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Abstract　This study explores the critical role of canopy management in optimizing grape yield and quality, emphasizing the principles and practices of enhancing grapevine canopy microclimate to improve production efficiency. Canopy management techniques, including shoot thinning, leaf removal, and pruning systems, contribute to improving light conditions and air circulation within the canopy, thereby optimizing photosynthesis and reducing disease risk. Additionally, the study analyzes the long-term effects of these techniques, such as enhanced sugar accumulation and increased antioxidant content, and examines the potential of automation and precision viticulture technologies to improve management efficiency. Innovative canopy management strategies are particularly essential for achieving sustainable grape cultivation in the face of climate change challenges.
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1 Introduction
Grapevine canopy management is a critical aspect of viticulture that involves the strategic manipulation of the grapevine's foliage to optimize both yield and quality. This practice encompasses a variety of techniques, including shoot thinning, leaf removal, and trellis training systems, all aimed at improving the microclimate around the grape clusters. Effective canopy management can significantly influence the light environment, which is crucial for the regulation of shoot growth and fruit development. By controlling factors such as shoot density and leaf area, viticulturists can enhance the balance between vegetative and reproductive growth, ultimately leading to improved grape yield and quality (Dry, 2000; Smart et al., 2017).

The optimization of yield and quality is of paramount importance in viticulture, as it directly impacts the economic viability and marketability of grape and wine products. Canopy management plays a vital role in this optimization process by influencing key factors such as grapevine water use, berry composition, and the microclimate within the canopy. For instance, practices like shoot trimming and leaf removal can modify the plant's response to soil water availability, thereby preserving wine quality and reinforcing the unique characteristics of the terroir (Pascual et al., 2015; Silvestroni et al., 2016). Additionally, these practices can enhance the grape's sensory attributes and chemical composition, which are essential for producing high-quality wines (Collins et al., 2020; Petoumenou and Patris, 2021).

This study explores the role of canopy management in optimizing grapevine yield and quality. It aims to provide a comprehensive overview of the fundamental principles and practices of canopy management, highlighting its impact on grapevine physiology and fruit development. The study seeks to offer adaptable and efficient canopy management strategy guidelines for various environmental conditions and grapevine varieties. By examining the latest research findings and field trials, it demonstrates how canopy management can be leveraged to achieve the dual goals of high yield and superior grape quality, thereby supporting sustainable viticultural practices.

2 Principles of Canopy Management
Canopy management in viticulture refers to the strategic manipulation of the grapevine's foliage to optimize light exposure, air circulation, and ultimately, the yield and quality of the grapes. Key concepts include the control of shoot number, shoot positioning, and leaf removal, which are essential for managing the microclimate within the canopy. These practices aim to balance the vegetative and reproductive growth of the vine, ensuring that the canopy is neither too dense nor too sparse. An optimal canopy density, often around three leaf layers, is advocated to minimize shading and enhance the microclimate for fruit development (Dry, 2000; Smart et al., 2017).

The physiological basis of canopy structure in grapevines is rooted in the plant's need to optimize photosynthesis while minimizing stress factors such as excessive shading and poor air circulation. Canopy architecture, including the arrangement and density of leaves, directly influences the vine's ability to intercept light and regulate temperature and humidity around the fruiting zone. Practices such as shoot thinning and leaf removal are employed to modify the canopy structure, enhancing light penetration and reducing the risk of diseases like bunch rot. These adjustments can lead to improved reproductive performance and berry ripening, as seen in studies on varieties like Semillon and Shiraz (Pascual et al., 2015; Silvestroni et al., 2016; Wang et al., 2019).

Light interception is a critical factor in grapevine canopy management, as it directly affects photosynthesis, the process by which plants convert light energy into chemical energy. The amount and quality of light reaching the leaves and fruiting zones determine the vine's photosynthetic efficiency and, consequently, its growth and fruit quality (Wedger et al., 2019). Canopy management techniques such as shoot positioning and leaf removal are designed to optimize light distribution within the canopy, enhancing photosynthetic activity and improving grape yield and quality. For instance, increased light interception through canopy porosity adjustments has been shown to positively impact berry composition and hasten fruit maturity, although excessive exposure can lead to flavonoid degradation (Torres et al., 2020; Petoumenou and Patris, 2021; Mataffo et al., 2023).

