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Seasonal Effects of Extreme Weather Events on Potential Extracellular Enzyme Activities in a Temperate Grassland Soil
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Magnitude and timing of precipitation events within the growing season might be decisive for alterations in potential extracellular enzyme activity (PEEA), with consequences for nutrient cycle, and carbon storage in grassland ecosystems. Pattern of PEEA catalyzing major steps of the carbon cycle (β-glucosidase (β-gls), cellobiohydrolase (cel), glucuronidase (glr), and xylosidase (xyl), soil respiration rates and extractable organic carbon were analyzed in response to increased intra-annual precipitation variability in a European, mesic temperate grassland. The field experiment was carried out in three subsequent years by simulating recurrent drought events combined with heavy rainfall either early or late in the growing season (spring or summer) by rainout shelters and irrigation systems. Our data indicated comparable effects of the drought settings independent from the timing of the drought. Both for the simulated spring- and summer drought a decrease of enzymatic activities was observed compared to the control plots, with ß-gls activity after the summer drought being the only exception. However, response pattern toward rewetting differed depending on the seasonal timing of the drought being introduced. After spring drought, a fast recovery to control level was observed for PEEA of ß-gls and xyl, whereas cel and glr activity remained constantly lower. Rewetting after summer drought induced an increase of all enzymatic activities to values even higher compared to the controls. Overall, our data indicate a high resilience of PEEA toward drought and rewetting events in grassland soils, which is modulated by the seasonal timing of the extreme weather events.
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INTRODUCTION

Extreme weather events such as heavy rainfall or extreme drought are predicted to increase in frequency and magnitude as a consequence of climate change (O'Gorman and Schneider, 2009; IPCC, 2014). Results from several studies have suggested that the consequences of extreme events on ecosystem functioning will be much stronger than the effects of changes in mean values of temperature or precipitation (Easterling, 2000). Higher variability of soil water content as a consequence of extreme weather events, strongly affect activity pattern of all soil biota and in consequence major ecosystem services provided by soils (Meehl et al., 2000; Knapp et al., 2008).

Soil microorganisms including bacteria, archaea and fungi play a key role carbon and nutrient cycling of soils, as they produce important (exo)enzymes (Asmar et al., 1994) which catalyze the decomposition of organic matter (Richards, 1987; Ducklow, 2008). Several studies have indicated that exoenzymatic activities are the rate-limiting step in the decomposition of organic materials to dissolved organic matter (Schimel and Bennett, 2004; Bengtson and Bengtsson, 2007). Soil moisture is a key factor controlling microbial activity and thus soil C cycling (Borken and Matzner, 2009). If soils dry, microbial activity decreases (Manzoni et al., 2012) while extractable organic carbon (EOC) increases (Xiang et al., 2008; Homyak et al., 2018) as a result of physical disruption of soil aggregates (Homyak et al., 2018) and/or biological processes, e.g., lower microbial consumption under drought stress or enhanced microbial C allocation to cell walls, intra- and extra-cellular compounds and osmolyte production (Schimel and Schaeffer, 2012). Contradicting findings are reported for exoenzymatic activity which was observed being positively (Ochoa-Hueso et al., 2018) or negatively (Sardans and Peñuelas, 2010) affected by drought, with extent often being enzyme-specific. In contrast to drought, enhanced precipitation increases microbial activity (Barnard et al., 2015), resulting in increase of enzyme activity and decrease of EOC (Fierer and Schimel, 2003). However, when investigating the influence of drought and increased precipitation, most studies focused on events occurring at a defined timing during season. Thus, not much is known about to which extent the seasonal timing of the extreme event affects the response of microbial and enzymatic activity, although this might be an important factor. For example, Chou et al. (2008) observed that changes in the seasonal timing of rainfall significantly affected soil respiration, suggesting that C cycling in annual grasslands will be more affected by altered seasonal timing of precipitation than by changes in rainfall quantity.

