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Abstract

:

Widespread and economically important European tree species such as Norway spruce, Scots pine, and European beech are projected to be negatively affected by the increasing intensity and frequency of dry and hot conditions in a future climate. Hence, there is an increasing need to investigate the suitability of presumably more drought tolerant species to ensure future ecological stability, biodiversity, and productivity of forests. Based on their distribution patterns and climatic envelopes, the rare, minor broadleaved tree species Sorbus torminalis ((L.) CRANTZ), S. domestica (L.), Acer campestre (L.), and A. platanoides (L.) are assumed to be drought tolerant, however, there is only limited experimental basis to support that notion. This study aimed at quantifying growth and gas exchange of seedlings of these species during drought conditions, and their capacity to recover following drought. For that purpose, they were compared to the common companion species Quercus petraea ((MATTUSCHKA) LIEBL.) and Fagus sylvatica (L.). Here, potted seedlings of these species were exposed to water limitation followed by rewetting cycles in a greenhouse experiment. Photosynthesis and transpiration rates, stomatal conductance as well as root and shoot growth rates indicated a high drought resistance of A. campestre and A. platanoides. Sorbus domestica showed a marked ability to recover after drought stress. Therefore, we conclude that these minor tree species have the potential to enrich forests on drought-prone sites. Results from this pot experiment need to be complemented by field studies, in which the drought response of the species is not influenced by restrictions to root development.
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1. Introduction


Climate change poses one of the major challenges of our time to forestry. For Central Europe, increasing temperatures accompanied by less precipitation during summer are expected [1]. The exceptionally warm and dry summer of 2003 with its wide-spread negative effects on growth and vitality of lowland forest ecosystems [2,3] may be considered a warning of changes to come [4,5,6]. Some of the most important timber species in Europe such as Norway spruce (Picea abies L. H. KARST.), Scots pine (Pinus sylvestris L.) and European beech (Fagus sylvatica L.) are already affected by climate change. A distinct sensitivity to drought is well known for Picea abies [7,8] and is currently being intensively discussed for Pinus sylvestris [9,10] and Fagus sylvatica [11,12,13]. Owing to the likely decline in the distribution areas of the currently dominant tree species [14], forestry is looking for alternative tree species to maintain forest ecosystems and their many functions in areas that may be particularly affected by increasing drought severity and frequency [15,16].



Owing to their small root systems and lack of storage reserves, small trees in the understory are commonly the most affected by water limitation in forest stands [17,18,19,20,21,22]. The failure of regeneration of one or more tree species as a result of increasingly harsh environmental conditions could lead to changes in stand structure and composition [23,24,25], biodiversity [26,27], and in the long-term to negative economic effects [14]. One silvicultural solution to avoid this problem could be the incorporation of more drought-adapted but currently rare tree species [16,28]. For example, minor broadleaved tree species like the wild service tree (Sorbus torminalis (L.) CRANTZ), service tree (Sorbus domestica L.), field maple (Acer campestre L.) or Norway maple (Acer platanoides L.) amongst others are thought to be very drought-tolerant [15,29] and at the same time have a high economic and ecological value [30,31]. These four species have a similar southern distribution margin, but the distribution of A. platanoides, which is apparently more frost tolerant, extends further to the north and to higher altitudes. In the future, minor tree species might contribute considerably more to European forests and timber production to compensate for the local or regional loss of other species in ecological and economic terms. However, information on the ability of these species to cope with drought is mainly based on observations of their natural occurrence (Table 1), climatic envelopes, and the phytosociological composition of forest stands [32,33,34,35,36,37,38,39,40,41,42,43,44]. Experimental studies on the responses to water shortage of those minor broadleaved tree species have been very few and are not sufficient to quantify their drought tolerance accurately.



Plants have developed different strategies to withstand conditions of water shortage uninjured. In simple terms, plants that strongly reduce stomatal conductance as soil water potential decreases are classified as ‘isohydric’ or ‘water savers’, while plants that are less sensitive to low soil water potentials and maintain a relatively high stomatal conductance are classified as ‘anisohydric’ or ‘water spenders’ [45,46]. Grouping plant species according to their drought response as isohydric or anisohydric disregards that there is a continuum across species in physiological processes such as stomatal conductance [47]. However, such categories are helpful for a conceptual understanding of drought adaptations in plants. A stress tolerant plant has the ability to withstand changes to its functioning or performance in the face of stress, which can be described as resistance. Resilience and recovery describe the timespan required to return to the pre-stress level of functioning or a new post-stress level [48]. Since recovery defines the immediate response following cessation of stress [48], it seems to be the more appropriate variable to quantify the short- and medium-term response to drought. The maintenance of carbon assimilation and water transport even under stressful conditions are useful measures for the drought effects on plant functioning [49]. Therefore, the temporal pattern of physiological processes like photosynthetic rate, transpiration, and stomatal conductance in forest trees in relation to drought can be used to develop a measure of resistance and recovery based on the stability of these processes in the face of drought [50]. As trees limit their transpiration and therefore their photosynthesis at low soil water content [9], the magnitude of this decline can be seen as a measure of resistance, especially when tree species are compared. In the long term, resistant and resilient seedlings are more likely to survive droughts [51].



Here, we aimed at determining the drought tolerance of minor tree species at the seedling stage based on their physiological performance. Therefore, we employed an experimental setting with controlled conditions of water availability in a greenhouse environment to quantify physiological and growth responses during and after drought stress. In addition to the quantification of drought stress and tolerance in absolute terms, we also tried to develop a measure of relative drought tolerance by comparison of the minor broadleaved tree species with their most important companion tree species [34], sessile oak (Quercus petraea) and European beech, in the experiment. This is also aided by extensive information on the physiological responses to water shortage of the latter species [52,53,54].



Considering their occurrence especially on drought-prone forest sites, we hypothesize that the minor broadleaved species A. campestre, A. platanoides, S. torminalis, and S. domestica are more adapted to drought than Q. petraea and F. sylvatica. This would be expressed in a lower mortality and lower reduction in biomass production under drought conditions. We further assumed that the physiological processes in minor broadleaved species are characterized by a higher resistance to drought stress; a faster recovery after drought stress, or both when compared to the more common tree species, beech and oak.




2. Materials and Methods


2.1. Plant Material


The experiment was designed to investigate the drought tolerance in seedlings of Sorbus torminalis, S. domestica, Acer campestre, A. platanoides, Quercus petraea, and Fagus sylvatica in a controlled environment. Since there is hardly any information on the drought tolerance of different provenances, we collected tree wildlings from one forest area, where all species occurred, to ensure that all species were adapted to the same climatic conditions. All plants were collected at the end of October 2011 near the town of Sailershausen, Lower Franconia (50°2′ N, 10°30′ E) at the center of the species’ natural distribution area (Table 1). The area is known for its warm and dry climate, as indicated by an average annual temperature of 8.4 °C and a cumulative precipitation of 687 mm per year (standard reference period 1961–1990).



Tree wildlings were sampled from a species diverse, closed forest stand, where the soil was a clayey rendzic leptosol originating from shell limestone. Soil water availability was low owing to shallow and rocky soils with a maximum soil depth of about 60 cm. Within this stand, regeneration of all focal tree species was found in large numbers except for Sorbus domestica. Since S. domestica regeneration could not be found in adjacent stands or in the wider region, which is not untypical for this species [55], seedlings had to be procured from a nursery. All wildlings were carefully excavated by hand and individuals with visible damage of the root system were not included in the experiment. After excavation, wildlings were transplanted into plastic pots and watered before transportation (cf. [56]).



In total, 22 wildlings per species were brought to the greenhouse facilities of the Chair of Botany at the University of Freiburg, Germany. In addition, the same numbers of seedlings including Sorbus domestica were provided by a commercial nursery as backup plants in case there would be complications with the transplanting of tree wildlings. The seeds of the nursery seedlings originated all from nearby forest stands of the same region (cf. [57]). After weighing of the plant material (Table S1), the seedlings were planted into 10 L pots (22.5 cm height, 28.4 cm diameter) containing a uniform mixture of 50% standard potting mix and 50% soil from the original forest stand, where the wildlings had been excavated, to ensure that associations with the typical microflora were possible. The pot size was matched to the plant size to avoid unnecessary artefacts in the experiment [58].



