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Research focused on root traits and functions has grown rapidly over the last several decades. Recent research has identified trade-offs associated with root traits and clarified how specific traits influence plant performance in the face of various environmental stressors including drought, soil compaction, nutrient limitation, and salinity. Data from around the world are being used to advance understanding of how roots drive numerous ecosystems functions such as productivity, water and nutrient cycling, and erosion. Studies focused on anatomy and hormonal control of root growth continue to improve our understanding of how roots respond to changing environments throughout plant development. In addition, improved methods in quantitative genetics and genomics allow researchers to better understand the genetic underpinnings of root traits and functions. In a rapidly changing world, advanced understanding of root form and function has important implications for agriculture, restoration, and land management. Key points  Roots are essential components of plant strategies  Growth and development of roots is governed by genetics and hormones  Trade-offs in root form and function influence how plants cope with environmental stressors such as drought, salinity, and nutrient limitation  Root traits influence various ecosystem functions such as nutrient cycling, productivity, and erosion

Introduction

Many aspects of root form and function, including root architecture, morphology, physiology, and growth, are important for exploration of soil for water and nutrients with soil resource acquisition driving plant growth. Root systems are comprised of segments with unique properties and a complexity that is often under appreciated. Research continues to uncover distinctive functions associated with root segments that vary in anatomy, morphology, and physiology. Several important concepts govern the development of roots and their direct and indirect effects on plant growth. 1) Plants construct roots of various forms and characteristics to optimize resource acquisition in particular conditions. 2) Trade-offs exist in root form and function with the costs of producing roots yielding benefits in terms of the acquisition of soil water and nutrients and ultimately, plant growth, and fitness. 3) Enormous variation exists among plant species in their root responses to abiotic (e.g., drought, salinity) and biotic (e.g., competition, pathogens) stress. 4) Genetic analyses have revealed that root architectural traits are often multi-gene or quantitative traits. And 5) root traits and functioning influence attributes of plant communities and ecosystems.

Root anatomy, development, and classification

Given the unique viewpoints from which researchers study roots, numerous schemes have been adopted to classify components of root systems. Here we first briefly discuss root anatomy, developmental-based schemes of root classification, and hormonal control of root growth. We then highlight functional traits and functional classifications based on root orders.

A cross-section of the mature root has several distinctive zones (Figure 1a), with characteristics that vary by root age, among different groups of plants, and among species.

The epidermis is the outer layer of the root, which often has a protective exodermis immediately underneath it. The exodermis is composed of very compact cells with a Casparian strip composed of waxy substances, and suberin lamellae composed of glycerolipid polymers, both of which curtail apoplastic water flow, confining the flow of water to the symplast. This increases the selective uptake of nutrients, limits water flux out of the root, protects from microorganism intrusion, and further increases root mechanical resistance (Sharda & Koide 2008). These layers surround the cortex, which stores nutrients and supports colonisation by mycorrhizal fungi [START_REF] Comas | Evolutionary patterns and biogeochemical significance of angiosperm root traits[END_REF]). The endodermis is the innermost layer of the cortex, which also harbours a Casparian strip. Within the vascular cylinder, xylem tissues, including hollow tracheids, are important for transport of water and dissolved minerals to upper parts of the plant, and phloem elements, which conduct sugars and organic compounds from leaves to roots and other parts of the plant. In monocotyledon plants vascular bundles are organized in a circular pattern around a central pith. In dicotyledon plants xylem elements are present in the center of the root and are separated from phloem bundles by vascular cambium. The physical arrangement of xylem and phloem tissues can further vary among species. Within xylem tissues, protoxylem is the first formed elements of the primary xylem. Metaxylem is the part of the primary xylem that differentiates after the protoxylem but before the secondary growth if plants undergo secondary development. The pericycle is the outermost boundary of the vascular cylinder, located inside the endodermis.

Lateral roots are initiated from the pericycle, and then grow outwards through the cortex and epidermis. The vascular cambium, which is responsible for secondary growth in roots, also originates within the pericycle in woody plants.

Root development begins at embryogenesis when embryonic plant cells give rise to seminal or primary roots. Many dicotyledonous plants develop one primary root, which thickens in some species due to secondary cambial activity, whereas most monocots develop several primary roots that do not undergo secondary growth. Embryonic plant cells also give rise to the quiescent centers and central root caps of these first roots. Several key zones become present in developing roots and remain present in root tips or apical zones as plants mature (Figure 1b): the root cap that protects the meristem, the meristem itself, a region of elongation, and a region of maturation. Several processes are concentrated in this apical zone, including root elongation, the maturation of cells, and the development of vascular tissues, organs (e.g., root hairs, xylem elements, phloem elements), and lateral primordia, which give rise to lateral roots. Roots branch in response to endogenous and exogenous factors. Numerous phytohormones, as well as biomolecules, regulate root growth and development [START_REF] Jung | Getting to the roots of it: genetic and hormonal control of root architecture[END_REF][START_REF] Mukherjee | Rhizobiology: Molecular Physiology of Plant Roots[END_REF]. The plant hormone auxin has a key role in the initiation of lateral root primordia. It can accumulate at the root apex, which usually exerts some degree of apical dominance, affects developing lateral root primordial, or both.

