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Abstract: Drought stress can trigger tree mortality but the impact depends on stress intensity (water demand and availability) and on the vulnerability of the individual. Most research concentrates on the species-specific properties that determine vulnerability such as water use efficiency or hydraulic conductivity and the loss thereof. At ecosystem scale, however, tree properties that have been found important for drought sensitivity or resistance vary not only among species but also with individual size and position within a given species. Moreover, the environmental conditions as such are different for each tree position. Stand scale responses might thus be considerably different from individual responses. Indeed, empirical evidence exists that drought stress impact depends on tree social position. In this review, we collect such evidence and discus the role of microclimate and soil water distribution as well as anatomical and physiological adjustments, which might be the cause for differentiated mortality impacts. Finally, we define model requirements aiming to capture stand-scale drought responses or management impacts related to drought stress mitigation.
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1. Introduction
Future climate conditions are likely to be considerable warmer and drought periods are predicted to increase in intensity and frequency all over the globe [1]. This development particularly concerns forest managers which have to make decisions for decades ahead because drought is supposed to decrease forest growth, increase tree mortality, and impact the sustainable provision of ecosystem services [2-10]. Investigations of drought stress have focused on the mechanisms of direct and immediate impacts, which are stomata closure, reduced nutrient uptake [11] and consequently a reduction in photosynthesis and a decline in growth [12]. Individual mortality caused by drought, however, is less well understood because it originates not only from immediate impacts but also from long-term cumulative stress exposition and the occurrence of multiple stressors [13-16]. 
A number of recent reviews have summarized the current knowledge about the mechanisms of how drought stress influences or triggers tree mortality and have highlighted the need to consider carbon reserve state (carbon starvation) and direct drought stress (hydraulic failure) in combination [16-19]. However, the role of forest structure in mitigating or enhancing drought stress susceptibility has not been given much attention. This is to some degree surprising, because it is known that trees of different sizes and relative position within a forest vary in biochemical, physiological, and morphological properties that in turn affect the efficiency of carbon assimilation and the susceptibility to hydraulic failure [20, 21]. Accordingly, drought stress susceptibility should be differentiated by tree position within a forest. For management decisions aiming to mitigate drought stress, it is moreover important to know if such differences are dominantly caused by specific environmental conditions, such as protection from high light and temperature, or by biochemical, physiological, or morphological adjustment – or both. 
In models describing forest development in dependence on environmental conditions, tree growth in structured forests is described either using a predefined growth rate which is modified by individual as well as general site conditions [22, 23], or by explicit description of the micro-environment [24, 25]. In the first case, there is no differentiation of competition between light and other limiting resources, in the second case, environmental impacts are seen as the sole influencing factor assuming biochemical and physiological properties usually as species-specific parameters. Drought stress in this context is mostly represented as a relation between evaporative demand and water availability, where foliage area and fine root abundance might be dynamically considered but hydraulic properties are not. The impact on mortality in structural forest growth models is either neglected, empirically determined with arbitrarily set threshold values, or indirectly calculated from net carbon assimilation [26]. Long-term adaptation, hydraulic differentiation with tree size, cavitation effects, or carry-over effects that might mitigate or enhance stress and mortality are generally not considered [27].
We will review the conditions that control the individual stress level under dry conditions within a forest, and define causes for the susceptibility of trees to succumb to drought stress. We will further try to evaluate the sensitivity of the processes that depend on these conditions with a conceptual model in order to provide decision support for further model developments and experimental studies.

2. Environmental conditions for growth and mortality of tree cohorts 
2.1. Canopy effects on carbon assimilation 
Photosynthesis is driven by light, temperature, and CO2 concentration. All three influences are differently affected by canopy structure and exhibit different profiles as presented in Fig. 1. In particularly: 1) Light availability decreases exponentially with canopy depth [28]. 2) Temperature development during the day is buffered leading to higher temperatures during the night, in the morning and evening hours while midday temperatures are decreased with canopy depth [29]. In addition, temperature is increased at the canopy surface due to absorption of direct radiation [30]. 3) CO2 concentration is also variable throughout the day, with respiration leading to accumulation during the night and assimilation to depletion within the canopy [31, 32]. Duration of differences depends on turbulence conditions, and is generally short-lived – despite of the fact that turbulence decreases with larger canopy volume and higher leaf area index (LAI).