These findings indicate that a simple assumption on the consequences of extreme weather events for the soil microbiome and its activity pattern is still not possible and most likely depends on various parameters like soil type, climatic conditions, management and timing of the event during season. Spring is the season with the best environmental conditions for plant and microbial activity (optimal water availability and temperature coinciding with the greatest litterfall of the year) (Ogaya and Peñuelas, 2004). Consequently, any disturbance will affect the ecosystem in the most productive, proliferative phase of the year, which might result in irreversible (negative) changes and long-term legacy effects. Thus, we hypothesize that extreme drought events will affect microbial activity and exoenzymatic activity more severely in spring compared to summer. To investigate this hypothesis, we analyzed potential extracellular enzyme activities (PEEAs) catalyzing major steps of the carbon cycle (β-glucosidase, cellobiohydrolase, glucuronidase and xylosidase) as well as extractable organic carbon (EOC) and overall soil respiration in a semi-natural grassland, which was subjected to variabilities in precipitation at different time points of the season. Therefore, the experimental field was exposed for three consecutive years to two separate, yearly recurrent, drought treatments (extreme spring or summer drought), each followed by a heavy rain event. Effects were measured in all 3 years to exclude effects caused by natural variabilities of the climate and to assess a possible legacy effect of drought of the soil microbiome.

MATERIALS AND METHODS

Study Site and Sampling

The study was part of the EVENT II experiment which was established in a split plot design to test effects of altered precipitation regimes, warming, mowing, and fertilization on the ecosystem functions of semi-natural grassland (Jentsch and Beierkuhnlein, 2010; Grant et al., 2014). It is located at the Ecological-Botanical Garden of Bayreuth, Germany (49°55'19” N, 11°34'55” E, 365 m above sea level). The mean annual temperature was 8.2°C with a mean precipitation of 724 mm (1971–2000). The plant community was characterized as semi-natural-grassland dominated by tall grasses, especially Alopecurus pratensis and Arrhenatherum elatius. The soil texture was characterized as Gleysol with the upper 30 cm representing the homogenous and loamy Ap horizon (42 sand, 43 silt, 15% clay), followed by a clayey Bg horizon. Topsoil has pH of 4.1 (1 M KCl), total carbon content of 3.0%, total nitrogen content of 0.2% (Glaser et al., 2013), permanent wilting point (pF = 4.2) of 15 vol% soil moisture content and field capacity (pF = 1.8) of 40 vol%.

In the current study, only experimental plots without fertilization or warming were considered. The experiment was performed for three consecutive years (2009–2011) simulating two separate annual drought treatments with (I) spring drought (D1, May–June), or (II) summer drought (D2, July–August), each followed by a heavy rain event (see Table S1). For each treatment, five plots, each 1.5 × 1.5 m in size, have been set up and treated as independent replicates using latin square design. In addition, control plots were installed, resulting in 15 experimental plots in total. All plots were mowed twice a year (end of spring drought event (June) and end of growing season (September)), resembling local agricultural routines for extensively used grassland. Each drought period lasted for 42 days (duration was based on the statistically calculated local Bayreuth 1,000-year recurrent extreme event) and was realized using rainout shelters as described earlier (Walter et al., 2012). Briefly, the rainout shelters consisted of transparent polyethylene (PE) -foil clamped on a metal frame with a light-permeability of 90% for an optimal light perception, had a height of 2.5 m, a base of 5.5 × 7.5 m and were installed at 0.8 m height above soil to avoid overheating (no significant increase of near-surface air-temperature was observed (Kreyling et al., 2008). To quantify possible shading effects of rainout shelter, an additional roof-artifact control plot receiving the same amount of water as uncovered control was installed under the rainout-shelters. As no difference in biomass production between roof-artifact and uncovered control was observed (Walter et al., 2012) shading effects could be excluded. In order to avoid water influx during ambient rainfall, a 1 m buffer zone at the edge of the sheltered plots remained unsampled. The uncovered control plots received ambient precipitation with additional water amounts to ensure that the weekly precipitation amount did not drop below the 30-year weekly average (1971–2000, data: German Weather Service) to avoid natural occurring drought events. Thus, continuous water supply during the vegetation period (April–September) was realized. To ensure a constant amount of yearly precipitation over all plots, additional water was added to plots subjected to D1 and D2 4 times a year (Walter et al., 2012). Thus, each drought period was followed by a simulated heavy rain event (Table S1). Within these heavy rain events water amounts, the excluded amount of rainfall together with adjusted reference amount, were applied as one extreme event within 2 or 3 days. To prevent water run-off, irrigation was divided into two or three applications per day. To avoid lateral water flow, plastic sheet pilings were placed around each plot to a depth of −0.2 to −0.25 m.