Cytokinins, another plant hormone, inhibit lateral root formation. Low nutrient levels, especially low nitrogen levels, can act as stress signals that decrease cytokinin content, thus, increase root growth by releasing the inhibition on lateral root formation. The ratio of auxin and cytokinin concentrations is thought to be important for the regulation of developmental steps for the complete formation of lateral roots. Ethylene, a plant hormone that is involved in root response to stress, can either enhance or repress root growth, depending on its concentration. Lateral root formation and the relative growth rate of roots are stimulated by nitrate, ammonium, and phosphate, such that highly branched roots and high root length density are found in enriched soil patches [START_REF] Hodge | The plastic plant: root responses to heterogeneous supplies of nutrients[END_REF]). However, ions like phosphate and ammonium can bond to other nutrients and clay particles and become immobile or poorly mobile in soil solution. Therefore, local root proliferation is important to increase nutrient exploitation for these nutrients from such patches. In contrast, a mobile ion such as nitrate may be more likely captured by a root system with a more extensive growth (i.e., explorative roots with low root branching density). Plant hormones and other biomolecules clearly have important effects on root branching and growth and the complexity of their interactions continue to be discovered.

According to a development-based classification scheme, root systems are composed of seminal roots that originate as part of the developing embryo in the seed (from only one seminal root in most eudicots to several in monocots), postembryonic shoot-borne roots (or adventitious, crown, or nodal roots), and lateral roots that emerge from all root types. In monocotyledonous plants, such as grasses, seminal roots grow out of the developing embryo, while shoot-borne roots subsequently arise from the shoot, and gradually replace the seminal axes. In contrast, in dicotyledonous plants, the entire root system originates from a single root in the embryo, from which laterals arise, and later can become a taproot, or thicken and become woody due to cambial activity. Numerous structures and entities comprise wholeplant root systems. Key entities of roots and their main functions are discussed here, but we refer the reader to Box 1 of Freschet et al. (2021a) which provides a more comprehensive list of specific root trait relationships to various ecosystem functions.

Root hairs are extensions of epidermal cells (i.e., trichoblasts) originating from the differentiation zone of root tips and vary in length from 0.2 to 2 mm depending on the species. By increasing the effective radius of the root, root hairs improve the acquisition of relatively mobile (e.g., nitrate) and immobile nutrients (e.g., phosphate) as well as water.

Given an inverse relationship between root hair and mycorrhizal abundance, root hairs are thought to serve similar roles in resource acquisition as mycorrhizal hyphae. In addition, root hairs influence the formation of rhizospheres (i.e., soil being influenced by roots) and rhizosheaths (i.e., soil particles adhered to roots) to further regulate interactions among roots and their environments [START_REF] York | The holistic rhizosphere: integrating zones, processes, and semantics in the soil influenced by roots[END_REF]. Associated processes such as nutrient absorption kinetics, root exudates, and microbial activity in the rhizosphere affect nutrient availability and therefore plant uptake of nutrients from the soil (see Chapters 00153 and 00154).

Numerous other structures and unique root types are associated with specific functions. Mycorrhizal roots and root nodules are essential to plant-fungi and plant-bacteria associations, which are key drivers of resource acquisition [START_REF] Bergmann | The fungal collaboration gradient dominates economics space in plants[END_REF][START_REF] Tedersoo | Biogeography of Mycorrhizal Symbiosis[END_REF]. Rhizomes, stolons, and tubers, which are not truly root structures but rather underground stems, along with true root clonal structures (i.e., root spacers) allow plants to spread clonally and regrow after disturbances [START_REF] Klimešová | Handbook of standardized protocols for collecting plant modularity traits[END_REF]. Sinker roots, buttress, and stilt roots are adapted for increased anchorage and support.

Root classification methods use the branching of root systems to describe and compare roots among and within species (Figure 2). To classify roots using these methods, researchers count roots or root segments, sometimes starting from the outermost (i.e., distal) roots increasing counts inward (e.g., functional, morphometric, stream-order, centripetal or topological link-based approaches), and sometimes starting from basal (i.e., proximal) roots increasing counts outward (e.g., the developmental or centrifugal approach). Morphometric approaches are useful in situations where extracting whole root systems is challenging (e.g., woody or perennial species) and allows for functional classification of root orders, whereas the developmental approach allows for characterization of whole root systems.