Fig. 1 also shows that the changes of environmental factors with leaf area depend on the distribution of leaves and are considerable different for homogeneous and structured canopies. For example, temperature increases due to radiation absorption as well as the fraction of affected canopy is larger in a (deciduous) homogeneous than a structured canopy. Understory trees are partly shaded and thus slightly cooler while receiving relatively more radiation, which is favorable particularly in hot periods with clear skies. Deeply structured canopies have less leaf area exposed to intensive radiation and high temperatures and also have a better ventilation [31, 33] causing smaller vapor pressure deficits [32]. This results in generally less stressful conditions for understory compared to dominant trees, particularly in warm and bright environments where shade is less limiting [34]. 
Two additional aspects have to be mentioned in this context: First, lower canopy layers experience warmer conditions during the night and in spring when the upper canopy is still leafless. Thus leaf development starts earlier, is less susceptible to frost damage [35], and the vegetation period is eventually prolonged [36-38]. Independent of physiological acclimation (see below) the understory is thus able to draw from soil water reservoirs before larger trees can claim their share. If the soil water is not replenished by rainfalls, this temporal niche separation represents a competition advantage for understory trees. Second, it should be noted that these findings refer to similar total leaf areas while a mere reduction of dominant tree number results in less LAI, higher overall temperatures and a greater variation during the day [39]. Species-specific differences in light absorbance and foliage clumping modify microclimatic gradients that are thus specific to a particular forest composition [33].
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Figure 1. Simulated canopy profiles of radiation, light, and CO2 concentration based on different canopy structure (modelling assumptions: 1) Total leaf area is 5 in all cases (two story: 3+2), blue bars indicate the location of the 2/5 and the 4/5th of the total LAI. 2) Leaf area distribution is derived from Grote et al. [40] for Picea abies (coniferous) and Fagus sylvatica (deciduous). 3) Light extinction is calculated according to Beer-Lambert with extinction coefficient of 0.5 in all cases. 4) Temperature development is composed of a LAI-weighted transition between temperature below and above the canopy and is increased by a radiation absorption term. 5) CO2 development is calculated as a composite of a linear transition between concentrations below and above the canopy and the uptake by leaves which depends on light absorption (similar to photosynthesis response)). X-axis is given in absolute LAI per m canopy height; all other variables are expressed as relative terms in relation to above-canopy conditions.

2.2. Soil water distribution and water uptake 
Generally, a more intensive rooting in structured forests due to niche separation has been found by several authors [41-43]. This is assumed to result in a faster exploitation of soil water reserves compared to homogeneous forests. If rainfall is not sufficient to supply the evaporation demand, the onset of drought stress is thus earlier and of longer duration in structured forests [44]. However, mitigation of a potentially increased drought might occur due to the phenomenon of hydraulic lift. This means that trees with deep roots are able to supply not only themselves but also smaller individuals. Since dryer conditions in upper soil layers increase outflow from lateral roots as well as uptake from deeper layers [45], the increased soil water exploitation may thus be compensated – partly or fully – by an increased water supply. It has been already shown for mixed forests that this facilitation effect results in a considerable stress release [46, 47] and that tree diversity decreases water stress levels in beech dominated temperate forests [48]. It can be assumed, however, that it is a general process in structured forests and can be applied to different social classes or trees in different canopy stories as well. 