Between November 2011 and May 2012, the potted plants were kept in the open to acclimate to the new conditions and to buffer any planting shock [53]. In May 2012, 18 wildlings of Acer campestre, A. platanoides, Quercus petraea, and Fagus sylvatica as well as 18 seedlings of Sorbus domestica and S. torminalis were transferred to the greenhouse to conduct the study under controlled conditions. For the latter species, nursery stock had to be employed because the wildlings showed distinct dieback caused by fungi. During the experiment, a fungicide (Difenoconazole, C19H17Cl2N3O3) was applied monthly to all potted plants. For ease of readability, we refer to all potted plants, wildlings as well as seedlings from nursery stock, as ‘seedlings’. Wildlings from the species from which they have been used in our study have also developed from seeds. Although no climate control was used inside, temperature and brightness inside this well ventilated greenhouse were only slightly different from outside conditions. At the onset of the experiment, significant differences between some species in shoot and root length, biomass, and plant age existed (Table S1). Especially the Sorbus species were more uniform, younger, and larger, which can be explained by their nursery origin.




2.2. Experimental Setup


Six individuals per species were randomly assigned to one of three different watering treatments. One group was watered daily (‘control’). To assess the maximum resistance to drought, a second group did not receive any water during the whole experiment (‘dry’). This treatment group simulated the conditions of an enduring drought event [59] and was expected to ascertain the growth limits of the studied species. Owing to the limited number of sample plants and the small size of the seedlings, destructive measurements of plant water status using a pressure chamber [60] or the relation of fresh and dry weight of the tissue [61] were not feasible within this experiment. As a consequence, it might be argued that without the measurement of water potentials, growth limits and mortality of the seedlings caused by drought cannot be described properly. However, the dry treatment can be considered as an extreme method to stress plants and eventually disrupt all their physiological processes [62] and represents a suitable compromise between non-destructive measurements and reliable results. Moreover, even destructive approaches like pressure chambers are not invulnerable to errors, as results for the water status of plants can be distorted under very dry conditions [63].



To examine both the resistance as well as the recovery in relation to drought, the third group (dry/rewetting; ‘d/rw’) was watered like the control group, except for three periods without watering that extended from 30 June to 9 July (10 days), from 13 July to 30 July (18 days), and from 2 August to 4 September (32 days). The lengths of the three periods without irrigation were established to generate three phases of increasing drought stress. The experiment was started at the end of June 2012 (week 26) and ended at the beginning of September 2012 (week 36), lasting 69 days altogether. Measurements of leaf gas exchange were carried out at the beginning and the end of the study, as well as in mid-July (week 28) and the beginning of August (week 31). In addition, the plants undergoing drying and rewetting cycles were also analyzed directly before and 3 days after rewetting, to capture plant reaction after a period of physiological recovery. The locations of all pots in the greenhouse experiment were systematically randomized every 4 weeks.




2.3. Soil Water Status


Soil volumetric water content (VWC) in pots was determined by time domain reflectometry (TDR) using a TRIME-IT probe in conjunction with a handheld display device TRIME-HD (IMKO GmbH, Ettlingen, Germany). Prior to leaf gas exchange measurements, the TDR sensors assessed VWC data at 5–10 cm soil depth, where most fine roots occur [64]. Two measurements of water content were taken at opposite sides of every pot, and the data were subsequently averaged.



To translate volumetric water content into absolute values for available water content in the soils, water retention curves (pF-curves) of the soil were developed. For that purpose, five 100 mL soil cores were taken at about 10 cm and water retention curves were determined [65]. Finally, the available water content (AWC) was determined as the difference between water content at field capacity (FC; pF 1.8–2.48) and the permanent wilting point (PWP; pF 4.2 or −1.5 MPa); (cf. [66]). This approach allows the calculation of a reliable proxy to determine water use by trees [67,68]. We used this PWP value from the literature and did not determine the PWP for each tree species separately. Hence, the PWP should be regarded here as an indicator for water stress in plants, and not as an absolute measure of the true physiological witling point of seedlings for the soil used in this study.




2.4. Seedling Biomass, Growth, Leaf Area, and Shoot Dieback


To assess biomass increment of seedlings over the course of the experiment, total fresh mass of all individuals was determined in November 2011 (beginning) and mid-September 2012 (end of pot experiment). Before weighing, the plant roots were gently rinsed by hand and the water was carefully shaken off. Afterwards, the total fresh mass was measured. As it is difficult to estimate biomass distribution in plants non-destructively, their total dry mass was determined after the experiment. Directly after the second measurement of total fresh mass, plants were cut at the root collar and aboveground and belowground parts separately packed into paper bags. Subsequently, plant age was determined by counting the tree-rings at the root collar. Afterwards, all plant material was dried at 70 °C for 72 h and weighed afterwards [69]. Water content of leaves [57], and the root-to-shoot ratio was calculated as the ratio between root and shoot dry mass.



Subsequent to the determination of the plants’ fresh mass, their height from the tip of the leading bud to the root collar, as well as the maximum length of the root system from root collar to the tip of the primary root, were measured in November 2011, and September 2012, respectively. In addition, absolute and relative biomass increment for shoots, roots, and total fresh plant mass were determined, where the initial values were set at 100% [70,71]. The calculation of relative as compared to absolute biomass increment has the advantage of being almost independent of the initial biomass of the seedlings, which is typically quite variable especially when wildlings are studied [57]. Additionally, all leaves were clipped off the shoots and leaf area was determined using a scanner in conjunction with the image analysis software WinRHIZO™ (Regent Instruments Inc., Quebec, QC, Canada). Afterwards, leaves were dried likewise and weighed. The specific leaf area (SLA) was calculated as the ratio of leaf area to leaf dry mass [72].



Leaves that showed clear evidence of loss of elasticity, rupture of epidermal tissue, or chlorophyll degradation were assessed as senescent [73]. Since many seedlings had shed all leaves during the continuous drying treatment, it could not be ascertained visually, whether they had died or were still alive. Therefore, seedlings were tested for vitality using the TTC-test at leading shoots [74]. Before drying for biomass determination, the buds were cut from the shoots and a colorless solution of 2,3,5 tryphenil-tetrazolium-chloride (TTC) was applied. When cells still respire actively, the liquid turns into a reddish precipitate indicating living tissue. If the buds did not change color upon application of the indicator, and the whole shoot showed distinct signs of desiccation and turgor loss, the shoot was determined dead.




2.5. Leaf Gas Exchange


Maximum photosynthetic rate (Amax; µmol CO2 m−2·s−1), transpiration rate (E; mmol H2O m−2·s−1) and stomatal conductance to water vapor (gs; mol H2O m−2·s−1) were measured with a portable infrared gas analyzer (Licor 6400, Li-Cor Inc., Lincoln, NE, USA). Water use efficiency (WUE) and intrinsic water use efficiency (WUEi) were calculated as Amax/E respectively Amax/gs [75]. Based on leaf area and transpiration data, the daily rates of leaf-level transpiration (ELL) were calculated [19].



