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Strong Coupling of Shoot Assimilation and Soil Respiration during Drought and Recovery Periods in Beech As Indicated by Natural Abundance δ13C Measurements
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Drought down-regulates above- and belowground carbon fluxes, however, the resilience of trees to drought will also depend on the speed and magnitude of recovery of these above- and belowground fluxes after re-wetting. Carbon isotope composition of above- and belowground carbon fluxes at natural abundance provides a methodological approach to study the coupling between photosynthesis and soil respiration (SR) under conditions (such as drought) that influence photosynthetic carbon isotope discrimination. In turn, the direct supply of root respiration with recent photoassimilates will impact on the carbon isotope composition of soil-respired CO2. We independently measured shoot and soil CO2 fluxes of beech saplings (Fagus sylvatica L.) and their respective δ13C continuously with laser spectroscopy at natural abundance. We quantified the speed of recovery of drought stressed trees after re-watering and traced photosynthetic carbon isotope signal in the carbon isotope composition of soil-respired CO2. Stomatal conductance responded strongly to the moderate drought (-65%), induced by reduced soil moisture content as well as increased vapor pressure deficit. Simultaneously, carbon isotope discrimination decreased by 8‰, which in turn caused a significant increase in δ13C of recent metabolites (1.5–2.5‰) and in δ13C of SR (1–1.5‰). Generally, shoot and soil CO2 fluxes and their δ13C were in alignment during drought and subsequent stress release, clearly demonstrating a permanent dependence of root respiration on recently fixed photoassimilates, rather than on older reserves. After re-watering, the drought signal persisted longer in δ13C of the water soluble fraction that integrates multiple metabolites (soluble sugars, amino acids, organic acids) than in the neutral fraction which represents most recently assimilated sugars or in the δ13C of SR. Nevertheless, full recovery of all aboveground physiological variables was reached within 4 days – and within 7 days for SR – indicating high resilience of (young) beech against moderate drought.
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INTRODUCTION

In trees, root growth and respiration is fuelled by a rapid transport of recent photoassimilates from leaves to roots (Brüggemann et al., 2011; Epron et al., 2012). This causal relationship between above- and belowground physiological processes – often termed aboveground to belowground coupling – has been shown by girdling and stable isotope tracer studies (Högberg et al., 2001; Kuzyakov and Gavrichkova, 2010). For beech trees, transport velocities of up to 1 m h-1 have been reported (Plain et al., 2009; Gavrichkova et al., 2011; Kuptz et al., 2011), depending on seasonality (Kuptz et al., 2011), tree height (Kuzyakov and Gavrichkova, 2010), and environmental conditions like drought (Barthel et al., 2011). In a forest ecosystem, complexity is added to the straightforward link between assimilatory and respiratory CO2 fluxes from the soil, e.g., due to different sources contributing to soil CO2 fluxes (microbial vs. plant-related), different plant species and plant ages as well as changing environmental conditions on diurnal and seasonal scales. However, as forests are an important terrestrial carbon sink (Pan et al., 2011), it is important to understand the dynamics of these opposing CO2 fluxes, especially because ecosystem perturbations are predicted to occur more frequently.

Drought is a major climatic factor determining carbon and water fluxes (Granier et al., 2007), thus productivity in forest ecosystems (Breda et al., 2006), and gains increased importance under future climatic conditions (Schär et al., 2004; Reichstein et al., 2013). Beech, an important forest tree species in Central Europe, is characterized as drought sensitive, and is predicted to suffer during extreme drought events (Granier et al., 2007), both in terms of growth and competitive ability (Gessler et al., 2007b). However, recent studies showed that beech tolerates moderate drought events, as it maintains allocation of recent photoassimilates into the roots (Blessing et al., 2015; Scartazza et al., 2015; Hommel et al., 2016). Thus, studying the effect of drought on carbon and water fluxes will provide crucial insights into the capability of European beech forests to cope with more frequent drought spells in the future.