3. Anatomical and physiological differentiation of tree cohorts
3.1. Tree height and hydraulic constraints 
The hydraulic limitation hypothesis (HLH) stated about 20 years ago, that maximum tree height is restricted by the ability to transport water against the gravimetric potential [49], with effects on stomatal conductance and assimilation in dependence on tree height. The underlying mechanism is that with increasing tree height and branch length the xylem path length and thus the hydraulic resistance increases. This theory assumes that the increase in resistance is larger than the increase in xylem vessel permeability with tree height that has also been observed [50] and that has formerly argued to be in balance with sapwood area and potential transpiration [51]. The hypothesis has been used to formulate the so called ‘West, Brown, Enquist’ (WBE) model approach [52], which calculates the resistance to water transport based on the total path length and the individual conductivity of tree segments that changes with height. It is, however, important to note that the concept should include belowground water transport and calculate a “whole plant conductance” rather than considering stemwood only [53].
Not all data support the HLH which may be due the dependency of conductance to nutrient supply and other environmental influences, as well as the acclimation of foliage and other tissues to long-term environmental conditions [54]. For example, increases in the soil-to-leaf water potential differential (ΔΨ) and decreases in the leaf area/sapwood area ratio can buffer hydraulic limitations in old and tall trees [55-57]. However, compensation mechanisms are likely to come with a price [58, 59] such as a decreased water use efficiency (WUE) with height [60]. More important, the increase in ΔΨ is associated with smaller vessel diameters and thus increased cavitation risks [61]. As a consequence, the vulnerability to cavitation is in general higher in old, tall trees as compared to young, small trees [62] pointing to a major disadvantage for tall trees under drought stress. Overall, the HLH can be regarded as valid and that taller trees differ physiologically from shorter ones. However, this is not sufficient to explain all observed declines in wood production and increases in mortality with height since numerous other – species specific - adaptations occur simultaneously [63]. 

3.2. Stomatal control depends on tree height 
Stomatal regulation in vascular plants is an efficient means for adjusting water use to changes in plant water supply and demand. This fine-tuned mechanism allows a rapid reaction to altered water availability, while attempting to maximize carbon uptake, thus optimizing WUE [64]. In most cases stomatal conductance (gs) seem to decrease with tree height [55, 65], even though the negative impact of increasing flow-pathlength might be partially compensated by mechanisms described above. Overcompensation, and thus an increased gs with height has been shown for European beech [66] while Black locust (Robinia pseudoacacia) showed increased gs but decreased stomata abundance at the same time [67]. 
It is not only maximum conductivity but also stomatal sensitivity to environmental conditions, which depends on tree size and age, although it is generally regarded as species dependent only (isohydric vs. anisohydric species). For example, Picea mariana trees younger than approx. 70 years showed a strict stomatal control of water loss with increasing vapour pressure deficit (VPD), whereas older trees showed a linear increase of daily transpiration with VPD indicating no or only slight stomatal limitation of water loss [56]. The finding is corroborated by measurements along crowns of European beech (Fagus sylvatica) demonstrating that stomata from leaves in mid canopy showed less sensitivity to drought than those from the top of the trees [68]. Similar observations were made in Douglas fir (Pseudotsuga menziesii) trees [57]: Whereas stomatal closure was initiated at a leaf water potential of -1.21 MPa at 20 m height it occurred at -1.86 MPa at 55 m. In a comparable way, loss of leaf conductance occurred at a less negative leaf water potential (-1.34) at 20 m compared to 55 m (-1.92 MPa). The authors concluded that higher carbon gain during periods of greater drought stress is possible if the foliage at the top of tall trees is capable of maintaining stomatal conductance at more negative leaf water potential. However, information on how stomatal control changes with tree height, age or social class is still insufficient. In particular the question if increased stomata opening increases the risk of hydraulic failure in large trees is not yet answered [56, 57].  