During the measurements in the greenhouse environment, CO2 concentration was kept constant at 350 ppm, while photosynthetic active radiation (PAR) was emitted by an intra-system light source (LI-6400-02 LED system, Li-Cor Inc., Lincoln, NE, USA) with an intensity of 1500 µmol·m−2·s−1. These settings were chosen to enhance comparability of the results with further studies using the same settings (cf. [76,77,78]). Molar flow rate of air entering the leaf chamber was kept constant at 500 µmol·s−1. Leaf temperature was maintained near 21 °C (20.6 °C mean ± 1.8 °C SD) and vapor pressure deficit ranged around 1.4 kPa (1.38 kPa mean ± 0.07 kPa SD). Before starting the measurements, the leaf chamber was tested for leakages by emitting high CO2 concentrations outside the measurement device by blowing breathing air to the chamber. To pass the test, the detected CO2 concentrations inside the leaf chamber were not allowed to increase by more than 1 µmol·mol−1 CO2. One healthy and undamaged leaf per plant from the upper part of the seedling was clamped into the standard leaf chamber with an area of 6 cm2 and a volume of 80 cm3. Within a measurement period, leaf gas exchange of all 108 seedlings was quantified as long as at least one healthy and undamaged leaf per plant was in place. As the determination of leaf gas exchange was performed between 10 a.m. and 4 p.m. in a sunny environment, 5 min time for the acclimation of the leaves to the set conditions were adequate [78]. After the acclimation phase, the actual measurement of leaf gas exchange lasted for 4 min per seedling (cf. [79]).




2.6. Indices to Quantify Resistance and Recovery


Here, the tolerance indices [48] for the interpretation of radial tree growth in relation to stress were employed to quantify the resistance and recovery of seedling in relation to drought and rewetting (cf. [80,81]). The basic considerations for calculation of these indices are visualized in Figure 1.



Resistance Rt can be defined as the ability to withstand stress. Resistance was quantified in two different ways, here. First, Rtc was quantified as the ratio between the physiological performance during the drought and under normal conditions without drought stress, represented by control plants. It was calculated as the ratio between the drought treatment and the control: Rtc = dry: control. Values of 1 indicate no differences between the treatments, while values below 1 imply a reduction in the performance of seedlings caused by water shortage.



A second measure of resistance (Rtp) was calculated for plants of the drying/rewetting regime as the ratio between the performance during the drought and during irrigated conditions before the actual drought: Rtp = d/rw during drought: d/rw before drought. We used the period before each drought period as the reference. Values of 1 indicate no differences between the two phases, while values below 1 imply a reduction of the performance during drought.



Recovery (Rc) was defined [48] as the ability to recover relative to the damage experienced during drought after cessation of the drought stress. Rc is the ratio between the performance after and during the drought: Rc = d/rw following rewetting: d/rw during drought. Values below 1 indicate an incomplete recovery in seedling performance, whereas, for example, a value of 2 indicates that performance following drought has doubled in comparison to the drought period.




2.7. Statistical Analyses


All data were subjected to two-way or multivariate analysis of variances (ANOVA) using IBM SPSS Statistics 20.0 (IBM Corp., Armonk, NY, USA). Analyses of normality and homogeneity of variance for all variables were carried out with Kolmogorov-Smirnov and Levene tests. Variables that did not fulfil the requirements for an analysis of variance were log-transformed until the variables were normally distributed and showed homoscedasticity. The interrelations between variables were verified with Pearson correlations (p < 0.05).



Relative biomass increment and root-to-shoot ratio were analyzed with a two-way ANOVA assuming irrigation and tree species as fixed effects. Differences over time within irrigation regimes and tree species were subsequently tested with post-hoc comparisons based on Fisher’s Least Significant Difference (LSD) test (p < 0.05). Analysis of covariance (ANCOVA) was performed to test for the influence of initial plant biomass on leaf area, biomass increment, and root-to-shoot ratio. Where repeated measurements at the same object were conducted (data on plant leaf-gas exchange, soil volumetric water content, and the metric indices of resistance and recovery), multivariate ANOVA was used with species and/or irrigation regime as fixed factors. Equally, post-hoc comparisons based on Fisher’s LSD test (p < 0.05) were applied to test for differences between species and irrigation regime.



The deviations of the indices of resistance and recovery from unity were calculated using confidence intervals. The effects of irrigation on the metric indices were considered as significant if the 95% confidence interval did not overlap with 1.





3. Results


3.1. Water Relations


Whereas the volumetric water content (VWC) of soils in pots was relatively constant in the control treatment, albeit with some variation, the VWC of the pots that did not receive any water decreased from 27.0% (±3.3% SD) at the beginning to 3.9% (±0.8% SD) at the end of the experiment (Figure 2). The high variability after 12 days within the dry group was caused by lower VWC values of Sorbus torminalis compared to the other seedlings, owing to the high transpiration of the species (Table 2). The high water consumption in S. torminalis was only partially driven by high leaf area as the comparison with Acer platanoides, which had a similar leaf area, indicates (Table 2). After 32 days of the experiment, all soils of the dry group reached almost consistently low VWC values (Figure 2). A more detailed comparison between the studied tree species showed a similar pattern (Figure S1). The only differences between the species were detectable after 10 days of the experiment, when both unirrigated treatments of Sorbus torminalis showed lower VWC compared to the other seedlings.



An interpretation of the water retention curve indicated values of pF 1.78 (upper threshold of field capacity) at 25.0% VWC (±2.3% SD), of pF 2.48 (lower threshold of field capacity) at 22.8% VWC (±1.9% SD), and of pF 4.2 (permanent wilting point) at 9.4% VWC (±0.8% SD). Thus, volumetric water content for control-plants was near field capacity during the whole experiment, whereas VWC-values for pots in the dry treatment dropped below the permanent wilting point after approximately 25 days under continuous drought conditions. Hence, for this treatment, drought resistance was assessed at two points in time (at days 12 and 32) because measurements of leaf gas exchange were not feasible after 69 days owing to leaf mortality or shedding in many plants of this treatment group.



In the drying/rewetting treatment, the VWC dropped below the permanent wilting point after withholding irrigation for 18 days (7.6% ± 1.8% SD) and decreased further after days without watering (5.6% ± 1.7% SD). The following three days of rewetting led to a significant improvement in soil water availability to levels slightly below, but not significantly different from the control treatment (Figure 2). Thus, if there was a hysteresis effect in the drying and rewetting process [66], this would have had only a minor effect on potted plants. Therefore, these two phases of water shortage were selected to assess resistance and recovery in detail.




3.2. Shoot Dieback, Biomass Increment and Within-Plant Allocation


There was no difference between most species in relative biomass increment within the control treatment except for the Acer species, which were more productive than the others (Table 3). The most distinct differences among the tree species were found in the drying/rewetting treatment, where A. campestre produced considerably more biomass than Sorbus torminalis within a single year. Relative biomass increment (compared to 100% at the beginning of the experiment) was significantly lower for all species of the dry group with least increment for Quercus petraea (164% ± 149% SD) and S. torminalis (165% ± 97% SD). However, the Acer species showed clearly higher growth rates under drying/rewetting conditions than all other species investigated. Likewise, the Acer species achieved the significantly highest relative biomass increment across all treatments. While A. platanoides was the best performing species in relation to relative biomass increment in the control (733% ± 348% SD) and dry (400% ± 243% SD) treatments, A. campestre showed the highest growth of all tree species in the drying/rewetting group (809% ± 362% SD), which was the highest overall value for biomass increment within the experiment. Both irrigation and tree species had a significant effect on relative biomass increment, but no significant interactions between those variables were detectable. In absolute terms, S. torminalis achieved the highest absolute dry weights for all treatments (Table 3).



Compared to the control treatment, root-to-shoot ratios were significantly lower in the dry group for all but the Acer species (Table 3). Seedling root-to-shoot ratios were highest for A. campestre in the control (1.68 ± 0.51 SD) and dry (1.46 ± 0.39 SD) treatments, A. platanoides showed the highest root-to-shoot ratios in the drying/rewetting (1.73 ± 0.34 SD) treatment. Irrigation as well as tree species significantly affected the root-to-shoot ratios. Only seedlings of the genus Acer showed average root-to-shoot ratios above 1 in the dry treatment.