Moreover, the drought sensitivity of beech trees will not only depend on how strongly they are affected by drought itself, but also on their ability to recover after the drought stress has been released (Zang et al., 2014), i.e., on their resilience (Grimm and Wissel, 1997). Watering beech after a drought spell showed that trees are capable to immediately utilize the supplied water (Barthel et al., 2014; Volkmann et al., 2016). A fast recovery of a plant’s water status will help to retrieve full physiological activity in form of carbon and water fluxes. However, above- and belowground carbon and water fluxes may differ in their speed and magnitude of recovery after rewetting, therefore a separate analysis of both helps to understand their impact on the ecosystem level.

Studies on the coupling of above- to belowground carbon fluxes at natural carbon isotope abundance use variations in carbon discrimination Δ13C, which is dependent on the ratio of the CO2 concentration in the intercellular air space to the atmospheric CO2 concentration (Ci/Ca) (Farquhar et al., 1982). Ci/Ca in turn is modified by environmental conditions (Cernusak et al., 2013). Multiple studies could track the imprint of Δ13C in a time lagged carbon isotope signature in stem phloem (e.g., Keitel et al., 2003; Merchant et al., 2010; Rascher et al., 2010), root phloem (Scartazza et al., 2015), soil respiration (SR; Ekblad and Högberg, 2001; McDowell et al., 2004), and ecosystem respiration (McDowell et al., 2004; Knohl et al., 2005; Werner et al., 2006; Alstad et al., 2007). These measurable changes in the carbon isotope composition of soil and ecosystem respired CO2 were detected using discrete instead of continuous isotope measurements. However, first in situ real-time measurements revealed that such conclusions are not that straightforward as Δ13C displays diurnals changes (Gentsch et al., 2014) which are not always reflected in the carbon isotope signature of SR, especially under wet conditions (Wingate et al., 2010).

A process-based understanding, both of the dynamics in the opposing ecosystem CO2 fluxes and their respective carbon isotopic signatures, cannot be attained solely by ecosystem-scale studies or by studying single ecosystem components. Therefore, simple small-scale model ecosystems may help to arrive at a better understanding of how a change in canopy assimilation confers to changes in SR, and respective carbon isotope signatures. At the same time, such systems have the advantage of providing controlled and stable conditions, helping to infer underlying processes. Here we present a drought experiment with beech saplings. We followed the coupling between above- and belowground fluxes and their carbon isotope composition at natural abundance levels also into the – often neglected – recovery period, using in situ real-time laser spectroscopy measurements in shoot and soil CO2 fluxes over about 1 month.

Using a simple controlled system, we asked the following questions:

(a) How quickly do plant physiological variables (i.e., stomatal conductance, photosynthesis, transpiration), assimilatory and respiratory CO2 fluxes recover from the induced drought spell after re-watering in our beech model ecosystem?

(b) Is the expected large change in photosynthetic carbon isotope discrimination under drought and during recovery traceable to a prominent change in belowground carbon isotope composition of soil-respired CO2? And vice versa, is it feasible to draw conclusions from the carbon isotope composition of soil-respired CO2 also at natural abundance on the influence of plant physiological variables?

We focus on the short term response of our drought stressed beech model ecosystem to re-watering. Since recently fixed assimilates fuel root respiration to a high extent, we expect a prominent change in the observed carbon isotope discrimination during drought, with more 13C enriched photoassimilates imprinting on the δ13C of root and thus SR. We further expect that SR increases after re-watering and its carbon isotope signal becomes more depleted in 13C due to increased Δ13C after stress release with a delay to aboveground variables due to the transport time of photoassimilates from the leaves to the roots and back into the atmosphere.

