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The response of dissolved inorganic carbon (DIC) leaching to rising temperature and precipitation is hardly known for forest soils on carbonate bedrock. We established field lysimeters, filled with soil from a humus-rich A horizon of a Rendzic Leptosol and detrital dolomite (C horizon) and conducted a two-factorial climate manipulation [control (C), soil warming (H, +4°C), irrigation (I, +50% precipitation), soil warming and irrigation (H+I)] to examine the effects of increased temperature and precipitation on DIC and DOC leaching, soil air CO2 concentrations, and soil CO2 efflux. We followed an isotopic approach to assess the biotic and abiotic DIC fractions. Soil warming (H) had no effect on DIC leaching and seepage DIC concentrations. Irrigation (I and H+I) increased annual DIC leaching by almost 100% as a matter of significantly increased seepage DIC concentrations and higher annual drainage. Isotopic partitioning of DIC fluxes suggested biotic contributions between 60 and 100% and no significant variation with warming or irrigation. Soil warming consistently increased the soil CO2 efflux by >50% independently of irrigation treatment. Soil air CO2 concentrations were not affected by soil warming alone (H). Irrigation (I and I+H) tended to increase subsoil (18 and 32 cm depth) soil air CO2 concentrations, while topsoil (6 cm) remained unaffected by irrigation. DIC leaching losses were about 4–5 times higher than DOC leaching losses, which showed a similar treatment response (I and H+I > C and H). Annual DIC leaching amounted to between 20 ± 2 (C) and 39 ± 2 (H+I) g m−2, representing ~ 2–5% of the total annual gaseous soil CO2 loss. Our results suggest that climate change, especially changing precipitation, could significantly affect the DIC export from carbonate forest soils, thereby affecting their carbon sequestration potential.
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Graphical Abstract. Schematical drawing of the lysimeter soil column indicating the treatment responses (+, –, =) of soil air CO2 concenations along the column profile (circle size indicates the concentration), as well as the responses of soil CO2 efflux, DIC, and DOC fluxes (arrow size indicates the flux intensity).



INTRODUCTION

Leaching of dissolved inorganic carbon (DIC) can affect the net ecosystem carbon balance and the soil organic carbon (SOC) budget of forest ecosystems (Kindler et al., 2011; Siemens et al., 2012). Soil solution DIC concentrations are generally higher in carbonate soils than in silicate soils (Jin et al., 2009; Kindler et al., 2011). If drainage predominates over transpiration, leaching of DIC can cause significant C losses from carbonate soils (Amiotte-Suchet et al., 1999; Ogrinc et al., 2016).

Mountain forests along the Northern Limestone Alps in Europe feature all the prerequisites for DIC leaching. The Northern Limestone Alps act as weather barrier from the north, triggering cloud formation, and regional precipitation (up to 2,500 mm y−1) (Frei and Schär, 1998). Soils along the mountain range are formed on dolomite or limestone bedrock and can contain high amounts of carbonate, even in the topsoil (Kloss et al., 2012; Christophel et al., 2015; Schindlbacher et al., 2015a). Climate change likely affects DIC leaching from these soils, since temperature, precipitation, and CO2 partial pressure have great impact on the formation and flux of DIC. A recent study reports a strong decline in SOC stocks in the German part of the Northern Limestone Alps during the past decades and attributes it to ongoing climate warming (Prietzel et al., 2016). A long-term artificial soil warming experiment in the neighboring Austrian Alps suggest enhanced decomposition of soil organic matter (SOM) due to warming (Schindlbacher et al., 2015b). The potential role of DIC leaching under changing climatic conditions is, however, yet unknown.

DIC consists of four components: dissolved CO2, carbonic acid (H2CO3), bicarbonate ([image: image]), and carbonate ([image: image]). Both, the distribution as well as the concentration of these components in soil water is strongly pH-dependent. Carbonate weathering stabilizes the soil pH around neutral and serves as a temporal sink of CO2 from the soil atmosphere, following CO2 dissolution, and the formation and dissociation of H2CO3:
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where MCO3 is for example calcite (CaCO3) or dolomite (CaMg(CO3)2). The carbonate weathering rate and the CO2 fixation/release rates rely on many factors such as the physical and chemical properties of carbonate, soil CO2 concentrations, temperature, water content, and water flow, i.e., removal of [image: image] to groundwater (e.g., Szramek et al., 2007; Clark, 2015). At equilibrium (Equation 1), approximately one half of the exported [image: image] derives from biotic sources (CO2 from respired SOC and root respiration) and the other half from the abiotic source (carbonate bedrock). Partitioning of biotic and abiotic DIC in seepage can be achieved by isotopic mass balance and allows estimating the potential leaching loss of inorganic carbon from the soil (Karberg et al., 2005; Kindler et al., 2011).

Aside DIC leaching, leaching of dissolved organic carbon (DOC) represents another loss of biotic carbon from soils. DOC losses from soils can strongly vary among forest sites as many factors control the production and fate of DOC (Camino-Serrano et al., 2014). Thin forest floors as main DOC source mostly lead to small DOC leaching from calcareous forest soils, however, DOC fluxes also rely on the local precipitation and temperature regime (Borken et al., 2011). How rising temperature and changing precipitation will affect DOC leaching from these calcareous forest soils is yet not clear either.