In most cases, the measured leaf traits of the seedlings showed no relations to the different watering regimes. Acer platanoides exhibited the largest leaf area (649 ± 397 cm2 SD, control group), while the calculated specific leaf area was highest for Fagus sylvatica (23.3 ± 6.0 m2·kg−1 SD, control group). Total leaf area of A. platanoides and Sorbus domestica decreased significantly with intensifying drought conditions. In contrast, no significant differences were identified for the SLA of all plants within the irrigation treatments (Table S2). Biomass increment, leaf area, and the within-plant allocation of carbon may be strongly influenced by the initial biomass of seedlings at the onset of the experiment. The performed analysis of covariance confirmed a significant influence of initial biomass on biomass increment and leaf area, but not on the root-to-shoot ratio.



Within the control treatment, neither leaf senescence nor shoot dieback was observed in any species over the course of the experiment (Table S3). Likewise, no shoot dieback occurred within the drying/rewetting treatment, and only a small percentage of plants showed signs of leaf senescence. Even within the dry treatment, no plants of the genus Acer died, whereas shoot dieback occurred in 50% of the Sorbus seedlings and in one third of Quercus petraea and Fagus sylvatica seedlings. Also, more than half of all plants showed indications of leaf senescence or abscission. At the end of the experiment, no vital leaves of S. torminalis remained on seedlings in the dry treatment group, whereas two thirds of the leaves of A. platanoides were still intact. Likewise, the water content of leaves was lowest for S. torminalis for all treatments (Table S2).




3.3. Leaf Gas Exchange


After 32 days of the experiment, Sorbus torminalis reached the highest levels for Amax within the control group (12.4 ± 2.0 µmol CO2 m−2·s−1; Figure 3). However, S. torminalis showed the lowest Amax values for the dry group after 32 days (1.4 ± 2.4 µmol CO2 m−2·s−1), whereas Acer campestre reached the highest Amax levels of that group (6.7 ± 5.2 µmol CO2 m−2·s−1). A similar trend was detectable for E, where S. torminalis performed best for the control treatment (4.2 ± 0.5 mmol H2O m−2·s−1), but A. campestre showed the highest E values after 32 days without irrigation (1.5 ± 1.2 mmol H2O m−2·s−1). Equally, within the control group, S. torminalis reached the highest gs values (0.33 ± 0.07 mol H2O m−2·s−1), and A. campestre performed best for gs within the dry treatment (0.12 ± 0.10 mol H2O m−2·s−1). In contrast, WUE values were highest for A. platanoides within the control group (5.0 ± 0.7 µmol CO2 mmol−1 H2O), and within the dry group Quercus petraea reached the highest WUE levels after 32 days without watering (5.2 ± 0.9 µmol CO2 mmol−1 H2O).



A period of 32 days without irrigation led to a significant decrease in E and gs for all investigated tree species (Figure 3). Indeed, drought conditions led to a reduction in Amax too, but in contrast to the other species, this decrease was not significant for Quercus petraea, Fagus sylvatica, and Acer platanoides as was also indicated by high resistance to drought (Rtc, Table 4). The effect of drying WUE was inconsistent. Whereas A. campestre and Sorbus domestica showed no significant change in WUE, values for Q. petraea, F. sylvatica, and A. platanoides significantly increased in response to drought, and values for S. torminalis dropped (Figure 3). As the Amax and E values for S. torminalis were very low under drought conditions, the resulting WUE values should be interpreted with caution, as even small deviations in Amax or E may cause distinct changes in WUE here (cf. [82]).



Considering all three physiological variables, the Acer species appeared to resist periods of water shortage better than the other species, with A. platanoides performing slightly better than A. campestre, however, most of the differences were not significant (Table 4). Nevertheless, also Quercus petraea and Fagus sylvatica were able to resist a prolonged drought. Notably, F. sylvatica showed a marked increase in WUE (Table 4). Compared to the other species, the rapid decline of all physiological variables for Sorbus torminalis after 32 days of drought was significant (Figure 3, Table 4). Likewise, S. domestica showed no distinct ability to resist periods of water shortage. In general, drying treatments had a significant effect on all variables of leaf gas exchange measured. However, the interaction between tree species and irrigation was significant only for Amax.



This interaction is well illustrated when plotting Amax against gs (Figure 4). Here, gs could be considered as an indicator for water availability (cf. [2,83,84]). Under conditions of adequate water availability, described by high gs values, S. torminalis and A. campestre performed best, while F. sylvatica lagged behind. With decreasing gs values, Amax declined sharply for S. torminalis, substantially below the maximum photosynthesis rates of A. campestre and Q. petraea. Under conditions of severe water shortage, Amax values of S. torminalis were even lower than maximum photosynthesis rates of S. domestica and F. sylvatica.



In contrast to the resistance index Rtc, which compared drought stressed to control plants, the differences between the species for the resistance index Rtp, which compared performance during the drought period with physiological performance before that period, were not as clear (Table 5). Tree species had a significant effect on the Rtp index for E and gs whereas the watering status had a significant effect only on Amax.



Compared to Rtp, the recovery Rc was highly variable among species and drought period lengths. In all cases, except for Amax of Acer platanoides, physiological performance of all species made a full recovery from the drought (Table 5). In most cases, the performance after the drought exceeded that before the drought. Sorbus torminalis and Fagus sylvatica recovered quickly following the shorter drought period of 18 days, but this ability was much lower after the longer drought period of 32 days. In contrast, the length of the drought period had no influence on the recovery of leaf gas exchange in S. domestica and A. campestre. Nevertheless, significant interactions between tree species and irrigation occurred for all measured variables.





4. Discussion


4.1. How Resistant to Drought Are Seedlings of the Minor Tree Species?


A synoptic evaluation of the species’ drought tolerance is not straightforward since the measured variables did not always provide a clear picture for individual species and were not necessarily consistent for the duration of the experiment. In addition, there is no agreed formula for the combination of these variables into an index. However, we attempted such a synthesis of the main outcomes of the experiment (Table 6). The selection and ranking of the variables was based on their validity to express drought impacts on plants. Shoot dieback was selected as the most important variable to rank drought tolerance because it integrates the influence of many different processes and, if it translates into mortality, has a high relevance for the higher hierarchical level, the population [24,59,85]. Shedding of leaves or twigs may be regarded as the ultimate measure of drought resistance, although without further information one might not be able to identify the cause of dieback such as hydraulic failure or carbon starvation [21]. Biomass increment under drought conditions was selected as the second most important variable as it integrates various manifestations of assimilation, physiology, and metabolism [86,87]. Therefore, biomass increment under conditions of water shortage serves as a proxy to evaluate drought tolerance, but single physiological parameters like Amax, E, gs, and WUE are nonetheless important [59,63,64], especially the relationship between Amax and gs [49,57,84]. The relation of both variables is a straightforward measure of physiological drought stress, as Amax decreases with declining gs values owing to water shortage [84]. Further variables like the root-to-shoot (r/s) ratio could also be selected to convey drought tolerance [88,89]. Although initial biomass of the seedlings had no significant influence on the root-to-shoot ratio, it remains unclear if 69 days of artificial drought were sufficient to alter within-plant carbon allocation of the seedlings expressed in the calculated r/s ratios. Therefore, we did not add it to the relative ranking of the species’ drought tolerance. The drought tolerance ranking of tree species in Table 6 would not change if the r/s ratio was also taken into account. However, the two Acer species were the only ones where the r/s ratio did not decline significantly from control to dry treatment.



In summary, the Acer species and Quercus petraea obtained a higher drought tolerance ranking than Fagus sylvatica and the Sorbus species. This ranking is somewhat unexpected when considering the ecosystems in which the species occur naturally, which might suggest a higher ranking of the Sorbus species. Both Sorbus species typically occur in xerothermic Mediterranean ecosystems ([90,91]; Table 1), whereas Acer platanoides is often regarded as a temperate to sub-boreal species [92,93] with a broad range of suitable site conditions [32]. However, the southern distribution limit of A. platanoides comes close to those of the Sorbus species (Table 1). Although the seedlings of both Acer species were very resistant to drought, Amax, E, and gs of Acer platanoides were slightly less affected by water stress than respective physiological properties in A. campestre (Table 4). However, the latter species gained more biomass, aboveground and belowground, attained the highest root-to-shoot ratios, and its Rtc values showed no statistically significant deviations from unity for all tested variables under severe drought conditions (Table 3 and Table 4). In addition, and in contrast to all the other species studied, no Acer seedlings died in this experiment, even if they were not watered at all.



