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Impact of Tree Root Structure on Soil Water Dynamics: Drought Adaptation Mechanisms and Ecological Significance
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Abstract The study reveals several key findings. Firstly, tree roots exhibit a variety of adaptive responses to drought, including adjustments in root biomass, anatomical changes, and physiological acclimations. Specific root traits such as root depth, root length, and root hair density play crucial roles in water extraction and drought tolerance. Additionally, the presence of mycorrhizas significantly enhances root drought resistance by improving water and nutrient uptake. The research also highlights the importance of root hydraulics in maintaining water balance during critical growth stages. Furthermore, different tree species employ distinct metabolic and structural defense mechanisms to cope with drought, influenced by both root architecture and microbial interactions. The findings underscore the critical role of tree root structure in mediating soil water dynamics and drought adaptation. Understanding these mechanisms provides valuable insights into the ecological significance of root traits and their potential applications in forestry and agriculture. The study suggests that enhancing specific root traits through breeding or management practices could improve tree resilience to drought, thereby supporting ecosystem stability and productivity under changing climatic conditions.
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1 Introduction
The relationship between tree root systems and soil water dynamics is a critical area of study, particularly in the context of increasing drought frequency and intensity due to climate change. Tree roots play a pivotal role in water uptake and distribution within the soil, which directly influences tree survival and ecosystem stability during drought conditions. Understanding the mechanisms by which tree roots adapt to and manage water stress is essential for predicting forest responses to environmental changes and for developing strategies to enhance ecological resilience.

Tree root systems exhibit various strategies to cope with drought, including shifting water uptake to deeper soil layers or more reliable water sources, such as bedrock groundwater (Mackay et al., 2019). This ability to access deep water reserves is crucial for maintaining tree water potential and avoiding hydraulic failure during prolonged dry periods. Additionally, root systems can redistribute soil water internally, a process known as hydraulic redistribution, which helps alleviate root drought stress and supports overall plant water balance (Liu et al., 2023).

The importance of root structure in drought adaptation extends beyond individual tree survival. Root dynamics influence soil moisture availability, which in turn affects forest carbon balance, nutrient cycling, and overall ecosystem functioning (Brunner et al., 2015). For instance, fine-root production and longevity can vary significantly under drought conditions, impacting the rate and depth of organic matter supply to the soil (Zwetsloot and Bauerle, 2021). Moreover, the interaction between different tree species and their root systems can modulate water use efficiency and drought resilience at the community level (Kinzinger et al., 2023).

This study focuses on the role of tree root structure in managing soil moisture and its broader ecological implications. Specifically, we aim to investigate how different root structures and strategies contribute to soil water dynamics during drought conditions, examine the physiological and anatomical adaptations of tree roots that enhance drought tolerance, and explore the ecological significance of root-mediated water dynamics, including their impact on forest carbon balance, nutrient cycling, and species interactions.

2 Tree Root Structures: Diversity and Function
2.1 Types of root systems
Tree root systems can be broadly categorized into three types: taproots, fibrous roots, and adventitious roots. Each type has distinct characteristics and plays unique roles in water uptake.

Taproots: These roots are characterized by a single, thick primary root that grows deep into the soil. Taproots are particularly effective in accessing water from deeper soil layers, making them advantageous during drought conditions. However, they exhibit lower plasticity in response to water availability compared to other root types (Fry et al., 2018).

Fibrous Roots: Comprising numerous thin roots that spread out near the soil surface, fibrous roots are highly efficient in absorbing water from the upper soil layers. They exhibit high plasticity, allocating biomass preferentially to wetter soil areas, which enhances their ability to adapt to varying water conditions (Fry et al., 2018; Shoaib et al., 2022).

Adventitious Roots: These roots develop from non-root tissues, such as stems or leaves, and can perform similar functions to lateral roots. They are crucial for vegetative propagation and can form in response to environmental stresses like flooding or wounding (Bellini et al., 2014).

2.2 Root architecture and soil interaction
The architecture of tree roots significantly influences how water is distributed and accessed within the soil. Complex, branched root systems can explore a larger soil volume, enhancing water uptake efficiency. For instance, fibrous and rhizomatous roots can adjust their growth towards wetter soil regions, optimizing water absorption (Fry et al., 2018; Maurel and Nacry, 2020). Additionally, the hydraulic properties of roots, including their ability to transport water, play a critical role in maintaining plant water status under varying environmental conditions (Doussan et al., 2005; Maurel and Nacry, 2020).