Rising temperature and changing precipitation affect the decomposition of SOM and thus the soil CO2 efflux (e.g., Orchard and Cook, 1983; Fang and Moncrieff, 2001; Borken and Matzner, 2009) which is physically controlled by the vertical gradient of soil CO2 concentration and the CO2 transport within the soil (Davidson et al., 2006). CO2 concentration typically increases with soil depth up to a maximum, coincided with 13C enrichment of CO2 due to kinetic fractionation (Amundson et al., 1998). Climatic change could thus not only alter soil CO2 concentrations, but also DIC concentration of seepage and DIC leaching from calcareous soils.

In the current study we simulated a potential climate change scenario and assessed effects on DIC leaching, DOC leaching, and soil CO2 efflux from a model soil. Calcareous soils, such as in the Northern Limestone Alps are characterized by pronounced spatial heterogeneity in soil depth, carbonate content, and total organic carbon stock (Prietzel and Christophel, 2014). Such heterogeneities lead to high spatial variability in soil CO2 concentration, soil CO2 efflux (Schindlbacher et al., 2012) and DOC, as well as DIC (Kindler et al., 2011). Accordingly, the design of in-situ field experiments to study organic (soil carbon) and inorganic (carbonate weathering) interactions in combination with complex climatic manipulations would require high replication and would be extremely costly. We therefore choose a controlled experimental setting with uniformly packed soil columns and defined climate treatments. For this purpose, columns were packed with calcareous forest soil and dolomite detritus originating from the long-term climate manipulation site Achenkirch, Austria (Schindlbacher et al., 2012). Columns then acted as field lysimeters and a two-factorial (soil warming, irrigation) climate-manipulation was initiated. We chose a +4°C warming treatment to simulate potential soil temperatures within the end of the century (IPCC, 2013) and to allow for comparability with previous results from the Achenkirch climate manipulation experiment (Schindlbacher et al., 2009). In addition to rising temperatures, an overall increase in annual precipitation in the Northern limestone Alps is predicted by regional climate models (e.g., Smiatek et al., 2016). We therefore artificially increased natural precipitation by ~50%.

We hypothesized that (H1) soil warming alone would increase SOM decomposition, thereby increasing soil air CO2 concentrations and soil surface efflux. Higher soil air CO2 concentrations would increase DIC concentrations, resulting in increased DIC leaching; (H2) increased rainfall alone would not affect SOM decomposition, but would increase DIC leaching as a matter of increased drainage. Finally, we hypothesized that (H3) a combination of warming and increased rainfall would lead to highest DIC leaching losses due to increased DIC concentrations (warming), combined with higher drainage (increased rainfall). Leaching losses of DOC were expected to be of minor importance, since most of the DOC was assumed to be consumed and respired by decomposer microorganisms.

MATERIALS AND METHODS

Experimental Setup

The experiment was set up with a total of 20 lysimeters at a meadow in Bayreuth (49°57′37.5″N, 11°35′45.7″O), Germany, in autumn 2015. Mineral soil (A horizon) and fresh leaf litter of European beech were taken in August and October 2015 from a forest site located in the Northern Limestone Alps at about 910 m a.s.l. near Achenkirch, Austria (47°34′50″N, 11°38′21″E). The 10–40 cm thick soil, a Rendzic Leptosol (FAO, 1998) with A-A/C-C horizons developed on dolomite bedrock. The A horizon had a loamy-clay texture and was characterized by a high organic carbon content of 14%, a C/N ratio of 18, a carbonate content of about 5% and a pH (CaCl2) of ~7. Mean bulk density of the A horizon (0–10 cm depth) was ~0.55 g cm−3 (Schindlbacher et al., 2010). Further details of the site and soil properties are given in Schindlbacher et al. (2015b). Detrital dolomite of glacial dolomite with a carbonate content of >99% was sampled close to the forest site. For the experiment, mineral soil was sieved (1 cm), and live plant material was sorted out. Detrital dolomite gravel with diameters of 1–8 cm was washed with tap water to remove soil particles and organic debris.

A lysimeter consisted of a cylindrical high-density polyethylene (HDPE) bucket (Paul Craemer GmbH, Herzebrock-Clarholz, Germany) with a height of 51 cm and an inner diameter of 45.5 cm (Figure S1). At the bottom a polycarbonate drainage panel with a height of 5 cm was placed for seepage sampling. Detrital dolomite was filled between 46 and 21 cm depth with a bulk density of 1.5 g cm−3 (60.7 kg d.w.), followed by mineral soil from 21 to 1 cm depth with a bulk density of 0.5 g cm−3 (15.1 kg d.w.). A gauze with a mesh size of 290 μm was inserted on the drainage panel and between dolomite and mineral soil to prevent particle movement. A litter layer was simulated by adding 400 g d.w. m−2 beech litter on top of the mineral soil.

