Persistent climate extremes reduce peat carbon accumulation

ABSTRACT
Extreme climate events are predicted to become more frequent and intense. Their ecological impacts, particularly on carbon cycling, can differ in relation to ecosystem sensitivity. Peatlands, an ecosystem characterized by peat accumulation under waterlogged soil conditions, are expected to be sensitive to climate extreme, particularly if the climate event increases soil oxygenation. However, a mechanistic understanding of peatland response to recurring climate extremes is still lacking. Here we present the results of a transplantation experiment of peat mesocosms from high to low altitude in order to simulate, during three years, a mean annual temperature c. 5°C higher and a mean annual precipitation c. 60% lower. Specifically, we aim at clarifying the rapidity and intensity of changes for a set of aboveground and belowground processes and their feedback on carbon accumulation. In the transplanted mesocosms, plant productivity showed a species-specific response depending on plant growth forms, with a significant decrease of peat moss productivity. Soil respiration almost doubled and Q10 halved in the transplanted mesocosms in combination with an overall increase of activity of extracellular soil enzymes. The reduced content of aliphatic acids in the peat chemistry of transplanted mesocosms suggested a deepening of the soil oxyc layer which, in turn, stimulated microbial decomposition. Overall, after three years, the transplanted mesocosms reduced their carbon sinking capacity of c. 300 g per m2. This study provides a mechanistic understanding of the rapid response of the peat system to climate extremes and highlights the necessity to consider the links between aboveground-belowground variables to improve our predictive modeling.

INTRODUCTION
The ongoing increase of global mean air temperature is predicted to cause an amplification of climate variability, resulting in more frequent and intense extreme events 
(Rahmstorf & Coumou 2011; Christidis et al 2015). From a carbon (C)-cycle perspective, climate extremes such as high temperature and drought (heat wave) have been shown to significantly reduce ecosystem C uptake (Ciais et al. 2005; Zhao & Running 2010), raising concerns of a positive C cycle-climate feedback that might further accelerate global warming (Reichstein et al. 2013). 
The ecological impacts of climate extremes are highly variable in relation to the sensitivity of ecosystems which can differently respond at both species and community level (Vicente-Serrano et al. 2013; Reyer et al. 2013). 
In addition, the effects of climate extremes are not necessarily linear (Medvigy et al. 2010), so that a small shift in the frequency and intensity of the extreme events could result in unexpected changes in ecosystem processes, in particular on C cycle. In the light of the above considerations, new experiments
 should take into account the increasing severity and the multiple occurrences of extreme climate events (Smith 2011; Thomson et al. 2013; Frank et al. 2015). 
At high latitudes, where the largest changes in temperature and precipitation are expected (Tingley & Huybers 2013), peatlands represent an important long-term sink of atmospheric C by storing large amount of peat, i.e. organic material formed by the partial decomposition of plant litter (Zaccone et al. 2007
; Yu 2011). A combination of persistent soil anoxia and low pH are crucial physical conditions promoting peat accumulation
. Decreased water content and consequent peat oxygenation as a result of climate extreme events, are expected to enhance C loss from peatlands by removing a set of physical limitations for microbial decomposition (Ise et al. 2008; Fenner & Freeman 2011). Furthermore, climate extremes can trigger a compositional change of plant communities by favoring vascular plants (Heijmans et al. 2013; Buttler et al. 2015) whose litter is more decomposable than that of dominant peat mosses (Hajek et al. 2011), with additional cascading effects on microbial community structure and function (Bragazza et al. 2015; Robroek et al. 2015a). 
Under natural field conditions, the effects of climate extremes on C accumulation in peatlands have been studied during occasional heat wave events mainly focusing on greenhouse gas fluxes (Alm et al. 1999; Gerdol et al. 2008) or plant survival (Bragazza 2008). However, a mechanistic understanding of peatland sensitivity to recurring climate extremes that includes different hierarchical levels, i.e. from species to community, under multiple temporal occurrences 
(Smith 2011) is still lacking. To fill this gap, here we present the results of a measocosm transplantation experiment along an altitude gradient in order to simulate a recurring extreme climate characterized by higher temperature and lower precipitation. Specifically, the transferred mesocosms were subjected to a three–year alteration in mean annual air temperature and precipitation comparable to those in the 2003 heat wave. We expected recurring climate extremes to: i) promote vascular plant growth; ii) increase soil organic matter decomposition; and iii) decease the overall annual C accumulation. Our primary goal is to assess the rapidity and intensity of ecosystem responses by linking aboveground processes (i.e., plant physiology, vegetation dynamics) to belowground processes (i.e., soil respiration, pore-water and peat chemistry) in a mechanistic framework that will explain and quantify the ultimate consequences on peat C accumulation. 
MATERIAL AND METHODS
Study sites