2.3 Root depth and water accessibility
The depth of tree roots is a crucial factor in determining their ability to access water, especially during drought conditions. Deep roots, such as taproots, can reach water reserves located deeper in the soil profile, providing a reliable water source during prolonged dry periods (Fry et al., 2018; Mackay et al., 2019). Conversely, shallow roots, which are more common in fibrous root systems, are effective in capturing water from rainfall and surface irrigation but may struggle during extended droughts (Henry et al., 2012; Shoaib et al., 2022). The ability of roots to shift water uptake among existing roots rather than growing new ones during drought is also a critical adaptation mechanism (Mackay et al., 2019).

3 Soil Water Dynamics and Root Interactions
3.1 Water absorption mechanisms
Trees absorb water through their roots using various mechanisms that adapt to changing soil moisture conditions. Root water uptake (RWU) is a critical process in the soil-plant-atmosphere continuum, and it is influenced by soil moisture profiles. For instance, beech trees exhibit different RWU patterns depending on soil conditions, with higher uptake in moist, homogeneously textured soils compared to drier, heterogeneous soils (Jackisch et al., 2019). Additionally, trees can dynamically adjust their water use strategies in response to interspecific competition. For example, European beech (Fagus sylvatica) shifts its water uptake to deeper soil layers when growing alongside Norway spruce (Picea abies), reflecting a high plasticity in water source utilization (Kinzinger et al., 2023). This adaptability is crucial for maintaining water fluxes and ensuring survival during periods of water scarcity.

3.2 Impact of soil composition on water uptake
Soil texture, porosity, and organic matter significantly influence root-soil water interactions. Soil characteristics such as texture and porosity determine the availability and movement of water within the soil profile, affecting how efficiently roots can absorb water. For example, soil with higher porosity and organic matter content can retain more water, providing a more consistent supply for root uptake. Conversely, heterogeneous soil conditions can limit RWU, especially during drier states (Jackisch et al., 2019). The presence of symbiotic soil microbes also plays a role in enhancing water uptake by improving soil structure and increasing water holding capacity (Shoaib et al., 2022) (Figure 1). These factors collectively impact the efficiency of water absorption by tree roots, influencing their overall water use strategies.
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Figure 1 Beneficial roles of root exudates, avascular mycorrhiza (AM), and rhizobacteria in plant drought adaptation (Adopted from Shoaib et al., 2022)
Image caption: (a) Exudates effects soil aggregation, water holding capacity, and nutrient mobilization. The plant preferentially selects microbes through exudation, which assists in drought adaptation. Exudates also influence the soil nitrogen (N) cycle. (b) AM increases phosphorus (P) and water uptake, affecting root hydraulic conductivity and reducing drought stress by producing antioxidants. AM also increases soil carbon. Rhizobacteria release exopolysaccharides, volatile compounds, osmolytes, ACC-deaminase, and phytohormones. These compounds increase soil aggregation, lateral root formation, and plant growth; mediate stomatal closure, reduce ethylene’s harmful effect, and ultimately increase drought resistance (Adopted from Shoaib et al., 2022)

3.3 Hydraulic redistribution
Hydraulic redistribution is a process where tree roots transfer water within the soil profile, redistributing it from wetter to drier areas. This phenomenon, also known as "hydraulic lift," allows trees to maintain root viability and facilitate growth in dry soils. For instance, Grevillea robusta and Eucalyptus camaldulensis have been observed to transport water from deeper soil layers to dry surface horizons, and vice versa, depending on soil moisture conditions (Burgess et al., 1998). This redistribution helps in maintaining water availability in the root zone, especially during dry periods. Additionally, trees can shift water uptake among existing roots rather than growing new ones, as seen in conifers during prolonged droughts (Mackay et al., 2019). This strategy is crucial for sustaining water uptake and ensuring tree survival under adverse conditions.

4 Drought Adaptation Mechanisms in Tree Roots
4.1 Root plasticity and drought response
Tree roots exhibit significant plasticity in response to prolonged dry conditions, adapting both structurally and functionally to enhance survival. Under drought stress, roots may adjust their biomass, with some species increasing root length and surface area to explore a larger soil volume for water (Brunner et al., 2015; Nikolova et al., 2020). For instance, European beech and Norway spruce show species-specific root adaptations, with beech producing thin, ephemeral fine roots that have high specific root area and respiratory activity, facilitating rapid resource exploitation (Nikolova et al., 2020). Additionally, root system architecture, including the number and length of main and lateral roots, can be remodeled under drought conditions, driven by various phytohormones and signaling pathways (Ranjan et al., 2022).