Only a few published studies are available for seedlings of the minor tree species for direct comparisons with our results. Transpiration of A. campestre was similar to values measured by [94], whereas Amax and the root-to-shoot ratio were much higher in plants from our experiment. High root-to-shoot ratios of A. platanoides were in accordance with the values provided by [88], but some differences in gas exchange were noticeable. Maximum photosynthesis rates in this species were notably higher when compared to rates quantified by [57,77,88], while E and gs were slightly higher in other studies [88,95] than in our experiment. In contrast to [57], E values were higher in our pot experiment, while values of gs and WUE were slightly higher in their study. Based on measurements of xylem hydraulic conductivity, vessel density, and vessel grouping, A. platanoides was regarded as better adapted to lower water availability than A. campestre [96]. However, other studies found similar hydraulic conductivity in the xylem of the two Acer species [97]. This may indicate that the variation in these properties that may be caused by tree age, site conditions or genetics has not been captured by the available studies so far. The fact that no shoot dieback occurred in both Acer species indicates a high resistance to hydraulic failure [98]. Although A. campestre was ranked the most drought tolerant species, the results of our experiment do not suggest a clear differentiation between the two Acer species according to their drought tolerance, since they differed only in their physiological performance under drought stress (Table 6).



In contrast to the Acer species, drought resistance of the Sorbus seedlings was surprisingly low. The resistance of Sorbus domestica was comparable to that of Fagus sylvatica, but S. torminalis was the least drought-resistant tree species within this study as indicated by a rapid decline of physiological performance as soon as the water supply became limited (Table 4). The measured values for gs are in accordance with those of another study, where S. torminalis restricted gs rapidly with increasing drought stress and was highly vulnerable to xylem embolism [90]. However, we could not detect indications of lasting xylem embolism for S. torminalis, since the species recovered quickly after drought stress (Table 5), which might demonstrate that the hydraulic conductivity was either not completely lost [24] or that the seedlings may have the capacity to actively ‘refill’ their possibly embolised vessels with water rapidly [63]. When sufficient water was available, the seedlings of S. torminalis showed even higher maximum photosynthetic rates than adult trees [78]. Likewise, S. domestica seedlings of the control group showed higher values of Amax, E, and gs compared to similar studies [76]. However, seedlings of the Sorbus species were the largest at the beginning of the experiment and this may also explain why they experienced drought stress more strongly than the other species. However, differences in plant height of more than 100 cm between species were accepted in comparable pot experiments [57], whereas mean seedling height differed by less than 23 cm between S. torminalis and Q. petraea here (Table S1).



Considering all measured variables, the seedlings of Quercus petraea were less resistant to drought than the Acer species, but obviously more resistant than Fagus sylvatica and the Sorbus species (Figure 3, Table 6). This classification of oak in relation to beech is consistent with other studies that have documented the higher physiological performance of oak under conditions of water shortage [52,99]. The root-to-shoot ratios measured in this study were in accordance with values determined for F. sylvatica [100], but slightly higher for Q. petraea than in other studies [101].



In the long term, high root-to-shoot ratios can be regarded as an adaptation to dry sites [89]. In the short-term, however, the root-to-shoot ratio may decline with increasing drought stress in seedlings as was found also in other studies [53,102]. This might indicate that carbon (C) assimilation is so strongly reduced by drought that there is not sufficient C to facilitate its allocation to below-ground structures. Only the Acer species were able to maintain their C allocation patterns between aboveground and belowground structures, which might be one explanation for their distinct drought resistance observed in our study. Hence, only these species may have been able to invest into further aboveground biomass.




4.2. How Well do Seedlings of the Minor Tree Species Recover after Drought?


Surprisingly, some of the least drought-resistant species in our study such as Sorbus domestica recovered most quickly or fully from drought (Table 5). Also, Fagus sylvatica and S. torminalis showed a high ability to recover, especially from less severe droughts. The fact that seedlings were able to recover, although the soil matric potential had dropped below the permanent wilting point (−1.5 MPa), indicates that this value does not represent a true physiological wilting point for the entire woody seedlings. Here, the PWP may instead be regarded as an indicator of severe drought stress. The swift recovery also indicates that these species did obviously not suffer from a high degree of fine-root mortality or xylem embolism during drought [67,97,103]. Unfortunately, these processes, which may also explain the slower recovery of the Acer species and Quercus petraea, were not investigated in our study. The ability to recover quickly after periods of water shortage may be a particular advantage for tree species growing in environments with erratic or highly fluctuating precipitation patterns during the growing season. This may be true on shallow soils, where the available water depends largely on recent rainfall [99,104]. Such warm and dry forest sites, mostly with calcareous and rendzic soils, are very often occupied by Acer and Sorbus species [34].



Our findings are in accordance with experiments that have documented the ability of Fagus sylvatica to regain high values of Amax and gs with rewetting following drought [54,105]. In our study, F. sylvatica recovered quickly within three days following drought. Contradictory results have been observed previously in a comparative study with Quercus petraea and F. sylvatica [99]. However, in that study, the physiological variables were measured only one day after rewetting, which might be too short for F. sylvatica to recover fully. Unfortunately, physiological and growth performance of seedlings during repeated droughts has been studied in few experiments only and thus it is difficult to compare our results for the investigated species with those of other studies.




4.3. Are There Different Mechanisms that Enable Seedlings of Minor Tree Species to Withstand Droughts?


On the basis of this experiment, different strategies of the investigated tree species to cope with drought stress are discernible. The maintenance of high values for E and gs even under intensifying drought stress, followed by a breakdown of Amax, E, and gs under severe drought conditions in Sorbus torminalis (Table 4), suggests anisohydric behavior [21,106]. The low values of Amax with increasing drought conditions (Figure 3), and the early onset of leaf wilting and abscission also fit into this strategy.



Although species that maintain stomatal opening under drought conditions bear a high risk of damage or death by cavitation, they are expected to be more tolerant to prolonged drought of intermediate intensity, because the risk of carbon starvation is reduced [21,107]. The maintenance of stomatal conductance, which is characteristic of an anisohydric behavior, is often found in deep-rooted species like tuart gum (Eucalyptus gomphocephala DC.) or northern red oak (Quercus rubra L.), which may maintain water access for longer periods following the onset of drought conditions [108,109,110]. As deep roots are thought to be a key factor for plants to survive droughts [85,111], this adaptation could not be expressed in the potted seedlings of this experiment, and thus the attribution of strategies to cope with drought and the comparisons between species has to be viewed with caution. In nature, the vast majority of regeneration of the two Sorbus species consists of root sprouts, which would be supported by the mother trees that have a deep root system [112]. Whether this would aid the maintenance of transpiration or just prevent carbon starvation by lateral transport of assimilates has, to our knowledge, not been researched.



In contrast to the anisohydric behaviour of Sorbus torminalis, growth and physiology of Acer platanoides is representative of an isohydric behavior. This is indicated by high water-use efficiency (Figure 3) and a constant reduction in gs as drought conditions become more severe. On the one hand, this response to drought reduces the risk of hydraulic failure through cavitation [21]. On the other hand, mortality of isohydric species through carbon starvation is more likely during prolonged droughts of intermediate intensity [21]. Obviously, the drought periods in our experiment were not long enough to induce carbon starvation in the Acer species.



Species with isohydric or anisohydric behavior might have different preferences or realized niches with regard to soil water availability. However, co-occurrences of Acer campestre, A. platanoides, Sorbus torminalis, and S. domestica within one forest stand are not uncommon [34]. Whether or not these different strategies of water use under drought conditions might be a mechanism of complementary resource use that leads to an overall higher resistance and resilience of the whole tree community in relation to drought stress (e.g., [113]) is not known.