Roots were also classified based on diameter classes in root studies in the past but diameter-based classification is now recognized as creating difficulties for distinguishing functional categories needed for many studies. Under diameter-based classification, roots of shared diameter classes are assumed to share specific functions, but roots of similar diameters can have entirely different functions among different species. It is often useful or desirable to separate portions of root systems associated with soil resource acquisition from the portion associated with providing structural support or transport. Although the entire root system in herbaceous plants can function for soil resource acquisition, typically the most distal two orders and a portion of the third order roots typically remain non-woody in woody plants and function as absorptive roots, while higher order roots undergo secondary development and function as structural or transport roots. Morphometric classification, however, can be time consuming. Given this, researchers are encouraged to use the most tractable and appropriate methods for their specific research questions, and to always report which approach was used and why.

Trade-offs in root traits

Trade-offs in root traits can result from individual plant responses to environmental conditions or from selective pressures across generations. The resulting root traits are often optimized to balance resource limitation belowground with light limitation aboveground and to ultimately enhance growth, survival, or fitness. Most simply, the balanced growth hypothesis suggests that total plant growth will be largest when the root system maximizes nutrient and water acquisition per unit resource supplied by the shoot. However, allocation of large amounts of carbohydrates and nutrients to roots may detract from shoot growth, leaf area, and photosynthetic carbon gain, thereby reducing total plant growth, especially if the increased root allocation does not achieve increased rates of nutrient uptake.

Research over the last several decades has identified key trade-offs in aboveground plant form and function associated with fast growth and rapid resource acquisition versus slow growth and longevity. Key trade-offs associated with belowground resource acquisition, root tissue construction, extensiveness of root foraging (amount of root length in soil) and root collaboration with mycorrhizal fungal partners have been identified [START_REF] Comas | Evolutionary patterns and biogeochemical significance of angiosperm root traits[END_REF][START_REF] Bergmann | The fungal collaboration gradient dominates economics space in plants[END_REF][START_REF] Weigelt | An integrated framework of plant form and function: the belowground perspective[END_REF]. A major gradient termed the "collaboration gradient" opposes "do-it-yourself" plants that have long specific root length and independently acquire resources with "outsourcing" plants that have large root diameters and cortical fractions, which support mycorrhizal associations (Figure 3). A second major axis mirrors the aboveground "fast-slow" gradient such that one end of the gradient is characterized by root traits that promote high metabolic activity and rapid resource acquisition (e.g., high root nitrogen concentration) and the other end of the gradient is characterized by traits that promote longevity and survival of tissues (e.g., high root tissue density). Correlations between specific root length and root length density have also been identified [START_REF] Comas | Evolutionary patterns and biogeochemical significance of angiosperm root traits[END_REF]), as has an independent axis of rooting depth [START_REF] Weigelt | An integrated framework of plant form and function: the belowground perspective[END_REF]). However, because data for traits associated with these axes are more limited, the strength and ubiquity of these patterns remain inconclusive. Further elucidating how plants allocate resources and adjust growth and morphology to optimize the capture of both above and belowground resources is necessary to further advance understanding of whole-plant trait integration.

Plants need to balance above versus belowground investments, because acquisition of carbon via light capture and photosynthesis depends on acquisition of nutrients and water belowground, and vice versa. Aboveground, plants often adjust leaf morphology (e.g., increase specific leaf area), allocation, physiology, or architecture in response to light limitation. Similarly, belowground, root traits and spatial distribution shifts in response to soil resource limitation, with plasticity in allocation and physiology being most critical for improving resource acquisition (Freschet et al. 2018).

Root traits for stress tolerance

Plants cope with abiotic stresses such as drought, nutrient limitation and imbalances, soil compaction, salinity, acid soil, heavy metal toxicity, and waterlogging via various mechanisms and adaptations [START_REF] Koevoets | Roots withstanding their environment: exploiting root system architecture responses to abiotic stress to improve crop tolerance[END_REF]. Plants must also maintain growth and survive in the face of biotic stresses such as competition, herbivory, and pathogens. Some plant species show highly specific responses and adaptations to stressors, many of which are moderated by root growth, architecture, traits, and physiological mechanisms.

Root systems and root traits are key components of plant strategies for coping with drought. Many drought-resistant plants avoid the negative consequences of moisture stress by optimizing water capture. For example, plants with deep root systems can access water from deep soil layers, and capture water that would otherwise percolate down and be lost from the system. Roots can exploit deep moisture via hydraulic lift, whereby deep moisture is transferred at night through passive physical processes to upper soil layers. Greater root length density and nutrient concentrations in upper soil layers make water and nutrient uptake possible during the following day.