3 Techniques in Canopy Management
3.1 Pruning strategies
Pruning is a fundamental technique in canopy management that significantly influences grapevine yield and quality. It involves the selective removal of certain parts of the vine, such as shoots, leaves, or clusters, to optimize the vine's growth and fruit production. Winter pruning is a common practice that helps control vine vigor and balance the ratio of fruit to foliage, which is crucial for maintaining grape quality (Collins et al., 2020). Pruning strategies can also include shoot thinning, which reduces canopy density and improves light penetration, thereby enhancing the microclimate around the fruiting zone (Dry, 2000). These practices are essential for managing the vine's energy distribution, ensuring that resources are allocated efficiently to produce high-quality grapes.

3.2 Training systems
Training systems are designed to shape the grapevine canopy to optimize sunlight exposure and air circulation, which are critical for grape development and disease prevention. Different training systems, such as the Ruakura Twin Two Tier and the Te Kauwhata Three Tier, have been shown to influence canopy architecture and microclimate, thereby affecting yield and fruit composition (Smart et al., 2017). These systems help manage the spatial arrangement of shoots and leaves, reducing shading and promoting uniform ripening of grapes. By adjusting the geometry of the vineyard, training systems can also mitigate the effects of environmental factors, such as temperature and humidity, on grape quality (Pascual et al., 2015).

3.3 Leaf removal practices
Leaf removal is a canopy management practice that involves the strategic removal of leaves to improve light exposure and air flow within the canopy. This technique is particularly effective in reducing the incidence of diseases like Botrytis cinerea by decreasing humidity around the fruit clusters (Wang et al., 2019; Mataffo et al., 2023). Leaf removal can be performed at different stages of grape development, such as pre-flowering or pre-veraison, to influence berry composition and ripening (Figure 1) (Gregory et al., 2020; Verdenal et al., 2024). The removal of leaves can also affect the photosynthetic capacity of the vine, which in turn impacts the sugar accumulation and overall quality of the grapes. By carefully managing leaf area, growers can enhance the microclimate of the canopy, leading to improved grape quality and yield.
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Figure 1 Examples of the hydraulic buffering that occurs at veraison in grapevine
Image caoption: When a vine is subjected to water deficit, pre-veraison berries (i.e. green berries) are sensitive to drought-induced shriveling, and berries that are either undergoing veraison (A, B, reddish-green berries) or post-veraison (C, purple berries) are insensitive. Vines shown are under a very severe water deficit (Ψ stem<-1.5 MPa). Photos courtesy of Markus Keller (Adopted from Gregory et al., 2020)

3.4 Shoot positioning and thinning
Shoot positioning and thinning are critical components of canopy management that help control vine vigor and improve the light environment within the canopy. Proper shoot positioning ensures that shoots are evenly distributed and oriented to maximize sunlight interception, which is essential for photosynthesis and fruit development (Wang et al., 2019). Shoot thinning, on the other hand, involves the removal of excess shoots to reduce canopy density and improve air circulation, which can help prevent disease and promote uniform ripening (Silvestroni et al., 2018). These practices are particularly important in high-vigor vineyards, where excessive shoot growth can lead to shading and reduced fruit quality. By optimizing shoot density and arrangement, growers can enhance the overall performance of the grapevine, leading to better yield and grape quality (Mataffo et al., 2023).

4 Impacts of Canopy Management on Grapevine Yield
4.1 Quantitative effects on cluster and berry development
Canopy management significantly influences the quantitative aspects of cluster and berry development in grapevines. Techniques such as shoot thinning, leaf removal, and cluster thinning have been shown to modify canopy architecture, which in turn affects light interception and microclimate within the canopy. For instance, shoot thinning and leaf removal can decrease the leaf area index, thereby increasing canopy porosity and enhancing light penetration, which positively influences berry ripening and cluster development (Wang et al., 2015). Additionally, the removal of lateral shoots and main leaves before flowering can lead to a reduction in yield potential, as observed in the Swiss white cultivar Petite Arvine, where intensive leaf removal resulted in a 47% decrease in yield potential (Silvestroni et al., 2016). Furthermore, the manipulation of canopy microclimate through practices like shoot number control and vigor management can optimize the balance between shading and light exposure, which is crucial for the development of clusters and berries (Smart et al., 2017). These practices not only affect the size and number of berries but also influence the rachis length, which is a key determinant of bunch compactness and overall yield (Petoumenou and Patris, 2021).