Sampling was performed for each drought event in all three consecutive years (2009–2011) but with different time scales after rewetting to study effects for soil processes at different resolution. In detail, soil samples in the first sampling year (2009) were collected at the beginning of each drought treatment (t0), at the last day of the drought (t1), one (t2), two (t3), and four (t4) weeks after rewetting. In 2010, samples were taken at the beginning (t0) and on the last day (t1) of each drought period, two (t2), four (t3), and 6 weeks (t4) (7 weeks for D2, respectively) after rewetting. To study the soil process during rewetting in more detail, in 2011 soil samples were taken on the last day of each drought (t1), two (t2), four (t3) seven (t4), and ten (t5) days after rewetting. At each sampling, three soil samples per plot were collected from 5 to 15 cm (the top 5 cm were discarded because of a thick rhizosphere layer) and pooled using a corer of 3 cm diameter. All samples were stored at 4°C until further handling within 48 h.

Soil Moisture

Soil moisture was measured every hour using FD-sensors in each plot (ECH2O, Decagon devices, USA) in a depth of −0.02 to −0.07 m undisturbed soil, respectively (Walter et al., 2012). The soil moisture data was calculated as mean per treatment (n = 5 for each C, D1, and D2) and given in percentage of volume [vol %] (Figure 1A). Annual precipitation amounts over the three sampling years are shown in Figure 1B. Soil moisture of samples used directly for enzyme activity measurements and correlations were determined by drying 2 g of fresh soil at 105°C for 24 h (Figures S1a,b–S3a,b).
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FIGURE 1. (A) Volumetric soil moisture [vol %] for the sampling years 2009 - 2011. Results for control (C; black line), spring drought (D1; light blue line) and summer drought (D2; dark blue line). Compensation irrigations during the experimental time are marked with black arrows. Light blue rectangles indicate the D1 treatments (May - June) and dark blue rectangles the D2 treatments (July - August). Dotted lines show field capacity (40 vol %; FC) and permanent wilting point (15 vol %; PWP). Sampling time points are indicated with arrows. (B) Reference precipitation [mm d-1] for the sampling years 2009–2011.



Extractable Organic Soil Carbon

Extractable organic carbon (EOC) was determined in the years 2010 and 2011. Therefore, soil samples were extracted within 2 days after each sampling by shaking 10 g soil (fresh weight) in 40 mL of 0.01 M CaCl2 for 30 min on a rotary shaker (Gschwendtner et al., 2011). Afterwards, the soil suspension was filtered through 0.45 μm pore-size filters (Whatman International LTD, VWR, Germany), and the extract were stored at −20°C until further analyses. EOC contents were determined with a total organic carbon analyzer DIMATOC 2000 (DIMATEC Analysentechnik GmbH, Germany) by catalytic high-temperature oxidation.

Soil Respiration

In situ rates of soil respiration were measured using a portable CO2 infrared gas analyzer (EGM-4, PP Systems, USA) linked to a soil respiration chamber (SRC-1, PP System, USA). For plot preparation, permanent polyvinylchloride (PVC) collars (10 cm diameter, 5 cm height) were installed in every plot at the beginning of the vegetation period 2010. The collars had a 1 cm edge above soil surface. This should realize a closed system when the soil respiration chamber was placed on the collar during measurement. The day before each measurement, aboveground vegetation was removed from the collar. The soil respiration chamber was placed for 4 min on the collar of every plot, averaging previous approaches (Sowerby et al., 2008; Saner et al., 2009). For statistical analyses the soil respiration rate value at second 240 of each measurement were taken, as it approached a constant value after 240 s following more or less a quadratic relationship. An internal fan realized the even distribution of air within the chamber. The infrared gas analyzer monitored the built up of CO2 within the system. The rates of soil respiration were determined by fitting a quadratic equation to the change in CO2 concentration with time. The soil respiration rates [g CO2 m−2 h−1] were quantified at the same date and time (8–12 a.m.) as soil sampling was performed in 2010, except for August 17th (2 weeks after summer drought (t2)). At this date the measurement of soil respiration rates was not possible due to rainfall. Therefore, data of August 11 and 25th were added to this data set (t2a and t2b).