Traits that effectively increase root contact with soil to improve hydraulic continuity have been shown to improve crop performance under drought (Comas et al. 2013). These include thin fine root diameters, long specific root length, high root length densities (especially in layers where soil moisture is highest), high numbers of root hairs and root tips, and deep roots. Many of these traits are regulated by specific genes and breeding for improved production of crops under drought stress is a promising avenue for agricultural research and practice (Comas et al. 2013[START_REF] Li | Recognizing the hidden half in wheat: root system attributes associated with drought tolerance[END_REF]. Similar root characteristics are likely responsible for promoting plant growth under moderate moisture deficit, particularly in species with short life cycles, short growing seasons, or those species that use pulses of moisture for growth and survival, such as in monsoonal climates.

Numerous root traits are involved with drought tolerant plants strategies, i.e., the ability of plants to maintain low hydration and survive drought. Plants with high root tissue density have been shown to improve survival of perennial grass species in some Mediterranean systems and deep roots have been shown to improve seedling survival in annual systems (reviewed in [START_REF] Garbowski | Getting to the root of restoraiton: Considering root traits for improved restoration outcomes under drought and competition[END_REF]. Root anatomical traits are also emerging as important drivers of drought-coping strategies in plants. For example, ratios of root tissues (i.e., aerenchyma, cortex, stele or xylem) explain adaptations of grass species to moisture gradients such that low cortex to stele ratios, low xylem to stele ratios, and high aerenchyma to stele ratios are advantageous in low moisture conditions (Figure 4, [START_REF] Yamauchi | Key root traits of Poaceae for adaptation to soil water gradients[END_REF].

Aerenchyma in extremely dry soil may provide a gap to limit water loss from roots back to the soil. The presence of storage organs and bud banks on belowground roots and stems is also of importance for regrowth of aboveground parts after senescence during a drought period. Despite these recent clarifications about how root characteristics influence drought tolerance, few studies, particularly from non-crop species, focus on root anatomical and physiological mechanisms of drought tolerance. Given that root anatomy governs hydraulic function of roots, research in this area is needed to further understand how roots and their functions influence plant performance in response to limited soil moisture.

As in aboveground responses to drought, root growth in response to moisture stress is regulated in large part by hormonal cues. Roots in contact with dry soil can be the source of inhibitors of shoot growth and stomatal opening, which in turn, limits water loss from the plant. Hydraulic signals that elicit physiological responses to drought move from the roots to the shoots in the transpiration stream, and the hormone abscisic acid (ABA), root-derived cytokinins, brassinosteroids, and ethylene phytohormones play a role in this signalling process [START_REF] Gupta | The physiology of plant responses to drought[END_REF]. The accumulation of ABA in roots and aboveground tissues activates signalling of various hormonal pathways and modulates the expression of many genes and physiological processes that protect cells from excessive water loss. ABA is also involved in hydrotropism, or a root's ability to sense and respond to water potential gradients in soil. Because of its key role in regulating plant responses to drought, the ABA pathway is a key target of many schemes aimed at improving water use efficiency and drought resistance in plants.

Nutrient limitations are well known to alter root growth in ways that increase the capacity of the root system to take up nutrients. Nutrient bioavailability is mediated by root interception, mass flow, and diffusion (Figure 5). As roots grow, they displace soil and intercept available nutrients, for example, adsorbed onto soil particles. This process of root interception, however, is thought to provide only a small proportion of the plant's total nutrient uptake with mass flow, the transfer of water and dissolved nutrients to the root surface driven by water through the plant shoot via transpiration, typically accounting for a larger portion. Rates of diffusion, i.e., transport in soil along the concentration gradient, depend on the mobility and effective diffusion coefficients of specific ions, soil replenishment, and plant uptake. When transpiration rates are high and soil moisture adequate, large quantities of water and dissolved solutes travel to the root via mass flow but, as soils dry and mass flow of water is limited through large soil pores and channels, diffusion of nutrients from proximate soil may facilitate some plant uptake until soil moisture becomes further limited. When moisture is depleted from the soil matrix plant nutrient uptake also ceases.

Both mature and newer regions of the root can play a role in nutrient absorption. Even though older parts of the root system are more suberized and may be surrounded by depletion zones, they have been shown to be capable of high potentials for nutrient uptake in laboratory experiments [START_REF] Hawkins | Nitrogen uptake over entire root systems of tree seedlings[END_REF]. Since they constitute a large proportion of the root surface area of the plant, they may be responsible for a considerable proportion of total nutrient uptake. The highest rates of nutrient uptake per unit root length, however, are found in the region just behind the root apex, where root hairs are most abundant.