3.3. Mesophyll conductance and tree height
There is now an increasing awareness that mesophyll conductance (gm), which varies in a range comparable to gs, might be strongly involved in adjusting and optimizing the loss of water and the gain of CO2 [69]. Closing the stomata and thus reducing gs in response to drought increases WUE but also decreases net photosynthesis. In theory, the decrease in photosynthesis by decreased gs could be compensated by means of increasing gm with the result of increasing or stabilizing WUE [70]. However, Niinemets [71] observed that foliar photosynthesis rates decreased even stronger with tree age and height as could be explained by decreased stomatal conductance both in crowns of Picea abies and Pinus sylvestris. The author concluded that the response results from decreased mesophyll conductance with height, which might be the inevitable consequence of morphological adaptation to drought stress in needles/leaves of larger trees. This has been confirmed for Pinus densiflora trees [72]. However, deciduous leaves of beeches and oaks in higher canopy layers have been found to show higher gm than those at the canopy bottom while mid canopy beech leaves had highest mesophyll conductance [68]. Therefore, it is not clear yet if a decrease in mesophyll conductance with height is a general phenomenon or might be restricted to some tree species or coniferous trees only. 

3.4. Carbon relations and tree height
The main processes currently discussed to explain increased mortality by drought stress is either hydraulic failure (see above), or carbon starvation, assuming that stomatal closure prevents carbon uptake while respiration is exploiting the carbon reserves and resulting in a negative whole tree carbon balance [73, 74]. Since high carbon reserves have been found in extremely stressed trees, starvation is supposedly a contributor of reduced tree performance and increased mortality under long lasting but relatively mild drought periods, whereas hydraulic failure most probably plays an important role under extreme drought [75]. The decreased assimilation rate with increasing tree height might thus lead to the assumption that taller trees are more prone to drought-induced C-starvation, which could not be confirmed, however, in various investigations [76-78]. Nevertheless, significant increases of non-structural carbohydrate and lipid concentrations were observed in Pinus ponderosa trees that suffered height-related growth reductions [76], leading to the hypothesis that mobilisation of photosynthates might be constrained in taller trees by the reduction of turgor-driven cell expansion or the impairment of phloem transport [77]. Restricted remobilisation and transport of carbohydrates to the sites of carbon and energy demand might be able to induce C-starvation even though sufficient amounts of stored carbohydrates would in principle be available on the whole tree level [75]. 

3.5. Root biomass and depth distribution with tree height
Relative little is known about below-ground distribution of roots in relation to tree height. In general the estimation of root biomass is derived from aboveground tree measures but show only a weak correlation to tree height and are mostly assumed to be independent of the position within a stand [79, 80]. However, tree height is closely related to root depth - which is important to exploit water reserves in deeper soil layers - at least in juvenile stages while later on height increases while roots are exploiting the most suitable soil volume. This development is depicted in Fig. 2, redrawn from a report investigating three species on three different soils [81], showing also the almost linear lateral root extension with time. With respect to social tree classes, dominant trees were actually found to produce proportional more coarse roots than suppressed ones in a study that investigated four different crown classes of Fagus sylvatica [82], as well as in others concentrating on Picea abies, Quercus robur, and Pinus sylvestris [83]. These findings may imply that dominant trees are less susceptible to drought since a relatively larger root system should be associated with deeper rooting and larger total exploration volume [84]. 
While coarse roots are mainly affecting the extension of the exploration, fine roots are responsible for the actual uptake of and thus fine root abundance reflects the potential intensity of water uptake. Fine root biomasses per individual are even more difficult to determine than coarse roots because the parent tree cannot be easily defined and the spatial as well as seasonal dynamic of fine root abundance may vary considerably [82, 85]. Biomass of fine roots (< 2mm) is assumed proportional to leaf biomass but also differs with stand age and soil fertility [86]. For example fine root biomass in a low-productivity stand of Pseudotsuga menziesii was found to peak at about 45 years [87]. While high fertility generally tends to increase foliage (and thus fine root) biomass, tree roots at poor sites show higher mycorrhizal infection rates [87]. 
