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Abstract:
Teak (Tectona grandis) is a highly valued tropical hardwood known for its exceptional timber quality and widely used in various industries. The increasing global demand has led to a shift towards plantation cultivation, particularly fast-growing varieties with shorter rotation cycles. However, this transition raises concerns about wood quality, especially regarding heartwood development, decay resistance, and durability. Internal decay in plantation-grown teak, primarily caused by fungal infestations, is a significant concern due to its direct impact on wood quality, structural integrity, and market value. Teak's decay resistance varies across the tree, with mature heartwood exhibiting greater resistance. Plantation-grown teak tends to have less mature heartwood due to shorter growth cycles, increasing the risk of fungal degradation and reducing durability. Environmental factors, such as geographical location and site conditions, also play a critical role in determining decay resistance. This analysis investigates the primary elements contributing to internal decay in teak plantations, focusing on heartwood development, extractives, fungi, environmental factors, and forestry practices. It evaluates how these components influence decay resistance and wood quality, emphasizing the consequences for wood use, processing, and marketability. The study aims to reveal methods for boosting decay resistance and enhancing the sustainability and economic feasibility of teak plantation forestry by examining current research and innovations in teak forestry and wood science. The paper will discuss the biological and chemical processes underlying heartwood formation in teak, evaluate factors affecting decay resistance in plantation settings, and investigate the effects of forestry practices in contesting internal decay. Potential approaches to reduce decay, enhance wood quality, and increase the economic value of teak plantations will be explored.
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Introduction: 
Teak (Tectona grandis) a high-quality tropical hardwood, is renowned for its exceptional timber quality and is extensively used in furniture manufacturing, shipbuilding, and construction industries. Cultivated in more than 70 countries, teak's significance stems from its exceptional longevity and resistance to deterioration (Moya et al., 2014; Prasetyo et al., 2020). While traditionally sourced from natural forests, the increasing global demand has led to a shift towards cultivating plantation, particularly fast-growing varieties. In contrast to the conventional 40–60 years rotation cycles in state-managed forests, these plantations typically operate on 7–30 years harvest cycles, enabling faster timber production (Darmawan et al., 2015; Rizanti et al., 2018). Although this transition allows for increased yield, it raises concerns about wood quality, especially with respect to heartwood development, decay resistance &durability.
The biological degradation of heartwood in teak, primarily caused by fungal infestations, is referred to as internal decay. Heartwood plays a crucial role in the wood's natural decay resistance due to its high extractive content, which acts as a natural preservative (Moya et al., 2014). Though, in rapid-growth plantations where trees are harvested at younger ages (typically 7-30 years), there is a higher proportion of juvenile wood, resulting in lower extractive content and reduced heartwood formation. This weaken’s heartwood content often leads to increased susceptibility to decay, impacting the overall quality and durability of the wood (Bhat et al., 2005; Rizanti et al., 2018).
Internal decay in plantation-grown teak is a significant concern due to its direct impact on wood quality, structural integrity, and market value. The decay resistance of teak varies across the tree, with mature heartwood exhibiting greater resistance as it extends from the core to the outer regions (Bhat et al., 2005). However, plantation-grown teak tends to have less mature heartwood due to shorter growth cycles, increasing the risk of fungal degradation and reducing durability. Moreover, environmental factors such as geographical location and site conditions play a critical role in determining decay resistance. For example, teak grown in wetter environments is more vulnerable to brown-rot fungi, which are more aggressive in areas where the wood has lower extractive content and paler wood coloration (Bhat et al., 2005). The presence of internal decay reduces the wood's marketability, undermining plantation investments and complicating efforts to meet industry demands for high-quality timber. (Anda et al., 2019; Prasetyo et al., 2020).
This review explores the primary factors contributing to internal decay in teak plantations, focusing on heartwood development, extractives, fungal infections, environmental influences, and forestry practices. The paper aims to assess how these elements impact decay resistance and the overall quality of teak wood, with particular attention to the consequences for wood utilization, processing, and marketability.
As the support on rapid-growth plantations increases, understanding the biological and chemical processes that govern heartwood formation in teak is essential for improving decay resistance. This review will examine the various factors influencing decay resistance in plantation environments, including tree age, environmental conditions, and the presence of fungal species. Additionally, it will investigate how different forestry practices, such as planting density and fertilizer application, can mitigate the risk of internal decay. By synthesizing current research and technological advancements in teak forestry and wood science, this paper seeks to provide valuable insights into optimizing plantation management strategies. The goal is to enhance teak wood's durability and economic potential, offering sustainable solutions for improving the quality and market value of teak plantations.

Internal Decay during Teak Plantation
Causes of internal decay 
Teak (Tectona grandis) is highly valued for its durability and resistance to environmental and biological threats. Still, internal decay remains a major issue, particularly due to fungal infections, insect infestations, physical damage, environmental conditions, and genetic predisposition. This review explores the primary causes of internal decay in teak and the influencing factors that affect its resistance.