The study was performed between September 2010 and October 2013 in two Sphagnum-dominated peatlands located at contrasting altitudes in Switzerland, i.e. Lörmoos at 585 m asl (46° 58’N, 7° 24’E) and Hochräjen at 1885 m asl (46° 36’ N, 7° 58’E). The overall plant species composition and hydrochemical conditions were typical of ombrotrophic (= rain-fed) peatlands (Bragazza et al. 2013, 2015). Based on data collected from the closest meteorological stations, mean annual temperature (corrected for the altitude) and total precipitation were, respectively, 8.4 °C and 1030 mm at Lörmoos, and 1.3 °C and 1427 mm at Hochräjen (Tab. S1).

Peat mesocosm preparation and transplantation

In September 2010, six peat cores (35.5 x 27 cm large and 21.5 cm deep) were dug out with intact vegetation from the high altitude peatland and immediately placed in similar sized plastic boxes. The peat cores were collected in correspondence of lawns dominated by Sphagnum fallax and located few meters apart from each other. The plastic boxes were perforated at the bottom to allow vertical exchange of water once relocated into the peat soil. After extraction, three boxes (hereafter simply called “peat mesocosms”) were placed back in the original position at the control site whereas three were transferred, on the same day, to the lower altitude site in similar microtopographical conditions (lawn habitats). 

Soil respiration and carbon stock change 

Soil temperature was continuously monitored by means of a datalogger (HOBO) installed at a depth of c. 5 cm, whereas the volumetric water content was manually measured every month by a TDR using 7.6 cm long needles. Soil respiration was monthly measured by a Li-Cor LI8100 infrared gas analyzer (IRGA) on a permanent 10-cm PVC collar inserted 5 cm into the peat soil where all living vegetation was removed. Each soil respiration measurement lasted 3 minutes with a 30 second dead-band and CO2 flux was calculated, after data inspection, using a linear regression. In each peat mesocosm, the CO2 flux was calculated as mean of three replicates.
Temperature dependence (Q10) of soil respiration in each mesocosm was modelled by an exponential function to the entire dataset as R = axe(bT), where R is the flux (μmol CO2 s-1 m-2), T is the mean soil temperature of the three days preceding the sampling, and a and b are parameters of the fitted data. The Q10 was then calculated as: e(10xb).

The total C stock in each peat mesocosm was obtained in September 2013 by measuring the surface height of the peat, calculating the change in peat volume compared to time t0 (0.021 m3) and multiplying the change in peat volume for the mean peat bulk density and mean peat C concentration. To this aim, the peat volume was calculated by measuring the vertical distance from the bottom of the box to the peat surface in 35 points, spaced 5 cm apart, using a grid placed above the plastic box. Peat bulk density, including vascular plant roots, was calculated on the basis of the volume and dry weight (60 °C for 48 hours) of five peat cores within each mesocosm, avoiding, as much as possible, any disturbance during the sampling. For each peat core, C concentration was measured in three peat sub-samples collected at the bottom, at the middle and immediately below the green layer of the peat mosses using a Shimadzu analyzer (TOC-V CPH + TNM-1) and the mean of the three C concentration values was assigned to each peat core.

Plant frequency, productivity
and photosynthetic rate
Annual plant frequency in each peat mesocosm was measured based on a picture taken at the top of the summer season. A grid was then superimposed to each picture using the software GIMP v. 2.8 so that the frequency of each plant species, including standing litter, was calculated on the basis of 400 intersection points. Peat moss productivity was measured using the cranked-wire methods (Bragazza et al. 2013). To this aim, five cranked-wires were installed in each peat mesocosm and the mean value was used as representative of the annual productivity. Aboveground vascular plant biomass was collected in September 2013 by cutting living plants and collecting standing litter in each mesocosm. Living plant biomass was separated based on the two dominant growth forms, i.e. ericoids (V. uliginosum) and graminoids (E. vaginatum). All plant material was oven-dry at 40 °C for 48 hours. 

