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Introduction

Plants are autotrophic organisms that require energy, water, CO2, macro-and micronutrients inputs as resources to grow, maintain over time and reproduce. The effects of resource limitation (yield limitation sensu [START_REF] Körner | Concepts in empirical plant ecology[END_REF]) on plant growth has been extensively studied (Liebig, 1841;Gleeson and Tilman, 1992).

In the context of current and projected rise in atmospheric CO2 concentration, much emphasis has been put on the CO2 fertilisation effect [START_REF] Haverd | Higher than expected CO2 fertilization inferred from leaf to global observations[END_REF][START_REF] Hyvönen | The likely impact of elevated [CO2], nitrogen deposition, increased temperature and management on carbon sequestration in temperate and boreal forest ecosystems: a literature review[END_REF] stemming from the limitation of photosynthesis by leaf internal CO2 concentration. This C-centric view postulates that while mineral nutrients may influence tree growth, forest ecosystems are principally C-limited. This hypothesis is important for climate change mitigation strategies since it purports that the C-sink activity will increase with increasing atmospheric CO2 concentration and thus could partially compensate anthropogenic carbon emissions.

To test the validity of this C-centric view, Free Air CO2 Enrichment experiments have been used over the past three decades. Elevated CO2 concentrations do lead to a positive effect on tree aerial productivity, but this effect is transient [START_REF] Norby | Ecological Lessons from Free-Air CO2 Enrichment (FACE) Experiments[END_REF]. This shows that other limiting factors than C availability are at play in limiting tree productivity [START_REF] Leuzinger | Do global change experiments overestimate impacts on terrestrial ecosystems?[END_REF][START_REF] Millard | Environmental change and carbon limitation in trees: a biochemical, ecophysiological and ecosystem appraisal[END_REF]. Nitrogen (N), phosphorus (P) [START_REF] Ellsworth | Elevated CO 2 does not increase eucalypt forest productivity on a low-phosphorus soil[END_REF][START_REF] Fleischer | Amazon forest response to CO 2 fertilization dependent on plant phosphorus acquisition[END_REF][START_REF] Terrer | Nitrogen and phosphorus constrain the CO 2 fertilization of global plant biomass[END_REF] and other nutrients could progressively become limiting factors with more CO2 available [START_REF] Dusenge | Plant carbon metabolism and climate change: elevated CO2 and temperature impacts on photosynthesis, photorespiration and respiration[END_REF][START_REF] Luo | Progressive Nitrogen Limitation of Ecosystem Responses to Rising Atmospheric Carbon Dioxide[END_REF][START_REF] Trierweiler | Rising CO2 accelerates phosphorus and molybdenum limitation of N2-fixation in young tropical trees[END_REF][START_REF] Wieder | Future productivity and carbon storage limited by terrestrial nutrient availability[END_REF]. Furthermore, leaf nutrient contents in European forests suggest that nutritional stresses are currently increasing [START_REF] Jonard | Tree mineral nutrition is deteriorating in Europe[END_REF][START_REF] Jonard | Temporal trends in the foliar nutritional status of the French, Walloon and Luxembourg broad-leaved plots of forest monitoring[END_REF][START_REF] Penuelas | Increasing atmospheric CO2 concentrations correlate with declining nutritional status of European forests[END_REF]. This could negatively impact the assimilation of C by plant leaves, since the photosynthetic capacity of leaves depends on their nutritional status [START_REF] Evans | Photosynthesis and nitrogen relationships in leaves of C3 plants[END_REF][START_REF] Walker | The relationship of leaf photosynthetic traits -Vcmax and Jmax -to leaf nitrogen, leaf phosphorus, and specific leaf area: a meta-analysis and modeling study[END_REF]. Nitrogen (N) and phosphorus (P) limitation of forest processes have been extensively studied [START_REF] Crous | Nitrogen and phosphorus availabilities interact to modulate leaf trait scaling relationships across six plant functional types in a controlled-environment study[END_REF][START_REF] Kattge | Quantifying photosynthetic capacity and its relationship to leaf nitrogen content for global-scale terrestrial biosphere models[END_REF][START_REF] Reich | Key canopy traits drive forest productivity[END_REF][START_REF] Reich | Leaf phosphorus influences the photosynthesis-nitrogen relation: a cross-biome analysis of 314 species[END_REF][START_REF] Walker | The relationship of leaf photosynthetic traits -Vcmax and Jmax -to leaf nitrogen, leaf phosphorus, and specific leaf area: a meta-analysis and modeling study[END_REF]. With the aim of a better representation of the C cycle, the effect of N (e.g. [START_REF] Corbeels | A process-based model of nitrogen cycling in forest plantations: Part II. Simulating growth and nitrogen mineralisation of Eucalyptus globulus plantations in south-western Australia[END_REF][START_REF] Dezi | The effect of nitrogen deposition on forest carbon sequestration: a model-based analysis[END_REF][START_REF] Vuichard | Accounting for carbon and nitrogen interactions in the global terrestrial ecosystem model ORCHIDEE (trunk version, rev 4999): multi-scale evaluation of gross primary production[END_REF] and more recently P [START_REF] Goll | A representation of the phosphorus cycle for ORCHIDEE (revision 4520)[END_REF][START_REF] Thum | A new model of the coupled carbon, nitrogen, and phosphorus cycles in the terrestrial biosphere (QUINCY v1.0; revision 1996)[END_REF][START_REF] Yang | The role of phosphorus dynamics in tropical forests -a modeling study using CLM-CNP[END_REF] on ecosystem processes has been implemented in many vegetation models. In simulations, representation of N and P limitations can lead to a 25% decrease in the land carbon sink between 1860 and 2100 under a climate change scenario (SRES A1B) [START_REF] Goll | Nutrient limitation reduces land carbon uptake in simulations with a model of combined carbon, nitrogen and phosphorus cycling[END_REF].

A mounting body of evidence has made apparent that liebigian limitation ("one factor limits growth") does not hold in forest ecosystems [START_REF] Elser | Global analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial ecosystems[END_REF][START_REF] Fanin | Interactive effects of C, N and P fertilization on soil microbial community structure and function in an Amazonian rain forest[END_REF][START_REF] Kaspari | Multiple nutrients limit litterfall and decomposition in a tropical forest[END_REF][START_REF] Santiago | Tropical tree seedling growth responses to nitrogen, phosphorus and potassium addition[END_REF][START_REF] Townsend | Multi-element regulation of the tropical forest carbon cycle[END_REF][START_REF] Wurzburger | Molybdenum and Phosphorus Interact to Constrain Asymbiotic Nitrogen Fixation in Tropical Forests[END_REF]. It has thus become necessary to represent the different elemental cycles in forest ecosystems so that the sensitivity of biomass productivity to these complex interactions can be tested. As such potassium (K) is an essential nutrient for plant growth that can limit productivity in many forest ecosystems currently or in the future [START_REF] Sardans | Potassium: a neglected nutrient in global change: Potassium stoichiometry and global change[END_REF]. K's influence on the water budget is expected to be critical in future drier climates.

Contrary to N and P, K is present exclusively in its ionic form (K + ) in the plants and in the soil. K + is the most important cation in terms of mass in the plant biomass, and the second nutrient after N. There are two main pools of K in plant cells: the cytosol and the vacuole.

While the concentration of K in the vacuole is variable and depends on K availability, cytosolic K concentration remains relatively constant [START_REF] Walker | Potassium homeostasis in vacuolate plant cells[END_REF]. In plant cells K+ is essential for enzyme activation, charge balance and osmoregulatory functions [START_REF] Wakeel | Potassium Substitution by Sodium in Plants[END_REF].