Overall, the coarse root data indicate a relatively smaller exploration volume for smaller and younger trees; if it is assumed that the data from different stand ages can be transferred to heterogeneous stands with different age classes, however, the reduced exploration volume of younger trees can be partially compensated by higher exploration intensity. Given these trait differences, the direct belowground competition between smaller and larger trees seems to depend on the precipitation patterns and soil water storage of a specific site. While smaller trees are able to shield water from deeper roots with their intensive fine root net when precipitation events are small, larger trees will benefit from water storage in deeper soil layers. 
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Figure 2. Tree height, root depth and the development of lateral roots during the first decade of development for Pinus contorta (left), Picea glauca (middle), and Abies lasiocarpa (right). The figure is redrawn from [81].

4. New ways of modelling water uptake and transport
For plant modelling of drought stress impacts, it is not only important to represent direct water movements but also to link these fluxes to tree carbon cycle and the feedback on tissue functionality. For long-term estimates of climate change responses, it is additionally required to accurately simulate growth and stand structural development in dependence on environment – a particularly difficult task in highly structured forests. It should also be considered that the representation of ecosystem water balance also feeds back to the climate and thus is not only import for ecosystem processes but also for regional and global climate simulations – however, we will concentrate here on the state-of-the art of simulating water uptake and transport and how this might be linked to impacts on plant physiology.
In view of expected changes in precipitation patterns, root water uptake is of particular importance, because decreasing soil water availability will increasingly limit individual tree evapotranspiration. The way it is considered within a model thus exerts a major influence on simulation results concerning competition strength of a species, stress exposure and long-term water availability. Despite this important role, root water uptake and transpiration are described by most models that consider forest structures in a rather simple way [88]. Yet, also the more complex uptake functions have to be seen as rather simple empirical approaches to describe root water and nutrient uptake, since they have only a limited biophysical basis [89]. Therefore, during the last years more mechanistic water uptake models have been developed, which consider root architecture as well as the water flow from the soil into the root system and further into the plant explicitly [89-92]. These models are able to differentiate between both plant species and individuals of a particular species but require explicit three-dimensional root architectural models [93, 94]. 
The mechanistic approach to model root water uptake and transport is based on two main concepts: The cohesion-tension theory [95] and the electrical circuit analogy [96]. The latter approach was further improved by substituting the electrical circuit analogy by a porous media description for xylem sap flow. This description is based on Darcy’s law to better account for the dynamic behaviour of the hydraulic capacities in a way that mass conservation can be directly calculated [97-102]. Janott et al. [103] obtained one of the first complete soil-plant water flow models based on this approach by combining models of aboveground and belowground sap flow with models of soil water flow. The one-dimensional flow representation within a three-dimensional plant architecture representation allows simulating transpiration for longer time-scales and groups of several plants which has been demonstrated for small tree groups [104, 105] as well as for forest stands [106]. By extending the tree hydrodynamic model by a photosynthesis model based on the Ball-Berry-Leuning approach also the impact of different light regimes on transpiration and water uptake could be of a group of different trees could be modelled (Figure 3). 
Up to now the two conduit pathways, the xylem and phloem have mainly been studied as separate systems. Hölttä et al. [107] developed a mathematically simple conceptual model to simultaneously treat flow and transport in both systems including the exchange of water and solutes between xylem and phloem. In this way, the model represents the first approach to simulate the full “Münch circulation” [108]. However, the model assumes a representation of the plant architecture by a simple cylinder and does not include roots yet. The importance of describing plant internal transport processes in dynamic global vegetation models was recently emphasized [109] to better recognize the “direct environmental controls such as temperature, water and nutrient availability on tissue expansion and meristematic activity”.  As this is not accounted for in any widely available physiological model, tree mortality based on starvation or hydraulic failure cannot yet be mechanistically described.