MATERIALS AND METHODS

Plant Material

Six 0.8 m tall beech saplings were enclosed individually in custom-made soil-shoot chambers that separately enclosed shoot and soil compartments of one beech sapling as described in Barthel et al. (2011). Each soil-shoot chamber was equipped with sensors for relative humidity (Hygroclip® S3C03, rotronic AG, Bassersdorf, Switzerland), soil moisture (ECH2O EC-5, Decagon Devices, Inc., Pullman, WA, USA) as well as air (Hygroclip® S3C03, rotronic AG, Bassersdorf, Switzerland), leaf (Thermocouple Type K, Omega Enginerring Inc., Stamford, CT, USA), and soil (AD 592, Analog Devices Inc., Norwood, MA, USA) temperatures. In addition, each shoot chamber was equipped with a small fan to ensure homogeneous air mixing within the shoot compartment. All six soil-shoot chambers were placed inside a climate chamber controlling the day-night cycle of 16/8 h for temperature and light intensity inside the soil-shoot chambers. Light intensity steadily increased or decreased during the first 3 and last 5 hours of the daytime period; so plants received maximal photosynthetic active radiation of about 600 μmol m-2 s-1 between 10 am and 6 pm.

Beech saplings grown in 7.9 l pots with potting soil (Containererde, Ökohum, Herrenhof, Switzerland) had fully developed leaves in April, when the experiment started (bud burst in February). They were irrigated daily via tubing connected to the soil chambers, replacing the amount of water lost via transpiration and via evaporation calculated from the previous day gas exchange measurements. For the experiment, the saplings were separated into two groups of three beech saplings each which experienced a different water treatment. One group served as control, for which daily irrigation was continued during the whole experiment (04 April 2009 – 05 May 2009, DOY 94–125). The other group, however, was subject to, first, reduced daily irrigation (9 April 2009, DOY 99; drought period) and, then, re-watering (26 April 2009 2:30 am, DOY 116) during the night in order to allow saturation of soil water and plant tissues (recovery period). In the following, this group is referred to as “drought-treated” saplings. The drought treatment affected both soil moisture content (SMC) and vapor pressure deficit (VPD), being dependent of the transpiration rate. We refer to DOY 116 as the first day after re-watering since re-watering took place at pre-dawn of this day. Drought-treated saplings showed significantly lower soil moisture than control saplings from 14 April 2009 (DOY 104) onward, therefore we focus on data after this day. The main drought period, during which assimilation and stomatal conductance showed a significant effect to the drought treatment, lasted from 17 April 2009 (DOY 107) until re-watering.

Continuous Gas-Exchange and Carbon Isotope Measurements with Laser Spectroscopy

The gas-tight separation between shoot and soil, realized by the combined soil-shoot chamber system, enabled independent measurements of above- and belowground gas exchange and the carbon isotopic composition of CO2. By continuously flushing the chambers with a vacuum pump (VTE 6 for soil chambers/VTL 15 for shoot chambers, Gardner Denver Inc., Quincy, IL, USA), steady-state conditions were achieved. The flow rate was adjusted according to the gas exchange of the shoot or soil during the day, to avoid condensation and to obtain sufficient differences in CO2 concentrations between inlet and outlet (shoot chamber 12–16 l min-1, soil chamber 2.1–2.3 l min-1), but then kept constant during the whole experiment. A valve system alternately directed a subsample of 0.5 l min-1 of the inlet air (surrounding air inside the climate chamber) and of the outlet air of one soil-shoot chamber for 134 and 136 s, respectively, to a pulsed quantum cascade absorption laser spectrometer (QCLAS-ISO, Aerodyne Research, Inc., Billerica, MA, USA). The laser spectrometer, located outside of the climate chamber, was used to simultaneously measure the CO2 isotopologues 12C16O2, 13C16O2, and 12C16O18O at a rate of 0.5 Hz by scanning across three spectral lines near 4.3 μm (2310 cm-1). The measurement principle is based upon two optical multipass absorption cells with stabilized pressure and temperature using a spectral ratio method (Nelson et al., 2008). Throughout the whole experiment, calibration was done every hour for 6 min in three consecutive steps, including dilution calibration, span calibration, and check for long-term calibration stability (Sturm and Knohl, 2010). The performed calibration resulted in an Allan deviation of 0.25‰ at 1 s averaging time for δ13C. Further, water vapor concentrations were measured with an infrared gas analyzer system (IRGA; Li6262, Li-Cor Biosciences Inc., Lincoln, NE, USA). Real-time data acquisition/processing and controlling of instruments, calibration units, chambers, valves, and sensors were realized by a custom-written LabVIEW program (LabVIEW, National Instruments Corp., Austin, TX, USA). The first 20 s of each sampling interval were excluded for average calculation due to the time lag after valve switching. The outlets of the shoot and the soil chambers of one sapling subjected to drought and of one control sapling were measured in alternating mode.