Fungal infections, particularly brown-rot and white-rot fungi, play a critical role in teak decay. Brown-rot fungi such as Polyporus palustris and Gloeophyllum trabeum are identified as the most destructive decay agents (Bhat et al., 2005; Thulasidas & Bhat, 2006). White-rot fungi are also responsible for decay, although specific species are not named (Bhat et al., 2005; Brocco et al., 2016). The susceptibility of teak to fungal decay depends on the extractive content of the wood, with paler wood containing fewer protective compounds being more vulnerable (Bhat et al., 2005). Additionally, soft-rot fungi also contribute to decay, but their impact appears to be less significant compared to brown-rot and white-rot fungi (Brocco et al., 2016).
Insect infestations, mainly beetles and borers, can contribute to internal decay by creating entry points for fungi and weakening the wood structure. Despite teak’s renowned resistance to termites due to its extractive compounds such as tectoquinone, lapachol, and deoxylapachol (Vyas et al., 2018), research suggests that termite threats can still exist, particularly in trees of different ages (Lukmandaru & Takahashi, 2009). Fast-growing teak plantations with higher proportions of juvenile wood are more susceptible to insect infestations, which may accelerate internal decay (Moya et al., 2014).
Wounds and cracks in teak provide access points for decay-causing organisms. Physical damage can occur due to mechanical injuries, improper harvesting techniques, or natural factors such as storms. Short-rotation teak, commonly harvested due to supply limitations, is more prone to decay due to lower heartwood and extractive content, making it less durable than long-rotation teak (Martha et al., 2021; Martha et al., 2023; Rizanti et al., 2018).
Environmental stressors, chiefly drought and flooding, can increase teak’s susceptibility to decay. Drought stress affects physiological and biochemical processes, leading to reduced photosynthesis, transpiration, and overall health (Galeano et al., 2019). Additionally, drought stress can lead to false ring formation, potentially weakening wood quality and increasing decay susceptibility (Priya & Bhat, 1998). Besides, teak grown in wetter sites has lower extractive content, reducing its resistance to decay (Thulasidas & Bhat, 2006).
While teak is naturally resistant to decay, genetic factors influence its durability. The interaction between genetics and environmental conditions determines teak’s extractive composition, with teak from drier sites generally exhibiting higher decay resistance due to increased naphthoquinone content (Thulasidas & Bhat, 2006). The selective breeding of teak for improved decay resistance may help in mitigate internal decay.
Though teak is generally durable, variations in growing conditions and tree management practices can significantly impact its decay resistance. Understanding these factors can aid in better preservation techniques, sustainable plantation management, and the selection of more resistant teak varieties for commercial and industrial use.
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Symptoms and detection of internal decay         
Internal decay in teak can be recognized through various indicators and evaluated using visual examination, non-invasive, and invasive testing methods. Knowing these approaches is essential for timely recognition and efficient management of decay in teak trees.
Visual signs of internal decay in teak include alterations in wood color, particularly a brownish discoloration of the tissues. Other indicators comprise wood cracking and the emergence of fruiting bodies from decay-inducing fungi. Furthermore, the wood's structural soundness may be compromised by the development of internal hollows or cavities, further indicating potential decay (Lammertyn et al., 2003). It is worth seeing that visual inspection alone may not always accurately reflect the extent of internal decay, especially in its initial phases, necessitating the use of more sophisticated detection techniques (Chen et al., 2023). 
Non-destructive testing (NDT) techniques have become increasingly popular for identifying internal decay in trees, including teak. Ground Penetrating Radar (GPR) has proven to be a highly effective and precise method for monitoring and detecting decay within tree trunks. The irregular form of trunks and their compound internal structures can make GPR data interpretation difficult. To overcome this, a complex approach utilizing 3D point cloud technology, Canny edge detection algorithm, and advanced imaging techniques such as back-propagation (BP) and reverse time migration (RTM) has been suggested. This method has demonstrated promising results in accurately depicting the internal structure of tree cross-sections and identifying underlying decay and cavities (Chen et al., 2023).
X-ray CT imaging and magnetic resonance imaging (MRI) have also been effectively employed to examine internal disorders in wood, distinguishing between healthy tissue, brown tissue, and cavities (Lammertyn et al., 2003). Various non-destructive testing (NDT) methods have been utilized for detecting internal decay in timber, such as infrared thermography, microwave reflectometry, and time-of-flight tomography. For teak specifically, techniques like ultrasonic testing, infrared thermography, and acoustic emission can be employed. These wave-based approaches offer the benefit of being non-invasive while providing valuable insights into the wood's internal condition. They enable the identification of decay, structural defects, damage, and moisture accumulation in timber without causing physical harm to the material (Riggio et al., 2016). 
Although destructive testing methods may yield more conclusive results, they are generally avoided for valuable trees like teak. For more localized testing, the Resistograph, a quasi-non-destructive method, can be employed. It correlates drilling resistance with wood density, allowing assessment of the extent of wood damage and internal defects. The selection of detection method often depends on factors such as the tree's size, location, and the suspected extent of decay (Dwivedi et al., 2018; Gupta & Khan, 2021).
