

[image: image1]
Resilient Leaf Physiological Response of European Beech (Fagus sylvatica L.) to Summer Drought and Drought Release









	 
	ORIGINAL RESEARCH
published: 19 February 2018
doi: 10.3389/fpls.2018.00187





[image: image]

Resilient Leaf Physiological Response of European Beech (Fagus sylvatica L.) to Summer Drought and Drought Release

Ellen E. Pflug1,2, Nina Buchmann2*, Rolf T. W. Siegwolf3, Marcus Schaub1, Andreas Rigling1 and Matthias Arend4*

1Forest Dynamics, Swiss Federal Institute for Forest, Snow and Landscape Research, Birmensdorf, Switzerland

2Institute of Agricultural Sciences, ETH Zurich, Zurich, Switzerland

3Laboratory of Atmospheric Chemistry, Paul Scherrer Institute, Villigen, Switzerland

4Physiological Plant Ecology, University of Basel, Basel, Switzerland

Edited by:
Sebastian Leuzinger, Auckland University of Technology, New Zealand

Reviewed by:
Mauro Centritto, Trees and Timber Institute (CNR), Italy
Fábio M. DaMatta, Universidade Federal de Viçosa, Brazil

*Correspondence: Matthias Arend, matthias.arend@unibas.ch Nina Buchmann, nina.buchmann@usys.ethz.ch

Specialty section: This article was submitted to Functional Plant Ecology, a section of the journal Frontiers in Plant Science

Received: 14 August 2017
Accepted: 31 January 2018
Published: 19 February 2018

Citation: Pflug EE, Buchmann N, Siegwolf RTW, Schaub M, Rigling A and Arend M (2018) Resilient Leaf Physiological Response of European Beech (Fagus sylvatica L.) to Summer Drought and Drought Release. Front. Plant Sci. 9:187. doi: 10.3389/fpls.2018.00187

Drought is a major environmental constraint to trees, causing severe stress and thus adversely affecting their functional integrity. European beech (Fagus sylvatica L.) is a key species in mesic forests that is commonly expected to suffer in a future climate with more intense and frequent droughts. Here, we assessed the seasonal response of leaf physiological characteristics of beech saplings to drought and drought release to investigate their potential to recover from the imposed stress and overcome previous limitations. Saplings were transplanted to model ecosystems and exposed to a simulated summer drought. Pre-dawn water potentials (ψpd), stomatal conductance (gS), intercellular CO2 concentration (ci), net-photosynthesis (AN), PSII chlorophyll fluorescence (PItot), non-structural carbohydrate concentrations (NSC; soluble sugars, starch) and carbon isotope signatures were measured in leaves throughout the growing season. Pre-dawn water potentials (ψpd), gS, ci, AN, and PItot decreased as drought progressed, and the concentration of soluble sugars increased at the expense of starch. Carbon isotopes in soluble sugars (δ13CS) showed a distinct increase under drought, suggesting, together with decreased ci, stomatal limitation of AN. Drought effects on ψpd, ci, and NSC disappeared shortly after re-watering, while full recovery of gS, AN, and PItot was delayed by 1 week. The fast recovery of NSC was reflected by a rapid decay of the drought signal in δ13C values, indicating a rapid turnover of assimilates and a reactivation of carbon metabolism. After recovery, the previously drought-exposed saplings showed a stimulation of AN and a trend toward elevated starch concentrations, which counteracted the previous drought limitations. Overall, our results suggest that the internal water relations of beech saplings and the physiological activity of leaves are restored rapidly after drought release. In the case of AN, stimulation after drought may partially compensate for limitations on photosynthetic activity during drought. Our observations suggest high resilience of beech to drought, contradicting the general belief that beech is particularly sensitive to environmental stressors.
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INTRODUCTION

Climate models predict an increase in the annual temperature in Central Europe by 2.7–4°C and a decrease in summer precipitation by 21–28% toward the end of the 21st century (CH2011, 2011; IPCC, 2012). Additionally, climate variability is expected to increase, resulting in a higher frequency and intensity of extreme weather events, such as severe droughts, heavy rains and extraordinary cold or heat waves (Meehl and Tebaldi, 2004). This change in climate conditions may have a large impact on the physiological constitution of forest trees, thereby changing the productivity and composition of forest ecosystems (Ciais et al., 2005; Milad et al., 2010; Hanewinkel et al., 2012). Tree species that are less tolerant to drought will face a disproportionate risk of habitat loss due to impaired competitiveness compared to drought tolerant tree species (Ohlemüller et al., 2006; Czúcz et al., 2011). This may particularly apply to European beech (Fagus sylvatica L.), a major tree species in Central European forests, which is thought to be severely threatened by an increasing frequency and intensity of drought conditions (Rennenberg et al., 2004; Gessler et al., 2007; Kramer et al., 2010). There is, however, an ongoing debate among sylviculturists and tree biologists about the consequences of climate change for European beech (Ammer et al., 2005; Schütz, 2009).

The main processes involved in the drought response of European beech and other temperate tree species, as well as potential underlying mechanisms, have been studied intensively. The majority of these studies have demonstrated that drought influences various processes, such as photosynthesis, growth, hydraulic function and metabolism (e.g., Tognetti et al., 1995; Leuschner et al., 2001; Peuke et al., 2002; Leuzinger et al., 2005; Nahm et al., 2006; Weber et al., 2013; Aranda et al., 2015; Pflug et al., 2015). As a moderate anisohydric species, beech has the ability to adjust stomatal conductance (gS) and therefore can optimize photosynthetic assimilation rates (AN) under optimal or mild drought conditions (Tardieu and Simonneau, 1998; Peuke et al., 2002). However, this response can be disadvantageous under severe drought, when cavitation of the hydraulic system can occur, followed by increasing cellular water loss and damage to metabolically active leaf organs. The critical cavitation resistance of beech, where the risk of irreversible hydraulic dysfunction occurs, is comparable to that of other co-occurring tree species and thus does not support an exceptional sensitivity of European beech to drought (water potential -2.8 to -3.2 MPa; Wortemann et al., 2011; Choat et al., 2012; Gleason et al., 2016). Dendroecological studies, however, suggest a high sensitivity of European beech to soil water shortage (Dittmar et al., 2003; Gessler et al., 2004), which is in line with the ecological preference of this species for mesic soils with a sufficient water supply (Peters, 1997; Ellenberg, 2009) and supports the general view of European beech as a drought sensitive tree species.

In contrast to the vast number of studies reporting instantaneous tree responses to drought, little is known about recovery from this environmental stress, even though this ability is an important factor determining the drought resistance of trees on a longer time scale. A few studies have considered the photosynthetic response of saplings exposed to cycles of drought and re-watering (Tognetti et al., 1995; Gallé and Feller, 2007; Arend et al., 2013, 2016b; Blessing et al., 2016), while others have focused on the year-to-year variation in tree-ring growth in adult trees caused by annual fluctuations in precipitation (Dittmar et al., 2003; Pretzsch and Dieler, 2011). Findings from these studies have demonstrated the ability of beech to resume physiological activity, particularly photosynthesis, and growth after severe drought, but the processes occurring after stress release remain poorly understood. Zang et al. (2014) assessed dynamics and patterns of carbon allocation in potted beech saplings under dry and rewetted soil conditions. This experiment not only showed that beech saplings recovered quickly from severe drought but also provided first insights into the different uses of recent photo-assimilates under severe drought and shortly after rewetting. Furthermore, other recent studies have indicated a close coupling of respiratory sink activity in the roots and rhizosphere with photo-assimilation after drought release (Blessing et al., 2016). However, few experiments have followed drought-rewetting responses over a whole growing season, even though it is clear that seasonal aspects of drought development and drought release should not be ignored. In fact, recent studies have shown that trees not only recover from drought but even exhibit increased physiological activity in terms of photosynthesis to compensate for the limitations imposed by previous drought (Arend et al., 2016b; Hagedorn et al., 2016).