Leaf Sampling and δ13C Analysis

Three to five leaves per replicated beech sapling were sampled in order to determine the δ13C values of leaf material during the period of drought stress (23 April 2009, DOY 113) and at the end of the experiment during the recovery period (05 May 2009, DOY 125). Leaf samples were immediately put in liquid nitrogen after sampling and then kept frozen at -20°C until leaf material was homogenized under addition of liquid nitrogen with mortar and pestle. For δ13C analysis of bulk leaf material, a subsample was dried at 60°C for 3 days and the milled powder was weighed into tin capsules for isotope ratio mass spectrometry (IRMS) analysis (MAT DeltaplusXP, Finnigan MAT, Bremen, Germany).

For the extraction of water soluble and the neutral organic carbon fractions, 100 mg of the remaining homogenized leaf material was then suspended in 1 ml de-mineralized water and put on ice for 60 min. Afterward, samples were kept at 100°C for 3 min in order to precipitate proteins (Gessler et al., 2007a). The solution was then centrifuged at 12000 × g. A subsample was transferred into tin capsules and dried in order to analyze δ13C of the water soluble organic carbon fraction (δ13Cws). The remaining supernatant was mixed with anion and cation exchange resins (Dowex 1 and Dowex 50, VWR International AG, West Chester, PA, USA) in order to remove amino acids and organic acids (Göttlicher et al., 2006). The final solution was then pipetted into tin capsules, dried and analyzed for δ13C of the neutral organic carbon fraction (δ13Cnf). This neutral fraction represents mainly recently assimilated soluble sugars (Göttlicher et al., 2006), whereas the water soluble fraction includes also other compounds such as soluble amino acids and organic acids (Gessler et al., 2007a). IRMS analysis followed the identical treatment principle described in Werner and Brand (2001). The standard deviation of the long-term quality control standard (tyrosine) was 0.09‰ (over 9 years). In addition, on 05 May 2009 (DOY 125), all remaining leaves were collected to determine overall leaf area per plant (Li3000, Li-Cor Biosciences Inc., Lincoln, NE, USA).

Calculation of Carbon Fluxes and the Corresponding Isotope Ratios

Stomatal conductance (gs), transpiration (E), and net shoot assimilation (AN) were calculated according to von Caemmerer and Farquhar (1981), while the calculation of SR followed the calculations presented in Burri et al. (2014).

All carbon isotope values are reported on the Vienna-Pee Dee Belemnite (V-PDB) scale using the δ-notation:
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where Rsample and RV -PDB denote the 13C/12C ratios of the sample and the standard, respectively. The method after Evans et al. (1986) was used to calculate on-line photosynthetic carbon isotope discrimination (Δ13Cobs) as follows:
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where ξ denotes the ratio of CO2 entering the chamber in relation to the photosynthetic flux [cin/(cin-cout)]. Further, δ13Cin and δ13Cout denote the respective carbon isotopic compositions of CO2 entering and leaving the chamber, respectively.

The δ13C signal of SR (δ13CSR) was calculated using an isotopic mass balance equation:
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where cin and cout refer to CO2 mole fractions at chamber inlet and outlet, respectively.

Statistics

The relative effect of drought was expressed as drought effect, i.e., (100*treatment/control)-100. Full recovery from drought stress was achieved when the mean drought effect plus standard deviation exceeded 100%, and was represented in days after re-watering, with day one referring to DOY 116. Standard deviations of differences between control and drought-treated saplings are error propagated as follows:
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with SDwet and SDdry representing hourly standard deviations of control and drought-treated samplings (n = 3).