Plant photosynthesis xxxx
Pore-water and peat chemistry

Pore-water sample was monthly collected from each peat mesocom by means of a 10-cm long perforated metallic needle connected to a plastic syringe. In the field, the water was immediately filtered through a 0.45 μm glass fiber filter. Total dissolved nitrogen and organic carbon (DOC) were determined by combustion using a Shimadzu analyzer (TOC-V CPHCTNM-1). The SUVA254 index was calculated as ratio between the absorbance at 254 nm and the correspondent DOC concentration of the pore-water sample (L mg C-1 m-1) and used as indicative of aromaticity (Weishaar et al. 2003). In addition, an humification index (HIX) was calculated as ratio between the areas under the emission curve at 435–480 nm and 300–345 nm with an excitation wavelength of 254 nm using a BioTek SynergyMX spectrofluorometer (Zsolnay et al., 1999). The extracellular activity of four hydrolytic enzymes involved in C, N and P decomposition was measured in pore-water using a fluorimetric microplate assay by adding 4-methylumbelliferyl- β -D-glucoside for the activity of β-glucosidase (C degradation), 4-MUF-N-acetyl- β -D-glucosaminide for the activity of β-1,4-N-acetylglucosaminidase (N degradation), L-leucine-7-amido-4-methycoumarinhydrochloride for the activity of leucine aminopeptidase (N degradation), and 4-MUF-phosphate for the activity of phosphatase (P degradation) to 0.5 ml of pore-water. After incubation (1 h for C and N degrading enzymes and 45 min for phosphatase), the fluorescence measured on a microplate reader (BioTek SynergyMX) at 450 nm emission and 330 nm excitation wavelength. To quantify product release and account for quenching effects, a set of standards was prepared using methylumbelliferone (MUF) and 7-amino-4-methylcoumarin (MCU) mixed with pore-water. Enzyme activities were expressed as µmol of substrate (MUF and MCU) converted per minute and per ml of pore-water. The activity of extracellular phenol oxidase was determined spectrophotometrically by using 10 mM L-dopa (dihydroxyphenylalanine) solution as substrate. The activity of phenol oxidase was expressed as μmol of 2,3-dihydroindole-5,6-quinone-2-carboxylate (dicq) h-1 ml-1 pore-water.

Peat chemistry was analyzed on the basis of infrared spectroscopy using a Frontier FT-NIR/MIR spectrometer (Perkin Elmer) with diamond attenuated total reflectance (ATR). The spectra were recorded in the mid-infrared range (4000-400 cm-1) by scanning 16 times each peat sample. The atmospheric CO2 and H2O were automatically corrected by the PerkinElmer Spectrum 10 software. Initially, peat samples were freeze-dried, milled to 1 mm (Mixer Mill MM 400) and placed directly on the crystal. A similar force has been applied to ensure good contact between the crystal and the sample. Three main absorption peaks were used as indicator of peat DOM quality: the region of 1630 cm-1 as indicative of lignin and other aromatics or aliphatic carboxylates, the 2920 cm-1 and 2850 cm-1 as indicative of unsaturated aliphatic chains, and the regions around 1090 cm-1 as indicative of polysaccharides (Artz et al., 2008; Biester et al., 2013).
Data analysis