4.2 Mycorrhizal associations
Symbiotic relationships between tree roots and mycorrhizal fungi play a crucial role in improving water uptake efficiency under drought conditions. Arbuscular mycorrhizal fungi (AMF) enhance root morphological traits such as root length, surface area, and volume, which are critical for water absorption (Zou et al., 2017; Chandrasekaran, 2022). These fungi also increase the density and length of root hairs, further aiding in water uptake (Zou et al., 2017). Moreover, mycorrhizal associations can improve root hydraulic conductivity and nutrient acquisition, which indirectly supports better water relations in trees (Lehto and Zwiazek, 2011; Calvo-Polanco et al., 2016). For example, mycorrhizal associations in spruce help maintain high respiratory activity in absorptive roots during drought, indicating a reliance on these symbiotic relationships for drought resistance (Nikolova et al., 2020).

4.3 Osmotic adjustment and root hydraulics
Physiological changes in tree roots, such as osmotic adjustment, are vital for retaining water during droughts. Roots can accumulate osmolytes like non-structural carbohydrates, which help maintain cell turgor and protect root tissues from dehydration (Nikolova et al., 2020). Additionally, the expression of aquaporin genes, which regulate water transport across cell membranes, can be modulated under drought conditions to enhance root hydraulic conductivity. For instance, olive plants inoculated with mycorrhizal fungi from different soils showed varied root hydraulic conductivity, highlighting the role of aquaporins in drought adaptation (Calvo-Polanco et al., 2016). These physiological adjustments enable roots to maintain water uptake and sustain tree growth even under prolonged dry conditions.

5 Ecological Significance of Root-Soil Water Dynamics
5.1 Contribution to ecosystem stability
Tree root systems play a crucial role in maintaining ecosystem resilience during periods of water stress. Roots are capable of various adaptive responses to drought, such as adjusting root biomass, altering anatomical structures, and undergoing physiological acclimations. These adaptations help trees to avoid and tolerate drought stress, thereby supporting the stability of forest ecosystems (Brunner et al., 2015; Kou et al., 2022). For instance, the ability of roots to access deep water sources during drought conditions ensures the continued survival and functioning of trees, which in turn maintains the overall health and stability of the ecosystem (David et al., 2013; Mackay et al., 2019).

5.2 Tree species-specific adaptations
Different tree species exhibit unique root-based adaptations to drought conditions. For example, Mediterranean evergreen oaks like Quercus suber have a dimorphic root system that allows them to access both shallow and deep water sources, thereby maximizing water uptake during dry periods (David et al., 2013). Similarly, tropical Eucalyptus species develop deep root systems that enable them to tap into deep soil water reserves, which is particularly beneficial during prolonged dry spells (Christina et al., 2017). These species-specific adaptations highlight the diversity of strategies employed by trees to cope with water stress, emphasizing the importance of understanding root dynamics in different ecological contexts (Bourbia et al., 2021; Ranjan et al., 2022).

5.3 Soil erosion and water conservation
Tree roots significantly impact soil erosion prevention and soil water retention. The extensive network of fine roots and root hairs increases the soil's structural integrity, reducing the likelihood of erosion (Nirala et al., 2019). Additionally, roots contribute to soil water conservation by enhancing the soil's ability to retain moisture. This is particularly important in preventing soil degradation and maintaining soil health during drought conditions. The role of roots in hydraulic redistribution, where water is moved from wetter to drier soil layers, further aids in maintaining soil moisture levels and supporting plant growth during dry periods (David et al., 2013; Brunn et al., 2022) (Figure 2). This dual function of preventing soil erosion and conserving water underscores the ecological significance of tree root systems in sustaining healthy and resilient ecosystems.
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Figure 2 (a, b) Carbon (C) fluxes in Fagus sylvatica (a) and Picea abies (b) on control (left) and drought plots (right) after 5 yr of repeated summer drought. Numbers next to the arrows show C fluxes in g C m−2 plot surface area d−1 (net assimilation, stem respiration, root respiration and root exudation). Respiration fluxes are shown in gray. Numbers next to the roots give the fine-root exudation separated by soil depth increments (dark brown, 0-7 cm; brown, 7-30 cm; light brown, 30-50 cm). Total exudation of the entire rooting zone and the proportion of net-C assimilation allocated to total exudation (assimilation - stem respiration - root respiration; see the section on ‘Assessment of C fluxes and parameters for scaling to the rooting zone and the tree level’ and Supporting Information Methods S1) are given next to the brackets. Note that values for 30-50 cm soil depth were modeled from minirhizotron and soil water content data (see the section on ‘Exudation at the root system and tree level’). Bold numbers and asterisks indicate significant differences (P < 0.05) in scaled root respiration and proportion of net assimilation allocated to exudation between control and drought plots. Values are given as means with SEs for n = 3 plots per treatment. All data represent a 2 wk period in early summer (Adopted from Brunn et al., 2022)