Potential Extracellular Enzyme Activities (PEEA)

PEEAs were determined as described in detail by Pritsch et al. (2005) using methylumbelliferone (MUF) labeled substrates (Sigma-Aldrich Chemicals, Germany) and black microplates (VWR, Germany). Briefly, 100 μL soil suspension (400 mg soil mixed with 40 mL sterile distilled water for 15 min) was incubated with 20 μL of the respective MUF labeled enzyme substrate. Substrate saturation concentration and incubation time for each enzyme was determined in pre-experiments as follows: β-glucosidase (ß-gls; EC 3.2.1.21) 500 μM and 120 min, cellobiohydrolase (cel; EC 3.2.1.91) 400 μM and 120 min, glucuronidase (glr; EC 3.2.1.31) 500 μM and 120 min and xylosidase (xyl; EC 3.2.1.37) 500 μM and 60 min. After incubation, 100 μL Tris buffer (2.5 M, pH > 10) was added to stop enzyme reaction and to increase pH for fluorescence measurements (Pritsch et al., 2005). Auto-fluorescence of the soil or quenching of the fluorescence signal influenced by the soil was accounted for by performing additional tests using 50 μL of soil suspension and 100 μL of 300 pmol MUF instead of substrate. Fluorescence measurements were performed on a spectrofluorometer (SpectraMax GEMINI EM, USA) at excitation / emission wavelengths of 365/450 nm. Released amounts of MUF were calculated based on the autofluorescence, quenching and calibration curves and expressed as PEEA in pmol per gram soil dry weight per hour [pmol g−1 dw h−1] and measured for the three consecutive years.

Statistical Analysis

Analysis of variance (ANOVA) based on linear mixed effect models was performed to test for significant effects of weather manipulation on the response variables while taking the location coordinates of the plots within the latin square design into account by adding row and column as random factors to the model. Due to varying sampling scheme, data of each year was analyzed separately. When analyzing repeated measurements, sampling date as further random factor was added. To validate the linear mixed effects models, residual vs. fitted plots and plots showing sample quantiles vs. theoretical quantiles based on the model were tested for homogenous variance and normal distribution of residuals (Rosenblad, 2009). If either conditions of normality were not met or homogeneity of variance had to be improved, data was log transformed. In all tests the level of significance was set to p = 0.05. All statistical analyses were performed using the R version 3.1.3 (R Core Team, 2012) including the package nlme 3.1–120 for calculation of linear mixed effect models (Pinheiro et al., 2011). To link enzyme activity to soil moisture, EOC and sampling date (in form of day of year to quantify seasonal influence), boosted regression tree analysis was performed in R, using a default bag fraction of 0.5, a Gaussian error distribution, a learning rate of 0.001 and a tree complexity of 3 to model enzyme activity along environmental parameters and time. All models were fitted using gbm package version 1.6–3.1 plus a custom code written by J. Leathwick and J. Elith (Supplementary Material to Elith et al., 2008).

RESULTS

Soil Moisture

Simulated spring and summer drought periods resulted in reduction of volumetric soil water content compared to control plots in all three sampling years (Figure 1; Table S2). Subsequent rewetting increased soil moisture to control level again. In 2010, an ambient heavy rain event during the D1 treatment caused an increase of the ground water level and therefore higher soil water content in the middle of June. In 2009 and 2010 soil moisture did not drop below permanent wilting point (PWP) during the spring drought (D1) but during the summer drought (D2). In contrast, in 2011 soil moisture content of D1 decreased below PWP, whereas D2 remained above PWP.