While evidence of K limitation of forest productivity is scarce in temperate and boreal regions [START_REF] Bonneau | Quelques résultats d'essai de fertilisation sur Épicéa dans le Massif central[END_REF][START_REF] Ouimet | Effects of fertilization and liming on tree growth, vitality and nutrient status in boreal balsam fir stands[END_REF][START_REF] Wang | Potassium fertilization affects the distribution of fine roots but does not change ectomycorrhizal community structure[END_REF], K is co-limiting or limiting productivity in many tropical and subtropical forests [START_REF] Barber | Tropical tree growth is correlated with soil phosphorus, potassium, and calcium, though not for legumes[END_REF][START_REF] Bond | Do nutrient-poor soils inhibit development of forests? A nutrient stock analysis[END_REF][START_REF] Epron | Do changes in carbon allocation account for the growth response to potassium and sodium applications in tropical Eucalyptus plantations?[END_REF][START_REF] Laclau | Influence of nitrogen and potassium fertilization on leaf lifespan and allocation of above-ground growth in Eucalyptus plantations[END_REF][START_REF] Lloyd | Edaphic, structural and physiological contrasts across Amazon Basin forest-savanna ecotones suggest a role for potassium as a key modulator of tropical woody vegetation structure and function[END_REF][START_REF] Rocha | Growth dynamics and productivity of an Eucalyptus grandis plantation under omission of N, P, K Ca and Mg over two crop rotation[END_REF][START_REF] Sardans | Potassium: a neglected nutrient in global change: Potassium stoichiometry and global change[END_REF][START_REF] Silveira | Levantamento e estudo do mercado de fertilizantes em florestas brasileiras: relatorio interno[END_REF][START_REF] Tripler | Patterns in potassium dynamics in forest ecosystems[END_REF][START_REF] Wright | Plant responses to nutrient addition experiments conducted in tropical forests[END_REF][START_REF] Wright | Potassium, phosphorus, or nitrogen limit root allocation, tree growth, or litter production in a lowland tropical forest[END_REF]. K availability could influence the productivity of forest ecosystems by influencing either the acquisition (by leaves) and distribution (from leaves to distal organs) of carbon and other resources (a so-called 'source-limitation' of productivity) or the formation of new tissues ('sink-limitation' of productivity), or both. Sink limitation affects the formation of organs and growth of cells and includes processes that can limit growth even when carbon supply is sufficient. For instance, temperature [START_REF] Hoch | Altitudinal increase of mobile carbon pools in Pinus cembra suggests sink limitation of growth at the Swiss treeline[END_REF] and water stress (Delpierre et al., 2016a;[START_REF] Muller | Water deficits uncouple growth from photosynthesis, increase C content, and modify the relationships between C and growth in sink organs[END_REF] have been shown to be, for some forest ecosystems, more limiting than carbon for tree growth. This review aims to identify processes influenced by K limitations that are likely critical for wood growth. We hypothesized that K deficiency could influence wood production through four categories of processes: (1) lower Gross Primary Productivity (GPP) (source limitation),

(2) disruption of source-sink dynamics at the leaf level due to disruption of C export to distal organs, (3) modifications of C partitioning, and (4) direct limitation (e.g. stoichiometric constraints) of wood formation (sink limitation). In this review we investigate how wood growth can be influenced by K availability in forest soils. We illustrate this review with tropical Eucalyptus plantations managed in short rotations for maximizing wood production.

The rationale for the choice of this biological model is that Eucalyptus trees have been grown in field experiments manipulating tree nutrition for a long time. The effects of nutrient deficiencies on the main physiological processes have been documented, and Eucalyptus plantations are known to be highly responsive to K supply on many tropical soils, e.g. in Brazil and Congo [START_REF] Laclau | Biogeochemical cycles of nutrients in tropical Eucalyptus plantations[END_REF][START_REF] Laclau | Influence of nitrogen and potassium fertilization on leaf lifespan and allocation of above-ground growth in Eucalyptus plantations[END_REF][START_REF] Rocha | Growth dynamics and productivity of an Eucalyptus grandis plantation under omission of N, P, K Ca and Mg over two crop rotation[END_REF].

In section 1 of this review, we describe the main processes governing the K biogeochemical cycle in forest ecosystems, taking the example of tropical Eucalyptus plantations. The main sources of K in the system are identified as well as the bottlenecks that limit its availability to the trees. In section 2, we review the processes related to the uptake and circulation of K within trees to identify the distribution of this element in the different organs and the main limitations arising from the K biological cycle. In section 3, we describe the influence of K availability on different processes affecting the acquisition of C and its allocation to wood.

While the identification of K-related processes is a prerequisite (and the main objective of this review) it does not allow a ranking of their quantitative influence on wood productivity, which can only be addressed with mechanistic models. Hence in the last section (section 4) of the review, we discuss priorities on how to implement K-related processes in terrestrial ecosystems models.

Eucalyptus plantations: an ecosystem model to study the cycle of K 1.Introducing Eucalyptus plantations as a biological model

Eucalyptus plantations cover more than 20 million hectares over large climatic and soil gradients in more than 90 countries [START_REF] Booth | Eucalypt plantations and climate change. Forest Ecology and Management, Challenges and opportunities for sustainable management of eucalypt plantations[END_REF]. These plantations have very high growth rates (average of 45 m 3 /ha/yr in Brazil), reaching up to 25-30 meters tall trees over 6-7 years [START_REF] Le Maire | Light use efficiency and productivity of 16 genotypes of Eucalyptus along a 6-year rotation in Brazil[END_REF]. Most of the clones in commercial Eucalyptus plantations in tropical regions belong to species Eucalyptus grandis, E. urophylla (ST Blake) or are hybrids including E. grandis. The vulnerability of Eucalyptus plantations to climate change is of concern [START_REF] Booth | Eucalypt plantations and climate change. Forest Ecology and Management, Challenges and opportunities for sustainable management of eucalypt plantations[END_REF] and process-based models could be useful tools to help improve management practices in a context of increasing water and nutrient deficiencies.

We chose fast-growing Eucalyptus plantations as a biological model in this review because K deficiency is common, with a very strong limitation of wood productivity (up to 50% in absence of K fertilisation) in some tropical areas ( Gonçalves et al., 2008;[START_REF] Laclau | Influence of nitrogen and potassium fertilization on leaf lifespan and allocation of above-ground growth in Eucalyptus plantations[END_REF][START_REF] Rocha | Growth dynamics and productivity of an Eucalyptus grandis plantation under omission of N, P, K Ca and Mg over two crop rotation[END_REF]; see Figure 1 for common fertilisation practices). In these plantations, pools of exchangeable base cations in the soil as well as the inputs in the ecosystem are low throughout the rotation in relation to biomass production.. Most of the nutrient requirements to produce biomass are provided through the biological component of the biogeochemical cycle (outside fertilisation). These "Bio" [START_REF] Legout | Chemical fertility of forest ecosystems. Part 2: Towards redefining the concept by untangling the role of the different components of biogeochemical cycling[END_REF] sites are particularly sensitive to disruptions in the biological cycle, such as the large exports of stem wood at harvest (Fig. 1; note that the amount of K exported within stem wood is more than compensated by fertilisation to sustain growth rates over successive rotations in commercial Eucalyptus plantations).

Experimental designs have been set up in Eucalyptus plantations with a positive control fully fertilized (tree growth not limited by the availability of micro-and macro-nutrients) compared to other treatments with the same full fertilization except a single nutrient (omission trials), and a negative control without any fertilization [START_REF] Laclau | Influence of nitrogen and potassium fertilization on leaf lifespan and allocation of above-ground growth in Eucalyptus plantations[END_REF]. Such experiments made it possible to assess which processes are affected by the deficiency of each nutrient, with or without the confounding interactions with other nutrients [START_REF] Christina | Measured and modeled interactive effects of potassium deficiency and water deficit on gross primary productivity and light-use efficiency in Eucalyptus grandis plantations[END_REF]. All data presented in this review for Eucalyptus plantations come from omission experiments set up in a nutrient-poor Ferralsol soil at the Itatinga station in Brazil (Laclau et al., 2010). the harvest residues are left on-site to decompose on the ground (coloured arrows pointing to the left), and only stemwood is exported. Atmospheric deposition and soil weathering are occurring all along the rotation. In some silvicultural practices bark and stumps are also exported. The values of K in the biomass are from Battie- Laclau et al. (2014b). The range of values for weathering come from [START_REF] Maquère | Dynamics of mineral elements under a fast-growing eucalyptus plantation in Brazil[END_REF] and [START_REF] Pradier | Rainfall reduction impacts rhizosphere biogeochemistry in eucalypts grown in a deep Ferralsol in Brazil[END_REF]. The change in litter stock were calculated by difference between the litter stock measured on a stand at the end of a rotation (Battie- Laclau et al., 2014b) and the litter stock measured at the end of the previous rotation [START_REF] Almeida | A positive growth response to NaCl applications in Eucalyptus plantations established on K-deficient soils[END_REF]. Note that the K balance is not closed: indeed, it was not possible to have precise measurements of change of K content in this very deep soil.