Consequences of Internal Decay in Teak Plantations
Economic and Environmental Effects 
Internal decay in teak plantations can significantly impact economic outcomes, mainly by reducing timber quality and yield. As teak is a highly prized hardwood, internal decay can substantially decrease its market value. Wood affected by decay often lacks structural integrity, making it unsuitable for premium applications like furniture manufacturing and construction (Nölte et al., 2018). Rapid-growth plantations, which typically harvest trees between 15-30 years with log diameters ranging from 12 to 30 cm (Moya et al., 2014), are especially susceptible, as internal decay can considerably reduce the usable volume of these smaller logs, thereby diminishing financial returns. The environmental implications of internal decay in teak plantations are multifaceted. While teak plantations are commonly used for reforestation and timber production, they may not always promote high biodiversity (Healey & Gara, 2002). If internal decay results in early tree mortality, it could create gaps in the canopy that might allow native species to establish, potentially increasing biodiversity (Macdonald et al., 2009). However, decay-related tree loss could also decrease carbon sequestration potential and increase fire risks due to accumulated deadwood, potentially endangering surrounding ecosystems. Furthermore, transforming native forests into teak monocultures can modify soil microbial communities, affecting nutrient cycling and plant-soil interactions (Gannes et al., 2016). Implementing sustainable management practices is crucial to mitigate these adverse effects and enhance the ecological benefits of teak plantations. 





Social Impact 
Teak plantations play a crucial role in local economies and rural livelihoods, especially in regions where timber production is a primary source of income. For instance, smallholder teak systems contribute approximately 40% of household income from agricultural and timber crops in Indonesia (Roshetko et al., 2013). However, internal decay could reduce tree productivity, resulting in lower yields and financial losses for farmers and workers who rely on the industry. Additionally, the sustainability of teak plantations directly influences labor markets. If decay-related losses reduce profitability, it could lead to fewer employment opportunities for workers involved in planting, harvesting, and processing teak wood. Ensuring proper plantation management and disease prevention strategies is vital to maintaining economic stability in these communities. Identifying internal decay in teak requires a combination of visual assessment and advanced testing methods. While visual symptoms offer initial indications, non-destructive techniques such as GPR, X-ray CT imaging, and ultrasonic testing provide accurate and non-invasive ways to evaluate internal wood health. In situations where more precise data is required, quasi-non-destructive methods like the Resistograph can be employed. Moreover, internal decay has wide-ranging implications for teak plantations, impacting economic viability, environmental stability, and social well-being. By incorporating effective detection, management, and preventive strategies, teak plantations can sustain productivity, support local communities, and minimize ecological impacts.
Management strategies for internal decay 
Effective management strategies for internal decay in teak plantations involve a combination of silvicultural practices, chemical treatments, biological control methods, and breeding programs for resistant varieties. Implementing an integrated approach is essential to maintaining tree health, improving timber quality, and ensuring the sustainability of teak plantations.
Silvicultural practices, including thinning and pruning, play a crucial role in managing internal decay. Thinning helps maintain optimal stand density, reducing competition for resources and enhancing tree vigor, which in turn decreases susceptibility to decay-causing pathogens (Pachas et al., 2019). Studies have shown that moderate-intensity thinning can improve stand resilience and reduce the likelihood of decay (Muzika, 2017).
Pruning is another essential practice, as it reduces the number of knots and potential entry points for decay fungi. Proper pruning techniques can improve wood quality and minimize infections. Research indicates that pruning 40% of the crown biomass at key growth stages (years 4, 10, and 15) maximizes wood volume production while maintaining tree health (Khasanah et al., 2015). However, improper pruning techniques may increase the risk of fungal infections, underscoring the importance of following best practices in silvicultural management.
Chemical treatments, such as fungicides and insecticides, are commonly used to manage decay-related pathogens in forest plantations. While their application in teak plantations has not been extensively studied, some evidence suggests that natural extracts from teak heartwood could serve as an eco-friendly alternative to synthetic fungicides. A study demonstrated that ethanol-based teak heartwood extractives significantly improved decay resistance against brown and white rot fungi (Brocco et al., 2016). The natural resistance of teak heartwood to decay suggests potential for developing bio-preservative treatments using its own extractives.
Additionally, chemical repellents have been used to prevent animal damage in forest plantations (Black, 1992). If animal damage contributes to decay issues in teak, targeted chemical treatments could be a viable management approach.
Biological control strategies offer an environmentally friendly alternative to chemical treatments. One potential approach is introducing beneficial microorganisms or fungi-antagonistic species that can suppress decay-causing pathogens. Although research specific to teak is limited, studies suggest that alternative forest management methods can enhance natural enemy pressure, thereby controlling pests and diseases more effectively (Klapwijk et al., 2016).
Teak heartwood extracts have also demonstrated antifungal properties, suggesting their potential use in biological control. The application of natural bio-preservatives derived from teak could reduce reliance on synthetic chemicals while improving decay resistance in plantation-grown teak (Brocco et al., 2016). Further research is needed to optimize the application of biological control methods for internal decay management.