Correlation between environmental variables and differences between treatments were tested by univariate statistical analysis using Statistica for Windows v. 11. Furthermore, a structural equation model (SEM) was built to test interactions and causal connections between environmental variables (Grace et al. 2014). Specifically, our SEM model aimed to test the effect of climate warming on the aboveground-belowground links and determine whether climate-induced changes can explain variation in peat accumulation. We carefully considered the ratio between sample size and model complexity due to the low number of replications in our experiment. Using a priori knowledge, we hypothesized that a decrease of peat moisture influences negatively the Sphagnum performance (photosynthetic capacity was used as a proxy) and positively the vascular plant performance (vascular plant biomass was used as a proxy). It was also hypothesized that the response of vascular plants influences negatively the Sphagnum performance. Then, we predicted that changes in Sphagnum performance directly influenced C accumulation rate. We also hypothesized that vascular plants will indirectly influence C accumulation rate through positive effects on enzymatic hydrolytic activity and soil respiration. The adequacy of the model was tested using Chi-square (χ2) tests, Standardized Root Mean Square Residual index (SRMR), Root Mean Square Error of Approximation index (RMSEA) and Goodness-of-Fit Index (CFI) (Grace et al. 2010). The RMSEA estimates the amount of approximation error per degree of freedom in the model, while SRMR estimates the standardized difference between the observed correlations between variables and the predicted correlations after SEM modelling. Values for RMSEA and SRMR close to zero indicate lower differences and thus a good fit, whereas the χ2 test whether the observed and expected covariance matrix of the model were similar. Finally, values of CFI close to one indicates a good model fit. SEM was performed using the sem R package (R development Core Team, 2013).
RESULTS
Atmospheric and soil physical conditions
During the study period 2011-2013, the plant growing season (i.e. the period April/May-September) was characterized by a mean annual temperature and total annual precipitation of, respectively, 9.1 °C and 939 mm at the control site and 14.5 °C and 670 mm at the transplantation site (Tab. S1). Such mean annual climate conditions at the transplantation site were similar to the climate condition recorded at the control site during the heat wave of year 2013, when mean air temperature was 10.1°C and precipitation amount was 871 mm (Tab. S1).
Climate differences at the two study sites were reflected in soil temperature and soil moisture content, which differed significantly (t-Student, P < 0.01). The annual average soil temperature at 5-cm depth in the control and transplanted mesocosms were 5.3 °C and 9.9 °C, respectively. During the plant growing season, the control mesocosms had a mean soil temperature of 10.3 °C and a mean volumetric water content of 50.3% (n = 15), whilst the transplanted mesocosms had a mean soil temperature of 15.2 °C and a mean soil moisture of 36.2% (n = 18).
Plant dynamics and ecophysiology
At the beginning of the experiment in 2010, the frequency of all the three dominant plant species, i.e. E. vaginatum, V. uliginosum and S. fallax, as well as the frequency of standing litter did not differ between the control and the transplanted mesocosms (t-Student, P > 0.19, n = 3). At the end of the experiment in 2013, the plant species frequency in the control mesocosms did not change compared to 2010, whereas in the transplanted mesocosms the overall mean frequency of the vascular plant species increased significantly from c. 26% to 39% (t-Student, P = 0.03, n = 3) and that of S. fallax significantly decreased of c. 50% (t-Student, P = 0.04, n = 3) (Supplementary Fig. S1). In addition, in the transplanted mesocosms the occurrence of a new Sphagnum species (i.e., S. magellanicum) was recorded at the end of the experiment (mean frequency c. 9%). The frequency of standing litter was significantly higher at the end of the experiment in both the control and transplanted mesocosms compared to correspondent initial conditions (t-Student, P < 0.03, n = 3) (Supplementary Fig. S1). 

At the end of the experiment, in the transplanted mesocosms the aboveground biomass of V. uliginosum increased and that E. vaginatum decreased compared to the control mesocosms (Fig. 1). Standing litter biomass, mainly formed by E. vaginatum leaves, was also higher in the transplanted mesocosms although not statistically significant (Fig. 1). During the experiment, the mean monthly productivity of S. fallax was significantly lower in the transplanted mesocosms compared to the control mesocosms (Fig. 1). 
The photosynthetic activity of the two vascular plant species was significantly higher in the transplanted mesocosms, whereas the Sphagnum species had a significantly higher photosynthetic activity in the control mesocosms (Supplementary Fig. S2).