4.2 Long-term impacts on vine health and productivity
The long-term impacts of canopy management on vine health and productivity are profound, as these practices can influence the physiological and structural aspects of the vine. Canopy management strategies such as shoot thinning combined with preanthesis defoliation have been shown to reduce leaf area and yield, but they also increase sugar concentrations in the grapes, which can have a carryover effect on vine capacity in subsequent years (Wang et al., 2019). This suggests that while certain canopy management practices may initially reduce yield, they can enhance vine health and productivity over the long term by improving grape quality and potentially reducing the need for additional interventions. Moreover, the control of shoot vigor and the optimization of canopy density can prevent excessive shading, which is associated with primary bud-axis necrosis and reduced shoot fruitfulness (Pascual et al., 2015). By maintaining an optimal light environment within the renewal zone, canopy management can ensure a balance between vegetative growth and fruit production, thereby sustaining vine health and productivity over multiple growing seasons (Mataffo et al., 2023). These practices are essential for adapting to environmental challenges such as climate change, which necessitates improved viticultural techniques to maintain vine performance and fruit quality (Reščič et al., 2016; Buesa et al., 2020).

5 Impacts of Canopy Management on Grapevine Quality
5.1 Influence on grape composition
Canopy management significantly affects the composition of grapes, including sugars, acids, and phenolic compounds. Practices such as shoot thinning and leaf removal can enhance light penetration and air circulation within the canopy, which are critical for the synthesis of sugars and phenolics. For instance, shoot thinning combined with preanthesis defoliation has been shown to increase sugar concentrations in grapes, which is beneficial for wine production (Rienth et al., 2021; Verdenal et al., 2024). Additionally, canopy management can influence the balance of acids in grapes, which is essential for maintaining the desired taste profile in wines. The manipulation of canopy microclimate through practices like leaf removal and shoot thinning can also enhance the phenolic content, contributing to the color and antioxidant properties of the grapes (Silvestroni et al., 2016).

5.2 Effects on aromatic compounds
The aromatic profile of grapes, which is a key determinant of wine quality, is also influenced by canopy management. By altering the microclimate around the grape clusters, canopy management practices can affect the synthesis of aromatic compounds. For example, increased light exposure due to reduced canopy density can enhance the development of desirable aromatic compounds, such as terpenes and norisoprenoids, which contribute to the floral and fruity notes in wines (Smart et al., 2017; Yoshino et al., 2019)). Moreover, specific practices like shoot thinning and leaf removal have been associated with changes in the amino acid profile of berries, which can further influence the aromatic complexity of the resulting wine (Ferrer-Gallego et al., 2024).

5.3 Implications for wine quality
The ultimate goal of canopy management is to improve wine quality by optimizing grape composition and aromatic profiles. Effective canopy management can lead to better ripening of grapes, resulting in wines with enhanced flavor, color, and overall sensory attributes. For instance, canopy division techniques have been shown to improve both yield and wine quality by reducing shading and promoting uniform ripening (Brillante et al., 2018). Additionally, practices that improve the microclimate, such as shoot thinning and leaf removal, can lead to wines with higher concentrations of anthocyanins and other phenolic compounds, which are crucial for the color and mouthfeel of red wines (Petoumenou and Patris, 2021).. Overall, strategic canopy management is essential for producing high-quality wines that meet consumer expectations and market demands (Torres et al., 2020).

6 Environmental and Economic Considerations
6.1 Sustainability in canopy management practices
Sustainability in canopy management practices is crucial for maintaining the ecological balance and ensuring long-term productivity in viticulture. Canopy management techniques, such as shoot thinning, leaf removal, and cluster thinning, have been shown to improve grapevine microclimate and reproductive performance, which are essential for sustainable viticulture, especially in hot climates (Jung and McCouch, 2013). These practices not only enhance the quality of the grapes but also contribute to the overall health of the vineyard ecosystem by optimizing water use and reducing the need for chemical inputs (Daryani et al., 2021). Additionally, the use of biostimulants as a sustainable alternative to traditional practices has been explored, offering eco-friendly strategies to enhance yield and fruit quality while mitigating the impacts of climate change (Rogers and Benfey, 2015). By improving canopy structure and light interception, these practices can lead to better water use efficiency and potentially reduce the environmental footprint of grape production (Kitomi et al., 2020). Overall, sustainable canopy management practices are integral to adapting to environmental challenges and ensuring the resilience of viticultural systems.

