shortages 

Automation, robotics (harvesting, pruning), 

AI-based orchard management (Qureshi et al., 

2023) 

Reduced labor 

dependency and increased 

operational efficiency 

Resource constraints 

(water, nutrients) 

Smart irrigation systems, precision nutrient 

management (Liakos et al., 2023) 

Increased resource-use 

efficiency and 

sustainability 

Environmental 

concerns (chemical 

use, emissions) 

Precision spraying, eco-friendly pest 

management technologies (Tamburini et al., 

2022; Dainese et al., 2019) 

Reduced environmental 

footprint and improved 

ecosystem health 

Overall, technological innovations enhance efficiency and adaptive capacity; however, their 

effectiveness depends on integration within supportive governance frameworks. However, 

technological effectiveness remains contingent on governance capacity, particularly in ensuring 

equitable access, coordination, and scalability across heterogeneous production systems. 

 

Governance and Institutional Frameworks 
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Governance structures play a central role in shaping resilience by influencing resource allocation, 

risk management, and the diffusion of innovation (Darnhofer, 2014). The kiwifruit industry 

exemplifies a centralized governance model characterized by strong coordination, standardized 

practices, and collective decision-making. This structure enables rapid, system-wide responses to 

external shocks and facilitates efficient knowledge dissemination. 

In contrast, the apple industry operates within a decentralized governance framework, granting 

greater autonomy to individual growers. This promotes flexibility and innovation but may reduce 

collective capacity to respond to large-scale disturbances. 

National-level policies—including biosecurity systems, research funding, and extension 

services—support both sectors, creating a multi-layered institutional environment. These 

governance arrangements interact with crop-specific characteristics to shape distinct resilience 

pathways. 

 

Table 2. Governance drivers, institutional interventions, and resilience outcomes in horticultural 

systems. 

Drivers Governance/Institutional Interventions Resilience Outcomes 

Biosecurity 

threats 

National biosecurity frameworks, surveillance and 

rapid response systems (Greer & Saunders, 2017) 

Strengthened system-

wide protection and 

reduced vulnerability 

Market volatility 
Export regulation, market diversification strategies, 

trade agreements (Newell & Taylor, 2022) 

Increased economic 

stability and risk 

distribution 

Knowledge gaps 

among growers 

Extension services, industry training programs, digital 

knowledge platforms (Klerkx et al., 2019) 

Improved decision-

making and adaptive 

capacity 

Fragmentation of 

stakeholders 

Industry coordination bodies, cooperative structures 

(Darnhofer, 2014) 

Enhanced collective 

action and system 

resilience 

Climate policy 

pressures 

Government support for climate-smart practices and 

R&D funding (Intergovernmental Panel on Climate 

Change [IPCC], 2022; Food and Agriculture 

Organization [FAO], 2017) 

Long-term 

sustainability and 

transition capacity 

 

 

Crop-Specific Resilience Pathways 

Resilience pathways are strongly influenced by crop-specific biological traits, production systems, 

and market structures. Kiwifruit systems rely on genetic uniformity and standardized management, 

which enhance efficiency but increase vulnerability to systemic shocks. This risk is mitigated 

Lejana Journal | ISSN:2061-6678

Volume 9 Issue 4 (2026)

https://www.lejana.ac/

Page No:84



through sustained investment in genetic innovation and centralized control mechanisms (Harada, 

1975; Kumar & Sharma, 2002; Kim et al., 2007; Hameg et al., 2018). 

In contrast, apple systems exhibit greater diversity in cultivars, management practices, and market 

channels. This diversity distributes risk and enhances adaptive capacity by reducing susceptibility 

to pests, climatic variability, and market fluctuations. Such strategies are supported by ecological 

intensification approaches that enhance ecosystem services (Dainese et al., 2019; Tamburini et al., 

2022). 

These contrasting approaches reflect a fundamental trade-off between efficiency and flexibility 

(Gentile et al., 2022), highlighting the need for balanced resilience strategies. 

 

Fig.2: Comparative framework of resilience pathways in Kiwifruit (centralized, innovation-

driven) and Apple (diversified, adaptive) production systems in New Zealand. 

 Integration of Technology and Governance 

Resilience emerges from the interaction between technological innovation and governance 

structures. While technologies provide the tools for adaptation, governance systems determine 

their implementation, diffusion, and coordination (Klerkx et al., 2019; El Bilali, 2022). 