Not all plants can be clearly classified into those with anisohydric or isohydric behavior, however. Instead, the physiological behavior of plants should be seen as a continuum between these discrete categories [47]. There are exceptions to these extreme expressions of anisohydric or isohydric behavior, and some species take an intermediate position [21]. Classifications according to physiological properties alone are difficult, especially when pronounced changes in Amax [17,114] or gs [115] between seedlings and adult trees are not uncommon. Even between species of the same genus, obvious differences in drought avoidance strategies exist. In our study, the response of transpiration and stomatal conductance to drought in Sorbus domestica might indicate an isohydric strategy (Figure 3), whereas the rapid breakdown of leaf gas exchange under conditions of severe water shortage of S. torminalis could be indicative of an anisohydric strategy. To classify species according to these different water-spending or water-saving behaviors during drought, it is necessary to monitor their physiological processes over extended drought periods and in situations where their morphological adaptations such as the development of a deep root system are not restricted. Hence, our greenhouse experiment with potted seedlings can provide only a first indication. For the short drought cycles that seedlings experienced in the drying-rewetting cycles of this trial, the indices of drought resistance and recovery appear to be more appropriate. In addition, drought cycles of different lengths are important to assess the relative success of the different mechanisms to cope with drought under different conditions.




4.4. How Suitable Are Pot Experiments to Extrapolate and Transfer Results to the Field?


Although pot experiments cannot replicate the processes in a natural setting, they are frequently used for comparative plant physiological studies under controlled conditions [69,116]. Such studies might be particularly helpful to improve our understanding of highly understudied species like Sorbus torminalis or S. domestica.



Based on a widespread evaluation of pot experiments, a number of recommendations to improve transferability of the experimental results to field conditions have been provided [58]. An adequate adjustment period before starting the experiment, the use of natural soils in contrast to standard potting mix, and a sufficient pot size were identified as crucial factors [58]. The ratio of the total plant biomass to rooting volume (BVR) has been suggested as an index to assess the adequacy of pot sizes [117], where BVR ratios less than 2 indicate that pots are of sufficient size [118]. In this experiment, all species except for S. torminalis had mean BVR values of less than 2 at the end of the experiment (Table S4). The higher values of S. torminalis seedlings can be explained by higher biomass at the onset of the experiment. The high initial biomass of this species might also explain its low resistance to drought. However, we tested for potential effects of initial plant biomass on physiological performance and growth under drought stress. Since there were no effects of initial plant biomass within and between species, differences in physiology and biomass increment are explained by species and/or treatments. Apart from this, all further recommendations by [58] had been followed in our experiment.



The validity and relevance of results might have been enhanced through an extension of the experiment beyond one vegetation period. Then, long-term effects like delayed changes in biomass increment and partitioning, carbon allocation or resprouting could have been observed. Also, only one provenance has been studied here, whereby effects like plasticity, adaptation or niche segmentation are mostly neglected. However, our results provide first indications of contrasting mechanisms in the seedlings of different species to withstand drought.





5. Conclusions


Since drought is a major source of tree seedling mortality [85], young plants need to survive this critical life stage by gradually gaining more carbon, more biomass and deeper roots [20]. Here, seedlings of Acer campestre and A. platanoides appeared to be particularly drought-resistant because they increased biomass, root growth and root-to-shoot ratios under conditions of water shortage. Even under a severe lack of water, A. campestre showed only little decrease in its physiological performance. In contrast, seedlings of the Sorbus species, which are rather uncommon in nature, where most regeneration is through root sprouts [119], were less resistant to drought but recovered more quickly from it. As vegetative regeneration of S. torminalis is more common on extreme sites [120], sprouts might be more drought-tolerant as they can resort to the rooting system of the mother tree, which should be an advantage compared to seedlings.



The diverse strategies to cope with drought exhibited by the different species, which have been indicated by the results from this study, need to be assessed also for mature trees. The varying response patterns to drought indicate that different minor broadleaved species may be suitable for several types of drought conditions and thus different sites, characterized by contrasting soil and climatic conditions. Whereas the two Sorbus species may be more suitable for sites with frequently recurring, less intense drought stress, where the ability to recover quickly from this stress offers competitive advantages, the two Acer species may be better adapted to sites with chronic, severe drought stress. However, as the minor tree species often occur together in forest communities, contrasting strategies of water consumption may also be a suitable approach to facilitate co-existence.



Our findings show that the minor broadleaved tree species have the potential to enrich forests on drought-prone sites. Particularly, seedlings of Acer campestre and A. platanoides are at least as drought tolerant as young plants of Quercus petraea, and should therefore be more often considered by forest managers as mixed species on these sites.
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The following are available online at http://www.mdpi.com/1999-4907/7/10/239/s1. Figure S1: Mean values of soil volumetric water content (VWC) at different points in time of the experiment for plants of the control, the drying/rewetting, and the dry treatment group, Table S1: Means and standard deviation (±SD) of shoot length, root length, fresh plant mass, and plant age at the beginning of the experiment, Table S2: Means and standard deviation (±SD) of specific leaf area (SLA), and relative water content of the leaves of the control, drying/rewetting (d/rw), and dry treatment groups at the end of the experiment, Table S3: Rates for shoot dieback and leaf senescence in seedlings of the drying/rewetting (d/rw), and dry treatments at the end of the experiment; no leaf senescence and shoot dieback occurred in the controls, Table S4: Means and standard deviation (±SD) of the total plant biomass to rooting volume ratio (BVR).
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The following abbreviations are used in this manuscript:





	Amax
	Maximum photosynthetic rate



	E
	Transpiration rate



	ELL
	Daily leaf-level transpiration



	gs
	Stomatal conductance to water vapor



	WUE
	Water use efficiency



	WUEi
	Intrinsic water use efficiency



	SLA
	Specific leaf area



	r/s ratio
	Root-to-shoot ratio



	Rtc
	Index of resistance in relation to control



	Rtp
	Index of resistance in relation to pre-drought conditions



	Rc
	Index of recovery



	VWC
	Soil volumetric water content



	AWC
	Available water content



	BVR
	Total plant biomass to rooting volume ratio
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Figure 1. An example of the temporal patterns of the maximum photosynthetic rate (Amax) for Quercus petraea seedlings of the control (black circles, black solid line), the drying/rewetting (d/rw; grey diamonds, grey dashed line), and the dry group (empty triangles, black dashed line) during the experiment. Resistance in relation to control (Rtc) is for example the ratio B/A of Amax values indicated by the points A and B; resistance in relation to pre-drought conditions (Rtp) is the ratio D/C or F/E of Amax values indicated by the respective points; recovery (Rc) is the ratio E/D or G/F of Amax values indicated by the respective points. Day 1 was the 25 June 2012. 
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Figure 2. Mean values of soil volumetric water content (VWC) at different points in time of the experiment for plants of the control (filled circles, n = 144 measurements with 36 plants), the drying/rewetting (d/rw; grey diamonds, n = 241 measurements with 36 plants), and the dry (empty triangles, n = 119 measurements with 36 plants) treatment groups. Error bars indicate standard deviation. The dashed horizontal line represents the permanent wilting point (9.4% VWC at pF 4.2) of the soil. Asterisks indicate significant differences between the irrigation regimes (p < 0.05); ‘ns’ indicates no significant difference. Day 1 was the 25 June 2012. 
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Figure 3. Box plots for (A) maximum photosynthetic rate (Amax); (B) transpiration rate (E); (C) stomatal conductance to water vapor (gs); and (D) water use efficiency (WUE (Amax/E)) for plants of the control (dark grey box plots) and the dry group (light grey box plots) after 32 days without irrigation. Species are abbreviated as Q. pet (Quercus petraea), F. syl (Fagus sylvatica), A. cam (Acer campestre), A. pla (A. platanoides), S. tor (Sorbus torminalis), and S. dom (S. domestica). Empty circles denote outliers (defined as 1.5–3 times of box height), small stars represent extreme values (defined as more than 3 times of box height). Asterisks indicate significant differences between irrigation regimes (p < 0.05); ‘ns’ indicates no significant difference. n = 12 per tree species. 
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Figure 4. Relationship between maximum photosynthetic rate (Amax) and stomatal conductance to water vapor (gs) for Quercus petraea (Q. pet; black solid line; y = 17.70x0.440, R2 = 0.52, p < 0.01, n = 86), Fagus sylvatica (F. syl; black dashed line; y = 15.19x0.469, R2 = 0.70, p < 0.01, n = 85), Acer campestre (A. cam; dark grey solid line; y = 25.15x0.561, R2 = 0.83, p < 0.01, n = 87), A. platanoides (A. pla; dark grey dashed line; y = 20.38x0.541, R2 = 0.67, p < 0.01, n = 82), Sorbus torminalis (S. tor; light grey solid line; y = 29.13x0.780, R2 = 0.81, p < 0.01, n = 80), and S. domestica (S. dom; light grey dashed line; y = 17.96x0.519, R2 = 0.49, p < 0.01, n = 80). 
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Table 1. Overview of basic biogeographical information on the studied tree species. F-scale (moistness) and T-scale (temperature) abbreviate the indicator values [32]. For Acer platanoides, only the European provenances are considered.
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Variable