Nutrient-poor soils elicit several changes in root morphology, as well as physiology, but the degree of these responses differs among plant taxa (Freschet et al. 2018). In addition, because different nutrients have distinct movement and accumulation patterns in soils, limitations of specific nutrients are mediated via root systems in different ways. Nutrients, such as phosphate and potassium, that are relatively immobile in most soils accumulate in topsoil after litter decomposition. In contrast, more mobile nutrients such as nitrate and chloride are readily leached and thus accumulate in deeper soil layers. In phosphate limited soils, root growth tends to be concentrated in shallow layers, roots become thinner, and the elongation of laterals increases, especially those at the most distal orders, i.e., the finest, most absorptive roots. More numerous and longer root hairs are produced with faster elongation rates and the greatest benefit for absorption of ions that diffuse slowly in soil. In nitrate limited soils, higher concentrations of the nutrient may be found in deeper soil layers. Roots foraging for nitrate from deeper soil layers often results in greater root:shoot ratios. In addition, roots selectively proliferate in high-nitrate soil patches when distributions of the nutrient are heterogenous.

Compaction, like soil drying, increases the mechanical impedance to root penetration of soil, affects numerous root traits, and ultimately plant growth and fitness [START_REF] Correa | Soil compaction and the architectural plasticity of root systems[END_REF]). In soils with high bulk density, roots growth may become mechanically limited and restricted to small pores or confined to the few large pores that exist, limiting the volume of soil explored for nutrient and water uptake. While growing through soil, roots must overcome radial, axial, and frictional forces, and there is typically a negative correlation between root elongation rate and penetrometer resistance [START_REF] Bengough | Root elongation, water stress, and mechanical impedance: a review of limiting stresses and beneficial root tip traits[END_REF]. Roots often respond to compacted soil by increasing root diameter, producing roots with shallow angles, and reducing total root length, number, and elongation rate. The osmotic potential of root cells increases in impeded root tips, possibly as a mechanism to increase cell turgor and soil penetrability. Root exudates (see Chapter 00153 and 00154), which are in large part made up of sloughed root cap cells capable of active enzyme secretion for months after detaching from the root tip, serve an important role in plant defense [START_REF] Hawes | Root border cells and their role in plant defense[END_REF]) and reduce friction between roots and soil particles as they penetrate dense soils [START_REF] Tracy | Soil compaction: a review of past and present techniques for investigating effects on root growth[END_REF]. Root impedance by mechanical forces in soil also triggers root signals that reduce leaf expansion, transpiration rates, and root elongation in part due to ABA and reactive oxygen signalling, and ethylene and auxin responses [START_REF] Jacobsen | Root growth responses to mechanical impedance are regulated by a network of ROS, ethylene and auxin signalling in Arabidopsis[END_REF]. Reduced leaf expansive growth and shoot water loss induced by mechanical stress, even under high nutrient and water supply, may prime plants growing in compacted soil for scarce availability of soil resources resulting from reduced root growth.

Salinity inhibits root elongation growth and development in non-halophytes, and this in turn, indirectly limits the ability of roots to explore soil for nutrients and water, which decreases the growth rate of the plant. Direct effects of salinity on roots include the osmotic stress from low soil water potential that can induce both the biosynthesis of costly organic osmolytes to regulate osmotic adjustment in the root, and the accumulation of specific ions in the root tissue, which can lead to induced toxicities and deficiencies. Salt tolerance is achieved by several potential mechanisms taking place in either shoots or roots. In roots, a ratio of low levels of Na + and high levels of K + in the cytoplasm can be achieved via selective ion uptake mechanisms or salt excretions, or both. Elevated Ca ++ concentrations in the soil medium can increase the root elongation rate in some plant taxa in saline soils, possibly because there is less displacement of membrane-associated Ca ++ by Na + than in less salttolerant genotypes.

Acid soils (see Chapter 00301) limit the availability of some nutrients, such as P, increase the availability and toxicity of heavy metals such as aluminium, and reduce colonization of roots by mycorrhizal fungi, all of which can reduce root growth. Aluminium toxicity decreases both root elongation and cell division, and root cells become shorter and wider giving roots a stubby appearance. The root tips are the primary sites of root responses to aluminium toxicity. In many tropical soils that experience low pH and aluminium toxicity, P is either deficient or is readily fixed to soil particles. Thus, the low root length density of plants in response to aluminium toxicity is an important limitation to P uptake and total plant growth. Other heavy metals, such as cadmium, copper, and zinc, also decrease root elongation, and root dry mass to a lesser extent, but the mechanisms for these responses are not clearly understood.

In waterlogged or flooded soils, air is displaced from soil pore spaces, and various degrees of oxygen depletion typically occur in heterogeneous microsites in the soil. Flooding of a previously well-aerated soil can cause immediate cessation of root growth, root respiration, and eventually root death if the lack of oxygenation persists. This is partly due to the production of toxic substances, such as nitrite, or acidification of the root cells due to lactic acid produced during anaerobic fermentation. In grass species adapted to flooding, similar to those adapted to low soil moisture, plants tend to have high aerenchyma to stele area ratios and high cortical to stele area ratios for supporting aerenchyma but for different reasons (Figure 4, [START_REF] Yamauchi | Key root traits of Poaceae for adaptation to soil water gradients[END_REF]. In waterlogged or flooded soils, these characteristics promote oxygen diffusion from the shoot base to root tips.