The limited knowledge of drought effects over longer time scales, particularly processes occurring after drought release, prevents us from predicting tree responses to future environmental conditions characterized by greater variability of precipitation and thus alternating drought and recovery periods (Reichstein et al., 2013). In this study, we followed the seasonal response of leaf physiological characteristics of beech to a simulated summer drought and drought release. More specifically, we subjected transplanted saplings in large outdoor model ecosystems to a slowly developing soil water shortage and subsequent re-watering. Leaf physiological changes were monitored with weekly to biweekly measurements of pre-dawn leaf water potential (ψpd), stomatal conductance (gS), intercellular CO2 concentration (ci), net-photosynthesis (AN) and PSII fluorescence (Fv/Fm; PItot), together with an analysis of non-structural carbohydrate concentrations (NSC; soluble sugars and starch) and the carbon isotopic composition in bulk leaf material (δ13CL) and soluble sugars (δ13CS). With this experimental setup, we aimed to understand the temporal course of the drought response and the recovery process after drought release. We specifically addressed the following questions: (i) at what drought stress intensity (ψpd) is a leaf physiological drought response detectable, (ii) how fast does leaf physiological activity recover after drought release, and (iii) is there a drought effect imprinted on subsequent leaf physiological activity?

MATERIALS AND METHODS

Experimental Design and Plant Material

European beech (Fagus sylvatica L.) saplings 10–20 cm tall and 3–5 years old were collected from 12 beech populations (Arend et al., 2016a) and transplanted to the 16 lysimeter plots of the outdoor model ecosystems at the Swiss Federal Research Institute WSL (47°21′ N, 8°27′ E, 545 m a.s.l.). In each plot, two saplings from each population were grown with a randomized distribution. The plots are 3 m2 in area, have a depth of 150 cm and are filled with natural forest soil (acidic Haplic Alisol; loamy sand; pH 4.6). The water regime of each plot is controlled by sliding glass roofs, which close automatically at the onset of rain fall, and an automated irrigation system. During the growing season, the plots were irrigated every second or third day with 50 l m-2 deionized water enriched with nutrients to simulate the average composition of ambient rainfall (Kuster et al., 2013). After 2 years, when the saplings had reached a height of approximately 150 cm, a summer drought was imposed in 8 of the 16 plots by omitting the irrigation from June to mid-August 2013, while the other eight plots were regularly irrigated. Leaf development was complete when the drought treatment started. After 10 weeks, the plots were intensely re-watered and afterward regularly irrigated. For this particular study, six control and six drought-treated saplings from a mesic beech population (Collombey, Switzerland; 46°16′ N 6°56′ E; annual precipitation 1,055 mm; annual temperature 8.9°C), each growing in a separate plot, were selected.

Measurements of Soil Water Content and Pre-dawn Leaf Water Potential

Soil water content (SWC) was measured volumetrically at 30 cm soil depth using PC-controlled soil moisture probes (Decagon 5TM; Decagon, United States) installed in each plot of the model ecosystem. Pre-dawn leaf water potentials (ψpd) were measured (bi)weekly using a Scholander pressure chamber (M 600; Mosler Tech Support, Berlin, Germany) in two leaves collected before sunrise from the outer part of the canopy of each sapling. To minimize the impact of the frequent leaf harvest on the saplings, the same leaf material was used for the extraction of NSC. The leaves were briefly microwaved to stop any metabolic activity and then oven-dried at 60°C for 48 h.

Measurements of Leaf Gas Exchange and PSII Photochemistry

On every sampling date, leaf gas exchange characteristics, i.e., net-photosynthesis (AN), intercellular CO2 concentration (ci) and stomatal conductance (gS), of two to four sun-exposed leaves per sapling were measured between 11h00 and 16h00. Measurements were performed with a portable photosynthesis system using a broadleaf cuvette (LI-COR 6400; LI-COR, Lincoln, NE, United States). Conditions in the cuvette were controlled during the measurements to maintain a CO2 concentration of 400 ppm and a photon flux density of 1,000 μmol m-2 s-1, while temperature was adjusted to track values outside the cuvette, which ranged from 11.2 to 36.4°C during the measurements. Fast fluorescence kinetics were analyzed pre-dawn using a plant efficiency analyzer (Pocket PEA, Hansatech Instruments, Ltd., Norfolk, United Kingdom). These fluorescence measurements were conducted on each sampling date prior to the analysis of ψpd in the dark-adapted state. After a saturating light pulse of 3,500 μmol quanta m-2 sec-1 of red light (650 nm) was applied, the increase in fluorescence was recorded at a high resolution for 1 s. Maximum quantum efficiency of photosystem II (Fv/Fm) and the total performance index (PItot) were calculated using PEA plus 1.10 (Hansatech Instruments, Ltd., Norfolk, United Kingdom).

Quantification of Non-structural Carbohydrates

Non-structural carbohydrates (starch, glucose, fructose, and sucrose) were extracted according to Critchley et al. (2001). Approximately, 100 mg of oven-dried and powdered leaf material was incubated for 15 min with 1.12 M perchloric acid and then centrifuged at 3000 g for 15 min. The supernatant used for quantification of soluble sugars was adjusted to pH 6 by the addition of 2 M KOH, 0.4 M MES, and 4 M KCl. The precipitated potassium perchlorate was removed by centrifugation at 3000 g for 15 min. Sucrose in the extract was broken down to glucose and fructose by invertase (Roche, Rotkreuz, Switzerland). Free glucose and glucose originating from sucrose were then converted to gluconate-6-phosphate by glucose-6-phosphate dehydrogenase (Roche, Rotkreuz, Switzerland) and determined photometrically with a 96-well microplate reader (ELx800, BioTek, Luzern, Switzerland). Afterward, fructose was converted to glucose by phosphogluco-isomerase (Roche, Rotkreuz, Switzerland) and then measured as described above. For starch quantification, the remaining pellet was thoroughly washed with 80% EtOH, dried at room temperature and re-suspended in water before starch was broken down to glucose monomers via amyloglucosidase and α-amylase for 2 h at 37°C (both Roche, Rotkreuz, Switzerland) and then determined photometrically as described above. Photometric quantification was performed according to Hoch et al. (2003). The NSC concentrations are expressed on a dry matter basis (mg g-1).