	
Q. petraea

	
F. sylvatica

	
A. campestre

	
A. platanoides

	
S. torminalis

	
S. domestica






	
latitude (°)

	
60–37 N

	
60–36 N

	
61–27 N

	
65–32 N

	
55–32 N

	
53–32 N




	
longitude (°)

	
8 W–63 E

	
4 W–65 E

	
8 W–54 E

	
21 W–63 E

	
9 W–63 E

	
6 W–50 E




	
mean annual precipitation (mm)

	
400–2500

	
450–2000

	
500–1800

	
600–1600

	
500–1500

	
500–1000




	
mean annual temperature (°C)

	
5–15

	
4–15

	
7–16

	
−2–14

	
6–17

	
7–19




	
altitude (m)

	
0–2000

	
0–2700

	
0–900

	
0–1100

	
0–900

	
0–800




	
F-scale

	
5 (fresh)

	
5 (fresh)

	
5 (fresh)

	
x (indifferent)

	
4 (fresh to dry)

	
4 (fresh to dry)




	
T-scale

	
6 (moderate warm)

	
5 (moderate cool)

	
6 (moderate warm)

	
6 (moderate warm)

	
7 (warm)

	
8 (moderate hot)




	
References

	
[33,34]

	
[33,34]

	
[34,35,36]

	
[35,36,37]

	
[38,39]

	
[39,40]
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Table 2. Means and standard deviation (±SD) of leaf area and daily rates of leaf-level transpiration (ELL) at the beginning of the experiment. Various letters indicate significant differences between species (p < 0.05), n = 18 per tree species.
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Species

	
Leaf Area (cm2)

	
±SD

	
ELL (mL)

	
±SD






	
Q. petraea

	
216 b

	
133

	
8.2 c

	
5.7




	
F. sylvatica

	
139 bc

	
76

	
5.4 c

	
3.3




	
A. campestre

	
192 b

	
108

	
8.0 c

	
5.5




	
A. platanoides

	
420 a

	
296

	
14.3 b

	
11.7




	
S. torminalis

	
494 a

	
170

	
27.8 a

	
10.1




	
S. domestica

	
293 b

	
206

	
15.1 b

	
11.6
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Table 3. Means and standard deviation (±SD) of relative biomass increment, absolute dry weight of the seedlings at the end of the experiment, and the root-to-shoot ratios for plants of the control, drying/rewetting (d/rw), and dry treatment groups, where fresh plant mass at the beginning of the experiment was 100%. Different letters indicate significant differences between species and irrigation regimes (p < 0.05), n = 18 per tree species.
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Control

	
d/rw

	
Dry

	




	
Variable

	
Species

	
Mean

	
±SD

	
Mean

	
±SD

	
Mean

	
±SD

	
p Irrigation






	
relative biomass increment (%)

	
Q. petraea

	
396 c

	
143

	
488 c

	
150

	
164 e

	
149

	
0.001




	

	
F. sylvatica

	
398 c

	
134

	
487 c

	
164

	
190 e

	
147




	

	
A. campestre

	
729 a

	
418

	
809 a

	
362

	
368 c

	
233




	

	
A. platanoides

	
733 a

	
348

	
615 b

	
185

	
400 c

	
244




	

	
S. torminalis

	
342 c

	
43

	
231 d

	
125

	
165 e

	
97




	

	
S. domestica

	
363 c

	
224

	
279 d

	
243

	
190 e

	
144




	

	
p species

	
0.001

	
0.557




	
dry weight (g)

	
Q. petraea

	
9.6 cd

	
7.7

	
11.1 cd

	
7.0

	
5.5 d

	
2.9

	
0.001




	

	
F. sylvatica

	
6.7 d

	
4.4

	
7.1 d

	
3.3

	
5.6 d

	
2.9




	

	
A. campestre

	
14.8 c

	
7.0

	
11.0 cd

	
3.5

	
8.0 d

	
4.1




	

	
A. platanoides

	
21.7 b

	
11.7

	
11.8 cd

	
2.9

	
8.3 d

	
2.2




	

	
S. torminalis

	
47.5 a

	
9.8

	
48.2 a

	
23.9

	
26.3 b

	
3.7




	

	
S. domestica

	
21.6 b

	
11.4

	
17.5 bc

	
5.9

	
13.9 c

	
4.7




	

	
p species

	
0.001

	
0.059




	
root-to-shoot ratio

	
Q. petraea

	
1.81 a

	
0.51

	
1.69 a

	
0.45

	
0.96 c

	
0.37

	
0.001




	

	
F. sylvatica

	
1.18 b

	
0.19

	
1.34 a

	
0.23

	
0.92 c

	
0.13




	

	
A. campestre

	
1.68 a

	
0.51

	
1.49 a

	
0.46

	
1.46 a

	
0.39




	

	
A. platanoides

	
1.63 a

	
0.55

	
1.73 a

	
0.34

	
1.34 a

	
0.54




	

	
S. torminalis

	
1.35 a

	
0.21

	
1.58 a

	
0.59

	
0.93 c

	
0.34




	

	
S. domestica

	
1.12 b

	
0.34

	
1.21 b

	
0.26

	
0.89 c

	
0.12




	

	
p species

	
0.001

	
0.335
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Table 4. Means and standard deviation (±SD) of the resistance in relation to control (Rtc) for maximum photosynthetic rate (Amax), transpiration rate (E), stomatal conductance to water vapor (gs), and water use efficiency (WUE) for control and dry treatments after 12 and 32 days without watering, respectively. Values in bold type indicate a statistically significant deviation of the indices from unity (95% of the confidence intervals do not overlap with 1). Species and treatments sharing the same lower case letters were significantly different (p < 0.05); n = 24 per tree species.







Table 4. Means and standard deviation (±SD) of the resistance in relation to control (Rtc) for maximum photosynthetic rate (Amax), transpiration rate (E), stomatal conductance to water vapor (gs), and water use efficiency (WUE) for control and dry treatments after 12 and 32 days without watering, respectively. Values in bold type indicate a statistically significant deviation of the indices from unity (95% of the confidence intervals do not overlap with 1). Species and treatments sharing the same lower case letters were significantly different (p < 0.05); n = 24 per tree species.