The drought effect on measured plant physiological variables and isotopic signatures was tested with a linear mixed effect model using the nlme-package (Pinheiro et al., 2016) and the statistical software R [Version 3.0.3; R Development Core Team (2008–2010)], including the beech sapling as random effect in the model. If not noted otherwise, day refers to a light intensity above 500 μmol m-2 s-1, and night to a light intensity below 20 μmol m-2 s-1. As normal distribution cannot be tested based on three samples, a Wilcoxon–Mann–Whitney test (Wilcox test in R) was used for δ13C values of samples measured with the IRMS. The relationship between diurnal mean values of AN, E, and gs to SR (PAR > 500 μmol m-2 s-1), as well as the relationship between Δ13Cobs and δ13CSR were tested using repeated measure analysis (nlme-package).

RESULTS

Environmental Conditions

During the main drought period (DOY 107–115), VPD approximately doubled during the daytime for drought-treated compared to control plants, reaching an average of 17.1 hPa for the entire drought period (Table 1; Figure 1A). In contrast, air, leaf, and soil temperatures were not significantly affected by the drought treatment. Air temperature during the drought period was slightly lower for control saplings compared to droughttreated saplings (Figure 2B) with mean values of 25.4 and 26.7°C, respectively, and night air temperatures were 17.2 and 17.8°C, respectively. Average leaf temperatures were 1–2°C below air temperature. SMC decreased significantly from 31 to 24% for control and drought-treated saplings, respectively (Table 1).

TABLE 1. Mean values ± propagated standard deviations for environmental variables (vapor pressure deficit, air temperature, leaf temperature, soil temperature, and soil moisture), gas exchange variables (net assimilation, stomatal conductance to H2O, transpiration, and soil respiration), observed photosynthetic discrimination and the δ13C of soil-respired CO2 for day time (PAR > 500 μmol m-2 s-1) of the entire drought period (17–25 April, DOY 107–115) of the control and the drought treatment.
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FIGURE 1. Diurnal means of vapor pressure deficit (VPD) (A), soil moisture content (B), net assimilation (C), transpiration (D), stomatal conductance to H2O (E), and soil respiration (F) of control and drought-treated beech saplings. Mean values were calculated for PAR > 500 μmol m-2 s-1. The shaded areas show propagated standard deviations of three replicates. Re-watering is indicated by the dashed vertical line.



After re-watering the drought-treated saplings, VPD and SMC approximated the respective values of the control saplings, and even exceeded control values for SMC (Figures 1A,B). Mean VPD in the shoot chamber of drought-treated saplings declined slightly below those of the control 5 days after re-watering (DOY 120), but stayed in a range of about 10% deviation. In contrast, SMC of drought-treated saplings exceeded that of the control by about 30% toward the end of the experiment (DOY 123), which showed that the soil of control saplings was not fully saturated. Note, this was done on purpose to avoid anaerobic soil conditions during the experiment.

Carbon Dioxide and Water Vapor Fluxes: Magnitude and Carbon Isotope Composition

Drought

We defined the main drought period from DOY 107–115, as the drought treatment showed a significant effect on diurnal assimilation and stomatal conductance during these days (p < 0.05, linear mixed model). Stomatal conductance (gs; during the day) was most sensitive to drought stress. On average, it decreased by 65% (Table 1; Figure 1E) in drought-treated saplings compared to control saplings, while transpiration (E; Figure 1D) and net assimilation (AN; Figure 1C) decreased by 42 and 34%, respectively. While control plants showed relatively stable AN, E, and gs during full illumination (Figures 1C–E), these plant physiological variables decreased during the day in drought-treated plants, leading to an increasing difference between drought-treated and control saplings (Figures 2C–E). Simultaneously, VPD steadily increased during the day (Figure 2A).
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FIGURE 2. Hourly difference in vapor pressure deficit (A), air temperature (B), net assimilation (C), transpiration (D), stomatal conductance to H2O (E), and observed photosynthetic carbon isotope discrimination (F) between drought-treated (subscript D) and control (subscript C) saplings 2 days before and 4 days after re-watering. Shaded rectangles at the top indicate nighttime. Re-watering is represented by the dashed vertical line. Error bars show error propagated standard deviation, data are only shown when at least two replicates were available.