Extraction of Soluble Sugars for δ13C Analysis

Soluble sugars for δ13C analysis were extracted and prepared according to the method established by Wanek et al. (2001) and modified by Göttlicher et al. (2006) and Richter et al. (2009). Briefly, 100 mg of powdered leaf material was extracted with 1 mL MCW (methanol, chloroform, water, 12:3:5, v/v/v) for 30 min at 70°C. After cooling to room temperature, the sample was centrifuged at 10,000 g for 2 min, and 800 μL of the supernatant was used for the extraction of soluble sugars. Phase separation of the supernatant was induced by adding 800 μL water and 250 μL MCW and then vigorously mixing. After every six samples, one blank was processed (800 μL MCW). After centrifugation at 10,000 g for 2 min, 1.2 mL of the upper aqueous phase was mixed with 500 μL chloroform and centrifuged for phase separation. Then, 1 mL of the upper phase was oven-dried for 24 h at 60°C. The sample was re-dissolved in 1 mL water and separated using an ion-exchange cartridge (5 mL syringes, BD PlastipakTM, Beckon Dickinson S.A., Madrid, Spain) made of 2.2 mL cation-exchange resin (DOWEX 50W X 8, 50–100 mesh, H+-form) above 3.2 mL anion-exchange resin (DOWEX 1 X 8, 50–100 mesh, HCOO-form), separated by filter paper. After rinsing the columns with 30 mL water, 35 mL of the eluate, mainly consisting of soluble sugars, was collected. The samples were lyophilized and re-dissolved in 1 mL water. Volumes of 150 μL of each sample were pipetted into tin capsules and oven-dried for 48 h at 60°C before isotopic analysis was conducted.

Measurement of δ13C in Leaf Bulk Tissue and Soluble Sugars

For the analysis of δ13C in leaves, about 0.5 mg of the powdered leaf material or extracted leaf sugars was weighed into tin capsules (Säntis Analytical, Teufen, Switzerland). The samples were combusted to CO2 with an excess of oxygen at 1,020°C in an elemental analyzer (EA-1110, Carlo Erba Thermoquest, Milan, Italy), which was connected to a Delta S mass spectrometer with a CONFLO II system (both Finnigan MAT, Bremen, Germany), performing in continuous flow mode. The isotope ratio of δ13C is given in reference to its international standard, Vienna Pee Dee Belemnite (VPDB), in the delta notation in ‰: δsample = (Rsample/Rstandard-1), with Rsample being the 13C/12C ratio of the sample and Rstandard being the ratio of VPDB. The standard deviation of laboratory cellulose standards was used as an estimate of analysis precision and was lower than 0.10‰.

Statistical Analysis

All data were analyzed using SPSS 21.0 (SPSS, Inc., Chicago, IL, United States). In order to evaluate differences among the treated and the control saplings, a non-parametric test of variance (Mann–Whitney U-test) was applied and FDR (false discovery rate) corrected to account for multiple comparisons (Benjamini and Hochberg, 1995). Data were analyzed separately for the drought and recovery period to detect days with significant differences between the treatments. The differences between the treatments were considered significant when P ≤ 0.05. The statistical tests were performed with four to six replicates per treatment group.

RESULTS

Soil Water Content and Leaf Water Potential

Irrigation was excluded from the drought-treated plots for 10 weeks, from June to mid-August, while control plots received regular irrigation (Figures 1A,B). Soil water content in the control plots ranged from 24 to 29% throughout the growing season (Figure 1C). In drought-treated plots, it ranged from 18 to 25% before and after treatment but decreased gradually to 12% during the drought period without irrigation. Trees in control plots maintained pre-dawn leaf water potentials (ψpd) above -0.5 MPa, except at the end of the growing season in October, when leaf senescence started and ψpd decreased to values of -1.0 MPa (Figure 1D). In drought-exposed saplings, ψpd started to decrease in mid-July, 7 weeks after irrigation was first withheld, and reached a minimum value of -1.8 MPa (mean of six replicates) at the end of the drought period in mid-August. After the first re-watering event, ψpd increased within 1 day to the level observed for control trees and even reached slightly higher ψpd values than those of control trees (Figure 1D).
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FIGURE 1. Irrigation regime and effects on soil water content (SWC) and pre-dawn leaf water potential (ψpd). Timing of the irrigation events in (A) the control and (B) the drought treatment. (C) SWC at a depth of 30 cm and (D) ψpd in control and drought-treated plots. Filled gray circles indicate significant differences between the two treatments (P ≤ 0.05). For the drought treatment, the two vertical dotted lines represent the date when irrigation was first withheld and the date of the re-watering event. Data are means of n = 6; ±1 SE.



Leaf Gas Exchange and PSII Photochemistry

Due to variable weather conditions, with both hot, sunny days and cool, cloudy days, stomatal conductance (gS) varied strongly throughout the growing season, regardless of the applied drought treatment (Figure 2A). Nevertheless, a clear drought effect on gS was observed in non-irrigated saplings. Stomatal conductance started to decrease when ψpd dropped below -0.6 MPa in mid-July and remained lower than values of the controls until re-watering in mid-August. After re-watering, gS showed a fast initial increase and recovered fully after 6 days, reaching values comparable to those of controls. A similar pattern was obtained for intercellular CO2 concentration (ci), which decreased when ψpd dropped below -0.6 MPa and recovered quickly after drought release (Figure 2B).
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FIGURE 2. Seasonal course of leaf gas exchange. (A) Stomatal conductance (gS), (B) intercellular CO2 concentration (ci) and (C) net-photosynthesis (AN) in control and drought-treated beech saplings. Numerical data indicate the drought limitation and post-drought stimulation of AN (difference of the integrated areas below the curves). Filled gray circles indicate significant differences between the two treatments (P ≤ 0.05). For the drought treatment, the two vertical dotted lines represent the date when irrigation was first withheld and the date of the re-watering event. Data are means of n ≥ 4; ±1 SE (11.07).



Net-photosynthesis (AN) showed a distinct seasonal pattern, with higher rates in summer and lower rates in spring and autumn (Figure 2C). Net-photosynthesis in drought-exposed saplings was comparable to that in control trees as long as ψpd remained above -0.6 MPa. When ψpd dropped below this critical value in mid-July, AN started to decrease and was reduced by up to 60% at the end of the drought treatment in mid-August (Figure 2C). Net-photosynthesis responded quickly to re-watering, reaching 85% of the photosynthetic rate in control trees after 4 days and recovering completely after 1 week. Afterward, previously drought-exposed saplings had higher values of AN compared to control trees, with a post-drought stimulation apparent toward the end of September and the beginning of October. The overall limitation of AN in drought-treated saplings in relation to control saplings (estimated from the difference of the integrated areas below the curves) was -33%. The post-drought stimulation, integrated over the whole period after full recovery, was +16%.

Photochemical effects on photosynthesis were studied using PSII chlorophyll fluorescence analysis and the derived parameters maximum quantum yield of PSII (Fv/Fm) and total performance index of PSII (PItot). While Fv/Fm did not show any seasonal variation or response to the imposed drought, PItot showed a clear drought signal (Figures 3A,B). A decrease in PItot was observed in mid-August when ψpd reached values of -1.8 MPa, more than 3 weeks after the first drought effects on gS and AN were detected. After re-watering, PItot showed a delayed response, increasing slowly after 2 days and recovering completely 1 week after drought release, at the same time when full recovery of AN was observed.
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FIGURE 3. Seasonal course of pre-dawn PSII Chlorophyll Fluorescence parameters in control and drought-treated beech saplings. (A) Maximum quantum yield (Fv/Fm) and (B) total performance index (PItot) in control and drought-treated saplings. Filled gray circles indicate significant differences between the two treatments (P ≤ 0.05). For the drought treatment, the two vertical dotted lines represent the date when irrigation was first withheld and the date of the re-watering event. Data are means of n = 6; ±1 SE.