6 Case Studies
6.1 Mediterranean tree species
Mediterranean tree species have evolved unique root structures to adapt to the drought-prone climates characteristic of this region. For instance, the maritime pine (Pinus pinaster Ait.) exhibits constitutive drought tolerance mechanisms, with certain genotypes pre-adapted to cope with water stress by expressing stress-related genes even under non-stress conditions. This adaptation is crucial for their survival and performance during recurrent drought periods, which are expected to increase due to climate change (María et al., 2020). Additionally, studies on Mediterranean oak and pine species have shown significant population genetic differentiation in traits related to drought tolerance, suggesting that these species have evolved increased drought tolerance as an adaptation to xeric and warm areas of the Mediterranean climate (Ramírez-Valiente et al., 2021).

6.2 Tropical forest tree species
In tropical forests, tree species exhibit diverse root-water dynamics to cope with seasonal droughts. For example, a study on tropical dry forest (TDF) trees identified three functional guilds based on their drought survival mechanisms: drought avoiding, drought resistant, and drought tolerant. These guilds showed significant differences in species richness, stem density, and biomass accumulation capacity across a soil moisture gradient, with drought avoiding species dominating drier sites and drought tolerant species thriving in moister areas (Chaturvedi et al., 2020). Another study highlighted the species-specific impact of drought on root metabolic profiles and carbon allocation pathways in tropical rainforest species, demonstrating different defense mechanisms such as enhanced root structural defense and biochemical defense (Honeker et al., 2022). Furthermore, a meta-analysis of Neotropical humid forests revealed that wood density is a good proxy for predicting leaf- and tree-scale responses to drought, with higher wood density correlating with better drought resistance (Janssen et al., 2020).

6.3 Arid and semi-arid tree species
Tree species in arid and semi-arid regions have developed root adaptations to survive extreme drought conditions. For instance, conifers in these regions depend on established roots to access reliable water sources during prolonged droughts. A dynamic root-hydraulic modeling framework showed that trees with root access to bedrock groundwater could maintain non-lethal water potentials by shifting water uptake among existing roots rather than growing new roots during drought (Mackay et al., 2019). Additionally, a study on fine-root dynamics in temperate forest trees under repetitive seasonal droughts found that species-specific responses, such as reduced fine-root production and prolonged root lifespan, play a crucial role in maintaining belowground productivity and root-derived organic matter supply to the soil (Zwetsloot and Bauerle, 2021). These adaptations are essential for the survival and ecological functioning of tree species in arid and semi-arid ecosystems.

7 Impact of Root Structure on Water Use Efficiency
7.1 Water use efficiency mechanisms
Tree root systems play a crucial role in optimizing water use under limited water availability. The architecture of the root system, including the number and length of main and lateral roots, as well as the density and length of root hairs, exhibits significant plasticity in response to drought conditions. This plasticity allows trees to enhance their water uptake efficiency by adjusting their root growth and development to access deeper soil moisture reserves (Maurel and Nacry, 2020; Ranjan et al., 2022). Additionally, the hydraulic characteristics of roots, such as their ability to adjust water transport capacity, are essential for maintaining water uptake during periods of water scarcity (Vadez, 2014). The coordination between root architecture and leaf-level water use efficiency (WUE) is also critical, as deeper root systems can access stable water sources, thereby supporting higher WUE and reducing drought vulnerability.