Extractable Organic Carbon

EOC was not affected by drought or rewetting in spring 2010 (Table 1) and remained stable over the experimental period (28.48 ± 5.58 μg g−1 dw for C and 31.32 ± 7.88 g−1 dw for D1). In contrast, EOC after summer drought was 2-fold higher (64.70 ± 13.9 μg g−1 dw) compared to control samples (26.87 ± 2.31 μg g−1 dw) at t1 but decreased to the control level within two 2 weeks after rewetting (Table 1). Similar trends were observed in 2011 for the high- resolution sampling (Table S3).


Table 1. Extractable organic carbon (EOC) of grassland plots in 2010 [μg g−1 dw] for different precipitation variabilities for spring drought (D1) and summer drought (D2); given are mean values and standard errors, each n = 5.
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Soil Respiration

Soil respiration was measured as proxy of microbial activity in 2010 (Table 2). Due to rainfall we could not measure soil respiration at August 17th (2 weeks after summer drought) and instead included data of August 11 (t2a) and August 25th (t2b) to the dataset. Overall, soil respiration ranged from 0.378 g CO2 m−2 h−1 (summer, C, t4) to 0.852 g CO2 m−2 h−1 (spring, D1, t2) and was not affected by the drought events but showed a temporarily increase compared to control plots 1 week after summer drought rewetting (t2a).


Table 2. Soil respiration rates [g CO2 m−2 h−1] of grassland in 2010 under different precipitation variabilities for spring drought (D1) and summer drought (D2); given are mean values and standard error of measuring dates, each n = 5; on 17th August soil respiration could not be monitored due to ambient rainfall, therefore, 11th August (t2a) and 25th August (t2b) were analyzed; no significant effects were observed.
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Potential Extracellular Enzyme Activities

PEEA showed no differences between controls and plots subjected to drought and rewetting at the beginning of the experiment (t0) in the first two sampling years (Figure 2; Figure S1). As the observed treatment response was similar in all years, results of 2010 are exemplarily discussed in detail in the following. As expected, all measured PEEAs were slightly reduced at the end of the spring drought compared to the respective controls (Figure 2A). After summer drought, a similar pattern was observed with reduced PEEAs for cel, glr, and xyl compared to controls at t1, while ß-gls showed no drought response (Figure 2B).
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FIGURE 2. Potential extracellular enzyme activities (PEEA) [pmol MUF g−1 h−1] of 2010 under different precipitation variabilities for control (C, black bars) and drought/rewetted plots (D, gray bars) at (A) spring drought and (B) summer drought simulation; given are mean values and standard error of measuring dates, each n = 5; drought treatment occurred from t0 to t1; significant differences (p < 0.05) between C and D are marked with asterisks; significant differences (p < 0.05) among sampling times are indicated by different letters.



Subsequent rewetting after the spring drought (D1) resulted in fast increase of ß-gls and xyl activities to control level. For both cel and glr no rewetting effect was observed and PEEA was constantly lower compared to control plots until t4 (p < 0.05). Rewetting after summer drought (D2) induced higher activity for all measured PEEAs compared to the controls at t2. These differences were also visible at the later sampling time point t3; only at the last sampling time point (t4) activity levels between control and affected plots were comparable. Data of high resolution sampling after rewetting in 2011 suggest that the increase in enzyme activity to control level after both drought treatments occurred already within the first four (spring) and two (summer) days after rewetting (Figure S2). In all sampling years, PEEA was significantly correlated with soil moisture for spring as well as summer drought treatment (except cel and glr in spring 2009) (Figure 3; Figures S3a,b). Boosted regression tree analysis including data of all years confirmed that soil moisture had the strongest influence on enzyme activity, explaining 53–79% of the predictive data variance (Table S4), followed by seasonal effect. Season showed higher influence on PEEA after mid of July which indicates a higher sensitivity of enzymes later in the season and corresponds to the higher drought and rewetting responses observed in D2.
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FIGURE 3. Pearson correlation of soil moisture [vol %] and potential extracellular enzyme activities (PEEA) [pmol MUF g−1 h−1] of 2010 under different precipitation variabilities (control (C) black dots, spring drought (D1) gray crosses and summer drought (D2) gray triangles).