Breeding programs aimed at developing decay-resistant teak varieties are a long-term solution to managing internal decay. Traditional tree improvement efforts have primarily focused on growth rate, stem form, and wood quality (Carson & Carson, 1989). However, increasing attention is being given to selecting for disease resistance to enhance plantation resilience.
Unlike agricultural crops that often rely on single-gene resistance traits, forest tree breeding programs aim to maintain genetic diversity while improving resistance. The integration of genomics and biotechnology could accelerate the development of decay-resistant teak varieties. Additionally, citizen science initiatives that involve identifying naturally resistant trees could provide valuable genetic resources for breeding programs (Ingwell & Preisser, 2010).
Managing internal decay in teak plantations requires an integrated approach combining silvicultural practices, chemical treatments, biological control, and breeding programs. Proper thinning and pruning practices help maintain tree health and reduce susceptibility to decay. The potential of teak heartwood extracts as a natural preservative offers an eco-friendly alternative to synthetic chemicals. Biological control methods could further enhance resistance to decay-causing fungi. Long-term breeding programs should focus on developing genetically resistant teak varieties while maintaining genetic diversity. Further research and field trials are necessary to refine these strategies and ensure their effectiveness in different growing conditions.
Issues Caused Post-Harvesting and Wood Processing	
Physical issues 
Post-harvesting and wood processing face several physical issues that can significantly impact the quality and usability of the final products. These issues include moisture-related problems, mechanical damage, insect and fungal infestations, and physical degradation.
Moisture content plays a crucial role in wood behavior, influencing its dimensional stability and susceptibility to defects. During drying, wood undergoes shrinkage, which can lead to warping and cracking if not properly controlled (Bond & Espinoza, 2016; Gong et al., 2024). The drying process is critical in wood product manufacturing, with various methods such as kiln drying, high-temperature drying, and vacuum drying being employed to achieve the appropriate moisture content (Bond & Espinoza, 2016).
The diffusion coefficient of wood, which affects moisture transport, is strongly dependent on temperature and moisture content, highlighting the importance of considering these factors in modelling drying stresses and long-term serviceability analysis (Chiniforush et al., 2019). Sorption hysteresis also significantly impacts wood's performance under varying moisture conditions. Errors in moisture content of more than 20% can occur when not accounting for hysteresis in heat and mass transport models (Patera et al., 2015). This underscores the need to consider sorption history in assessing moisture-related damage risks such as mold growth, rot, or moisture-induced cracking.
Mechanical damage, such as splits and checks, can occur during harvesting, processing, and drying. For example, in soybean seed processing, passing seeds through a vertical bucket elevator significantly increased splits and seed coat damage (Parde et al., 2002). In wood processing, the development of new drying schedules and methods to reduce drying defects has focused on mechanical restraint to prevent warp and a better understanding of defect formation (Bond & Espinoza, 2016). Additionally, the natural form and structure of bamboo have been utilized to develop a processing method that results in high material utilization and low damage (Huang et al., 2023), demonstrating the potential for innovative approaches to minimize mechanical damage during processing.
Insect and fungal infestations pose significant threats to both harvested crops and wood products. Wood wasps, for example, can cause economic degradation of marketable timber, although their infestations are often secondary to other predisposing factors (Madden, 1988). In pistachio nuts, shell discoloration is closely related to fungal decay and insect infestation of the kernel. Nuts with ruptured hulls show varying degrees of shell discoloration, which correlates with increased kernel decay and navel orange worm infestation (Doster & Michailides, 1999). Similarly, bark stripping wounds caused by large game animals can lead to fungal infections in wood. A study on Pinus contorta stems found that open wounds exposed sapwood to fungal colonization, with Sarea difformis and Peniophora pini being commonly isolated fungi (Arhipova et al., 2015).
Physical degradation, particularly discoloration and staining, is a prevalent issue in both post-harvesting and wood processing. In fruits and vegetables, enzymatic browning mediated by polyphenol oxidase and phenol peroxidase is a major cause of discoloration (Toivonen & Brummell, 2007). Wood surfaces are also susceptible to photo-discoloration when exposed to UV-visible irradiation, with the presence of extractives influencing the rate of color change and apparent delignification (Pandey, 2004). Dyed wood surfaces are especially prone to discoloration under light exposure, with the degradation of dyes, lignin, and other active constituents contributing to color changes (Liu et al., 2015).
Addressing these physical issues is crucial for maintaining product quality and value. For post-harvest preservation, techniques such as cooling, packaging, and coating can help mitigate deterioration (Asdullah et al., 2024). In wood processing, understanding the factors influencing discoloration and degradation can inform strategies to protect wood surfaces and enhance their durability (Hadi et al., 2022; Liu et al., 2017). Overall, optimizing drying processes, considering sorption hysteresis in moisture transport models, and developing innovative processing methods can significantly reduce defects and improve wood quality in post-harvesting and processing operations.


Chemical issues 
Chemical degradation is a major concern in post-harvesting and wood processing, affecting the quality and longevity of materials. Oxidation and hydrolysis are two key chemical processes that contribute to the breakdown of organic compounds in both agricultural and wood products.