Centralized systems facilitate rapid and uniform adoption of innovations but may constrain 

experimentation. Decentralized systems, conversely, promote flexibility and innovation but may 

limit coordination. Hybrid governance models that combine these attributes offer promising 

pathways for enhancing both efficiency and adaptability. 
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Table 3. Integrated drivers–interventions–outcomes framework across technological, biological, 

governance, and socio-economic dimensions. 

System 

Dimension 
Key Drivers Interventions Outcomes 

Technological 
Climate stress, labor 

shortages 

Automation, precision agriculture, 

digital tools (Finger et al., 2022; 

Zhang et al., 2021) 

Efficiency, 

adaptability, reduced 

vulnerability 

Biological 
Pests, diseases, 

genetic limitations 

Resistant cultivars, integrated pest 

management (Gentile et al., 2022) 

Enhanced system 

stability 

Governance 
Policy gaps, weak 

coordination 

Institutional frameworks, industry 

bodies (Darnhofer, 2014; Klerkx et 

al., 2019) 

Collective resilience 

and rapid response 

Socio-

economic 

Market risks, labor 

issues 

Market diversification, skill 

development (Béné et al., 2023) 

Economic 

sustainability and 

flexibility 

Despite the demonstrated benefits of integrating technological and governance dimensions, 

emerging global challenges—including climate uncertainty, biosecurity risks, and socio-economic 

pressures—continue to test the limits of current resilience strategies. These evolving challenges 

necessitate forward-looking approaches that extend beyond existing system configurations. 

Emerging Challenges and Future Directions 

Horticultural systems continue to face significant challenges, including climate variability, 

biosecurity risks, labor shortages, and increasing sustainability demands. Intensifying climatic 

extremes and globalized pest dynamics require continuous adaptation and monitoring (Hael & 

Yuan, 2020; Chen & Sun, 2018; Macfadyen et al., 2015). 

Recent research highlights how adaptation strategies reshape vulnerability pathways (Eriksen et 

al., 2023) and underscores the linkage between resilience and broader food system transformations 

(Béné et al., 2023; Singh et al., 2023). 

Collectively, these findings reinforce that resilience is not attributable to a single factor but 

emerges from the alignment of multiple system dimensions. 

Across systems, resilience outcomes are determined not by the presence of individual interventions 

but by the degree of alignment among system components, indicating that systemic coherence is a 

primary determinant of adaptive capacity. 

CONCLUSIONS 
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This study demonstrates that resilience in horticultural systems is an emergent property arising 

from interactions among technological, governance, biological, and socio-economic dimensions. 

The comparative analysis shows that kiwifruit systems exemplify coordinated resilience through 

centralized governance and innovation, whereas apple systems illustrate diversification-based 

resilience. 

A key contribution of this study is the demonstration that technological innovation alone is 

insufficient to ensure resilience. Its effectiveness depends on integration within supportive 

institutional frameworks. The balance between centralized coordination and decentralized 

adaptation emerges as a critical determinant of resilience outcomes, with hybrid models offering 

promising pathways. 

The findings also underscore the importance of crop-specific strategies, as biological traits and 

market structures significantly influence resilience trajectories. The proposed multi-dimensional 

framework provides both theoretical and practical insights for analyzing and designing resilient 

agricultural systems. 

Persistent challenges—including climate uncertainty, biosecurity threats, and labor constraints—

necessitate adaptive, knowledge-intensive approaches. Future research should prioritize the 

integration of digital and agroecological innovations, the development of adaptive governance 

mechanisms, strengthened cross-scale linkages, and greater attention to socio-economic equity. 

In conclusion, resilient horticultural systems require a systems-oriented approach that aligns 

technological innovation, governance structures, and biological processes. The New Zealand case 

highlights the importance of such integration and offers valuable insights for global transitions 

toward sustainable and climate-resilient agriculture. 

Unlike existing resilience frameworks that predominantly focus on individual system components, 

this study explicitly integrates technological, governance, biological, and socio-economic 

dimensions within a unified, crop-specific analytical structure, enabling comparative evaluation of 

resilience pathways across production systems. 

Although derived from New Zealand systems, the identified resilience pathways—centralized 

coordination and diversification-based adaptation—represent broadly applicable strategies across 

high-value horticultural systems globally. 

HIGHLIGHTS 

• Develops a multi-dimensional framework integrating technology, governance, and crop-specific 

resilience 

• Identifies contrasting pathways: centralized (kiwifruit) vs diversified (apple) systems 

• Demonstrates resilience as an emergent, system-level property 

• Highlights precision agriculture, genetic innovation, and governance coordination as key drivers 

• Proposes an integrated framework for designing sustainable horticultural systems 
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