Soil respiration rate and enzymatic activity
During the plant growing season, the mean rate of soil respiration was higher in the transplanted (1.38 ± 0.18 μmol CO2 m-2 s-1) than in control (0.74 ± 0.08 μmol CO2 m-2 s-1) mesocosms (P < 0.05, n = 3). The seasonal trend of mean monthly soil respiration was characterized by a peak at the top of the summer months at both sites (Fig. 2). Mean monthly soil respiration in the transplanted mesocosms was correlated negatively with peat water content (r2 = 0.74, P = 0.013, n = 7) and positively with peat temperature (r2=0.77, P < 0.01, n = 7), whereas in the control mesocosms soil respiration was positively correlated only with peat temperature (r2 = 0.80, P = 0.041, n = 6). The mean (± 1 S.E.) Q10 value was significantly lower (P = 0.045, n = 3) in the transplanted mesocosms (4.31 ± 0.47) than in control mesocosms (6.01 ± 0.36).
During the study period 2011-2013, mean (± 1 S.E.) annual activity of phenol oxidase in pore water was higher (P = 0.02, n = 3) in the transplanted (1.15 ± 0.063 µmol dicq l-1 h-1) than in control mesocoms (0.85 ± 0.052 µmol dicq l-1 h-1). Similarly, the total mean annual activity of the five selected hydrolase enzymes targeting C, N and P compounds was significantly higher (P < 0.01, n = 3) in the transplanted (12.7 ± 0.10 µmol MUF ml-1 h-1) than in control mesocosms (11.8 ± 0.11 µmol MUF ml-1 h-1).
Pore-water and peat chemistry
Pore-water in the transplanted mesocosms had higher concentration of dissolved organic carbon (DOC) (Fig. 3). Based on spectrofluorometric information, the dissolved organic matter was more aromatic, i.e. greater SUVA254 values, had a relatively lower molecular weight, i.e. greater E250/365, values and, although marginally (P = 0.063; n = 3), it was more humified, i.e. greater HIX index (Fig. 3). 
In order to investigate the changes in peat chemistry, at the end of the experiment, peat samples from the upper (i.e., 5-10 cm) and middle (i.e., 15-20 cm) layer were analyzed by FT-IR spectroscopy (Fig. 4). 
In the control mesocosms, the upper peat layer was characterized by a relatively lower content (c. 20%) of aliphatic acids and a relatively higher (c. 15%) polysaccharides/aliphatic acids ratio compared to the correspondent middle peat layer. Differently, in the transplanted mesocosms no chemical differences were observed between the upper and the middle peat layers for the selected chemical parameters (Fig. 4). 
Peat stock changes and carbon accumulation
After three years, peat volume increased in both the control and transplanted mesocosms of, respectively, c. 14% (0.0234 m3 ± 0.003; n = 3) and c. 10% (0.0226 m3 ± 0.0013; n = 3) compared to initial volume (0.0206 m3). Peat density increased in the control mesocosms of c. 10% (0.052 g cm-3 ± 0.003; n = 3), but it decreased of c. 3% in the transferred mesocosms (0.046 g cm-3 ± 0.003; n = 3) compared to initial value (0.048 g cm-3 ± 0.001; n = 3). On the whole, based on peat volume and bulk density changes, the control and transplanted mesocosms showed a net, but significantly different (P = 0.021; n = 3), mean C accumulation of, respectively, 404 gC m-2 yr-1 and 115 gC m-2 yr-1 (Fig. 5). By considering a mean annual difference of soil temperature of c. 5.1 °C at a depth of 5 cm, a mean annual decrease of c. 57 gC m-2 for 1 °C of temperature increase can be estimated. 
Causal connections between environmental variables 

Structural equation modelling (SEM) explained 35% of the variance in annual C accumulation rate (Fig. 6). Decreasing peat moisture positively influenced the biomass of vascular plants (path = 0.67, P < 0.01), with a negative (but not significant) effect on Sphagnum photosynthesis (-0.27, P = 0.44). The increase of vascular plant biomass negatively influenced Sphagnum photosynthesis (-0.63, P < 0.01) and positively influenced overall enzymatic activity (0.81, P < 0.01), the latter being positively related to soil respiration (0.68, P < 0.01). The effect of soil respiration on C accumulation was negative, although not significant (-0.26, P = 0.30).