In post-harvest storage, oxidation leads to the deterioration of sugarcane quality due to enzymatic activities and microbial proliferation. Delays between harvesting and processing result in sucrose loss, with microbial action producing acids, ethanol, and polysaccharides that hinder sugar recovery (Solomon, 2009). Similarly, oxidation in sweet potatoes can lead to enzymatic browning and spoilage if not properly managed (P et al., 2019).
In wood processing, oxidation and hydrolysis impact durability and appearance. The presence of extractives in woods like teak contributes to resistance against oxidation, but variations in extractive content can lead to differential susceptibility (Anda et al., 2019). Hydrolysis, particularly in humid environments, breaks down wood polymers, reducing strength and increasing vulnerability to fungal attack. Addressing these degradation issues requires optimized storage, controlled drying processes, and the application of protective coatings.
Chemical contamination is a significant concern in both post-harvesting and wood processing industries, affecting product safety and environmental sustainability.
In agricultural products, pesticide residues and heavy metals pose risks to human health. Sugarcane processing, for example, involves the use of bactericidal solutions and anti-inversion chemicals to maintain sucrose integrity. However, improper use of these chemicals can lead to residual contamination in the final product (Solomon, 2009). Heavy metals such as lead and cadmium can accumulate in crops through soil contamination, impacting food safety.
In wood processing, chemical preservatives such as chromated copper arsenate (CCA) and newer copper-based formulations can leach into the environment, contaminating soil and water sources (Robey et al., 2018). CCA-treated wood, in particular, has been found to release arsenic at levels exceeding toxicity thresholds, raising concerns about its long-term environmental impact (Stook et al., 2004). To mitigate these risks, researchers are exploring bio-based wood preservatives with lower toxicity profiles (Barbero-López et al., 2020). 
Wood preservatives play a crucial role in extending the lifespan of wood products by protecting against biological degradation. However, interactions between preservatives and wood components can lead to unintended consequences.
Teak wood, for example, contains natural extractives such as tectoquinone, which contribute to its durability. These extractives can interact with traditional preservatives, affecting their efficacy. Studies have shown that ethanol-based teak extractives enhance decay resistance, potentially reducing the need for synthetic preservatives (Brocco et al., 2016). However, the effectiveness of extractive-based treatments varies depending on factors such as tree age and growing conditions (Rizanti et al., 2018).
Alternative preservation techniques, including tannin-based formulations and nanotechnology, are being explored to minimize environmental risks while maintaining wood protection. Tannin-based preservatives have shown promise in improving resistance to leaching, fire, and biological decay (Sommerauer et al., 2019). Additionally, nanoparticles have demonstrated effectiveness against termites, fungi, and UV degradation (Borges et al., 2018). 
The chemical composition of wood significantly influences its strength, durability, and overall performance. Extractive content plays a key role in determining resistance to decay and insect attack. 
In teak plantations, heartwood contains higher levels of decay-resistant extractives compared to sapwood (Rizanti et al., 2018). Studies indicate that teak wood from drier regions generally has a higher extractive content, contributing to superior durability (Bhat et al., 2005; Thulasidas & Bhat, 2006). However, younger teak trees (8 years old) exhibit lower termite resistance compared to mature trees (30-51 years old), highlighting the impact of age on chemical composition (Lukmandaru & Takahashi, 2008). 
Variations in extractive content can also influence mechanical properties such as strength and dimensional stability. Wood exposed to hydrolysis and oxidation experiences reduced strength, making it more prone to cracking and deformation. Understanding these chemical effects is crucial for optimizing wood processing techniques, including controlled drying and preservation treatments.
Chemical issues in post-harvesting and wood processing present challenges that impact product quality, durability, and environmental sustainability. Oxidation, hydrolysis, contamination, and chemical interactions with preservatives all play critical roles in determining the longevity and usability of agricultural and wood products. Advances in bio-based preservatives, nanotechnology, and extractive-based treatments offer promising solutions for mitigating these issues. Continued research and innovation are essential to developing sustainable strategies that balance product performance with environmental responsibility. 
Biological issues 
Teak is renowned for its natural durability and resistance to fungal decay, primarily due to its heartwood extractives. However, biological issues in post-harvesting and wood processing of teak plantations can still arise, particularly in younger trees and sapwood. The heartwood of teak generally exhibits high resistance to decay fungi, with tectoquinone, lapachol, and deoxylapachol being the main active compounds responsible for this resistance (Vyas et al., 2018). However, the decay resistance is not uniform throughout the tree. Studies have shown that decay resistance increases from the center to the periphery of the heartwood, making radial position a critical factor (Bhat et al., 2005). Additionally, the type of decay fungi affects the wood's susceptibility. Brown-rot fungi, particularly Polyporus palustris, were found to be more aggressive than white-rot fungi (Bhat et al., 2005). Interestingly, teak from wet sites showed higher susceptibility to brown-rot decay, associated with paler wood color and lower extractive content (Bhat et al., 2005). 