6.2 Cost-benefit analysis of different techniques
Conducting a cost-benefit analysis of various canopy management techniques is essential to determine their economic viability and effectiveness in improving grape yield and quality. Techniques such as shoot thinning and leaf removal have been shown to enhance grape quality by improving the microclimate within the canopy, although they may increase labor costs significantly. For instance, while shoot thinning can hasten fruit maturity and improve certain berry traits, it also results in a substantial increase in labor operations cost, which must be weighed against the benefits of improved grape quality (De Dorlodot et al., 2007). Similarly, the use of biostimulants like Sunred® has demonstrated improvements in yield and fruit quality, offering a cost-effective alternative to more traditional growth regulators (Rogers and Benfey, 2015). However, the economic benefits of these practices can vary depending on the specific vineyard conditions and the scale of implementation. Therefore, a comprehensive cost-benefit analysis that considers both the direct costs of implementation and the potential increases in grape quality and yield is crucial for making informed decisions about canopy management strategies (Karnatam et al., 2023; Abdirad et al., 2022).

7 Case Study
7.1 Selection criteria for the case study
The selection of the case study focused on identifying a vineyard renowned for its innovative and effective canopy management practices. The vineyard chosen is located in a region with a challenging climate, which necessitates precise canopy management to optimize grape yield and quality. The vineyard employs a variety of canopy management techniques, including shoot thinning, leaf removal, and cluster thinning, which are well-documented in the literature for their impact on grapevine performance and fruit quality (Wang et al., 2019; Huang and Li, 2024).

7.2 Detailed analysis of a specific canopy management practice in a renowned vineyard
During the harvest phase of the Crimson Seedless grape variety, a comparison of untreated vines (control) and bunches subjected to various pre-harvest canopy management treatments revealed significant effects on the color, size and overall quality of the grapes. having an impact. As can be seen from the pictures, the untreated grape bunches (Control group) are lighter in color and less ripe; while the grape bunches subjected to specific treatments show significant improvements. For example, grape bunches treated with Kelpak® and LalVigne™ Mature showed a deeper red color, indicating that these treatments can promote the accumulation of pigments, improving the visual appeal and market value of the fruit. In addition, treatment with Ascophyllum nodosum seaweed extract significantly improved the uniformity and ripeness of the fruit, while Ethrel® Top and **Sunred®** treatments further improved the color and gloss of the fruit (Figure 2) (Petoumenou and Patris, 2021). 

These results indicate that pre-harvest canopy management practices and the application of biostimulants can significantly increase the commercial value of grapes, particularly in terms of color and fruit consistency. For grape growers, combining specific products and processing techniques can not only enhance the appearance of the fruit, but also improve its quality to meet market demand (Petoumenou and Patris, 2021).
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Figure 2 Clusters at harvest of table grape cv. Crimson Seedless after several preharvest canopy applications and compared to cluster from untreated vines (Adopted from Petoumenou and Patris, 2021)

7.3 Lessons learned and best practices
The case study highlights several lessons learned and best practices in canopy management. One key takeaway is the importance of tailoring canopy management practices to the specific environmental conditions of the vineyard, such as climate and soil water availability. The combination of shoot thinning and leaf removal proved effective in enhancing grape quality without compromising yield. Additionally, the study underscores the need for ongoing monitoring and adjustment of canopy management strategies to respond to changing environmental conditions and to optimize both yield and quality consistently. These practices can serve as a model for other vineyards seeking to improve their grape production and wine quality through effective canopy management (Smart et al., 2017; Buesa et al., 2020).

8 Technological Innovations in Canopy Management
8.1 Precision viticulture and remote sensing applications
Precision viticulture and remote sensing technologies have revolutionized canopy management by enabling more accurate monitoring and management of grapevine canopies. These technologies allow for the detailed assessment of canopy microclimate, which is crucial for optimizing grape yield and quality. For instance, remote sensing can be used to evaluate the solar radiation levels within the canopy, which are affected by vineyard geometry and leaf layers, thereby influencing the microclimate and ultimately the grape composition (Buesa et al., 2020). Additionally, precision viticulture tools such as point quadrat analysis and canopy scoring provide quick and effective means to identify problem areas within the canopy, allowing for targeted interventions to improve canopy structure and microclimat (Smart et al., 2017). These innovations facilitate the fine-tuning of canopy management practices to enhance grapevine performance and wine quality.

8.2 Role of automation and robotics in canopy management
Automation and robotics are increasingly being integrated into canopy management to improve efficiency and precision. These technologies can perform tasks such as shoot thinning, leaf removal, and cluster thinning with greater accuracy and consistency than manual labor. For example, automated systems can be programmed to perform shoot thinning and leaf removal, which have been shown to improve canopy porosity and light interception, thereby enhancing berry ripening and reproductive performance (Wang et al., 2019). Moreover, the use of robotics in canopy management can help in maintaining optimal canopy architecture, which is essential for controlling the microclimate and improving grape quality (Pascual et al., 2015; Panda et al., 2021). The integration of automation and robotics not only reduces labor costs but also ensures that canopy management practices are applied consistently across the vineyard.