	

	

	
Rtc

	




	

	

	
12 Days without Irrigation

	
32 Days without Irrigation

	




	
Variable

	
Species

	
Mean

	
±SD

	
Mean

	
±SD

	
p Irrigation






	
Amax (µmol CO2 m−2·s−1)

	
Q. petraea

	
0.88 b

	
0.18

	
0.54 c

	
0.30

	
0.001




	

	
F. sylvatica

	
1.13 b

	
0.30

	
0.65 c

	
0.29




	

	
A. campestre

	
1.22 b

	
0.20

	
0.67 c

	
0.53




	

	
A. platanoides

	
1.99 a

	
0.24

	
0.69 c

	
0.31




	

	
S. torminalis

	
0.95 b

	
0.39

	
0.13 d

	
0.10




	

	
S. domestica

	
0.97 b

	
0.48

	
0.38 cd

	
0.19




	

	
p species

	
0.001

	
0.001




	
E (mmol H2O m−2·s−1)

	
Q. petraea

	
1.00 b

	
0.15

	
0.42 c

	
0.25

	
0.001




	

	
F. sylvatica

	
0.80 b

	
0.31

	
0.37 c

	
0.19




	

	
A. campestre

	
1.07 b

	
0.24

	
0.59 c

	
0.46




	

	
A. platanoides

	
2.49 a

	
0.58

	
0.67 c

	
0.28




	

	
S. torminalis

	
0.83 b

	
0.37

	
0.15 d

	
0.09




	

	
S. domestica

	
0.95 b

	
0.59

	
0.36 cd

	
0.21




	

	
p species

	
0.001

	
0.219




	
gs (mol H2O m−2·s−1)

	
Q. petraea

	
0.89 b

	
0.21

	
0.36 c

	
0.21

	
0.001




	

	
F. sylvatica

	
0.85 b

	
0.37

	
0.29 c

	
0.15




	

	
A. campestre

	
1.12 b

	
0.42

	
0.54 c

	
0.45




	

	
A. platanoides

	
3.64 a

	
1.50

	
0.59 c

	
0.30




	

	
S. torminalis

	
1.12 b

	
0.60

	
0.07 d

	
0.03




	

	
S. domestica

	
1.31 b

	
0.91

	
0.34 c

	
0.16




	

	
p species

	
0.001

	
0.057




	
WUE (µmol CO2 mmol−1 H2O)

	
Q. petraea

	
0.82 bc

	
0.20

	
1.29 b

	
0.22

	
0.004




	

	
F. sylvatica

	
1.29 b

	
0.48

	
1.82 a

	
0.31




	

	
A. campestre

	
1.03 b

	
0.10

	
1.15 b

	
0.24




	

	
A. platanoides

	
0.83 bc

	
0.12

	
1.09 b

	
0.40




	

	
S. torminalis

	
1.37 b

	
0.68

	
0.62 c

	
0.39




	

	
S. domestica

	
1.07 b

	
0.52

	
0.96 b

	
0.24




	

	
p species

	
0.002

	
0.340
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Table 5. Means and standard deviation (±SD) for the resistance in relation to pre-drought conditions (Rtp), which compared physiological performance during drought with the period immediately before it, and subsequent recovery (Rc) for maximum photosynthetic rate (Amax), transpiration rate (E), and stomatal conductance to water vapor (gs) for control and drying/rewetting treatments of periods of 18 and 32 days without watering, respectively. Values in bold type indicate a statistically significant deviation of the indices from unity (95% of the confidence intervals do not overlap with 1). Species and treatments not sharing the same lower case letters were significantly different (p < 0.05). Quercus petraea (n = 36), Fagus sylvatica (n = 34), Acer campestre (n = 36), A. platanoides (n = 32), Sorbus torminalis (n = 33), and S. domestica (n = 34).
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Rtp

	

	
Rc

	




	

	

	
18 Days without Irrigation

	
32 Days without Irrigation

	

	
18 Days without Irrigation

	
32 Days without Irrigation

	




	
Variable

	
Species

	
Mean

	
±SD

	
Mean

	
±SD

	
p Irrigation

	
Mean

	
± SD

	
Mean

	
±SD

	
p Irrigation






	
Amax (µmol CO2 m−2·s−1)

	
Q. petraea

	
0.88 a

	
0.62

	
0.71 a

	
0.16

	
0.004

	
1.64 a

	
0.63

	
1.33 a

	
0.15

	
0.864




	

	
F. sylvatica

	
0.49 ab

	
0.15

	
0.84 a

	
0.21

	
1.83 a

	
0.71

	
1.30 a

	
0.13




	

	
A. campestre

	
0.61 a

	
0.28

	
0.65 a

	
0.19

	
1.53 a

	
0.87

	
1.61 a

	
0.65




	

	
A. platanoides

	
0.71 a

	
0.25

	
0.90 a

	
0.45

	
0.86 b

	
0.30

	
0.98 b

	
0.25




	

	
S. torminalis

	
0.30 b

	
0.25

	
0.94 a

	
0.36

	
2.42 a

	
1.15

	
1.30 a

	
0.47




	

	
S. domestica

	
0.76 a

	
0.44

	
0.66 a

	
0.23

	
1.34 a

	
1.24

	
1.86 a

	
0.57




	

	
p species

	
0.226

	
0.011

	
0.068

	
0.037




	
E (mmol H2O m−2·s−1)

	
Q. petraea

	
0.53 a

	
0.26

	
0.44 b

	
0.23

	
0.572

	
2.96 b

	
1.38

	
1.92 b

	
0.68

	
0.003




	

	
F. sylvatica

	
0.29 b

	
0.12

	
0.26 b

	
0.08

	
5.06 a

	
1.60

	
2.42 b

	
0.54




	

	
A. campestre

	
0.54 a

	
0.32

	
0.40 b

	
0.20

	
2.00 b

	
0.64

	
2.61 b

	
1.08




	

	
A. platanoides

	
0.57 a

	
0.25

	
0.32 b

	
0.09

	
2.41 b

	
0.97

	
1.83 bc

	
0.43




	

	
S. torminalis

	
0.19 c

	
0.17

	
0.30 b

	
0.09

	
6.44 a

	
3.30

	
1.54 c

	
0.60




	

	
S. domestica

	
0.44 b

	
0.25

	
0.29 b

	
0.20

	
3.81 b

	
2.25

	
3.43 b

	
1.88




	

	
p species

	
0.014

	
0.168

	
0.133

	
0.008




	
gs (mol H2O m−2·s−1)

	
Q. petraea

	
0.44 a

	
0.28

	
0.52 a

	
0.32

	
0.568

	
3.31 b

	
1.93

	
1.41 c

	
0.66

	
0.002




	

	
F. sylvatica

	
0.22 b

	
0.08

	
0.26 b

	
0.08

	
6.64 a

	
2.74

	
1.87 b

	
0.50




	

	
A. campestre

	
0.46 a

	
0.35

	
0.36 ab

	
0.33

	
2.05 b

	
0.86

	
3.30 b

	
1.60




	

	
A. platanoides

	
0.48 a

	
0.24

	
0.31 b

	
0.17

	
2.53 b

	
1.28

	
1.64 bc

	
0.41




	

	
S. torminalis

	
0.13 b

	
0.12

	
0.27 b

	
0.09

	
7.00 a

	
3.60

	
1.74 bc

	
0.58




	

	
S. domestica

	
0.36 ab

	
0.26

	
0.23 b

	
0.12

	
4.64 b

	
2.92

	
4.50 b

	
2.71




	

	
p species

	
0.02

	
0.138

	
0.166

	
0.004
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Table 6. Relative ranking of the tree species according to their drought tolerance based on the variables shoot dieback, resistance to drought stress in relation to biomass growth (defined as relative biomass growth of seedlings within the dry group), and physiological performance under severe drought stress (physiology; defined as the integral of the Amax to gs curve; Figure 4). The variables were ordered according to their relevance to express drought tolerance, the ranking of species’ drought tolerance in relation to each variable was from 1 (most drought tolerant) to 6 (least drought tolerant). When no significant differences between the species were detectable, the same numbers were assigned.
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Variable

	




	
Species

	
Shoot Dieback

	
Growth

	
Physiology

	
Overall Ranking






	
Q. petraea

	
3

	
5

	
2

	
3




	
F. sylvatica

	
3

	
3

	
5

	
4




	
A. campestre

	
1

	
2

	
1

	
1




	
A. platanoides

	
1

	
1

	
3

	
2




	
S. torminalis

	
5

	
5

	
6

	
6




	
S. domestica

	
5

	
3

	
4

	
5
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