Insect infestations and damage in teak plantations are less extensively discussed in the literature. However, teak is known to be resistant to termite damage (Vyas et al., 2018). This resistance is likely due to the same extractives that provide fungal resistance. Nevertheless, the sapwood of teak, especially in younger trees from fast-growth plantations, may be more susceptible to insect damage due to its lower extractive content. Fast-growth plantations, which produce wood with a higher proportion of juvenile wood and sapwood, may face more significant challenges in this regard (Moya et al., 2014). 
Teak wood is highly durable, but post-harvesting and wood processing can present biological issues, particularly concerning bacterial growth and degradation. The natural resistance of teak to decay is primarily attributed to its heartwood extractives, which contain compounds such as tectoquinone, lapachol, and deoxylapachol (Vyas et al., 2018). However, the effectiveness of these natural defenses can vary depending on factors such as tree age, growth conditions, and the proportion of heartwood to sapwood (Moya et al., 2014; Rizanti et al., 2018). Short-rotation teak, typically harvested at 7-10 years, has been found to be less durable due to lower heartwood and extractive contents compared to long-rotation teak harvested at 40-60 years (Rizanti et al., 2018). This difference in durability could potentially lead to increased susceptibility to bacterial growth and degradation in wood from younger trees. 
To address potential biological issues post-harvesting, research has explored the use of teak heartwood extracts as preservatives. A study found that solutions containing absolute ethanol extractives from teak heartwood significantly improved the decay resistance of treated wood against brown and white rot fungi (Brocco et al., 2016). However, the same study noted that resistance to soft-rot fungi was not improved, indicating that some biological degradation risks may persist even with treatment. 
Teak wood is renowned for its natural durability and mechanical strength, but these properties can be affected by various biological factors post-harvesting and during wood processing. The heartwood of teak plays a crucial role in determining its quality and durability. Short-rotation teak wood, typically harvested at 7-10 years, has been found to have lower quality, especially in terms of dimensional stability and durability, compared to long-rotation teak harvested at 40-60 years (Martha et al., 2021; Rizanti et al., 2018). This is primarily due to the lower heartwood and extractive contents in short-rotation teak. The heartwood proportion, which increases with tree age and height, is a key factor influencing the wood's properties (Anda et al., 2019; Moya et al., 2014). 
Some studies have found that short-rotation teak may not be significantly different from long-rotation teak in terms of swelling, modulus of elasticity (MOE), modulus of rupture (MOR), and Brinell hardness (Rizanti et al., 2018). However, the lower wood density and durability of short-rotation teak restrict its utilization for both indoor and outdoor applications. The natural durability of teak is closely associated with its extractives, particularly those found in the heartwood. A metabolomics study revealed that heartwood contains higher levels of secondary metabolites such as flavonoids, phenylpropanoids, and quinones, which may correlate with its durability and color (Yang et al., 2020). The presence of tectoquinone, an important extractive, was found to be abundant regardless of age and provenance, contributing to the wood's high resistance against white rot and brown rot fungi (Anda et al., 2019). 
Impacts of Post-Harvesting and Wood Processing
Environmental Impacts 
Teak plantations and wood processing have significant environmental consequences, both positive and negative. One major concern is soil erosion and water resource degradation. Studies in Laos indicate that replacing traditional slash-and-burn cultivation with teak plantations increases overland flow to stream flow from 16% to 31% and sediment yield from 98 to 609 Mg km−2 (Ribolzi et al., 2017). This is due to the high kinetic energy of raindrops falling from the teak canopy and the absence of understorey vegetation, which exacerbates erosion. Furthermore, teak processing generates considerable wood waste, which, if not managed properly, contributes to pollution (Pramudita, 2024). 
The wood processing industry also has a significant carbon footprint, consuming energy and producing greenhouse gas emissions at multiple stages of the supply chain, from sawmills to finished products (Adhikari & Ozarska, 2018). Additionally, wood dust from sawing and sanding activities presents air pollution risks, respiratory health hazards for workers, and potential dust explosion threats (Zhou et al., 2022). However, despite these concerns, wood remains a more environmentally sustainable material compared to alternatives like steel or concrete, as it generally has a lower carbon footprint (Petersen & Solberg, 2003). 
Innovative waste management strategies, such as pyrolysis, offer solutions to these environmental challenges. Pyrolysis converts wood waste into valuable by-products like charcoal, liquid, and gaseous fuels (Haryanto et al., 2021). Additionally, teak leaves, often considered agro-biowaste, can be used for the eco-friendly synthesis of silver nanoparticles (Devadiga et al., 2015). These sustainable practices help reduce waste and mitigate environmental harm while creating economic value. 
Economic Impacts 
The economic viability of teak plantations depends on various factors, including tree age, geographic location, and silvicultural practices, all of which influence heartwood properties and timber quality (Moya et al., 2014). However, the shift toward fast-growing teak plantations has led to an increased proportion of juvenile wood and knots, reducing overall wood quality and economic value. Furthermore, unmanaged teak forests can experience disturbances that contribute to within-tree variability, affecting timber consistency (Miranda et al., 2011). 