Potassium availability in the soil at our study site

In highly weathered tropical soils, K availability is low due to small amounts of K-bearing primary minerals (e.g., illite and vermiculite) likely to release K in the soil solution. The replenishment of the pool of exchangeable K + in highly weathered tropical soils comes mainly from atmospheric depositions and from the biological cycle in natural ecosystems, as well as fertilization in agroecosystems. Only a fraction of the total stock of K in the soil is directly available to the plants and sorption as well as diffusion speed may limit the access of the trees to the pool of K.

K inputs and outputs in the soil

Atmospheric deposition is an external source of K to Eucalyptus plantations. It amounts to about 0.55 gK/m²/yr in Eucalyptus plantations at Itatinga (Fig. 1 and 2;[START_REF] Laclau | Biogeochemical cycles of nutrients in tropical Eucalyptus plantations[END_REF]). This flux is comparable to the global average of 0.41gK/m²/yr [START_REF] Sardans | Potassium: a neglected nutrient in global change: Potassium stoichiometry and global change[END_REF].This atmospheric deposition flux is higher than mineral weathering, that was considered negligible by [START_REF] Maquère | Dynamics of mineral elements under a fast-growing eucalyptus plantation in Brazil[END_REF] at the same site based on quantitative mineralogical work.

However, a recent study considering the rhizosphere of eucalypt trees suggested that the amount of K released by mineral weathering could be much higher than expected in deep Ferralsols [START_REF] Pradier | Rainfall reduction impacts rhizosphere biogeochemistry in eucalypts grown in a deep Ferralsol in Brazil[END_REF]. The uncertainty on weathering fluxes is particularly high at our study site because of the difficulty to integrate very low concentrations over considerable rooting depths (Eucalyptus roots reach a depth of 16 m five years after planting, [START_REF] Christina | Importance of deep water uptake in tropical eucalypt forest[END_REF]. K losses through deep leaching are lower than atmospheric depositions, even after application of K-Cl fertilizer the first year after planting [START_REF] Laclau | Biogeochemical cycles of nutrients in tropical Eucalyptus plantations[END_REF]). Yet, inputs of K from atmospheric deposition and weathering are not sufficient to sustain productivity in these highly productive Eucalyptus plantations where biomass export (mostly tree trunks) is massive (Fig. 1). Highly productive plantations are therefore fertilized, with typical amounts of about 12 gK/m² before canopy closure (Fig. 1), which is enough to cover the requirements of the tree throughout the rotation [START_REF] Almeida | A positive growth response to NaCl applications in Eucalyptus plantations established on K-deficient soils[END_REF]. We note that the cycling of K is fast in those plantations, with annual inputs to the soil surface of about 1.0 gK/m²/yr mostly through leaf litterfall (47%), foliar leaching (42%), and branch litterfall (11%) (Fig. 2).

K mobility in the soil

K + is weakly adsorbed on soil particles at our study site. Slopes of the K-buffering curves range from 0.09 to 0.13 (change in exchangeable K (mg/100g) / change in soil-solution K (mg.L -1 ); Maquère 2008) demonstrating the very weak capacity of this soil to buffer a change of the soil solution concentration resulting from an output or an input of K. These low values are explained by low organic matter contents as well as a mineralogical composition where quartz, kaolinite and oxide are predominant, which leads to limited interaction with dissolved cations [START_REF] Maquère | Dynamics of mineral elements under a fast-growing eucalyptus plantation in Brazil[END_REF]. The weak interactions between K + and the soil solid phase suggest that mass flow (rather than diffusion) could be the main process limiting potassium transfer toward the roots. Moreover, diffusion fluxes measured at our study site show that diffusion per se is sufficient to supply the daily demand of trees in K (Supplementary Figure S1). Atmospheric deposition and leaching fluxes values come from [START_REF] Laclau | Biogeochemical cycles of nutrients in tropical Eucalyptus plantations[END_REF]. Weathering fluxes were obtained by [START_REF] Maquère | Dynamics of mineral elements under a fast-growing eucalyptus plantation in Brazil[END_REF] and [START_REF] Pradier | Rainfall reduction impacts rhizosphere biogeochemistry in eucalypts grown in a deep Ferralsol in Brazil[END_REF]. Estimation of soil K content is not feasible, due to its very low concentration to integrate on very deep soil (root depth at 16m at 72 months).

The Biological cycle of K in the ecosystem

Potassium needs to be supplied in sufficient quantity to maintain a concentration in plant cells that allows for metabolic processes [START_REF] Marschner | Marschner's Mineral Nutrition of Higher Plants[END_REF]. In the following, we go through the K cycle in trees, considering its absorption in the soil, return to the soil through litter production and foliar leaching, and remobilization from senescing tissues. In K deficient soils, these processes can be bottlenecks limiting the availability of K to tree organs.

Potassium absorption by plant roots and mycorhizae

The uptake of K from the soil by plants is needed to maintain suitable K + concentrations in the plant cells. Only a tiny fraction of total soil K is available to plants, comprising the 0.1-0.2% in the soil solution and 1-2% adsorbed on clays (not the case in soils at Itatinga) [START_REF] Sardans | Potassium: a neglected nutrient in global change: Potassium stoichiometry and global change[END_REF]. Yet roots seem able to mobilize a fraction of the nonexchangeable K pool in the rhizosphere, altering K-bearing minerals [START_REF] Pradier | Rainfall reduction impacts rhizosphere biogeochemistry in eucalypts grown in a deep Ferralsol in Brazil[END_REF]. A recent isotopic dilution assay with soil samples covering 3 climatic zones and 5 soil types (including the Itatinga site) suggests that the pools of exchangeable K commonly considered as plant-available (measured by conventional methods) are underestimated by about 50%, and that the additional pool is most likely supported by secondary non-crystalline mineral phases in interaction with soil organic matter [START_REF] Bel | Conventional analysis methods underestimate the plant-available pools of calcium, magnesium and potassium in forest soils[END_REF].

Large differences in K absorption efficiency between crops (and among their individual genotypes) are mainly a result of differences in root morphology and density, and to their capacity to mobilize the non-exchangeable K pool [START_REF] Rengel | Crops and genotypes differ in efficiency of potassium uptake and use[END_REF]. In soils with low K availability, fine root distribution of trees is skewed towards upper soil layers, compared with richer soils. This is explained by the higher availability of K at the surface in these soils, coming from dry deposition and litter decomposition [START_REF] Cusack | Fine Root and Soil Organic Carbon Depth Distributions are Inversely Related Across Fertility and Rainfall Gradients in Lowland Tropical Forests[END_REF]. Specific adaptations have been shown in Eucalyptus plantations growing on poor sandy soils with a fine root mat above the mineral soil active throughout the year to catch the flux of K (as well as other major nutrients) from the biodegradation of the forest floor, preventing the transfer of dissolved nutrients toward deeper soil horizons [START_REF] Laclau | The Function of the Superficial Root Mat in the Biogeochemical Cycles of Nutrients in Congolese Eucalyptus Plantations[END_REF]. However, the root density profile, albeit informative, does not fit the K-absorption potential profile. Fine roots in deep horizons usually show higher K-specific absorption rates as compared to more superficial roots, as demonstrated by experiments with Caesium and Rubidium which are analogues of K+ [START_REF] Bordron | Fertilization increases the functional specialization of fine roots in deep soil layers for young Eucalyptus grandis trees[END_REF][START_REF] Göransson | The vertical distribution of N and K uptake in relation to root distribution and root uptake capacity in mature Quercus robur, Fagus sylvatica and Picea abies stands[END_REF][START_REF] Silva | Functional specialization of Eucalyptus fine roots: contrasting potential uptake rates for nitrogen, potassium and calcium tracers at varying soil depths[END_REF].

Depending on the K + concentration in the rhizosphere, K + absorption by the roots can be either a « passive » or an « active » process [START_REF] Glass | Homeostatic Processes for the Optimization of Nutrient Absorption: Physiology and Molecular Biology[END_REF][START_REF] Maathuis | Mechanisms of potassium absorption by higher plant roots[END_REF].