7.2 Role of root architecture in reducing water loss
Trees employ various strategies to minimize water loss through their root systems. One key strategy is the development of deep root systems that can access groundwater or deep soil moisture, which is less prone to evaporation compared to surface water (Christina et al., 2017; Mackay et al., 2019). This deep rooting not only provides a reliable water source during drought but also reduces the need for frequent water uptake from the upper soil layers, where water loss through evaporation is higher. Additionally, trees can modulate their root hydraulic properties to control water uptake and loss. For instance, by adjusting root hydraulic conductivity, trees can regulate the rate of water transport to the aerial parts, thereby optimizing water use and minimizing unnecessary water loss (Bucci et al., 2009). The ability to shift water uptake among existing roots rather than growing new roots during drought also helps in conserving energy and reducing water loss (Mackay et al., 2019).

7.3 Root-mediated changes in soil moisture
Root structures significantly influence overall soil moisture retention during drought. Trees with extensive and deep root systems can enhance soil moisture retention by accessing and utilizing water from deeper soil layers, which helps in maintaining soil moisture levels during dry periods (Christina et al., 2017). Moreover, the presence of roots can improve soil structure and water holding capacity, as roots create channels that facilitate water infiltration and reduce surface runoff. The interaction between roots and soil microbes also plays a role in improving soil moisture retention, as symbiotic relationships can enhance root growth and soil structure, leading to better water retention (Shoaib et al., 2022). In ecosystems with varying rooting depths, species-specific differences in root architecture can lead to distinct soil moisture dynamics, with deep-rooted species maintaining more stable soil moisture levels compared to shallow-rooted species (Bucci et al., 2009).

8 Influence of Root Structure on Carbon Sequestration
8.1 Relationship between root growth and carbon storage
Deep-rooted species play a crucial role in sequestering carbon and mitigating climate change. These species can access deeper soil layers, which allows them to store carbon more effectively and for longer periods. Deep roots enhance bedrock weathering (Figure 3), which regulates the long-term carbon cycle by connecting deep soil/groundwater to the atmosphere and influencing the hydrologic cycle and climate (Fan et al., 2017). Additionally, deep-rooted trees can improve water and nutrient acquisition, indirectly stimulating photosynthetic CO2 capture and promoting belowground carbon sequestration (Bach and Gojon, 2023). The presence of deep roots in various ecosystems underscores their importance in enhancing ecosystem resilience to environmental stress, such as drought, and in contributing to long-term carbon storage (Pierret et al., 2016).
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Figure 3 Schematic of soil water profiles along a drainage gradient, wetted from above by rain infiltration and from below by groundwater capillary rise, with a dry gap that diminishes downslope. Along this gradient, plant rooting depths vary systematically (see text). SI Appendix, Fig. S3 gives examples of published root images at different drainage positions (Adopted from Fan et al., 2017)

8.2 Carbon allocation in drought-stressed trees
Drought significantly affects carbon allocation in trees, particularly in their root systems. During drought conditions, trees often adjust their root biomass and undergo anatomical and physiological changes to tolerate stress (Brunner et al., 2015). These adjustments can lead to a reduction in carbon sequestration, as observed in studies where drought diminished carbon sequestration by up to 67% despite an increase in water-use efficiency (Martínez-Sancho et al., 2022). Drought also decreases the total non-structural carbohydrates (NSC) in roots, which are essential for energy storage and metabolic processes (Li et al., 2018). This reduction in NSC can impact the overall carbon balance of forest ecosystems, highlighting the need for more research on the belowground responses of trees to drought (Brunner et al., 2015).

8.3 Soil organic carbon and root-sourced contributions
Tree root systems contribute significantly to building and maintaining soil organic carbon (SOC) levels. Roots are the primary source of carbon input into soils, and their growth and development are crucial for belowground carbon sequestration (Bach and Gojon, 2023). Mycorrhizal fungi associated with tree roots also play a vital role in soil carbon dynamics. For instance, cord-forming ectomycorrhizal fungi and ericoid mycorrhizal fungi have been shown to influence carbon storage through their effects on fungal tissue turnover and decomposition (Clemmensen et al., 2015). Additionally, drought conditions can reduce soil organic carbon content by decreasing plant litter input and litter decomposition rates, further emphasizing the importance of root systems in maintaining SOC levels (Deng et al., 2021). Understanding the contributions of tree root systems to SOC is essential for predicting long-term soil carbon storage and climate feedbacks in various ecosystems (Clemmensen et al., 2015; Deng et al., 2021).