Wood processing industries face increasing economic challenges due to rising raw material prices and limited availability, which pressures material efficiency (Wieruszewski et al., 2023). The industry must address efficiency concerns to avoid economic losses. For instance, pine wood processing has demonstrated an economic efficiency range of 170% to 290%, depending on log size and processing technology, highlighting the need for optimized resource utilization (Wieruszewski et al., 2023). In addition to quality concerns, conventional adhesives used in wood-based panel production contribute to toxic emissions, necessitating a shift toward eco-friendly alternatives (Souza et al., 2018). Utilizing wood waste in adhesive production presents an economic and environmental opportunity. Implementing sustainable processing techniques, such as improved plantation management and energy-efficient harvesting, can help mitigate financial risks and enhance industry profitability. 
Social Impacts 
Teak plantations and wood processing also have important social implications, particularly in local communities and labor markets. While policies supporting smallholder teak plantations have been successful in areas like Luang Prabang Province, Lao PDR, smallholders often face barriers in entering the global timber value chain due to complex regulations and limited market access (Smith et al., 2017). If these challenges are not addressed, smallholder farmers may be excluded from international trade opportunities. 
Technological advancements in data-driven automation and manufacturing processes could reshape the workforce in the teak industry, potentially reducing employment opportunities (Masato & Kim, 2023). Additionally, the transition from large-diameter logs sourced from natural forests to smaller plantation-grown logs has altered supply chain dynamics, impacting employment and profitability in the sector (Moya et al., 2014). 
Socially, teak plantations can influence local ecosystems and biodiversity. Research in Costa Rica found that 10-year-old teak plantations had lower native tree species abundance and diversity compared to abandoned pastures, suggesting potential negative ecological impacts (Healey & Gara, 2002). Sustainable plantation management strategies must address these ecological and social concerns to ensure that teak cultivation benefits local communities while minimizing adverse effects. 
The environmental, economic, and social impacts of teak plantations and wood processing are multifaceted and interrelated. While teak plantations contribute to economic growth and sustainable timber production, they also present challenges, including soil degradation, waste generation, and market access issues for smallholders. Implementing sustainable management strategies, improving processing efficiency, and exploring innovative waste valorization methods can help balance these impacts. Future research should focus on enhancing life cycle assessments and developing sustainable solutions that minimize environmental harm while maximizing economic and social benefits in the teak industry. 
Mitigation Strategies and Solutions 
Teak (Tectona grandis) is a highly valuable tropical hardwood species extensively cultivated in Indonesia and other tropical regions. The increasing demand for teak wood products has led to the expansion of short-rotation plantations, which pose significant challenges concerning wood quality and utilization (Darmawan et al., 2015; Rizanti et al., 2018). Several mitigation strategies and solutions have been proposed to address these challenges, focusing on Advanced harvesting and processing techniques, chemical treatments and preservatives, biological control methods, and drying and storage strategies. 
Refining harvesting and processing methods can play a crucial role in addressing post-harvesting and wood processing issues for teak. The wood processing sector produces considerable waste, which can be transformed through pyrolysis to enhance its economic and ecological worth. Pyrolysis, a thermochemical procedure, yields solid, liquid, and gaseous products, with slow pyrolysis being particularly appropriate for Indonesia, mainly producing charcoal (Haryanto et al., 2021). Furthermore, teak heartwood extracts have shown potential as a natural defense against decay fungi. Absolute ethanol extracts from teak waste considerably enhance the decay resistance of treated wood species, decreasing the need for artificial preservatives (Brocco et al., 2016). Additionally, the carbon dynamics of harvested wood products (HWP) affect greenhouse gas (GHG) emissions. Structural panels, followed by lumber and non-structural panels, offer the greatest potential for GHG mitigation (Chen et al., 2018). By implementing advanced harvesting and processing techniques, including waste transformation, natural preservatives, and sustainable wood use, the environmental impact of teak plantations can be reduced (Darmawan et al., 2015; Rizanti et al., 2018). 
Chemical treatments and protective agents are essential in tackling post-harvesting challenges for teak wood. Teak heartwood extracts have exhibited promise as natural protective agents, especially against decay fungi. Research has demonstrated that absolute ethanol extracts from teak heartwood significantly improve the decay resistance of treated wood (Brocco et al., 2016). Traditional wood preservatives, while effective, raise environmental concerns, prompting the search for eco-friendly alternatives. Pressure and non-pressure treatments, thermal modifications, and chemical alterations have been investigated to enhance wood durability (Rajput et al., 2023; Teng et al., 2018). Moreover, nanotechnology offers promising developments in wood preservation. Nanomaterials, such as metallic nanoparticles and nanocarriers for biocides, can improve wood preservation efficiency and extend service life (Teng et al., 2018). Although chemical treatments remain crucial, there is an increasing trend towards bio-based and environmentally sustainable solutions. Future studies should concentrate on minimizing chemical leaching and evaluating the long-term environmental effects of novel preservation techniques (Barbero-López et al., 2020).