DISCUSSION

After three consecutive years with reduced precipitation and increased temperature, the transplanted peat mesocosms have responded to the new climate conditions. Responses in aboveground were specific for the different growth forms; peat moss productivity and graminoid biomass decreased whilst shrubs biomass increased. Belowground we observed an increase in organic matter decomposition. The decreased productivity of new peat by Sphagnum plants and the increased peat decomposition were not compensated by enhanced vascular plant productivity so that, ultimately, the transplanted mesocosms reduced their C accumulation capacity of c. 70% compared to control conditions. 
Aboveground responses
The reduction of annual productivity of the peat moss S. fallax in the transplanted mesocosms can be explained by taking into account a set of physical and biological limitations due to, respectively, water availability and light competition. When water is not limiting, Sphagnum mosses possess a greater photosynthetic activity at higher than lower temperatures (Gerdol 1995; Robroek et al. 2007). However, because Sphagnum mosses, as all bryophytes, cannot regulate their water content, external water availability is a primary factor in controlling the photosynthesis and, consequently, litter productivity (McNeil & Waddington 2003; Robroek et al. 2009). In the transplanted mesocosms, climate extremes represent a limitation for the productivity of Sphagnum plants that must then face longer periods of drought and, consequently, longer physiological inactivity. As further supported by the SEM analysis (Fig. 6), the increase of vascular plant cover can reduce light availability to the underlying moss layer (Limpens et al. 2003) and increase the water stress by augmenting the evapotranspiration (Tomassen et al., 2003) with negative effects of moss physiological performance.
The response of vascular plant species to the recurring climate extremes differed in relation to the plant growth form. For the ericoids, i.e. the low shrub V. uliginosum, the increase of aboveground biomass is a direct response to the lower peat moisture content, in light of the sensitivity of ericoid mycorrhizal symbiosis to anoxic conditions (Weltzin et al. 2003; Breeuwer et al. 2010; Potvin et al. 2015; Walker et al. 2015). Differently, the decreased productivity 
of graminoids, i.e. E. vaginatum, under warmer climate could be the result of a lower competitive capacity with regards to ericoids (Ward et al. 2009; Breeuwer et al. 2010; Potvin et al. 2015). Overall, in accordance with our first hypothesis, recurring climate extremes triggered a species-specific response of vegetation with a significant decline of Sphagnum productivity and a dual response of vascular plant species.
Belowground responses
Soil respiration was higher in the transplanted mesocosms in response to increased soil temperature and oxygenation (Brouns et al. 2014; Philben et al. 2014). The higher activity of extracellular oxidative and hydrolytic enzymes suggests that higher soil respiration was mainly driven by the heterotrophic component (Fenner et al. 2005; Kane et al. 2014). The significant relationship between vascular plant biomass, hydrolytic enzymes and soil respiration from the SEM (Fig. 6) points to a possible role of root exudates in providing soil microbes with labile C substrate (Fontaine et al. 2007; Robroek et al. 2015b). The enhanced microbial metabolism was not only reflected in higher soil CO2 fluxes, but also in a greater production of aromatic and humified DOC in the transplanted mesocosms (Ogawa et al. 2001; Bonnet et al. 2006; Hribljan et al. 2014), highlighting an additional pathway of C loss in aqueous form (Worraall et al. 2006; Lou et al. 2014). 
The difference in soil Q10 values between the control and transplanted mesocosms supports previous findings of a higher temperature sensitivity of soil respiration at lower temperature (Conant et al. 2011; Hamdi et al. 2013; Schipper et al. 2014). The lower Q10 values in the transplanted mesocosms, after three years of natural incubation at higher temperature, can be explained taking into account: 1) the microbial acclimation to new climate conditions (Luo et al. 2001; Allison et al. 2010; Crowther & Bradford 2013), 2) the microbial access to less temperature sensitive C substrate from root exudates and litter leachates (Craine et al. 2010; Wagai et al. 2013; Xu et al. 2014), and 3) the lower peat soil moisture (Silvola et al. 1996; Suseela et al. 2012).
The changes in peat chemistry under recurring climate extremes clearly indicate a deepening of the aerobic layer into the peat soil. The control mesocosms showed a chemical difference between the upper aerobic layer and the deeper anaerobic layer (Fig. 4). The aerobic layer was indeed characterized by a relatively greater amount of polysaccharides, mainly derived from fresh plant cellulose (Grube et al. 2006), whereas the anaerobic layer was richer in humified organic matter as expressed by higher abundance of aliphatic acids (Tfaily et al. 2014; Hodgkins et al. 2014). Such chemical distinction disappeared in the transplanted mesocosms suggesting that microbes were able to access the more humified organic matter previously protected by anaerobic conditions. Overall the data confirm our second hypothesis of a rapid increase of organic matter decomposition due to enhanced microbial metabolism in response to recurring climate extremes.