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Figure 3. Simulated xylem water potential of three trees of different species: Fraxinus excelsior (left), Tilia cordata (middle) and Fagus sylvatica (right). Figure from Bittner et al. [104].

5. Discussion and Conclusions 
Based on literature findings it is safe to say that understory trees experience less drought stress than dominant trees of forest stand within a structured forest. Field observations show that drought stress is actually smaller in suppressed or understory trees [110] and that this can result in decreased tree mortality of smaller trees [111]. It is obviously a composite of several impacts that are summarized in Figure 4 - with less evaporation demand being probably most important for the observed findings. While this is neglected in models that do not differentiate between different trees or tree classes, canopy climate is generally considered in layers that are able to reflect this issue. Similarly, only a detailed soil-water distribution model that accounts or a differentiated rooting depth is able to represent differences in water availability of different tree classes. A phenomenon that is generally neglected in forest water balance is the transport of water from deeper soil layers into the upper root horizon. Although ground water contact increases the competitive advantage of larger trees which are supposed to have deeper reaching roots, it seems that hydraulic lift enables smaller trees to profit from these additional water sources without the necessary investments in deep roots. Evidence suggests that this is not only important for dry ecosystems but is also a common issue in temperate regions and is supposed to get more important under a climate of longer drought periods. 
What is less obvious than differences in micro-environmental conditions is that individual trees change their properties with size as well as with the environmental conditions they experience. Height alone is supposed to make water transport to the leaves more difficult, resulting in less conductivity of large trees, compared with smaller ones. The resulting decline in carbon gain is supposed to be the main reason for decreased stand productivity with age but may also result in less carbon reserves necessary to survive long or frequently repeated drought periods. Decreased vessel size and thus increased xylem conductivity with height can partly compensate for the decline in potential carbon gain, but such adjustments inevitably increase the risk of cavitation. Cavitation results either in immediate death or at least raises the necessity of investments into repair or rebuild of water transport structures. In any case, higher trees tend to be more susceptible to drought stress, which is well reflected in the global correlation of stand height and water supply. 
Whereas the necessity of differentiating micro-environmental conditions as well as considering anatomical changes regarding hydraulic conductance is generally acknowledged, we state that this is not sufficient to describe drought stress in structured forests. In these cases, the social position, or more specifically the morphological and physiological adaptations that occur primarily due development under different degrees of shade, have also to be taken into account in order to determine the susceptibility to drought stress. Individual environmental conditions influence the specific leaf area, stomatal and mesophyll conductance, as well as photosynthetic capacities. These properties are influencing evaporation demand and WUE and are thus important to consider for drought stress estimation. Their representation requires a similar differentiation within the canopy as the environmental condition that drive them and they need to be calculated on an individual tree- or tree class basis. 
While dominant trees are supposed to assimilate more carbon per unit living tissue under well-watered conditions than suppressed or understory trees, dominant trees also tend to be more susceptible to drought stress. Due to this compensatory behavior of smaller trees, a structured forest is supposed to be more resilient and better suited to provide important ecosystem services than homogeneous stands under stressful conditions. On the other hand, the long-term forest structure – or species composition in case of mixed forests – very much depends on the interplay between stressed and unstressed periods. Forest management can influence this development by selecting or favoring specific tree species, maintaining an understory of healthy trees, or provide temporary drought stress release by removing trees thus concentrating resources on the remaining ones. However, in order to evaluate long-term forest developments in response to expected climate changes, not only the specifics of different tree species but also those of different social classes needs to be adequately represented in models. We are confident that considering all three discussed aspects (microenvironment, anatomical changes with height, and adaptations with social positions) will serve this task and provide enough information to decide upon the necessary or beneficial degree of intervention. 
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Figure 4. Tree height and structural indices that are influenced by position within a forest influence tree mortality indirectly by either changing the micro-environment (green ovals) or physiological traits (orange ovals). Both are defining water demand and supply (blue rectangles) that inflict either slow carbon depletion or quick hydraulic failure.
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