Although limited research specifically addresses biological control methods for post-harvesting and wood processing of teak, some insights can be drawn from available studies. Teak heartwood extracts have demonstrated potential as biological control agents against decay fungi. Studies indicate that ethanol-based extractives from teak heartwood significantly enhance the decay resistance of treated wood species, particularly against brown and white rot fungi (Brocco et al., 2016). However, the resistance to soft-rot fungi remains a challenge, necessitating further exploration of biological control strategies. Future research should investigate the broader application of teak-based biological control agents and explore integrated approaches to mitigate wood degradation caused by various microorganisms. 
Drying and storage strategies are critical in mitigating defects and enhancing the quality of teak wood post-harvest. Various approaches have been developed to optimize drying processes and storage conditions. One promising method is furfurylation treatment, which involves impregnating teak wood with furfuryl alcohol and a catalyst, followed by heat treatment. This treatment significantly improves the dimensional stability, decay resistance, and water uptake of short-rotation teak wood, making it more suitable for high-quality applications (Martha et al., 2021). Additionally, advancements in drying schedules and novel drying technologies have been introduced to mitigate defects, reduce energy consumption, and enhance productivity. The integration of artificial intelligence in timber drying modeling and control has shown potential in optimizing these processes (Elustondo et al., 2023). Moreover, pre-treatment techniques such as pre-heating, pre-steaming, microwave treatment, pre-freezing, and boiling have been found to modify wood cell structure, improve permeability, and accelerate the drying rate while minimizing defects (Yang & Liu, 2018). 
Interestingly, teak heartwood extracts have also demonstrated potential as a preservation method against decay fungi, further enhancing the durability of stored wood (Brocco et al., 2016). A combination of advanced drying schedules, novel pre-treatment techniques, and natural preservation strategies can significantly improve the post-harvest quality and longevity of teak wood products. Future research should focus on optimizing these techniques for different teak varieties and assessing their environmental and economic feasibility. 
While short-rotation teak plantations present challenges in wood quality and processing, various mitigation strategies can optimize resource utilization and sustainability. Implementing improved harvesting and processing techniques, adopting chemical and bio-based preservatives, exploring biological control methods, and refining drying and storage strategies can collectively enhance the quality, durability, and environmental sustainability of teak wood products. Future research should continue to refine these strategies to maximize the potential of teak resources while minimizing environmental impact. 
Integration of management strategies for internal decay and post-harvesting/processing issues
The management of teak (Tectona grandis) plantations requires integrated strategies to address both internal decay and post-harvesting/processing issues. Teak is a valuable tropical hardwood, and its quality can be significantly affected by various factors throughout its growth and processing stages.
Internal decay in teak can be influenced by site conditions and management practices. Research has shown that decay resistance varies depending on the growing environment and tree genetics. For instance, teak grown in wet sites of home gardens was found to be more susceptible to brown-rot decay compared to dry sites, associated with paler wood color and lower extractive content (Bhat et al., 2005). To mitigate internal decay, careful site selection and genetic improvement programs can be implemented to enhance the natural decay resistance of teak. 
Post-harvesting and processing issues, particularly in short-rotation teak, present challenges for wood quality. Short-rotation teak often has lower dimensional stability and durability compared to long-rotation teak (Martha et al., 2021; Rizanti et al., 2018). To address these issues, various treatment methods can be employed. For example, furfurylation treatment has shown promising results in improving dimensional stability and decay resistance of short-rotation teak sapwood (Martha et al., 2021). This treatment increased anti-swelling efficiency by an average of 64% and significantly enhanced durability against fungal decay. 
Integrating management strategies for both internal decay and post-harvesting issues involves a holistic approach. This includes optimizing initial planting density, thinning, and pruning regimes to produce high-quality timber (Khasanah et al., 2015). Additionally, the development of supporting technologies such as ex situ conservation, genetic improvement, growth models, and agroforestry systems can contribute to better teak management (Pachas et al., 2019). Furthermore, the valorization of wood waste through processes like pyrolysis can increase the added value of teak products and contribute to more sustainable practices in the industry (Haryanto et al., 2021).
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Conclusion
Actual teak plantation management and wood harvesting practices play a crucial role in minimizing internal decay and enhancing the quality of plantation-grown teak. Factors such as site conditions, heartwood development, extractive content, and fungal interactions significantly influence wood durability and resistance to decay. Short-rotation teak, while offering economic advantages through faster yields, generally has lower density and extractive content, making it less durable than long-rotation teak. This presents challenges for the wood processing industry, particularly for applications requiring high durability, such as outdoor furniture and construction materials.
For sustainable teak production, plantation management strategies should focus on optimizing growth conditions, selecting suitable sites, and implementing silvicultural practices that promote heartwood formation and decay resistance. The wood harvesting and processing industries must also adapt by developing treatment methods and value-added processing techniques to enhance the durability and marketability of short-rotation teak. Future advancements in forestry management and biotechnology will be essential for improving wood quality, ensuring long-term sustainability, and maintaining the economic viability of teak plantations.
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