Notwithstanding the reduced annual productivity of new peat by Sphagnum mosses and the increased decomposition of older peat, the transplanted mesocosms continued to act as a C sink during the three years of climate extremes. However, a c. 2.5-fold decrease of mean annual C accumulation was observed in the transplanted mesocosms compared to the control. On the whole, at mesocosm level, the results point to a major role of soil temperature and, particularly, soil moisture in controlling the rate of C accumulation (Silvola et al. 1996; Bubier et al. 2003; Bridgham et al. 2008; Makiranta et al. 2009).
Field manipulation experiments along natural gradients can provide a holistic view of the response mechanisms of ecosystems to extreme climate events (Kreyling et al. 2014). In this study, we identified in the decrease of primary productivity by Sphagnum mosses and in the increase of peat decomposition the primary processes causing a reduction of C accumulation in response to recurring climate extremes. The increasing productivity of vascular plants does not seem to compensate, at least on the short term, for the loss of new and old peat (Wang et al. 2015). Although our study is limited to a specific peatland habitat, i.e. lawns, it demonstrates that the peat system, in order to reach a new state in response to climate extremes, can rapidly adjust the aboveground and belowground biogeochemical processes. To what extent the quantified loss of organic matter can be upscaled will depend on the future feedback between temperature, precipitation, vegetation dynamics and soil microbes in the light of the strict interdependency of these abiotic and biotic factors in controlling C cycle. 
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Fig. 1: Aboveground biomass of vascular plant species (E. vaginatum and V. uliginosum), standing litter and mean annual productivity of peat moss (S. fallax) in the control and transplanted mesocosms. Vascular plant biomass and standing litter refer to year 2013, whereas peat moss productivity is the mean of the period 2011-2013. Values are means ± 1 S.E. (n = 3 for biomass and n = 9 for Sphagnum productivity; * = P < 0.05).
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Fig 2: Mean (± 1 S.E., n = 9) monthly soil respiration in control and transplanted mesocosms during the study period 2011-2013. 
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Fig 3: Mean values (± 1 S.E., n = 15) of pore-water chemistry in control and transplanted mesocosms during the study period 2011-2013. Spectrofluorometric indexes refer to the SUVA254 and the humification index HIX (see Material and Methods for details). Significant differences between treatments are indicated by asterisks based on t-Student test (* = P < 0.1, ** = P < 0.05; n = 3)
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Fig 4: Percentage difference (mean ± 1 S.E., n = 3) in the relative content of aliphatic acids and the polysaccharides/aliphatic acids ratio between the upper peat layer and the middle peat layer in the control and transplanted mesocosms based on FT-IR spectroscopic. In the control mesocosms, the upper peat layer corresponds to the predominantly aerobic depth at 5-10 cm, whereas the middle peat layer corresponds to the predominantly anaerobic depth of c. 15-20 cm.
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Fig. 5: Mean (± 1 S.E.) annual carbon accumulation in control and transplanted peat mesocosms. Values were calculated on the basis of final mesocosm volume, bulk density, and mean C concentration in the peat profile while taking into account the aboveground biomass of vascular plant and standing litter. Asterisk indicates significant difference between mean value based on t-Student test (P = 0.021, n = 3).
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Fig. 6: Structural equation model (SEM) of the influence of recurring climate extremes on plant-soil interactions and C accumulation. The numbers associated to each arrow show the standardized parameter estimates (i.e. standardized regression weights). Square multiple correlations (r2 values) for the predicted factor are indicated close to the dependent variable. Solid line arrows indicate significant (P < 0.05) and dashed lines non-significant paths (P > 0.05). Model fits are on, average, good (X29 = 5.46, P = 0.79, RMSEA = 0, CFI = 1, SRMR = 0.17).

�I would write:


Ongoing increases in global mean temperature are predicited to amplify climate variablity. Additionally, extreme weather and climate events have increased in the past decades (your references) 


�This is really complex.


Could it also be like this this? 


The ecological impact of climate extremes on the sensitvity of ecosystems is highly variable, and may differ at the species and the community level. 


�On what?


�I wonder if this refi s appropriate; that paper deals with humic acids.


�Perhaps here you should already say something about the phenols which hampers microbial degradation.


�Can you be explicit? Is this not the same as recurring climate extremes?


�This is actually a repetition of the M&M; can you not just present the results?


�I wonder if we should change this to biomass as we did not really measure productivity, did we?
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