Non-structural Carbohydrate Concentrations

Concentrations of NSCs were measured in pre-dawn harvested leaves. In control saplings, the concentration of soluble sugars ranged from 10 to 25 mg g-1 dry weight throughout the whole growing season, with no clear seasonal trend (Figure 4A). The concentration of starch and of total NSC ranged from 6 to 35 mg g-1 dry weight and 25 to 58 mg g-1 dry weight, respectively, throughout the growing season, with a gradual decline occurring from June to October (Figures 4B,C). While total NSC was not affected by the imposed drought, both starch and soluble sugars showed a distinct drought response. The starch concentration in leaves of drought-exposed saplings decreased as ψpd dropped to -1.0 MPa, 2 weeks after gS and AN showed a drought response. After re-watering in mid-August, the starch concentration increased within 1 day to the level in control saplings. After full recovery, the previously drought-treated saplings had slightly higher starch concentrations than control saplings, although this difference was not significant (Figure 4B). Soluble sugars showed a drought response that was the inverse to that observed for starch, with increasing concentrations during the drought treatment (Figure 4A). The first drought effects on the concentration of soluble sugars were observed when ψpd reached a value of -1.0 MPa. Soluble sugar concentrations returned to the same level as observed in control saplings within 1 day of re-watering and subsequently remained at the control level.
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FIGURE 4. Seasonal course of non-structural carbohydrates (NSCs) in control and drought-treated beech saplings. (A) Soluble sugars (B) starch and (C) total concentrations of NSCs. Filled gray circles indicate significant differences between the two treatments (P ≤ 0.05). For the drought treatment, the two vertical dotted lines represent the date when irrigation was first withheld and the date of the re-watering event. Data are means of n ≥ 5; ±1 SE (starch content: 7 August, n = 3, ±1 SE).



13C Signatures in Leaf Bulk Tissue and Sugars

The 13C signature of the leaf bulk tissue (δ13CL) did not show seasonal variation or a distinct drought response (Figure 5A). For both the control and the drought treatment, δ13CL was around -30‰ at the beginning of the measurements in early June and decreased gradually to -31‰ in early October.
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FIGURE 5. Seasonal changes in the isotopic signature of leaf bulk tissue (δ13CL, A) and sugars (δ13CS, B) in control and drought-treated saplings. Filled gray circles indicate significant differences between the two treatments (P ≤ 0.05). For the drought treatment, the two vertical dotted lines represent the date when irrigation was first withheld and the date of the re-watering event. Data are means of n = 6; ±1 SE (δ13CS: 01 and 07 August 2013, n = 4, ±1 SE).



In contrast to δ13CL, the 13C signature of soluble sugars (δ13CS) showed a clear seasonal trend and a distinct drought response. δ13CS in control saplings decreased gradually from -27‰ in June to -30‰ in early October. In drought-exposed saplings, an (non-significant) increase of δ13CS by 2.7‰ (P = 0.06) was observed when ψpd reached a value of -0.8 MPa (Figure 5B). δ13CS increased further with decreasing ψpd and reached a maximum value of -26‰ at the end of the drought period in mid-August. The drought signal in δ13CS declined quickly after re-watering, reaching values close to those in control saplings after 1 day.

DISCUSSION

Responses to Drought

Our study on beech saplings revealed a sequence of leaf physiological changes that gradually developed in response to increasingly severe drought conditions (Figure 6). These responses were related to pre-dawn leaf water potential (ψpd), a physiological indicator of plant-internal water relations (Cochard et al., 2001; Ehrenberger et al., 2012). Leaf physiological responses were observed first for stomatal conductance (gS), intercellular CO2 concentration (ci) and net-photosynthesis (AN), which started to decrease when ψpd dropped below -0.6 MPa. Previous studies on beech showed similar responses of gS and AN to decreasing ψpd, suggesting that a ψpd of around -0.6 MPa represents a general threshold for drought effects on beech leaf gas exchange (Aranda et al., 2012; Cocozza et al., 2016).
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FIGURE 6. Comparison of relative drought effects on stomatal conductance (gS), net-photosynthesis (AN), total performance index of PSII (PItot), and concentrations of starch and sugars in relation to changes in pre-dawn leaf water potential (ψpd) in the drought-treated saplings. Effects are shown for pre-drought, drought, and re-watering conditions. For re-watering conditions, specific days after the first re-watering event (d1, d2, …, d52) were selected. Asterisks indicate significant differences between the two treatments (P ≤ 0.05). For the drought treatment, the two vertical dotted lines represent the date when irrigation was first withheld and the date of the re-watering event.



Shortly after AN started to decrease, the isotopic signature of soluble sugars (δ13CS) showed an increase in drought-treated saplings relative to values in control saplings. This result may indicate limitations of AN, due either to high leaf resistance to CO2 diffusion and/or to impaired photochemistry (Farquhar et al., 1989). The latter explanation can be excluded, as chlorophyll fluorescence did not indicate impaired photochemistry and photochemical reactions are resistant to moderate stress (Kaiser, 1987; Havaux, 1992; Epron and Dreyer, 1993; Arend et al., 2013). Thus, the early decrease of AN must be a result of limited CO2 diffusion to the sites of photosynthetic reactions in the chloroplasts. Indeed, diffusional limitations are the predominant factors controlling photosynthesis in response to stress, including changes in both stomatal and mesophyll resistance (Centritto et al., 2003, 2009; Galmés et al., 2007; Flexas et al., 2008). In the present study, however, we obtained evidence that high stomatal resistance, i.e., low gS, was the rate-limiting factor for AN. In fact, the decrease in AN was accompanied by a parallel decline in gS and ci, suggesting that CO2 diffusion through the stomata was more affected than subsequent CO2 diffusion through the mesophyll. This interpretation is consistent with the positive relationship between mesophyll resistance and ci (Flexas et al., 2008), which in turn supports our assumption that stomatal resistance was the rate-limiting factor in leaf CO2 diffusion. Reduced ci has previously been shown to be an early response to water stress and is exclusively related to stomatal limitation of photosynthesis (Sharkey and Seemann, 1989; Grassi and Magnani, 2005). Overall, the initial increase in δ13CS in drought-exposed beech most likely reflects stomatal limitation of AN, which also suggests higher photosynthetic water use efficiency (Farquhar et al., 1989). With increasingly severe drought, however, when ψpd decreased to -1.8 MPa, concurrently measured chlorophyll fluorescence suggested additional limitations of photochemical reactions. The total performance index of PSII (PItot), a stress-sensitive fluorescence parameter (Strasser et al., 2010; Albert et al., 2011), indicated impaired PSII photochemistry that may have contributed to the further decline in AN with drought.

Impaired photosynthesis, as observed in the present study, cause concomitant changes in leaf carbon metabolism (Pinheiro and Chaves, 2011). Reduced availability of recent photo-assimilates, for instance, may lead to greater consumption of transiently stored starch as an alternative source of sugars for metabolic activity, osmoregulation, and cellular stress defense (Chaves, 1991; Hare et al., 1998). In drought-exposed beech, we observed an increase in the concentration of soluble sugars at the expense of starch when drought stress severity increased, as indicated by a decline in ψpd to -1.0 MPa. We therefore cannot exclude that carbon partitioning from starch to sugars may have contributed to the observed increase in δ13CS, as sugars derived from transiently stored starch are enriched in 13C relative to sugars from recently assimilated carbon (Rossmann et al., 1991; Gleixner and Schmidt, 1997; Gleixner et al., 1998). Indeed, starch concentrations started to decrease when δ13CS increased, while the isotopic signature of leaf bulk material (δ13CL) was less affected. Thus, there remains some uncertainty as to the source of increased δ13CS, which seemingly compromises the interpretation given above linking δ13CS with a diffusional limitation of AN. Transient starch, however, forms a highly dynamic carbon pool that relies on the daily uptake and release of recently assimilated carbon. The rapid turnover of starch explains why sugars derived from transiently stored starch integrate the same physiological signals into their isotopic signature as sugars derived from recently assimilated carbon (Brugnoli et al., 1988; Blessing et al., 2015). It is therefore very likely that the increase in δ13CS still reflects diffusional limitation of AN, regardless of the fact that different sugar fractions contribute to this signal. Despite altered sugar and starch concentrations, the total amount of leaf NSC was not affected during drought. Thus, we can exclude the possibility that carbon starvation plays a role in the drought response of beech, which is in line with findings from previous studies on drought-exposed beech and oak trees (Li et al., 2013; Liu et al., 2017).