In some plant species after waterlogging, adventitious roots with well-developed aerenchyma, large air spaces in the root cortex, can emerge from the base of the stem, or existing roots can develop aerenchyma. The formation of aerenchyma under hypoxic conditions is associated with the production and accumulation of the plant hormone ethylene.

Aerenchyma increases root porosity, and the long-distance transport of oxygen from the shoot base to apical zones of the root system. Pressurized gas transport, driven by temperature gradients between aboveground aerated parts of the plant and submerged root systems, also exists in some flooding tolerant species.

In addition to abiotic stressors, root systems are key components of plant responses to biotic stressors such as competition, herbivory, and pathogens. Research has linked root traits associated with high root investment (e.g., greater root length density in soil, high root:shoot ratio, and high total root length) to competitive outcomes among plants, i.e., likely through increasing the ability of a plant to take up soil resources and negatively affect neighbour performance). Root traits also play an important role in defence against herbivory. Root derived toxins, traits associated with root toughness (e.g., structural macromolecules), and rhizosheaths are important components of belowground herbivore defence [START_REF] Moore | Get tough, get toxic, or get a bodyguard: identifying candidate traits conferring belowground resistance to herbivores in grasses[END_REF].

Mycorrhizal symbioses are key to many plant root strategies and help plants overcome various types of stress [START_REF] Latef | Arbuscular mycorrhizal symbiosis and abiotic stress in plants: A review[END_REF][START_REF] Tedersoo | Biogeography of Mycorrhizal Symbiosis[END_REF]. Mycorrhizal colonization increases the surface area of the root system by extending hyphae beyond the root surface, and consequently increases nutrient uptake, especially of ions with limited mobility in soil, e.g., phosphorus, zinc, and copper. Mycorrhizae increase the distance of nutrient exploration away from the root and are important in sites with patchy nutrient distributions. Water uptake is also increased for some plant species via mycorrhizae. There are two broad types of mycorrhizal associations. Arbuscular mycorrhizae (AM) are endophytes with intracellular colonization by Zygomycete fungi, whereas ectomycorrhizae (EcM) are endophytes with extracellular colonization by either Ascomycete or Basidiomycete fungi that form a mantle or sheath enclosing the rootlet. Dependence on AM tends to be highest in plants with thick-diameter fine roots and large cortical areas that can host fungal partners. Many herbaceous species with extensive root length density in soil, long specific root length, and thin roots are facultative mycotrophs that become less mycorrhizal with increased phosphorus availability. For EcM roots, the bulky tissue of the mycorrhizal mantle surrounding the roots serves a role in nutrient storage and in root-fungus contact but does not greatly increase the surface area for nutrient uptake. Instead, the extraradical mycelium that extends from the mantle and their rhizomorphs, conglomerations of hyphae with distinct structural shapes, perform this function. Ectomycorrhizal fungi exude hormones such as ethylene and auxin that stimulate root proliferation and branching for increased fungal colonization [START_REF] Tedersoo | Biogeography of Mycorrhizal Symbiosis[END_REF]. Both AM and EcM colonization frequently result in allocation of a smaller proportion of total plant weight to root dry weight. Additionally, most ECM fungi can produce exoenzymes capable of degrading soil organic matter and increasing organic nutrients, whereas this ability is generally absent from AM fungi that primarily acquire inorganic nutrients mobilised by soil saprotrophs. Consequently, EcM associations are more prevalent in nutrient-poor organic soils, whereas, AM associations are generally found in relatively more fertile soils.

Genetic analysis of root traits

As with many aspects of plant growth and development, root architectural and morphological traits are usually under the control of a complex gene system in which several genes, rather than a single gene, operate together to create a given phenotype. Multi-gene control of root traits and root responses make the study of root genetics difficult. Also, roots are hard to study due to the large numbers of plants needed for genetic studies, especially plants grown in soil under field conditions where phenotypic evaluation is most valid.

Methods in quantitative genetics and genomics such as quantitative trait locus (QTL) analysis, next-generation sequencing, and high throughput genotyping have allowed researchers to identify genetic underpinnings of root architecture and many root traits. New sensing and quantification approaches are being used to rapidly screen multi-dimensional phenotypes at cellular, organ, plant, and population levels to further advance understanding of how phenotypes with specific genes interact with environments (i.e., phenomics). In addition, molecular phenotyping approaches (e.g., transcriptomics, proteomics, metabolomics, and ionomics) provide information about trait inheritance in relation to plant physiology.