Soil respiration of drought-treated saplings was reduced between 40 and 50% compared to the control, both during day (PAR > 500 μmol m-2 s-1) and night (PAR < 20 μmol m-2 s-1; Table 1; Figure 1F). Thus, drought reduced SR more than net assimilation. During the drought period, SR of control saplings remained constantly higher than that of drought-treated saplings, with little variation between day and night (Figure 3C). Mean daytime values of SR was 4.2 and 2.5 μmol m-2 s-1 for control and drought-treated saplings, respectively, while nighttime SR was 4.3 and 2.2 μmol m-2 s-1 for control and drought-treated saplings, respectively.
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FIGURE 3. Hourly mean values of soil moisture (A), soil temperature (B), soil respiration (C), and δ13C value of soil respiration (D) for control and drought-treated saplings 2 days before and 4 days after re-watering. Shaded rectangles at the top indicate nighttime. Re-watering is represented by the dashed vertical line. Error bars show the standard errors; data are only shown when at least two replicates were available.



Δ13Cobs showed a relatively large day-to-day variability, even for control plants (Figure 4A) Average shoot Δ13Cobs significantly decreased from 24.9 to 17.1‰ during the drought period (p < 0.001; Table 1; Figure 4B), which resulted in a corresponding 13C enrichment of recent assimilates in leaves, i.e., larger δ13Cws and δ13Cnf during drought (p-values = 0.05; Table 2). The enrichment in 13C was larger in the neutral fraction (2.49‰) compared to the water soluble fraction (1.42‰). Bulk leaf δ13Cbulk of control and drought-treated saplings, however, did not differ (p = 0.5). The δ13C values of soil-respired CO2 (δ13CSR) of control plants were similar during day and night, with on average -25.5 and -26.0‰, respectively (Table 1). Drought caused a significant increase of δ13CSR by about 1‰ during the day and about 1.5‰ during the night (p = 0.008 for day and 0.013 for night; Table 1; Figures 3D and 4B).
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FIGURE 4. Diurnal means of observed photosynthetic carbon isotope discrimination (A) and δ13C value of soil respiration (B) of control and drought-treated beech saplings. Mean values were calculated for PAR > 500 μmol m-2 s-1. The shaded areas show propagated standard deviations of three replicates. Re-watering is indicated by the dashed vertical line.



TABLE 2. Mean values ± standard errors of δ13C values of leaf bulk organic material, water soluble (ws) and neutral (nf) fractions.
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Recovery Period

Full recovery was achieved within a few days after re-watering for gas exchange, with AN recovering first, then gs and E, and finally SR (Figure 1). After 2 days (DOY 117), AN reached the 90% recovery level, and after 3 days (DOY 118), it was fully recovered (mean plus standard deviation > 100%) (Figure 2C). Mean recovery level of transpiration was 88% 2 days after re-watering (DOY 117) and full recovery level was reached on DOY 119 (Figure 2D). Similarly, stomatal conductance fully recovered 4 days after re-watering (DOY 119), but only recovered to 74% of the control level 2 days after re-watering (DOY 117) (Figure 2E). SR showed a strong initial recovery rate at the day of re-watering (Figures 1F and 3C), which later leveled off to a moderate recovery rate. Full recovery of SR took 7 days (DOY 122; Figure 1), during which also the amplitude of its diurnal cycle diminished (Figure 3).

Δ13Cobs reached the 90% level of recovery, which means a difference of less than 2.75‰, 3 days after re-watering (DOY 118; Figure 2F) and full recovery 7 days after re-watering (DOY 122; Figure 4A). δ13Cws values of leaf material sampled 10 days after re-watering (DOY 125) still showed a treatment effect (p-value = 0.05), in contrast to δ13C of the neutral fraction, although the standard errors for mean δ13Cnf of drought-treated saplings were much larger compared to those of control saplings (Table 2). The δ13C signal of SR approached full recovery within 3 days (DOY 118) after re-watering (Figures 3D and 4B), but due to variability between days, mean diurnal values of δ13CSR were still below control on some days afterward. Therefore, it took until DOY 122 until full recovery of δ13CSR remained for two consecutive days, thus at the same time as Δ13Cobs.