Responses after Drought Release

An important, but not fully explored, aspect of drought tolerance in trees is their ability to recover after drought release and quickly resume full physiological activity (Gallé and Feller, 2007; Arend et al., 2013, 2016b). In the present study, we took advantage of the immediate restoration of tree internal water relations after re-watering, which allowed us to study the recovery of leaf physiological activities without interfering effects of further plant-hydraulic constraints (Figure 6). Indeed, after the first re-irrigation pulse was applied, ψpd increased within 1 day to the level of control trees, even though soil re-wetting was not complete after the long-lasting summer drought. From this observation, we conclude that the hydraulic system in beech is fairly resistant toward drought-induced damage, as suggested in previous studies (Wortemann et al., 2011; Choat et al., 2012; Gleason et al., 2016). This interpretation is in line with previous observations that critical values of ψpd, which induce recovery failure of tree internal water relations, photosynthesis and other eco-physiological traits, are notably low in beech compared with other angiosperm tree species (Urli et al., 2013).

The immediate restoration of tree internal water relations was followed by a rapid adjustment of the leaf carbon metabolism to that in controls, as indicated by increasing starch and decreasing sugar levels and a fast decay of the drought signal in δ13CS. The latter result suggests a rapid turnover of primary carbon metabolites after drought release, presumably driven by the increased delivery of new photo-assimilates and by an enhanced carbon demand for leaf respiration and export of sugars to respiratory sinks in the roots and rhizosphere (Zang et al., 2014). In fact, leaf carbon metabolism depends on whole tree carbon allocation dynamics, as demonstrated by a close coupling of above and belowground carbon fluxes (Högberg et al., 2001, 2008; Epron et al., 2011). In beech, it has recently been proposed that the drought recovery of respiratory sink activity in the roots and rhizosphere triggers the carbon export from leaves, which implies a lower residence time of recent assimilates in leaves and thus rapid turnover of primary carbon metabolites (Hagedorn et al., 2016).

Although levels of sugars and starch recovered within 1 day, photosynthetic traits remained constrained by the previous drought. After an initial rise, AN did not increase further and remained for 1 week at lower levels than in controls. Other studies on beech have reported different time scales for a full recovery of AN, ranging from 3 days to 4 weeks (Gallé and Feller, 2007; Zang et al., 2014; Blessing et al., 2016). However, results of drought experiments are difficult to compare, owing to the heterogeneity of experimental conditions, different stress intensities and ecological diversity of the plant material (Miyashita et al., 2005; Vicca et al., 2012; Arend et al., 2016b). In our study, the post-drought limitation of AN was attributable to a persistent drought effect on stomatal and photochemical traits of photosynthesis, i.e., gS and PItot, but we cannot exclude that altered mesophyll conductance was also involved (Flexas et al., 2008; Centritto et al., 2009). While gS responded quickly to the first re-watering pulse, it did not fully recover and instead remained at lower levels than in controls for approximately 1 week. In contrast, PItot responded much more slowly to the first re-watering pulse, and full recovery was delayed by 1 week, indicating a down-regulation of PSII photochemistry that may have contributed to the delayed recovery of AN.

There is increasing evidence that a drought effect is imprinted on trees, which compensates for the previous limitations of metabolic activities (Arend et al., 2016b; Hagedorn et al., 2016). Together with the tree’s capacity to recover from limiting stress, such a post-drought effect may be crucial for the tree’s overall drought resilience. In support of this, we observed a slight, but significant, post-drought stimulation of AN, which counteracted the previous limitation of AN under drought conditions. Interestingly, AN started to increase after PItot recovered completely, suggesting that the post-drought stimulation of AN depends directly or indirectly on full PSII photochemical activity. Altered stomatal regulation could be excluded as a cause for the observed post-drought stimulation of AN, as gS and ci did not show any further change in previously drought-exposed beech saplings after full recovery. Instead, we observed a distinct trend toward increased starch concentrations and higher PItot values in previously drought-exposed beech saplings, lending further indirect support for improved leaf metabolic activity after drought recovery.

CONCLUSION

In this study, we investigated the response of leaf physiological traits in beech to a simulated summer drought, not only describing the well-known limitations of these traits imposed by sudden drought but also highlighting the fast recovery of tree internal water relations and carbon metabolism and demonstrating a post-drought stimulation of photosynthesis after drought release. This last finding should be investigated further in future studies to better understand the underlying mechanisms and to evaluate the implications of stimulated photosynthesis for tree and ecosystem carbon fluxes under future climate conditions with greater variability of precipitation and thus alternating drought and recovery periods. Overall, the present study suggests a relatively high resilience of European beech to summer drought that needs to be considered in models predicting the impact of climate change on species distribution and ecosystem functioning.

AUTHOR CONTRIBUTIONS

EP, RS, MS, and MA conceived and designed the experiments. EP, RS, and MA performed the experiments and analyzed the data. EP, NB, and MA wrote the manuscript. AR provided the editorial advice.

FUNDING

This work was supported by funding from the Swiss Federal Institute for Forest, Snow and Landscape Research WSL and the Swiss Federal Office for the Environment FOEN.

ACKNOWLEDGMENTS

We thank Peter Bleuler for his valuable technical assistance and for maintaining the model ecosystem facility. We also thank the internship students Florian Schreyer and Pascal Buri for helping us with conducting physiological measurements and preparing the samples. Many thanks to Carola Blessing and Marco Lehmann for assistance with carbon isotope and NSC analysis. This research is included in the Ph.D. dissertation of Pflug (2017).

REFERENCES

Albert, K. R., Mikkelsen, T. N., Michelsen, A., Ro-Poulsen, H., and van der Linden, L. (2011). Interactive effects of drought, elevated CO2 and warming on photosynthetic capacity and photosystem performance in temperate heath plants. J. Plant Physiol. 168, 1550–1561. doi: 10.1016/j.jplph.2011.02.011

Ammer, C., Albrecht, L., Borchert, H., Brosinger, F., Dittmar, C., Elling, W., et al. (2005). Future suitability of beech (Fagus sylvatica L.) in Central Europe: Critical remarks concerning a paper of Rennenberg et al. (2004). Allg Forst Jagdztg 176, 60–67.