DISCUSSION

Impact of Drought Manipulations

Extractable organic carbon increased significantly during both spring and summer drought treatments in all years with one exception: spring 2010. However, it is most likely that this missing increase is a consequence of an ambient heavy rain event that occurred in the middle of June 2010, resulting in an increase in ground water level and thus higher soil moisture during D1 treatment. Accumulation of soil EOC after drought was reported previously (Xiang et al., 2008; Homyak et al., 2018) and might have been triggered by biological processes, e.g., enhanced microbial C allocation to cell walls, exopolymeric substances like EPS and/or osmolyte production to adapt to dry conditions (Schimel and Schaeffer, 2012; Warren, 2016). Moreover, microorganisms under oxidative stress are known to increase production of exoenzymes to fulfill their intracellular C demand by decomposing plant litter and thus acquiring resources that are unavailable otherwise (Bouskill et al., 2016). In contrast, all enzymatic activities were negatively affected by the drought treatments in the present study which suggests that increased EOC after drought is not a result of (microbe-mediated) biochemical but physical soil organic matter decomposition and/or decreased diffusion and loss of connectivity of the soil pre-system (reviewed by Moyano et al., 2013). This is in line with Homyak et al. (2018), suggesting that physical processes leading to increased breakup of soil aggregates during drying-rewetting cycles and thus to substrate mobilization (Xiang et al., 2008) mainly contribute to EOC accumulation in dry soils. Besides, increase of EOC might be a result of reduced microbial consumption due to lower activity and/or limited substrate diffusion, too (reviewed by Moyano et al., 2013). Independent from the timing of the drought setting, PEEA was reduced after drought. The only exception was the ß-gls activity after the summer drought simulation, which was not affected by the treatment. This indicates that at least some microbes which are able to express those enzymes are tolerating lower water contents in soil or ß-glucosidase is particularly robust and works as extracellular enzyme without the need of active microbes. ß-glucosidases catalyze the hydrolysis of the glycosidic bonds to terminal non-reducing residues in beta-D-glucosides and oligosaccharides, with release of glucose (Lehninger et al., 2000). β-glucosidase is responsible for the regulation of the entire cellulose hydrolysis process by easing cellobiose-mediated suppression and producing the final product glucose (Singhania et al., 2013). So far, different β-glucosidases have already been characterized from bacteria, archaea and eukaryotes in a large variety of environments (Wierzbicka-Wos et al., 2013). Thus, not surprisingly high ß-glucosidase activities were also found in arid to semiarid environments (Cañizares et al., 2011), indicating a high tolerance of this enzyme to drought stress, which is in line with the present study. However, the original substrate for the ß-glucosidases most likely will not be cellulose, as microbes which express cellobiohydrolases (catalyzing the initial step of cellulose degradation) are strongly affected ones in both drought settings. It is well-known that some ß-glucosidases are also capable to use galactose as an alternative substrate (Cairns and Esen, 2010). So, besides the obvious functional redundancy of microbes which are capable to express ß-glucosidases also the functional flexibility of the enzyme itself might induce the observed stability pattern toward drought stress at least in summer.

Besides cellobiohydrolase, PEEA of glucuronidase, and xylosidase were sensitive to severe drought events. These enzymes are involved in the breakdown and degradation of hemicellulose and are produced if no easier degradable carbon compounds are available (Stemmer et al., 1998). Both enzymes were negatively affected by drought, which is in accordance with previous studies (Sardans and Peñuelas, 2010; Sanaullah et al., 2011; Brockett et al., 2012). Mainly for xylosidase, functional redundancy of the respective microbes is low and mostly connected to Bacilli (Pontonio et al., 2016), although also some fungal xylosidases have been described (Pérez-González et al., 1998; Larraya et al., 2000). Glucuronidases have been mostly described as proteobacterial origin and have been mostly associated with microbes typically occurring in the rhizosphere (Castrillo et al., 2017). Thus, reduced plant performance as result of induced drought treatments as shown previously in EVENT II (Walter et al., 2012; Grant et al., 2014) and the associated altered exudation rates, might have affected this group of microbes negatively in addition to the direct drought stress.