Passive absorption takes place through specific ion channels, also known as low-affinity transporters (LATS) and requires a high K + concentration in the soil solution since it relies on the electrochemical gradient. The active process operates through H + -cotransporters (symporters) known as "high-affinity" transporters (HATS; [START_REF] Maathuis | Physiological functions of mineral macronutrients[END_REF], operating at lower K concentrations in the soil solution. However, recent dry laboratory experiments show that this classification may be obsolete for describing the uptake of K by plants [START_REF] Dreyer | High-and Low-Affinity Transport in Plants From a Thermodynamic Point of View[END_REF].

Total K + concentration in the root cells vacuoles is variable and could be a signal for HATS [START_REF] Walker | Potassium homeostasis in vacuolate plant cells[END_REF]. In Arabidopsis roots, HATS are further activated by reactive oxygen species (ROS), that have accumulated at the root tip, quickly after a K deficiency is sensed by the plant [START_REF] Adams | Transport, signaling, and homeostasis of potassium and sodium in plants[END_REF]. This is the main identified process by which K + /H + symporters are activated, and it is remarkable that ROS signal that activates HATS also favours root tip elongation [START_REF] Adams | Transport, signaling, and homeostasis of potassium and sodium in plants[END_REF]. There is a tight correlation between the absorptions of NO3 -and K + , which could participate in maintaining a charge balance in the xylem sap [START_REF] Raddatz | Coordinated Transport of Nitrate, Potassium, and Sodium[END_REF]. Sodium (Na+) can act as a substitute to K+ for some osmotic functions, as shown by Na supplementation experiments for Eucalyptus in the field [START_REF] Almeida | A positive growth response to NaCl applications in Eucalyptus plantations established on K-deficient soils[END_REF]Battie-Laclau et al., 2014b) as well as in nutritive solution [START_REF] De Souza Mateus | The ideal percentage of K substitution by Na in Eucalyptus seedlings: Evidences from leaf carbon isotopic composition, leaf gas exchanges and plant growth[END_REF], even though high Na concentrations are detrimental. There is also a need for the plant to maintain a balanced K + /Na + ratio [START_REF] Cuin | A root's ability to retain K+ correlates with salt tolerance in wheat[END_REF]. In this context, K+ HATS can be Nainduced [START_REF] Glass | Homeostatic Processes for the Optimization of Nutrient Absorption: Physiology and Molecular Biology[END_REF], notably at low Na + concentrations in the soil solution [START_REF] Chérel | Molecular mechanisms involved in plant adaptation to low K+ availability[END_REF].

It is not straightforward to assess which of the "active" or "passive" absorption processes are mostly operating in highly fertilized tropical Eucalyptus plantations. They grow on severely K-deficient soils but are highly supplemented by fertilizer inputs, delivered at the beginning of the rotation (ref; Fig. 1). A shift from LATS-to HATS-dominated K + absorption is thus likely along the rotation and down the vertical root profile, correlating with changes in K contents in the soil solution.

The actual role of the mycorrhizal symbiosis in K absorption is still poorly understood.

Ectomycorrhizal fungi have been observed on roots of planted Eucalyptus [START_REF] Lambais | Obervation of ectomycorrhizal fungi (ECM) structures in Eucalyptus deep roots (São Paulo, Brazil)[END_REF][START_REF] Robin | How deep can ectomycorrhizas go? A case study on Pisolithus down to 4 meters in a Brazilian eucalypt plantation[END_REF], and a ectomycorrhizal inoculation of Eucalyptus globulus growing on ultramafic soils (with toxic levels of heavy metals and low K availability) increased K uptake by plants [START_REF] Jourand | Ectomycorrhizal Pisolithus albus inoculation of Acacia spirorbis and Eucalyptus globulus grown in ultramafic topsoil enhances plant growth and mineral nutrition while limits metal uptake[END_REF]. It is therefore likely that ectomycorrhizae provide part of the K requirements when its availability in the soil is low.

K transport in the xylem

Once K has been absorbed by the roots, it can be translocated to newly forming organs. This happens through an upward xylem flux. As for K absorption by roots, a channel for K loading in the xylem is activated by ROS (mainly H2O2) that are downregulated in case of high K + concentrations [START_REF] Chérel | Molecular mechanisms involved in plant adaptation to low K+ availability[END_REF]. K + in the xylem ascending flux serves as a counter-ion to the anions and plays a role in electrical neutralization [START_REF] Maathuis | Physiological functions of mineral macronutrients[END_REF], as it does in plant cells [START_REF] Chérel | Molecular mechanisms involved in plant adaptation to low K+ availability[END_REF].

Foliar Leaching, Resorption and Remobilisation from stemwood

Foliar leaching (also known as "recretion" in some sources) is the passive loss of nutrients by leaves through the exchange of elements between the leaf and the aqueous solution [START_REF] Tukey | The Leaching of Substances from Plants[END_REF]. Along with the washing of dry particles deposited on leaves between rainfall events, foliar leaching brings, via throughfall and stemflow, a non-negligible flux of K to the soil in forests [START_REF] Dezzeo | Nutrient fluxes in incident rainfall, throughfall, and stemflow in adjacent primary and secondary forests of the Gran Sabana, southern Venezuela[END_REF][START_REF] Van Langenhove | Atmospheric deposition of elements and its relevance for nutrient budgets of tropical forests[END_REF]. In subtropical forests one year of foliar leaching can be larger than the foliar nutrient stocks [START_REF] Lin | Base cation leaching from the canopy of a subtropical rainforest in northeastern Taiwan[END_REF]. In temperate deciduous forests the foliar leaching flux is smaller but still can represent half of the resorption flux [START_REF] Duchesne | Seasonal nutrient transfers by foliar resorption, leaching, and litter fall in a northern hardwood forest at Lake Clair Watershed, Quebec, Canada[END_REF]. In Eucalyptus plantations, however, the foliar leaching flux of K (amounting to 0.42 gK/m²/yr at the Itatinga site, Fig. 2) is much lower than the resorption flux of K. Resorption describes a generally active recycling process that happens during leaf senescence and consists in the remobilisation of nutrients from leaves that can then be re-allocated to growing organs. As for other mobile nutrients, K resorption can be described as a function of K concentration in the foliage with a simplified non-linear equation [START_REF] Achat | Nutrient remobilization in tree foliage as affected by soil nutrients and leaf life span[END_REF]. The resorption efficiency computed from K concentration in living and dead Eucalyptus leaves at Itatinga was 79%, very close to the generic average value of 80% for trees [START_REF] Achat | Nutrient remobilization in tree foliage as affected by soil nutrients and leaf life span[END_REF]. The annual flux of K resorption from leaves was around 1.9 gK/m²/yr in our fertilized Eucalyptus plantations (Fig. 2). K resorption from leaves account for 40 to 75% of the annual K requirements in Eucalyptus plantations [START_REF] Laclau | Biogeochemical cycles of nutrients in tropical Eucalyptus plantations[END_REF], which underlines the importance of this process for K availability at the plant level.

Similarly with the foliar resorption flux, a drop in K concentration from the outer rings to the inner rings in stem wood shows that K is strongly remobilized during wood ageing [START_REF] Ortega Rodriguez | Nutrient concentrations of 17-year-old Pinus taeda annual tree-rings analyzed by X-ray fluorescence microanalysis[END_REF][START_REF] Laclau | Dynamics of Nutrient Translocation in Stemwood across an Age Series of a Eucalyptus Hybrid[END_REF]. The amount of K remobilized in stemwood from 3 to 4 years after planting was estimated at 2.7g/m²/yr in fertilised Eucalyptus plantations [START_REF] Sette | Source-driven remobilizations of nutrients within stem wood in Eucalyptusgrandis plantations[END_REF].