Aranda, I., Cano, F. J., Gascó, A., Cochard, H., Nardini, A., Mancha, J. A., et al. (2015). Variation in photosynthetic performance and hydraulic architecture across European beech (Fagus sylvatica L.) populations supports the case for local adaptation to water stress. Tree Physiol. 35, 34–46. doi: 10.1093/treephys/tpu101

Aranda, I., Rodriguez-Calcerrada, J., Robson, T. M., Cano, F. J., Alté, L., and Sánchez-Gómez, D. (2012). Stomatal and non-stomatal limitations on leaf carbon assimilation in beech (Fagus sylvatica L.) seedlings under natural conditions. For. Syst. 21, 405–417. doi: 10.5424/fs/2012213-02348

Arend, M., Brem, A., Kuster, T. M., and Günthardt-Goerg, M. S. (2013). Seasonal photosynthetic responses of European oaks to drought and elevated daytime temperature. Plant Biol. 15, 169–176. doi: 10.1111/j.1438-8677.2012.00625.x

Arend, M., Gessler, A., and Schaub, M. (2016a). The influence of the soil on spring and autumn phenology in European beech. Tree Physiol. 36, 78–85. doi: 10.1093/treephys/tpv087

Arend, M., Sever, K., Pflug, E., Gessler, A., and Schnaub, M. (2016b). Seasonal photosynthetic response of European beech to severe summer drought: Limitation, recovery and post-drought stimulation. Agric. For. Meteorol. 220, 83–89. doi: 10.1016/j.agrformet.2016.01.011

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat. Soc. Ser. B 57, 289–300.

Blessing, C. H., Barthel, M., Gentsch, L., and Buchmann, N. (2016). Strong coupling of shoot assimilation and soil respiration during drought and recovery periods in beech as indicated by natural abundance measurements. Front. Plant Sci. 7:1710. doi: 10.3389/fpls.2016.01710

Blessing, C. H., Werner, R. A., Siegwolf, R., and Buchmann, N. (2015). Allocation dynamics of recently fixed carbon in beech saplings in response to increased temperatures and drought. Tree Physiol. 35, 585–598. doi: 10.1093/treephys/tpv024

Brugnoli, E., Hubick, K. T., von Caemmerer, S., Chin Wong, S., and Farquhar, G. D. (1988). Correlation between the carbon isotope discrimination in leaf starch and sugars of C3 plants and the ratio of intercellular and atmospheric partial pressures of carbon dioxide. Plant Physiol. 88, 1418–1424. doi: 10.1104/pp.88.4.1418

Centritto, M., Lauteri, M., Monteverdi, M. C., and Serraj, R. (2009). Leaf gas exchange, carbon isotope discrimination, and grain yield in contrasting rice genotypes subjected to water deficits during the reproductive stage. J. Exp. Bot. 60, 2325–2339. doi: 10.1093/jxb/erp123

Centritto, M., Loreto, F., and Chartzoulakis, K. (2003). The use of low [CO2] to estimate diffusional and non-diffusional limitations of photosynthetic capacity of salt-stressed olive saplings. Plant Cell Environ. 26, 585–594. doi: 10.1046/j.1365-3040.2003.00993.x

CH2011 (2011). “Climate scenarios of seasonal means,” in Swiss Climate Change Scenarios CH2011, eds T. Corti, A. M. Fischer, A. Kress, and P. Pall (Zurich: C2SM), 88.

Chaves, M. M. (1991). Effects of water deficits on carbon assimilation. J. Exp. Bot. 42, 1–16. doi: 10.1093/jxb/42.1.1

Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R., et al. (2012). Global convergence in the vulnerability of forests to drought. Nature 491, 752–755. doi: 10.1038/nature11688

Ciais, P., Reichenstein, M., Viovy, N., Granier, A., Ogée, J., Allard, V., et al. (2005). Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529–533. doi: 10.1038/nature03972

Cochard, H., Forestier, S., and Ameglio, T. (2001). A new validation of the Scholander pressure chamber technique based on stem diameter variations. J. Exp. Bot. 52, 1361–1365. doi: 10.1093/jexbot/52.359.1361

Cocozza, C., de Miguel, M., Pšidová, E., Ditmarová, L., Marino, S., Maiuro, L., et al. (2016). Variation in ecophysiological traits and drought tolerance of beech (Fagus sylvatica L.) seedlings from different populations. Front. Plant Sci. 7:886. doi: 10.3389/fpls.2016.00886

Critchley, J. H., Zeeman, S. C., Takaha, T., Smith, A. M., and Smith, S. M. (2001). A critical role for disproportionating enzyme in starch breakdown is revealed by a knock-out mutation in Arabidopsis. Plant J. 26, 89–100. doi: 10.1046/j.1365-313x.2001.01012.x

Czúcz, B., Gálhidy, L., and Mátyás, C. (2011). Present and forecasted xeric climatic limits of beech and sessile oak distribution at low altitudes in Central Europe. Ann. For. Sci. 68, 99–108. doi: 10.1007/s13595-011-0011-4

Dittmar, C., Zech, W., and Elling, W. (2003). Growth variations of Common beech (Fagus sylvatica L.) under different climatic and environmental conditions in Europe - a dendroecological study. For. Ecol. Manage 173, 63–78. doi: 10.1016/S0378-1127(01)00816-7

Ehrenberger, W., Rüger, S., Fitzke, R., Vollenweider, P., Günthardt-Goerg, M. S., Kuster, T. M., et al. (2012). Concomitant dendrometer and leaf patch pressure probe measurements reveal the effect of microclimate and soil moisture on diurnal trunk water and leaf turgor variations in young oak trees. Funct. Plant Biol. 39, 297–305. doi: 10.1071/FP11206

Ellenberg, H. (2009). Vegetation Ecology of Central Europe, 4th Edn. Cambridge: Cambridge University press.

Epron, D., and Dreyer, E. (1993). Photosynthesis of oak leaves under water stress: maintenance of high photochemical efficiency of photosystem II and occurrence of non-uniform CO2 assimilation. Tree Physiol. 13, 107–117. doi: 10.1093/treephys/13.2.107

Epron, D., Ngao, J., Dannoura, M., Bakker, M. R., Zeller, B., Bazot, S., et al. (2011). Seasonal variations of belowground carbon transfer assessed by in situ 13CO2 pulse labelling of trees. Biogeosciences 8, 1153–1168. doi: 10.5194/bg-8-1153-2011

Farquhar, G. D., Ehleringer, J. R., and Hubick, K. T. (1989). Carbon isotope discrimination and photosynthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 40, 503–537. doi: 10.1146/annurev.pp.40.060189.002443

Flexas, J., Ribas-Carbó, M., Diaz-Espejo, A., Galmés, J., and Medrano, H. (2008). Mesophyll conductance to CO2: current knowledge and future prospects. Plant Cell Environ. 31, 602–621. doi: 10.1111/j.1365-3040.2007.01757.x

Gallé, A., and Feller, U. (2007). Changes of photosynthetic traits in beech saplings (Fagus sylvatica) under severe drought stress and during recovery. Physiol. Plant. 131, 412–421. doi: 10.1111/j.1399-3054.2007.00972.x

Galmés, J., Medrano, H., and Flexas, J. (2007). Photosynthetic limitations in response to water stress and recovery in Mediterranean plants with different growth forms. New Phytol. 175, 81–93. doi: 10.1111/j.1469-8137.2007.02087.x

Gessler, A., Keitel, C., Kreuzwieser, J., Matyssek, R., Seiler, W., and Rennenberg, H. (2007). Potential risks for European beech (Fagus sylvatica L.) in a changing climate. Trees Struct. Funct. 21, 1–11. doi: 10.1007/s00468-006-0107-x

Gessler, A., Keitel, C., Nahm, M., and Rennenberg, H. (2004). Water shortage affects the water and nitrogen balance in central European beech forests. Plant Biol. 6, 289–298. doi: 10.1055/s-2004-820878

Gleason, S. M., Westoby, M., Jansen, S., Choat, B., Hacke, U. G., Pratt, R. B., et al. (2016). Weak tradeoff between xylem safety and xylem-specific hydraulic efficiency across the world’s woody plant species. New Phytol. 209, 123–136. doi: 10.1111/nph.13646