Response to Rewetting

We expected rewetting to increase microbial activity and consequently also potential extracellular enzyme activity. Interestingly, no increase in soil respiration which would indicate higher microbial activity was observed after rewetting. However, this must not necessarily exclude increased microbial activity. It might be speculated that the CO2 peak was only temporarily and thus was missed due to selected measurement time points (earliest 1 week after rewetting). Given that EOC concentration was reduced to control level already at the first sampling after rewetting, it is likely that microorganisms respond rapidly to increased soil moisture, mineralizing labile carbon substrates within a few days as shown previously (Fierer and Schimel, 2003). As expected, potential enzyme activity responded positively to rewetting in all 3 years, with an extent being enzyme-specific. While cellobiohydrolase and glucuronidase did not recover when drought simulation occurred in spring, all enzymes showed a positive rewetting effect after summer drought. This indicates that beside soil moisture, which was the main predictor of enzyme activity, also the timing of the drought/rewetting event influenced PEEA to a remarkable extent: enzymes were more severely affected in spring and were more sensitive to rewetting later in the season, corresponding with higher responses found in D2 compared to D1 (booted regression tree analysis).

Seasonal Effects on Extreme Events

Our results indicate that not only drought/rewetting itself but also the seasonal timing of the extreme event remarkably affected exoenzymatic activity: while reduced PEEA recovered after summer drought rewetting, the negative effect of spring drought was much more pronounced, resulting in irreversible lower cel and glr activity despite rewetting. The observed seasonal dependency might be explained by the fact that spring drought affected plant growth in the most productive, proliferative phase of the year. This is in line with Grant et al. (2017) who reported that plant community composition in EVENT II was differently altered by drought events occurring at different growing seasons, leading to pronounced aboveground changes in plant biomass. Furthermore, available dead root biomass and/or root length is known to be lower in early summer compared to late summer, resulting in lower EOC concentration (Bardgett et al., 2005; Walter et al., 2012; Chaparro et al., 2013; Regan et al., 2017). Although plant biomass was not investigated in the present study, a decline of EOC after spring drought was observed. Therefore, it could be speculated that dead root biomass might have been reduced, too, leading to a lower overall amount of dead plant biomass available for decomposition and thus more severe effects of extreme events on PEEA in spring compared to summer. Another explanation for differences between both seasons might also be given by mowing at end of June, which means after spring but before summer drought simulation. Mowing is common agricultural practice to stimulate growth of aboveground biomass during late growing season. Besides, when dead plant biomass is not removed, it introduces new carbon and nutrient sources into the soil which could be used by plants and microbes after rewetting via decomposition by exoenzymes. Therefore, more substrate is available at D2 which might have contributed to the stronger PEEA increase after summer drought rewetting compared to spring drought rewetting. These findings suggest that the seasonal difference in the availability of dead plant biomass was an important driver for the effects of drought and recovery of PEEA in addition to the water supply. Panikov (1999) gives further evidence that indirect effects of climatic changes, like shifts in plant community structure, quantity and quality of plant litter or the supply of nutrients and the modification in physical and chemical characteristics affect microorganisms in a stronger way than direct climatic changes.

CONCLUSION

Whereas, our results indicate comparable negative effects of simulated drought in both seasons, positive response of PEEA toward rewetting was much more pronounced when drought occurred later in the season. This seasonal effect might be explained by differences in the availability of dead plant biomass serving as substrate for decomposition. Consequently, the seasonality of extreme events has to be much more considered in future studies and incorporated in predicted climate scenarios to improve existing models. However, no long-term changes in potential extracellular enzyme activities, soil respiration rates or extractable organic carbon were implemented by drought and heavy rain events within this 3 years study. Consequently, grassland soils might be highly resilient or might have buffered drought and rewetting effects in an effective way. This general fast response to rewetting of the dry soils lead to the assumption that microbial community in this temperate grassland soil is resilient to both, drought and rewetting stress or that there was a gradual adaptation to the changed plant community composition over 3 years. As microbes are important drivers of nutrient cycling, we recommend including analysis of plant and soil microbial community composition as well as its functional potential in future studies in order to get a better understanding of grassland ecosystem's response toward drought and rewetting. Overall, our results show the need for a new integrative framework including both abiotic and biotic factors to predict future climate change impacts on terrestrial ecosystems, including the seasonal effect on ecosystem's response to extreme events.
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