QTL associated with enhanced drought performance have been identified in numerous crops species [START_REF] Siddiqui | Genetics and genomics of root system variation in adaptation to drought stress in cereal crops[END_REF][START_REF] Ye | Genetic diversity of root system architecture in response to drought stress in grain legumes[END_REF]. These include QTL linked to rooting depth, root length density, root number, root hairs, root angles, and root xylem. Some of these traits are likely associated with stable QTL and have also been shown to be heritable, indicating that breeding for them is a promising avenue for improved plant performance in diverse agroecosystems. Single-gene traits for root morphological traits have been identified in some plants, but are most studied in the tiny crucifer, Arabidopsis thaliana, a model species used by plant geneticists. Mutants for traits such as failure to initiate lateral roots, auxin-related lateral root growth, and variable lateral root initiation in response to the soil environment exist in this species. Transgenic Arabidopsis plants have also been used to demonstrate the function of a specific gene controlling the proliferation of lateral roots in nitrate-rich patches. In normal, non-transgenic plants, the expression of this gene is induced rapidly when nitrate is supplied, but in transgenic plants in which the gene is repressed, roots no longer proliferate in response to nitrate. The gene is therefore a key factor in determining the developmental plasticity of roots in response to an environmental cue. Specific genes associated with high investment in roots, rooting depth, and root crown angle have also been identified in wheat, maize, and rice varieties (e.g., [START_REF] Jung | Getting to the roots of it: genetic and hormonal control of root architecture[END_REF].

The strong effect of the abiotic and biotic environment in the soil on root development and branching patterns is important for understanding the inheritance of root traits and their adaptation to specific habitats. For many crops, extensive genotypic variation exists for root system traits among cultivars, and research continues to unravel the genetic basis of these traits for improved breeding. Integration of genes from wild varieties related to plant responses to various stresses such as drought can further improve plant performance for more sustainable use of water and nutrients. The editing of genomes using the clustered regularly interspaced short palindromic repeat (CRISPR) technology is being developed to enhance drought tolerance, yield, and domestication, and root traits influencing these characteristics.

Root trait effects on plant communities and ecosystem processes

Plants shape and alter ecosystems and associated properties and processes through their interactions with one another, with other organisms, and with the environments in which they grow. Root systems and their traits are critical components of these interactions and key drivers of ecosystem functions including productivity, carbon cycling and sequestration, nutrient cycling, water budgets and hydraulic redistribution, and soil aggregation and stability (Figure 6) [START_REF] Bardgett | Going underground: root traits as drivers of ecosystem processes[END_REF], Freschet et al. 2021b).

Recent estimates suggest that approximately one quarter of standing plant biomass exists belowground with the largest ratios between below and aboveground fractions found in grasslands (c. 65%), followed by shrublands (c. 50%) and forests (c. 20%). This belowground biomass contributes substantially to overall plant productivity and carbon sequestration.

However, these estimates also vary within each of these ecosystems globally and are differentially impacted by root turnover rates in different ecosystems. For example, ecosystems with high mean annual temperatures tend to have greater turnover rates, such that standing biomass underrepresents the total biomass produced more in these than in other ecoregions. Root biomass, surface area, and distribution through the soil profile are particularly important for measures of fine root productivity and carbon cycling due to their relatively short lifespan, small C:N ratio, which enhances turnover rates, and their role in nutrient absorption, and, thus, net primary production. Various root traits affect carbon in ecosystems by affecting carbon inputs, losses, transformations, and retention in soil. Root traits associated with decelerated cycling of carbon include symbiosis with ectomycorrhizal fungi, slow root turnover rates, and result in long root lifespans. Roots with low specific root length, small N:C ratio but high lignin concentrations tend to have longer lifespans and slower rates of decomposition. Root respiration and exudation alter carbon storage in soil via their effects on CO 2 flux. Roots also promote specific microbial communities that further alter carbon dynamics with fungal communities tending to sequester more carbon than communities dominated by bacteria.

Spatial and temporal patterns of change in root growth, architecture, and distribution, among other traits, affect nutrient availability in soil, as well as retention and loss of these resources to the atmosphere, runoff, and leaching. As described earlier, the distribution of roots in response to nutrient availability in soil layers affects nutrient acquisition throughout the soil profile. In addition, numerous root traits are associated with increased or decreased nitrogen and phosphorus inputs into soils. Roots with high nitrogen concentration show positive correlations with nitrogen mineralisation, nitrification, and negative relationships to nitrogen immobilization. Root associations with mycorrhizas also influence nutrient cycling such that communities dominated by AM fungi primarily utilize inorganic nitrogen forms and have overall higher nitrogen cycling rates, whereas, those dominated by EcM fungi are capable of using more complex forms of nitrogen and have slower rates of nutrient cycling. Root phosphorus concentrations can also be key drivers of phosphorus inputs in soils via litter shedding and root turnover, especially in phosphorus limited systems.