Internal K Cycling

Once remobilized from leaves, K is cycled through the phloem. The downward phloem K flux has been estimated to be about 50% of the upward xylem flux [START_REF] Marschner | Effect of mineral nutritional status on shoot-root partitioning of photoassimilates and cycling of mineral nutrients[END_REF][START_REF] Peuke | Correlations in concentrations, xylem and phloem flows, and partitioning of elements and ions in intact plants. A summary and statistical re-evaluation of modelling experiments in Ricinus communis[END_REF][START_REF] Sustr | Potassium in Root Growth and Development[END_REF]. Since there is low evidence of translocation of nutrients from the phloem to the xylem [START_REF] Marschner | Effect of mineral nutritional status on shoot-root partitioning of photoassimilates and cycling of mineral nutrients[END_REF], cycling of potassium through the phloem down to the roots and back into the xylem again can be seen as a way to re-allocate K to where it is most needed (i.e. shoots). Moreover, high potassium concentrations in the phloem make a higher sap flow possible, which in turn enhances photosynthate exports from shoots to roots [START_REF] Marschner | Effect of mineral nutritional status on shoot-root partitioning of photoassimilates and cycling of mineral nutrients[END_REF]. This effect of sap K concentration on phloem sap flow is most likely due to higher osmotic pressure in sieve tubes [START_REF] Mengel | Effect of Potassium Supply on the Rate of Phloem Sap Exudation and the Composition of Phloem Sap of Ricinus communis[END_REF].

Another benefit of high concentrations of K in the xylem (that can only be sustained through high K recycling) is through its use as a counter-ion to anions [START_REF] Marschner | Effect of mineral nutritional status on shoot-root partitioning of photoassimilates and cycling of mineral nutrients[END_REF][START_REF] Peuke | Correlations in concentrations, xylem and phloem flows, and partitioning of elements and ions in intact plants. A summary and statistical re-evaluation of modelling experiments in Ricinus communis[END_REF] allowing to maintain the anion-cation balance in the plant. While [START_REF] Dreyer | The potassium battery: a mobile energy source for transport processes in plant vascular tissues[END_REF] and [START_REF] Marschner | Effect of mineral nutritional status on shoot-root partitioning of photoassimilates and cycling of mineral nutrients[END_REF] proposed that phloem K concentration could be used as a signal for K absorption by roots, [START_REF] Peuke | Correlations in concentrations, xylem and phloem flows, and partitioning of elements and ions in intact plants. A summary and statistical re-evaluation of modelling experiments in Ricinus communis[END_REF] found no evidence of a relationship between phloem K concentrations and uptake of K by the roots and discuss whether the concentration of sugars in the phloem might be a signal of nutrient deficiency. The last reason that could explain the recirculation of K in the phloem is that the K + ions act as a 'mobile battery' [START_REF] Dreyer | The potassium battery: a mobile energy source for transport processes in plant vascular tissues[END_REF][START_REF] Gajdanowicz | Potassium (K+) gradients serve as a mobile energy source in plant vascular tissues[END_REF]. This functioning could be useful in the case of low ATP availability for the process of sucrose loading into the phloem (that goes against a concentration gradient). Its working principle is based on the gradient between apoplastic and cytosolic K+ concentrations. Specific channels allow K + to diffuse to the apoplast and increase an electric gradient which in turn allows sucrose to be transported from the apoplast to the cytosol [START_REF] Dreyer | The potassium battery: a mobile energy source for transport processes in plant vascular tissues[END_REF]. While understanding how the K circulates through the ecosystem is essential to pinpoint the processes limiting the availability of K for trees, it does not reveal why K deficiency has a negative impact specifically on wood production. In the following section, we first present the main effects of K deficiency on the processes that govern the carbon-source activity. We will then present the processes related to the activity of carbon sinks, with an emphasis on wood and root production. All processes described here are summarized in Figure 3.

Ecophysiology of wood growth limitation by the availability of K

Influence of potassium availability on carbon assimilation

Here we describe the direct effects of K on the carbon assimilation process independently of interactions with the water cycle, through its influence on leaf morphogenesis and the photosynthetic capacity of leaves.

Leaf morphology and development

One of the essential roles that K + plays in plants is the maintenance of cell turgor needed for leaf expansion [START_REF] Marschner | Marschner's Mineral Nutrition of Higher Plants[END_REF]. Fully developed Eucalyptus individual leaves have a smaller area under potassium deficiency (Battie- Laclau et al., 2013). The cause of this leaf area difference seems to vary between plants since it is due to smaller final leaf cell size in Eualyptus (Battie- Laclau et al., 2013), while it was argued that it was due to a lower number of cells in cotton [START_REF] Gerardeaux | Changes in plant morphology and dry matter partitioning caused by potassium deficiency in Gossypium hirsutum (L.)[END_REF].

However, there is no difference in individual leaf area between K-supplied and Na-supplied trees in these plantations. Pressure-volume curves suggest that the differences in individual leaf area between K-deficient and fertilized trees are mainly due to higher cell turgor shared by potassium and sodium resulting from higher concentrations of osmotica increasing both palisade cell diameters and the size of fully expanded leaves. K-deficiency further translates in the loss of leaf mesophyll structure, which leads to a lower leaf intracellular air space in comparison with K-supplied trees (Battie- Laclau et al., 2014a). Both influences of Kdeficiency on leaf morphology and leaf anatomy in Eucalyptus trees could contribute explaining the decrease of leaf photosynthetic capacity described more precisely below.

Leaf photosynthetic capacity

The relationship between leaf nutrient content and photosynthetic capacity is long-proven and robust [START_REF] Evans | Photosynthesis and nitrogen relationships in leaves of C3 plants[END_REF][START_REF] Walker | The relationship of leaf photosynthetic traits -Vcmax and Jmax -to leaf nitrogen, leaf phosphorus, and specific leaf area: a meta-analysis and modeling study[END_REF]. The relationships between leaf nutrient contents and photosynthetic capacities were studied mainly for N and P, which were supposed to be the most limiting nutrients for tree growth in the majority of terrestrial ecosystems [START_REF] Elser | Global analysis of nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial ecosystems[END_REF]. A much smaller number of studies also dealt with the effects of K deficiency on photosynthetic capacity of leaves. Those studies have shown a good correlation between the leaf photosynthetic capacity and K concentration in almond [START_REF] Basile | Leaf potassium concentration, CO2 exchange and light interception in almond trees (Prunus dulcis (Mill) D.A. Webb)[END_REF], olive [START_REF] Erel | Modification of nonstomatal limitation and photoprotection due to K and Na nutrition of olive trees[END_REF], hickory trees [START_REF] Shen | Potassium nutrition recover impacts on stomatal, mesophyll and biochemical limitations to photosynthesis in Carya cathayensis and Hickory illinoensis[END_REF] and Eucalyptus [START_REF] Christina | Measured and modeled interactive effects of potassium deficiency and water deficit on gross primary productivity and light-use efficiency in Eucalyptus grandis plantations[END_REF].

In these studies, K deficiency hampers the leaf photosynthetic capacity mostly through nonstomatal limitations [START_REF] Hu | Leaf photosynthetic capacity is regulated by the interaction of nitrogen and potassium through coordination of CO2 diffusion and carboxylation[END_REF][START_REF] Tränkner | Functioning of potassium and magnesium in photosynthesis, photosynthate translocation and photoprotection[END_REF]. Even though soil K availability has a strong effect on stomatal movement and thus conductance, the lower leaf conductance in K deficient trees seemed to have low or no effects on carbon assimilation. The limitation of assimilation could be explained by multiple other reasons: biochemical effects (through maximum rate of carboxylation, Vcmax, and maximum rate of electron transport, Jmax), mesophyll conductance (gm) effects (the conductance of CO2 from sub-stomatal cavities to carboxylation sites) or carbohydrate accumulation (negative feedback on photosynthesis; [START_REF] Ainsworth | Carbohydrate Export from the Leaf: A Highly Regulated Process and Target to Enhance Photosynthesis and Productivity[END_REF]. Studies investigating the influence of K deficiency on biochemical aspects of photosynthesis are contradictory [START_REF] Gvozdevaite | Leaf-level photosynthetic capacity dynamics in relation to soil and foliar nutrients along forest-savanna boundaries in Ghana and Brazil[END_REF][START_REF] Jin | Effects of potassium supply on limitations of photosynthesis by mesophyll diffusion conductance in Carya cathayensis[END_REF]. On the other hand, the decline of mesophyll conductance in conditions of K deficiency is consistently reported, including in Eucalyptus trees (Battie- Laclau et al., 2014a;[START_REF] Lu | Potassium mediates coordination of leaf photosynthesis and hydraulic conductance by modifications of leaf anatomy[END_REF][START_REF] Lu | Differences on photosynthetic limitations between leaf margins and leaf centers under potassium deficiency for Brassica napus[END_REF][START_REF] Shen | Potassium nutrition recover impacts on stomatal, mesophyll and biochemical limitations to photosynthesis in Carya cathayensis and Hickory illinoensis[END_REF]. This decline of gm has been attributed to a lower area of chloroplasts exposed to intercellular air space and thicker cell walls in K-deficient rice plants [START_REF] Xie | Leaf photosynthesis is mediated by the coordination of nitrogen and potassium: The importance of anatomical-determined mesophyll conductance to CO2 and carboxylation capacity[END_REF].