Gleixner, G., Scrimgeour, C., Schmidt, H.-L., and Viola, R. (1998). Stable isotope distribution in the major metabolites of source and sink organs of Solanum tuberosum L.: a powerful tool in the study of metabolic partitioning in intact plants. Planta 207, 241–245. doi: 10.1007/s004250050479

Gleixner, G., and Schmidt, H. L. (1997). Carbon isotope effects on the fructose-1,6-bisphosphate aldolase reaction, origin for nonstatistical C-13 distributions in carbohydrates. J. Biol. Chem. 272, 5382–5387. doi: 10.1074/jbc.272.9.5382

Göttlicher, S., Knohl, A., Wanek, W., Buchmann, N., and Richter, A. (2006). Short-term changes in carbon isotope composition of soluble carbohydrates and starch: from canopy leaves to the root system. Rapid Commun. Mass Spectrom. 20, 653–660. doi: 10.1002/rcm.2352

Grassi, G., and Magnani, F. (2005). Stomatal, mesophyll conductance and biochemical limitations to photosynthesis as affected by drought and leaf ontogeny in ash and oak trees. Plant Cell Environ. 28, 834–849. doi: 10.1111/j.1365-3040.2005.01333.x

Hagedorn, F., Joseph, J., Peter, M., Luster, J., Pritsch, K., Geppert, U., et al. (2016). Recovery of trees from drought depends on belowground sink control. Nat. Plants 2:16111. doi: 10.1038/nplants.2016.111

Hanewinkel, M., Cullmann, D. A., Schelhaas, M. J., Nabuurs, G.-J., and Zimmermann, N. E. (2012). Climate change may cause severe loss in the economic value of European forest land. Nat. Clim. Change 3, 204–207. doi: 10.1038/nclimate1687

Hare, P. D., Cress, W. A., and Staden, J. (1998). Dissecting the roles of osmolyte accumulation during stress. Plant Cell Environ. 21, 535–553. doi: 10.1046/j.1365-3040.1998.00309.x

Havaux, M. (1992). Stress tolerance of photosystem II in vivo. Plant Physiol. 100, 424–434. doi: 10.1104/pp.100.1.424

Hoch, G., Richter, A., and Körner, C. (2003). Non-structural carbon compounds in temperate forest trees. Plant Cell Environ. 26, 1067–1081. doi: 10.1046/j.0016-8025.2003.01032.x

Högberg, P., Högberg, M. N., Göttlicher, S. G., Betson, N. R., Keel, S. G., Metcalfe, D. B., et al. (2008). High temporal resolution tracing of photosynthate carbon from the tree canopy to forest soil microorganisms. New Phytol. 177, 220–228. doi: 10.1111/j.1469-8137.2007.02238.x

Högberg, P., Nordgren, A., Buchmann, N., Taylor, A. F., Ekblad, A., Högberg, M. N., et al. (2001). Large-scale forest girdling shows that current photosynthesis drives soil respiration. Nature 411, 789–792. doi: 10.1038/35081058

IPCC (2012). “Managing the risks of extreme events and disasters to advance climate change adaptation,” in A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate Change, eds C. B. Field, V. Barros, T. F. Stocker, Q. Dahe, D. J. Dokken, K. L. Ebi, et al. (Cambridge: Cambridge University Press).

Kaiser, W. M. (1987). Effects of water deficit on photosynthetic capacity. Physiol. Plant. 71, 142–149. doi: 10.1111/j.1399-3054.1987.tb04631.x

Kramer, K., Degen, B., Buschbom, J., Hickler, T., Thuiller, W., Sykes, M. T., et al. (2010). Modelling exploration of the future of European beech (Fagus sylvatica L.) under climate change - Range, abundance, genetic diversity and adaptive response. For. Ecol. Manage 259, 2213–2222. doi: 10.1016/j.foreco.2009.12.023

Kuster, T. M., Arend, M., Bleuler, P., Günthardt-Goerg, M. S., and Schulin, R. (2013). Water regime and growth of young oak stands subjected to air warming and drought on two different forest soils in a model ecosystem experiment. Plant Biol. 15, 138–147. doi: 10.1111/j.1438-8677.2011.00552.x

Leuschner, C., Backes, B., Hertel, D., Schipka, F., Schmitt, U., Terborg, O., et al. (2001). Drought responses at leaf, stem and fine root levels of competitive Fagus sylvatica L. and Quercus petraea (Matt.) Liebl. trees in dry and wet years. For. Ecol. Manage 149, 33–46. doi: 10.1016/S0378-1127(00)00543-0

Leuzinger, S., Zotz, G., Asshoff, R., and Körner, C. (2005). Responses of deciduous forest trees to severe drought in Central Europe. Tree Physiol. 25, 641–650. doi: 10.1093/treephys/25.6.641

Li, M., Cherubini, P., Dobbertin, M., Arend, M., Xiao, W.-F., and Rigling, A. (2013). Responses of leaf nitrogen and mobile carbohydrates in different Quercus species/provenances to moderate climate changes. Plant Biol. 15, 177–184. doi: 10.1111/j.1438-8677.2012.00579.x

Liu, J., Arend, M., Yang, W., Schaub, M., Gessler, A., Ni, Y., et al. (2017). The priority of carbon storage over shoot growth in Fagus sylvatica L. saplings modulated by soil types. Sci. Rep. 7:42462. doi: 10.1038/srep42462

Meehl, G. A., and Tebaldi, C. (2004). More intense, more frequent, and longer lasting heat waves in the 21st century. Science 305, 994–997. doi: 10.1126/science.1098704

Milad, M., Schaich, H., Bürgi, M., and Konold, W. (2010). Climate change and nature conservation in Central European forests: a review of consequences, concepts and challenges. For. Ecol. Manage 261, 829–843. doi: 10.1016/j.foreco.2010.10.038

Miyashita, K., Tanakamaru, S., Maitani, T., and Kimura, K. (2005). Recovery responses of photosynthesis, transpiration, and stomatal conductance in kidney bean following drought stress. Environ. Exp. Bot. 53, 205–214. doi: 10.1016/j.envexpbot.2004.03.015

Nahm, M., Radoglou, K., Halyvopoulos, G., Gessler, A., Rennenberg, H., and Fotelli, M. N. (2006). Physiological performance of beech (Fagus sylvatica L.) at its southeastern distribution limit in Europe: seasonal changes in nitrogen, carbon and water balance. Plant Biol. 8, 52–63. doi: 10.1055/s-2005-872988

Ohlemüller, R., Gritti, E. S., Sykes, M. T., and Thomas, C. D. (2006). Quantifying components of risk for European woody species under climate change. Glob. Change Biol. 12, 1788–1799. doi: 10.1111/j.1365-2486.2006.01231.x

Peters, R. (1997). Beech Forests. Dordrecht: Kluwer, 169. doi: 10.1007/978-94-015-8794-5

Peuke, A. D., Schraml, C., Hartung, W., and Rennenberg, H. (2002). Identification of drought-sensitive beech ecotypes by physiological parameters. New Phytol. 154, 373–387. doi: 10.1046/j.1469-8137.2002.00400.x

Pflug, E. (2017). Response of Oak and Beech to Simulated Summer Drought and Drought Release: Ecophysiological Characteristics in Leaves and Tree Rings. Ph.D. thesis, ETH Zürich, Zürich.