9 Challenges and Future Directions
9.1 Knowledge gaps in root-soil water interactions
Despite significant advancements in understanding tree root responses to drought, there remain substantial knowledge gaps, particularly in fine-scale root adaptations. Current research has highlighted the importance of root biomass adjustments, anatomical alterations, and physiological acclimations in drought conditions (Brunner et al., 2015). However, the intricate interactions between fine roots and soil water dynamics, especially under varying degrees of soil moisture, are not fully understood. For instance, the response characteristics of fine roots to different soil drought levels, such as changes in fine-root vertical distribution and morphological traits, need further exploration (Tan et al., 2023). Additionally, the role of root hydraulics and their contribution to water extraction during critical growth stages remains under-researched (Vadez, 2014). Understanding these fine-scale adaptations is crucial for developing comprehensive models of root-soil water interactions and improving predictions of tree responses to climate change.

9.2 Implications for forest management and conservation
Insights into root structure and water dynamics can significantly inform forest management and conservation strategies, particularly in the context of increasing drought frequency and intensity. For example, knowledge of how tree roots adjust their vertical distribution and morphological traits in response to soil drought can guide the selection of drought-resistant species and the design of forest stands that are more resilient to water stress (Tan et al., 2023). Additionally, understanding the hydraulic characteristics of roots and their role in water uptake can help in developing management practices that optimize water use during critical growth periods (Vadez, 2014). Forest management strategies can also benefit from recognizing the importance of established root systems in maintaining tree health during prolonged droughts, as trees often rely on existing roots to access deeper water sources rather than growing new roots (Mackay et al., 2019). These insights can lead to more effective conservation practices that enhance the long-term resilience of forest ecosystems to drought.

9.3 Technological advances in root study
Emerging tools and methods are revolutionizing the study of root-soil interactions and drought resilience. Advances in imaging technologies, such as minirhizotrons, allow for detailed observation of fine-root dynamics and their responses to environmental stressors over time (Zwetsloot and Bauerle, 2021). Additionally, the development of dynamic root-hydraulic models provides new insights into the feedback mechanisms between root growth, carbon allocation, and soil-plant hydraulics under drought conditions (Mackay et al., 2019). Omics approaches, including genomics, transcriptomics, and proteomics, have significantly enhanced our understanding of the regulatory mechanisms underlying root system architecture and its remodeling under drought stress (Ranjan et al., 2022). These technological advancements are crucial for identifying key traits and regulatory elements that contribute to drought resilience, thereby informing breeding programs and conservation strategies aimed at developing drought-tolerant tree species and forest ecosystems.

10 Concluding Remarks
Tree root structures play a pivotal role in influencing soil water dynamics, particularly under drought conditions. Various studies have highlighted the adaptive responses of root traits to water stress, emphasizing the importance of root system architecture (RSA) in drought adaptation. Key root traits such as root depth, root length, root diameter, and root-to-shoot ratio exhibit significant plasticity under water-limited environments, enabling trees to optimize water uptake and maintain physiological functions during drought.

Roots can access deeper soil layers to tap into additional water reserves, which is crucial for sustaining water supply during prolonged dry periods. This deep rooting strategy has been observed in various species, including tropical eucalypt forests and Patagonian woody species, where deep roots provide a buffer against seasonal water deficits. Additionally, the hydraulic characteristics of roots, such as hydraulic conductivity and root hydraulic resistance, are essential for regulating water transport and maintaining plant water status under drought conditions.

Understanding the dynamics of tree root structures and their role in soil water management is critical for ecosystem conservation and forest management strategies. Deep rooting systems enhance the resilience of trees to drought by accessing water from deeper soil layers, which can mitigate the impacts of climate change-induced droughts on forest ecosystems. This knowledge is particularly valuable for the development of drought-tolerant crop varieties and the implementation of sustainable agricultural practices.

In forest management, promoting species with efficient root systems can improve the overall health and stability of forest ecosystems. For instance, selecting tree species with deep rooting capabilities can enhance water uptake during dry periods, thereby supporting forest productivity and reducing the risk of tree mortality during droughts. Additionally, understanding root-soil interactions and the role of root traits in water dynamics can inform reforestation and afforestation projects, ensuring the long-term sustainability of these initiatives.
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