Coupling of Above and Belowground Carbon Fluxes

Even though SR varied considerably between individual drought-treated plants especially during the recovery period, repeated measure analysis showed a strong positive relation (p-values < 0.0001) between diurnal mean SR and aboveground plant physiological variables (Figure 5; trend lines given).
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FIGURE 5. Relationships between diurnal means of net assimilation (A), transpiration (B), and stomatal conductance (C) and soil respiration for the three drought-treated beech saplings. The drought period (DOY 104–115) is represented by open symbols, the recovery period (DOY 116–124) by filled symbols. Diurnal means and standard deviations (error bars) are calculated for PAR > 500 μmol m-2 s-1. Repeated measures analysis for all relationships were significant (p values < 0.0001, dashed line).



Lower Δ13Cobs indicating more 13C enriched photoassimilates during the drought period was reflected in less negative δ13CSR, while increasing Δ13Cobs during the recovery period lead to a direct decrease in diurnal mean δ13CSR (Figure 6). This dependency was reflected in a significant negative relationship between Δ13Cobs and δ13CSR of drought-treated plants. Overall, Δ13Cobs differed about 15‰ between drought and recovery periods for drought-treated plants, while δ13CSR only spanned about 2‰.
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FIGURE 6. Relationship between diurnal means of photosynthetic discrimination and the δ13C value of soil respiration for the three drought-treated beech saplings. The drought period (DOY 104–115) is represented by open symbols, the recovery period (DOY 116–124) by filled symbols. Diurnal means and standard deviations (error bars) are calculated for PAR > 500 μmol m-2 s-1. Repeated measures analysis was significant (p values < 0.0001, dashed line).



DISCUSSION

Drought Effect on Soil Respiration and δ13CSR at Natural Abundance Level

The drought-induced decrease in Δ13Cobs resulted in 13C enriched photoassimilates (higher δ13Cnf compared to control; Table 2), which in turn were transported to the roots and metabolized during SR, as seen in the increase of δ13CSR. Compared to the reduction of shoot 13Δobs by about 8‰ (i.e., about 31%) during drought, this change in daytime δ13CSR of about 1–1.5‰ (i.e., about 5%) was rather small (Figures 1 and 4; Table 1), probably caused by processes occurring during the transport of recent photoassimilates from leaves to roots. First, the isotopic signal of recently fixed assimilates is often diminished and its temporal variation dampened due to intermediate/transient storage and mixing of different carbon pools alongside their pathway from the leaves to the roots (Brüggemann et al., 2011; Gessler et al., 2014). Second, the total root carbon pool (i.e., standing biomass), into which the recently fixed assimilates are mixed, is much larger compared to the amount of carbon in assimilates supplied to the roots. Third, soil CO2 eﬄux is composed of several CO2 sources, amongst which root respiration is only one. In particular considering the contribution of heterotrophic respiration, the change in the isotopic signal of leaf carbon due to environmental changes should be much less expressed in the isotopic signal of soil CO2 eﬄux (Wingate et al., 2010; Casals et al., 2011). These combined processes probably also lead to difficulties to detect any change in δ13CSR in the field at natural isotope abundance level after drought. For example, Unger et al. (2010) found only a small increase in δ13CSR after drought using a Keeling plot approach, despite a higher relative contribution of root respiration to total soil CO2 eﬄux. Nevertheless, we could clearly show the effect of drought on the isotopic composition of SR – using high temporal resolution laser spectroscopy in our study under controlled environmental conditions.