The last factor likely to explain the reduction of leaf photosynthetic capacity in K deficient leaves is the accumulation of sucrose in leaves [START_REF] Cakmak | Changes in phloem export of sucrose in leaves in response to phosphorus, potassium and magnesium deficiency in bean plants[END_REF] due to lower phloem sucrose loading (see section 4.2). Sucrose also serves as a replacement for K + 's osmotic properties [START_REF] Hermans | How do plants respond to nutrient shortage by biomass allocation?[END_REF]. The accumulation of sucrose in leaves accompanied by a decrease in sucrose stem content has been observed in K-deficient cotton plants [START_REF] Zhao | Influence of Potassium Deficiency on Photosynthesis, Chlorophyll Content, and Chloroplast Ultrastructure of Cotton Plants[END_REF] and supports the hypothesis of a lower loading of sucrose into the phloem. In palm trees, both very high K supply (toxic) and low K supply lead to higher leaf dark respiration compared to the control treatment [START_REF] Cui | Metabolic responses to potassium availability and waterlogging reshape respiration and carbon use efficiency in oil palm[END_REF].. This is a symptom of sucrose accumulation in the leaf because a relationship exists between the leaves' carbohydrate content and dark respiration. Further studies are needed to explain the underlying processes.

Symptoms of K deficiency at the leaf level

K deficiency manifests in leaves through discoloration (e.g. yellowing, or turning purple in Eucalyptus trees) and progressive leaf margin necrosis [START_REF] Ericsson | Growth and nutrition of birch seedlings in relation to potassium supply rate[END_REF][START_REF] Battie-Laclau | Influence of potassium and sodium nutrition on leaf area components in Eucalyptus grandis trees[END_REF]Silveira et al., 2000). The purple colour is related to the accumulation of anthocyanins, concurrent with a decrease in chlorophyll concentration (Battie- Laclau et al., 2013), which could explain the decrease in photosynthetic capacity associated to symptoms (Battie-Laclau et al., 2014a). The anthocyanins may help with nutrient resorption [START_REF] Duan | Nitrogen resorption in Acer platanoides and Acer saccharum: influence of light exposure and leaf pigmentation[END_REF][START_REF] Hoch | Resorption Protection. Anthocyanins Facilitate Nutrient Recovery in Autumn by Shielding Leaves from Potentially Damaging Light Levels[END_REF]. They further have a photoprotective function [START_REF] Close | The ecophysiology of foliar anthocyanin[END_REF] and could help preventing the photooxidative stress caused by reduced photosynthetic capacity of K-deficient leaves [START_REF] Marschner | High Light Intensity Enhances Chlorosis and Necrosis in Leaves of Zinc, Potassium, and Magnesium Deficient Bean (Phaseolus vulgaris) Plants[END_REF].

Leaf Lifespan

Leaf lifespan (LL) can greatly influence the carbon, water, and nutrient cycles through e.g., modifications of leaf area index as well as a faster cycling of nutrients in the system. The changes in LL are central in the response of Eucalyptus stands to K availability. While the mean LL of K fertilized E. grandis trees was 149 days at the Itatinga site, the LL of K-deficient trees was only 25% to 50% shorter (75 to 111 days) (Battie- Laclau et al., 2013;[START_REF] Laclau | Influence of nitrogen and potassium fertilization on leaf lifespan and allocation of above-ground growth in Eucalyptus plantations[END_REF]. This is consistent with observations of reduced LL under K deficiency in other species such as sugar Maple (Acer saccharum; [START_REF] Wilmot | Base cation fertilization and liming effects on nutrition and growth of Vermont sugar maple stands[END_REF]) and north American spruces [START_REF] Driessche | Nitrogen induced potassium deficiency in white spruce (Piceaglauca) and Engelmann spruce (Piceaengelmannii) seedlings[END_REF]. Declining photosynthetic capacities over the ageing of Kdeficient leaves, leads to a decline in nutrient use efficiency (the ratio of assimilated carbon to K present in the leaf). This in turn could lead to accelerated senescence that would allow K to be reallocated to newly formed leaves.

Consequences for GPP

Leaf biomass production (leaves produced per unit time) is similar in K-deficient and Kfertilized Eucalyptus stands at both the stand scale [START_REF] Epron | Do changes in carbon allocation account for the growth response to potassium and sodium applications in tropical Eucalyptus plantations?[END_REF] and at the branch scale(Battie- Laclau et al., 2013). However, because of the effects of K availability on leaf development, morphology and lifespan described in section 3.1, the total leaf surface is lower under K deficiency. Combined with a lower photosynthetic capacity per unit of surface leaf, the GPP is lower in K-deficient stands.

Potassium-induced changes to the water cycle

Influence at the ecosystem scale

Characterizing the water economy of the plant is essential to understand C-source limitations. Both water and carbon cycles are interdependent [START_REF] Law | Environmental controls over carbon dioxide and water vapor exchange of terrestrial vegetation[END_REF] and water availability has a strong impact on GPP through its effects on stomatal opening. K is a central element for the water cycle as it is necessary for stomatal function, but it also plays a role in osmotic adjustment and xylem conductivity as described below.

Effect of K on tree hydraulic conductance

Leaf and xylem hydraulic conductance is essential when considering the water cycle since, in combination with evaporative demand and soil water availability, it influences tree transpiration. Ultimately, this impacts carbon assimilation through the closing or opening of the stomata.

A higher K content in the xylem sap is associated with a higher xylem hydraulic conductivity [START_REF] Oddo | Water relations of two Sicilian grapevine cultivars in response to potassium availability and drought stress[END_REF] in grapevine; [START_REF] Gascó | Ion-mediated increase in the hydraulic conductivity of Laurel stems: role of pits and consequences for the impact of cavitation on water transport[END_REF] in laurel). The exact mechanism is still unknown, but K + concentrations influence the conductivity of the xylem pits, possibly through changes in pectin volume [START_REF] Nardini | More than just a vulnerable pipeline: xylem physiology in the light of ion-mediated regulation of plant water transport[END_REF]).

However, the positive effect of K fertilization on LAI, caused by both an increase of the leaf individual sizes and leaf lifespan, results in decreased sapwood-to-leaf area ratio (i.e., Huber value) throughout the rotation in K-fertilized E. grandis stands (unpublished data). Hence, the whole-tree leaf-specific hydraulic conductance at the end of the rotation (i.e., 6 years after planting) is higher in K-deficient than in K-fertilized stands (unpublished data). K fertilization thus increases the hydraulic constraint on water use in E. grandis.