Pflug, E. E., Siegwolf, R. T. W., Buchmann, N., Dobbertin, M., Kuster, T. M., Gündhardt-Goerg, M. S., et al. (2015). Growth cessation uncouples isotopic signals in leaves and tree rings of drought-exposed oak trees. Tree Physiol. 35, 1095–1105. doi: 10.1093/treephys/tpv079

Pinheiro, C., and Chaves, M. M. (2011). Photosynthesis and drought: can we make metabolic connections from available data? J. Exp. Bot. 62, 869–882. doi: 10.1093/jxb/erq340

Pretzsch, H., and Dieler, J. (2011). The dependency of the size-growth relationship of Norway spruce (Picea abies (L.) Karst.) and European beech (Fagus sylvatica L.) in forest stands on long-term site conditions, drought events, and ozone stress. Trees 25, 355–369. doi: 10.1007/s00468-010-0510-1

Reichstein, M., Bahn, M., Ciais, P., Frank, D., Mahecha, M. D., Seneviratne, S. I., et al. (2013). Climate extremes and the carbon cycle. Nature 500, 287–295. doi: 10.1038/nature12350

Rennenberg, H., Seiler, W., Matyssek, R., Gessler, A., and Kreuzwieser, J. (2004). European beech (Fagus sylvatica L.) – a forest tree without future in the south of Central Europe? Allg. Forst Jagdztg 175, 210–224.

Richter, A., Wanek, W., Werner, R. A., Ghashghaie, J., Jäggi, M., Gessler, A., et al. (2009). Preparation of starch and soluble sugars of plant material for the analysis of carbon isotope composition: a comparison of methods. Rapid Commun. Mass Spectrom. 23, 2476–2488. doi: 10.1002/rcm.4088

Rossmann, A., Butzenlechner, M., and Schmidt, H. L. (1991). Evidence for a nonstatistical carbon isotope distribution in natural glucose. Plant Physiol. 96, 609–614. doi: 10.1104/pp.96.2.609

Schütz, J. P. (2009). The principles of ecoforestry are also valid in a changing climate. Schweiz. Z. Forstwes. 160, 68–73. doi: 10.3188/szf.2009.0068

Sharkey, T. D., and Seemann, J. R. (1989). Mild water stress effects on carbon-reduction-cycle intermediates, ribulose bisphosphate carboxylase activity, and spatial homogeneity of photosynthesis in intact leaves. Plant Physiol. 89, 1060–1065. doi: 10.1104/pp.89.4.1060

Strasser, R. J., Tsimilli-Michael, M., Qiang, S., and Goltsev, V. (2010). Simultaneous in vivo recording of prompt and delayed fluorescence and 820-nm reflection changes during drying and after rehydration of the resurrection plant Haberlea rhodopsis. Biochim. Biophys. Acta 1797, 1313–1326. doi: 10.1016/j.bbabio.2010.03.008

Tardieu, F., and Simonneau, T. (1998). Variability among species of stomatal control under fluctuating soil water status and evaporative demand: modelling isohydric and anisohydric behaviours. J. Exp. Bot. 49, 419–432. doi: 10.1093/jxb/49

Tognetti, R., Johnson, J. D., and Michelozzi, M. (1995). The response of European beech (Fagus sylvatica L.) seedlings from two Italian populations to drought and recovery. Trees 9, 348–354. doi: 10.1007/BF00202499

Urli, M., Porté, A. J., Cochard, H., Guengant, Y., Burlett, R., and Delzon, S. (2013). Xylem embolism threshold for catastrophic hydraulic failure in angiosperm trees. Tree Physiol. 33, 672–683. doi: 10.1093/treephys/tpt030

Vicca, S., Gilgen, A. K., Camino Serrano, M., Dreesen, F. E., Dukes, J. S., Estiarte, M., et al. (2012). Urgent need for a common metric to make precipitation manipulation experiments comparable. New Phytol. 195, 518–522. doi: 10.1111/j.1469-8137.2012.04224.x

Wanek, W., Heintel, S., and Richter, A. (2001). Preparation of starch and other carbon fractions from higher plant leaves for stable carbon isotope analysis. Rapid Commun. Mass Spectrom. 15, 1136–1140. doi: 10.1002/rcm.353

Weber, P., Bugmann, H., Pluess, A., Walthert, L., and Rigling, A. (2013). Drought response and changing sensitivity of beech close to the dry distribution limit. Trees Struct. Funct. 27, 171–181. doi: 10.1007/s00468-012-0786-4

Wortemann, R., Herbette, S., Barigah, T. S., Fumanal, B., Alia, R., Ducousso, A., et al. (2011). Genotypic variability and phenotypic plasticity of cavitation resistance in Fagus sylvatica L. across Europe. Tree Physiol. 31, 1175–1182. doi: 10.1093/treephys/tpr101

Zang, U., Goisser, M., Grams, T., Häberle, K. H., Matyssek, R., Matzner, E., et al. (2014). Fate of recently fixed carbon in European beech (Fagus sylvatica) saplings during drought and subsequent recovery. Tree Physiol. 34, 29–38. doi: 10.1093/treephys/tpt110

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Pflug, Buchmann, Siegwolf, Schaub, Rigling and Arend. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fpls-09-00187-g001.jpg
Irrigation
regime

SWC [%]

lppd [Mpa]

30

20

10

° I

c <— jrrigation withheld {¢—re-watering
- .,NMV”MWM
ot

D
3 -e- control trees

-o- drought-treated trees
May Jun Jul Aug Sep  Oct

Time [month]





OPS/images/cross.jpg
3,

i





OPS/images/cover.jpg


OPS/images/logo.jpg
' frontiers
in Plant Science





OPS/images/fpls-09-00187-g006.jpg
Drought effect [%]

15

50

-50
-75

-100

L/de L gs = AN Pltot

B starch

sugar

irrigation
withheld —

re-watering —»{ d1 d2 d4

dé

d14

d39

d52

Time [selected dates]

[edIN] P





OPS/images/fpls-09-00187-g005.jpg
M3C, [%o]

M3Cs [%o]

<+—irrigation withheld §<—re-watering

-e- control trees
-0~ drought -treated trees

May

Jun Jul Aug Sep  Oct
Time [month]





OPS/images/fpls-09-00187-g004.jpg
b . 1t
£
o
©
=
L m - B -
(%]
(]
s 1L g
m +
2 k
e 3 0
3 o5
L S . 4 | =
= o
2 £3
Hm 8o
g 8 8 % g 8 8 8 8 2 8
[3y8ram Aup ;.8 Swi] [1ySiem Aup ;.8 Bw] [3y8ram Aup ;.8 Swi]
uoI3eJ3UIIU0D UOI3eJ1UIIU0I Y2Jels uOoI3eJ3UdIU0D
< Je3ns g|gn|os - 2) JSN |elo]

Oct

Jun Jul Aug Sep

May

Time [month]





OPS/images/fpls-09-00187-g003.jpg
FJ/Fu

Pltot

0.9

0.8

0.7

0.6

<+—irrigation
withheld

W

-e— control trees
-o- drought-treated trees

<+—re-watering

May

Jun Jul Aug Sep  Oct

Time [month]





OPS/images/fpls-09-00187-g002.jpg
gs [mmol H,0 m~2s71]

O
ci [pmol CO, mol]

Ay [umol CO, m™2s71]

0.8

0.6

0.4

0.2

300

200

100

16

12

< irrigation withheld

‘& re-watering

-e- control trees
-o- drought-treated trees

1 1

May

Jun Jul Aug

Time [month]