Above- to Belowground Coupling

We observed a strong relationship between SR and net assimilation, transpiration and stomatal conductance for drought-treated plants during both drought and recovery periods (Figure 5). This pointed to a strong coupling of above- to belowground carbon fluxes. However, all aboveground variables were highly correlated and were all strongly related to VPD. Therefore, it was not possible to disentangle if the reduction in available carbohydrates (drought effect on AN) and/or a water-limited deceleration of carbohydrates supply to the roots due to the interaction of xylem and phloem flow rates (drought effect on gs and E, Salmon et al., 2014) limited root respiration during drought. Nevertheless, the significant increase in δ13CSR due to drought and the subsequent decrease after re-watering directly related to changes in Δ13Cobs, thus providing indirect methodological evidence that recently fixed photoassimilates rather than storage reserves drive root and rhizosphere respiration. Recent pulse-labeling studies demonstrate that beech maintains transport of recently fixed photoassimilates into the roots under moderate drought stress (Blessing et al., 2015; Hommel et al., 2016), which was suggested as strategy to support root functioning via osmotic adjustment (Hommel et al., 2016). Thus, beech saplings continue allocating carbon to the roots even under carbon limited conditions.

However, the drought effect on δ13CSR at natural isotope abundance of about 1–1.5‰ in our small-scale model ecosystems is still relatively small in order to be detected in a natural ecosystem, considering the higher level of complexity. In a forest ecosystem, different plant heights and transport velocities of recently fixed photoassimilates cause various time lags for the carbon isotope signal to be translated from above- to belowground tissues. Furthermore, different plant species may suffer from different stress levels. Wingate et al. (2010) published the only study (to the authors knowledge) in which Δ13C on a branch level were measured at high resolution simultaneously with δ13CSR in the field, confirming that time lagged correlations between the carbon isotope composition of recently fixed photoassimilates and SR might be weakly or even anticorrelated (Wingate et al., 2010).

Recovery after Re-watering

A fast recovery was observed in Δ13Cobs as well as in the carbon isotopic signatures of the neutral fraction (δ13Cnf), which represents mainly sugars. Both δ13Cnf and δ13Cws increased during the drought period for drought-treated plants compared to control plants, but after the recovery period, only the water soluble fraction (δ13Cws) representing several compounds like amino acids, organic acids, and sugars (Gessler et al., 2007a) still showed a drought signal. Since Δ13Cobs already fully recovered 7 days after re-watering (DOY 122), its isotopic signal was obviously imprinted on δ13Cnf but not (sufficiently) on δ13Cws, which integrates over longer time spans – in this study: at least 10 days (δ13Cnf and δ13Cws both sampled on DOY 125).

Although drought caused a stronger reduction in stomatal conductance (-65%) than in net assimilation (-34%) and transpiration (-42%), all variables fully recovered within 4 days after re-watering. Net assimilation recovered fastest, reaching full recovery already after 3 days, similar to results reported by Zang et al. (2014). Reduced stomatal conductance of drought-treated plants remained slightly lower longer into the recovery period compared to net assimilation, as reported in earlier studies (Tognetti et al., 1995; Miyashita et al., 2005; Martorell et al., 2014). The largest contributions toward full recovery in our study occurred within the day of re-watering and particularly during the following day, similar to earlier reports on other plants (kidney bean, Miyashita et al., 2005; pubescent oak, Gallé et al., 2007), which is in line with fast water uptake after re-watering (Volkmann et al., 2016). Thus, the fast initial recovery of aboveground gas exchange variables indicated that beech saplings were relatively resilient to the (moderate) drought experienced and could restore their carbon and water fluxes within a few days. Recovery of gas exchange after drought depends on the stress level (Miyashita et al., 2005), which makes it difficult to compare different studies. But also other studies (Blessing et al., 2015; Hommel et al., 2016) indicate the high resilience of beech saplings to moderate drought stress.

CONCLUSION

Above- and belowground CO2 fluxes were strongly coupled, both during drought and the subsequent recovery period. We showed that young beech saplings recovered within a few days from moderate drought conditions, even though they had drastically reduced stomatal conductance, and therefore, aboveground carbon and water fluxes during drought. This resilient behavior is likely to help beech in Central Europe, the area of dominance for beech in the natural vegetation (Ellenberg, 2010), particularly at young age when their root systems are not yet fully developed, coping with more frequent drought events in the future.
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