Influence on stomatal conductance and stand transpiration

K deficiency has a negative impact on leaf stomatal conductance. This is explained by the central role K + ions play in stomata mobility [START_REF] Marschner | Marschner's Mineral Nutrition of Higher Plants[END_REF][START_REF] Nieves-Cordones | The combination of K+ deficiency with other environmental stresses: What is the outcome?[END_REF]. K deficiency impairs the normal functioning of stomatal opening, with, in Eucalyptus, a much lower sensitivity of stomatal conductance (gs) to vapor pressure deficit (VPD) and predawn water potential (ψpdw) in K deficient trees (Battie- Laclau et al. (2014b)). Reference gs corrected for daily variations in VPD and seasonal variations in ψpdw was 2 to 5 times higher in the fertilised (500-1100 mmolH2O.m -2 .s -1 ) than in the non-fertilised trees (200 mmolH2O.m -2 .s -1 ) (Battie- Laclau et al., 2014b). K-fertilized E. grandis stands transpire 1.7 times more than K-deficient stands [START_REF] Battie-Laclau | Potassium fertilization increases water-use efficiency for stem biomass production without affecting intrinsic water-use efficiency in Eucalyptus grandis plantations[END_REF]. A lower LAI explains most of this strong transpiration decrease in K-deficient stands (Battie- Laclau et al., 2014b;[START_REF] Christina | Simulating the effects of different potassium and water supply regimes on soil water content and water table depth over a rotation of a tropical Eucalyptus grandis plantation[END_REF]. A consequence is that K-deficient stands tap less in the deep soil profile and water table (which follows rooting depth), which is decisive for the stand functioning during droughts [START_REF] Christina | Simulating the effects of different potassium and water supply regimes on soil water content and water table depth over a rotation of a tropical Eucalyptus grandis plantation[END_REF]. Hence, the Kdeficient stands are less water-stressed than K-fertilized stands. Indeed, both predawn and midday leaf water potentials were higher (i.e. less negative) in K deficient stands, while K-deficiency did not influence the water potential gradient (from root to shoot under transpiration) (Battie- Laclau et al., 2014b). Besides, transpiration per unit leaf area is higher in K-deficient than in K-fertilized stands throughout the rotation of E. grandis [START_REF] Asensio | Potassium fertilization increases hydraulic redistribution and water use efficiency for stemwood production in Eucalyptus grandis plantations[END_REF][START_REF] Battie-Laclau | Potassium fertilization increases water-use efficiency for stem biomass production without affecting intrinsic water-use efficiency in Eucalyptus grandis plantations[END_REF]. These evidences of alleviated water stress in K-deficient stands, based on in-situ physiological monitoring are further corroborated by omics approaches [START_REF] Favreau | Distinct leaf transcriptomic response of water deficient Eucalyptus grandis submitted to potassium and sodium fertilization[END_REF][START_REF] Ployet | A systems biology view of wood formation in Eucalyptus grandis trees submitted to different potassium and water regimes[END_REF].

Transport limitations

The carbon fixed by the leaves is exported to fuel the growth and metabolic activity of other organs and tissues. Here K also plays a role as it is necessary for the loading of sugars in the phloem. A low availability of K can lead leaves to store C, principally as soluble sugars [START_REF] Cakmak | Changes in phloem export of sucrose in leaves in response to phosphorus, potassium and magnesium deficiency in bean plants[END_REF][START_REF] Marschner | Effect of mineral nutritional status on shoot-root partitioning of photoassimilates and cycling of mineral nutrients[END_REF] which in turn downregulates photosynthesis. In Eucalyptus stands, while concentration of sugars in the phloem is invariant between Kdeficient and K-fertilized trees (Battie- Laclau et al., 2016;[START_REF] Epron | In situ 13CO2 pulse labelling of field-grown eucalypt trees revealed the effects of potassium nutrition and throughfall exclusion on phloem transport of photosynthetic carbon[END_REF], a field study based on 13 C labelling showed a strong negative effect of K deficiency on the transport velocity of sugars through the phloem [START_REF] Epron | In situ 13CO2 pulse labelling of field-grown eucalypt trees revealed the effects of potassium nutrition and throughfall exclusion on phloem transport of photosynthetic carbon[END_REF]. This might be a result of changes in phloem anatomy (sieve tubes) that impedes the phloem flow. This low rate of phloem transport could lead in turn to a low rate of sugar export from leaves [START_REF] Cakmak | The role of potassium in alleviating detrimental effects of abiotic stresses in plants[END_REF], which might lead to degraded photosynthetic capacity of leaves (Battie- Laclau et al., 2014a). This is consistent with the appearance of K deficiency symptoms on leaves (see section 3.1.3.2), as anthocyanins could be acting as sinks for excess C in leaves [START_REF] Pourtau | Effect of sugar-induced senescence on gene expression and implications for the regulation of senescence in Arabidopsis[END_REF].

Changes in Carbon Partitioning

The impacts of soil K availability on wood production depend directly on Gross Primary Productivity (GPP) as described above in detail, but also greatly on the partitioning of C between plant organs. We first present the global effects of K availability on GPP partitioning, then more specifically the effects on roots biomass. We were not able to find any evidence in the literature of a direct influence of soil K availability on the respiration of organs per unit of organ mass, except for dark leaf respiration [START_REF] Christina | Measured and modeled interactive effects of potassium deficiency and water deficit on gross primary productivity and light-use efficiency in Eucalyptus grandis plantations[END_REF].

However, an indirect effect through the reduced living biomass under K deficiency leads to a reduction in stand-scale maintenance respiration. Some authors have also suggested that carbohydrates are retained in shoots and more specifically in leaves [START_REF] Hermans | How do plants respond to nutrient shortage by biomass allocation?[END_REF], which could also impact allocation patterns.

Aboveground partitioning of GPP

Potassium has a strong effect on carbon partitioning among the different organs of trees. As developed in the section 3.1, the total GPP is lower in K-deficient than in fertilized tropical Eucalyptus plantations. On the same species, in situ measurements along a full rotation further showed that a lower proportion of GPP was allocated aboveground in K-deficient stands compared to fertilized stands [START_REF] Epron | Do changes in carbon allocation account for the growth response to potassium and sodium applications in tropical Eucalyptus plantations?[END_REF]. Root-shoot ratio was also increased in the mature K deficient stands (Fig. 2, -K: 0.27, +K: 0.19), in contradiction with decreases in R/S ratio under K deficiency observed in other plant species [START_REF] Gerardeaux | Changes in plant morphology and dry matter partitioning caused by potassium deficiency in Gossypium hirsutum (L.)[END_REF].

While the cumulated biomass of leaves produced was similar along a Eucalyptus rotation when comparing K-deficient and K-fertilized stands, the ratio of this biomass to cumulated GPP, which is a proxy of the fraction of carbon allocated to leaves, was doubled in Kdeficient trees because of the lower GPP [START_REF] Epron | Do changes in carbon allocation account for the growth response to potassium and sodium applications in tropical Eucalyptus plantations?[END_REF].

3.4.2

Belowground partitioning of GPP Although fine roots were much less studied than aboveground tree compartments, they are also a major C-sink. There is little information on the response of fine root biomass production to K deficiency. The fraction of GPP allocated belowground is generally reduced in response to fertilization, which leads to a higher aboveground primary production [START_REF] Ryan | An Experimental Test of the Causes of Forest Growth Decline with Stand Age[END_REF]. It complies with the theory that carbon allocation tends to optimize resource acquisition to maximize growth [START_REF] Thornley | A Balanced Quantitative Model for Root: Shoot Ratios in Vegetative Plants[END_REF].

The response of Eucalyptus trees to K fertilization is in accordance with these results: GPP was drastically increased (see section 3.1) while the total amount of carbon allocated belowground was not significantly affected by K fertilization in a field experiment at Itatinga [START_REF] Epron | Do changes in carbon allocation account for the growth response to potassium and sodium applications in tropical Eucalyptus plantations?[END_REF]. Therefore, the fraction of GPP allocated belowground was decreased by K fertilization.

It seems that the fine root biomass is lower in conditions of K deficiency, contrary to what usually happens in case of N and P deficiencies [START_REF] Sustr | Potassium in Root Growth and Development[END_REF]Fontana et al., 2020). Fine root biomass, specific root tip number and specific root length were shown to increase in the mineral soil in response to K fertilisation in spruce stands [START_REF] Wang | Potassium fertilization affects the distribution of fine roots but does not change ectomycorrhizal community structure[END_REF].

In Eucalyptus plantations, fine root biomass in K-deficient stands was lower than in Ksupplied stands, but precise measurements of this compartment remain challenging [START_REF] Bordron | Fertilization increases the functional specialization of fine roots in deep soil layers for young Eucalyptus grandis trees[END_REF][START_REF] Christina | Measured and modeled interactive effects of potassium deficiency and water deficit on gross primary productivity and light-use efficiency in Eucalyptus grandis plantations[END_REF]. The lack of influence of K fertilization on total belowground carbon flux while fine root biomass increased in E. grandis plantations [START_REF] Epron | Do changes in carbon allocation account for the growth response to potassium and sodium applications in tropical Eucalyptus plantations?[END_REF] suggests that K deficiency could decrease fine root lifespan and/or increase C exudation by roots. This pattern should be confirmed by direct measurements.