The solubilisation of phosphorus from bedrock by deep roots and associated mycorrhizal fungi is also a major source of phosphorus uplift to the topsoil horizon, which explains the retrogression of very old ecosystems progressively disconnected from bedrock as soils grow thicker and bedrock becomes inaccessible to roots [START_REF] Peltzer | Understanding ecosystem retrogression[END_REF].

Root architecture and traits influence relationships among plants and water budgets and cycling at both small and large scales. Competition between plants in the same community affects root distribution and water uptake. Studies that use isotopic techniques along with measurements of root biomass and leaf gas exchange allow researchers to assess root distribution and short-and long-term physiological activity of root systems. In addition, isotopic techniques can be used to identify sources of water use to inform competitive interactions. In tree-grass mixtures, for example, grasses exert a negative effect on tree root growth, but usually not vice versa. Drought, however, typically has a more negative effect on grass than on trees, which have more conservative leaf gas exchange characteristics, and deeper roots that utilize deeply stored water. As previously mentioned, plants with deeper roots, such as trees, can further redistribute water from the deep soil to the shallow soil horizons overnight by hydraulic lift or redistribution, which also benefits species that are more shallow rooted. Isotopic techniques as well as experimental and observational studies continue to sort out these complex, root-mediated, competitive relationships. Root traits may also influence competitive dynamics between native and invasive species. For example, rapid root growth of the invasive annual grass, Bromus tectorum, in cool conditions allows it to pre-empt resources and outcompete co-occurring native grass species, whereas root traits such as large numbers of root tips and high root to shoot ratios have been shown to improve native plant performance in response to competition from invasives B. tectorum and Centaurea stoebe. At a regional scale, root distribution can affect hydrology. An example is the replacement of deep-rooted (to 20 m deep) perennial trees and shrubs, by shallow-rooted pasture and crop plants in the seasonally-dry Murray-Darling Basin of Australia. Historically, the native vegetation would have relied on deep soil recharge and groundwater, while the shallow-rooted agroecosystems today occupy only the top meter of soil and utilize far less water than the forest and woodland communities, whose evergreen canopies had higher evapotranspiration rates. The current outcome of the vegetation transition is groundwater recharge and rising water tables, and since the groundwater is often saline, secondary salinization of shallow soil layers.

Many aspects of soil structural stability [START_REF] Bardgett | Going underground: root traits as drivers of ecosystem processes[END_REF][START_REF] Rillig | Plant root and mycorrhizal fungal traits for understanding soil aggregation[END_REF] and slope stability [START_REF] Stokes | Desirable plant root traits for protecting natural and engineered slopes against landslides[END_REF]) are altered by root systems and specific root traits. Roots promote the formation and stabilization of soil aggregates by compressing or entangling soil particles, by providing food sources (e.g., organic residues from root turnover) for microbes that secrete organic polymers that bind particles together, or via their exudates that do the same. Roots mitigate soil detachment and erosion by enhancing soil cohesion (a component of soil shear strength) and aggregate stability (i.e., the ability to resist disintegration under force). As roots extend through soil vertically and laterally, they reinforce soil to increase its shear strength and overall soil cohesion. The distribution of roots, their length, orientation, and tensile strength (i.e., the force required to break a root divided by the cross-sectional area of a root) also influence soil and slope stability.

Conclusion

Research focused on root form and function has improved understanding of the mechanisms by which plants cope with environmental stress, the dynamics of plant-plant and plant-microbe interactions, and how roots influence various ecosystem processes, properties, and services. Despite significant advances, further research is needed to understand how root growth and traits influence plant performance, vegetation dynamics, and associated ecosystem processes in changing conditions. Increased focus belowground on dynamic plant traits (e.g., turnover rates, root lifespan), regenerative traits (e.g., belowground bud bank size and storage), anatomical traits (e.g., cortex and stele area ratio), and physiological traits (e.g., hydraulic conductance) are areas where knowledge remains particularly scarce. In addition, a more comprehensive understanding of between-and within-species variation in root growth and traits may improve our ability to select plants with specific traits for increased crop productivity and improved restoration in the face of various global change pressures. Luckily, methods for root trait sampling, processing, and measuring are continuously being improved and refined to ensure consistency across studies and ecosystems (Freschet et al. 2021). In [START_REF] Ranathunge | The role of the apoplastic transport barriers for radial water and ion uptake in rice (Oryza sativa L.) and corn (Zea mays L.) roots[END_REF]. Figure 1b from [START_REF] Crang | Allocation, morphology, physiology, architecture: the multiple facets of plant above-and below-ground responses to resource stress[END_REF] "Roots" in Plant Anatomy. [START_REF] Bardgett | Going underground: root traits as drivers of ecosystem processes[END_REF].
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addition, as data accumulate from diverse systems and become available via large databases (e.g., Global root (GRoot) database) researchers will be able to further clarify linkages between root traits and vegetation dynamics across diverse ecosystems and scales.