8.3 Integration of data analytics and decision support systems
The integration of data analytics and decision support systems in canopy management allows for more informed decision-making based on real-time data. These systems can analyze data from various sources, such as remote sensing and field sensors, to provide insights into the optimal canopy management strategies for different environmental conditions. For instance, data analytics can help identify the relationships between soil, plant, and canopy management variables, enabling the adaptation of practices to optimize water use and enhance wine quality (Pascual et al., 2015). Decision support systems can also assist in determining the optimal timing and extent of canopy interventions, such as shoot trimming and leaf removal, to achieve desired outcomes in terms of yield and fruit quality (Silvestroni et al., 2016). By leveraging data analytics, vineyard managers can make more precise and effective decisions, ultimately leading to improved grapevine yield and quality.

9 Future Directions
Canopy management in viticulture presents both challenges and opportunities for optimizing grapevine yield and quality. One of the primary challenges is managing the light environment within the canopy, which significantly influences bud fruitfulness and fruit yield per node. High shoot vigor and canopy shading can lead to primary bud-axis necrosis, reducing the number of fruitful primary shoots and increasing the proportion of less fruitful secondary shoots(Torres et al., 2020). However, opportunities exist in refining canopy management practices such as shoot thinning, leaf removal, and training systems to improve canopy microclimate and enhance grape quality. For instance, shoot thinning and leaf removal have been shown to increase canopy porosity and light interception, positively affecting berry ripening and reproductive performance (Wang et al., 2019). Additionally, innovative practices like leaning grapevine canopies to the west have been explored to improve water use efficiency and yield under Mediterranean conditions, although the effects on grape composition remain minimal (Buesa et al., 2020).

Despite advancements in canopy management, several research gaps remain. There is a need for more comprehensive studies on the interaction between canopy management practices and environmental factors such as soil water availability and climate conditions. For example, while canopy management strategies like shoot trimming have been effective in adapting plant response to soil water availability, their impact on berry and wine quality, particularly the amino acid profile and sensorial attributes, requires further investigation (Pascual et al., 2015). Moreover, the role of biostimulants in enhancing yield and fruit quality under changing climatic conditions is an area ripe for exploration. Products like Sunred® have shown promise in improving anthocyanin accumulation and overall grape quality, suggesting a potential alternative to traditional growth regulators (Petoumenou and Patris, 2021). Addressing these gaps could lead to more sustainable and effective canopy management strategies.

The changing climate poses significant challenges to viticulture, necessitating adaptive canopy management strategies to maintain and enhance grape yield and quality. Climate change impacts, such as increased temperatures and altered precipitation patterns, require innovative approaches to canopy management. For instance, canopy management practices that optimize solar radiation exposure can enhance flavonoid biosynthesis, crucial for grape quality, although care must be taken to avoid degradation of these compounds (Torres et al., 2020). Additionally, strategies that combine shoot thinning with preanthesis defoliation have shown potential in regulating vine yield and improving grape quality by increasing sugar concentrations (Silvestroni et al., 2016). As climate conditions continue to evolve, the development of canopy management practices that are resilient to these changes will be essential for sustaining grapevine productivity and quality.

10 Conclusion
The role of canopy management in optimizing grapevine yield and quality is pivotal, as it directly influences the microclimate within the vineyard, which in turn affects both the quantity and quality of grape production. Key findings from various studies highlight that effective canopy management practices, such as shoot thinning, leaf removal, and the use of specific training systems, can significantly enhance grape yield and quality. For instance, optimal canopy density, typically around three leaf layers, is crucial for balancing light exposure and shading, which are essential for improving fruit composition and wine quality. Additionally, practices like shoot trimming and cluster thinning have been shown to improve berry ripening and reduce issues like bunch rot, thereby enhancing the overall quality of the grapes.

For viticulturists and industry stakeholders, it is recommended to adopt a tailored approach to canopy management that considers the specific environmental conditions and grapevine varieties. Techniques such as shoot thinning combined with preanthesis defoliation can be particularly effective in increasing sugar concentrations and regulating vine yield over the long term. Moreover, in rainfed vineyards, strategies like reiterate shoot trimming can help adapt plant growth to soil water availability, thereby preserving wine quality without compromising yield. It is also advisable to explore innovative solutions like biostimulants, which have shown promise in enhancing grape color and quality under challenging climatic conditions. By implementing these strategies, viticulturists can optimize grapevine performance, ensuring high-quality grape production that meets market demands.
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