Stoichiometric limitations of wood growth

Potassium has a direct effect on cambial activity and wood formation [START_REF] Ache | Potassium-dependent wood formation in poplar: seasonal aspects and environmental limitations[END_REF][START_REF] Langer | Poplar potassium transporters capable of controlling K+ homeostasis and K+-dependent xylogenesis[END_REF][START_REF] Wind | Potassium-Dependent Cambial Growth in Poplar[END_REF] through modulating cell expansion and vessel size [START_REF] Fromm | Wood formation of trees in relation to potassium and calcium nutrition[END_REF]. K fertilization influences wood physiological characteristics, with positive effects on fibre length and (weakly) wood density [START_REF] Sette | Efeito da idade e posição de amostragem na densidade e características anatômicas da madeira de Eucalyptus grandis[END_REF]). In Eucalyptus plantations, wood as a tissue has apparently only little stoichiometric flexibility as shown in Fig. 2 with similar K concentration in the wood between K-fertilized and K-deficient trees [START_REF] Sette | Source-driven remobilizations of nutrients within stem wood in Eucalyptusgrandis plantations[END_REF]. This contrasts with all the other tree organs (except fine roots; Fig. 2)

exhibiting lower K concentrations in K-deficient trees than in fertilized trees. We hypothesize this lack of stoichiometric flexibility as impacting wood growth in two ways in K-deficient soils where K is rare: ( 1) directly (K-sink limitation of wood growth) because an absence of stoichiometric flexibility sets a limit to the amount of wood that can be grown by trees, (2) indirectly because the inflexible investment of K in wood restricts its investment in others, stoichiometrically flexible organs and notably leaves (Fig. 2), thereby biomass and thus their photosynthetic activity.

Potassium-related processes in forest functioning models

The K-limitation of wood growth can stem from a variety of processes (Fig. 3). Here we identify the priorities when it comes to the integration of K-related processes in ecophysiological models that initially focus on the carbon and water cycles. These a priori modelling choices will need to be refined by implementation, testing and sensitivity analyses in forthcoming studies. We focus here on tropical forests, and in particular our model ecosystem (Eucalyptus plantations), while trying to stay as generic as possible. To this aim, the modelling options retained are based on mechanistic formulations. We address: (1) Processes linked to the canopy (influencing GPP), ( 2) Processes linked to the water cycle, (3)

Processes of organ sink activity, (4) Processes of K cycling in the soil and in the plant.

The effects of K availability on leaf biomass and photosynthetic capacity need to be (gm) would be necessary [START_REF] Knauer | Mesophyll conductance in land surface models: effects on photosynthesis and transpiration[END_REF].

The water cycle in forests impacts wood productivity mainly through feedbacks between water availability, stomatal conductance, and water potential inside trees. On top of the indirect effect of K on the water cycle (e.g., through changes in leaf area and thus transpiration, section 3.1.1), representing the direct impact of K on the forest water cycle is necessary. A model representing plant hydraulics, and the link between the leaf water potential and stomatal conductance (e.g. [START_REF] Tuzet | A coupled model of stomatal conductance, photosynthesis and transpiration[END_REF] is a good option for this since it allows to represent the impact of K on both the xylem conductance and stomatal conductance. The leaf K concentration influence on both the residual leaf conductance and the slope between gs and carbon assimilation should be integrated in the model. Xylem conductance for water can be modelled as a function of the xylem K concentration.

At this stage, a mechanistic representation of the impact of K availability on the allocation of carbon to the tree organs seems out of reach. For wood, as for roots, the K-limitation of sink activity will require empirical modulation of allocation coefficients (i.e., the share of NPP directed to each organ, see Delpierre et al. (2016b)). Another constraint could be a direct stoichiometric limitation since wood shows non-flexible K concentrations (Fig. 2, section 3.5).

Circulation of K in the trees is essential since, for instance, it regulates the K concentration of newly formed organs, allows for a feedback on root absorption (section 2.4) and modulates the xylem hydraulic conductance (section 3.2.2). An explicit xylem and phloem K circulation model appears thus necessary. These types of models have already been developed for phloem, xylem sap flow and photosynthate export [START_REF] Hölttä | Modeling xylem and phloem water flows in trees according to cohesion theory and Münch hypothesis[END_REF]. The modelled xylem K stock would determine the K available for the formation of new leaves. The phloem K stock would allow for the recycling of unused xylem K and the K provided by leaf resorption. Phloem K is then available for allocation to wood and root growth, with eventual stoichiometric limitation. The K phloem content would in turn allow for K tree availability to be a feedback for absorption of K from the soil. Leaf K resorption can be simulated using the linear relationships found between nutrient resorption and leaf K content in temperate species [START_REF] Achat | Nutrient remobilization in tree foliage as affected by soil nutrients and leaf life span[END_REF] and confirmed in Eucalyptus (see section 2.3). Leaf K leaching, an important flux of K in certain systems, can be simulated using relationships that show a linear relationship with throughfall quantity [START_REF] Crockford | Chemistry of rainfall, throughfall and stemflow in a eucalypt forest and a pine plantation in south-eastern Australia: 2. Throughfall[END_REF][START_REF] Lin | Base cation leaching from the canopy of a subtropical rainforest in northeastern Taiwan[END_REF].

Remobilisation of K from aging wood can be modelled using the framework developed by [START_REF] Saint-Andre | A Generic Model to Describe the Dynamics of Nutrient Concentrations within Stemwood across an Age Series of a Eucalyptus Hybrid[END_REF].

Root absorption of K will be a function of the plant demand, resulting from the concentration of K in the phloem and of soil supply that can be modelled using a mass flow and diffusion model [START_REF] Barber | Tropical tree growth is correlated with soil phosphorus, potassium, and calcium, though not for legumes[END_REF][START_REF] Leadley | A Model of Nitrogen Uptake by Eriophorum Vaginatum Roots in the Field: Ecological Implications[END_REF]. Depending on the buffer power of the soil, the absorption by roots will be more dependent on mass flow (low buffer power) or diffusion (high buffer power). Soil K availability is determined by four main sources: fertilisation and deposition, primary rock weathering, and the leaching from litter and throughfall. The leaching of K from the litter is very rapid and in our opinion is not a bottleneck for K availability. There is also contradicting evidence as to whether K can be limiting for the decomposition processes of organic matter in the soil: this effect is most likely negligible and should not be considered in a model as a first hypothesis. The flux of K from throughfall can follow the flow of water in the soil. We suggest that measurements and modelling investigations in the future should focus on weathering fluxes. These fluxes are decisive to determine K availability in forest ecosystems. Experimental estimates vary widely (section 1.2.1) and do not allow to prescribe any specific modelling options. These fluxes will vary greatly depending on the soil type and parent rock. While our review has clearly shown that several processes exist and could be included in carbon and water process-based models, their relative importance compared to other processes will need to be explored in the model through sensitivity analyses. Thankfully, we have seen that the effect K has on processes is rather different from the effects of P and N. We have also found no major interactions between the cycles of other nutrients and K. This indicates that is should be possible to model K effects independently of other nutrients.

Conclusion

Potassium is an essential nutrient in forest ecosystems. It can be strongly limiting tree growth in highly weathered soils, as in tropical Eucalyptus plantations. In this review, we have highlighted the main processes limiting K availability to the trees and the metabolic processes that are affected by low K availability. K influences with both the water cycle and the carbon cycle as it impacts light interception by the canopy, C fixation and C export from leaves to sinks.

With this review, we identified the major priorities for implementing the K cycle in ecophysiological forest models. Yet, the relative importance of each physiological process influenced by K availability on the response of wood production remains unknown. The mechanistic modelling of key processes is needed to quantify their relative importance. Ecophysiological models already incorporate most of these processes and their functioning can be modulated by K availability. N and P cycles and their effects on forest functioning have been successfully implemented in eco-physiological models. Since K is generally in ionic form, it has a different behaviour than N and P and some new processes will need to be represented to gain insight into its effects on wood growth. We suggest that the effects of K limitation on leaf ontogeny and photosynthetic capacity are central for determining the acquisition of carbon in K-limited forest ecosystems. Leaf ontogeny has strong effects on the canopy, which is crucial for light interception and the tree water economy. Secondly, we

propose a new internal K biological cycle, which in turn will allow for K feedbacks at the tree level. If more information on phloem dynamics become available, this will allow interactions between K availability and C export from leaves, a process that is still hard to quantify.

Lastly, we identify the K weathering flux to be central when considering K limitation in 
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  photosynthetic parameters should be implemented to represent the direct biochemical
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