In half of the lysimeters, heating cables (length 2.5 m, 230 V, 37.5 W, A. Rak Wärmetechnik GmbH, Frankfurt, Germany) were buried in a spiral pattern at 8 and at 20 cm depth from the mineral soil surface in order to allow for homogenous soil warming (Figure S1). All lysimeters were equipped with temperature sensors (Dallas One Wire, waterproof DS18B20) at 0, 8, 20, and 32 cm depth.

A soil moisture probe (EC10, Decagon, Pullman, USA) was placed to record hourly volumetric water contents at 7.5 cm soil depth (Figure S1). A soil-specific calibration of the moisture probes (MP) was conducted to convert the readings into volumetric water contents (VWC): VWC = 1.07MP−0.50 (R2 = 0.98), where VWC is in cm3 cm−3 and MP in mV. For the calibration, a cylinder (15 cm diameter, 20 cm height) was filled with air-dried soil, equipped with a moisture probe, and then compacted to a bulk density of 0.5 g cm−3. Amounts of 100–200 ml water were stepwise added to the soil up to water saturation within 8 weeks. Readings of the moisture probe and the soil weight were recorded before and after each water addition. Afterwards, the water-saturated soil was drained and then dried at 105°C for determination of field capacity and total pore volume.

Perforated polycarbonate tubes (length 10 cm, diameter 1.6 cm, pore diameter 3 mm) attached to stainless steel capillary tubes (3 mm outer diameter) were installed centrally at 6, 18, and 32 cm soil depth for soil gas sampling. On the edge of the lysimeter, a polyethylene (PE) tube (length 1 m, outer diameter 4 mm) was laid which reached from the bottom of the water reservoir outwards. In addition, a PVC collar (height 11 cm, diameter 15 cm) was inserted 3 cm into the soil to measure soil CO2 efflux based on the dynamic closed chamber method.

The 20 lysimeters were buried into the soil at ground level in five rows with a distance of 2 m between the rows and a distance of 1.2 m between the lysimeters within the rows in October/November 2015. Each of the five rows consisted of four treatments: control (C), heating (H), irrigation (I), and the combination of heating and irrigation (H+I) with a replication of 5 lysimeters (n = 5), each. The soil temperature in the warmed lysimeters was permanently increased by 4°C in comparison to the corresponding controls. The central unit of the temperature regulation was a raspberry pi model B+ (Figure S1). One raspberry pi controlled two units, one heated, and one control lysimeter. The temperature sensors were connected directly to the GPIO4 pin of the pi. To control the heating cables a power switch (solid state relay module, SainSmart, Lenexa, USA) was connected to the GPIO pins.

The irrigated lysimeters (H+I, I) received ~50% more annual precipitation. Rainwater was collected for irrigation at the field site using a 3 m2 large PVC roof with PVC gutter and a rain barrel. This rainwater was applied to irrigated lysimeters at intervals from days to weeks, depending on the amount and pattern of rainfall (Figure 1). Maximum amounts of 1 L rainwater (equal to 6.15 mm) were irrigated per day and lysimeter using a watering can equipped with a sprinkler. No irrigation was performed 3 days before gas and water sampling. The amount of rainwater was measured with rain gauges (RS200, UP GmbH, Ibbenbüren, Germany) that were installed in 1 m height close to the lysimeters.
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FIGURE 1. (A) Seasonal patterns of rainfall (black bars) and irrigation (blue bars) amounts, as well as of soil moisture at 7.5 cm soil depth during the first treatment year (red, heated H, dashed green, control C, blue, irrigated I, black, heated and irrigated H+I). (B) Dissolved inorganic C (DIC) concentrations of seepage water. (C) Seepage collection volume of different treatment lysimeters. (D) Cumulative DIC leaching loss throughout the first treatment year. All presented as treatment means ± SE (n = 5). The dashed line shows the start of treatments.



Soil Air CO2 Concentrations and Seepage DIC Concentrations

Soil air CO2 concentrations and DIC concentrations were measured every 2–3 weeks between March and November 2016. During winter 2016/17 and during 2017 sampling intervals were extended to 3–5 weeks. DIC measurements were completed in April 2017 and soil air CO2 measurements were completed in September 2017. Three measurements took place prior to the climate manipulations.

Glass vials (22 ml, IVA-Analysentechnik GmbH & Co. KG, Meerbusch, Germany) were sealed with butyl rubber septa and aluminum caps and flushed with pure nitrogen (N2). For seepage sampling, 50 μl of phosphoric acid (85%) was added to each vial before sealing to convert DIC into gaseous CO2 in the vial headspace. Gas samples were taken at 6, 18, and 32 cm lysimeter depth (Figure S1). A 20 ml syringe was connected to a three-way stopcock with Luer lock, which was attached to the capillary tube. The first 11 ml gas sample was discarded to rinse the capillary tube and syringe. Then, another 11 ml gas sample was taken and injected into the vial. The mixing ratio of a gas sample in a vial (Xsample) was calculated after measuring the vial pressure (hPa) with a tensiometer pressure device and the atmospheric pressure (hPa) with a barometer as follows:

[image: image]

DIC sampling was done in a similar way, except that the first 20 ml seepage were discarded because of the greater tube volume. About 5 ml seepage sample was injected into the acid prepared vial without contact to the atmosphere. The exact sample volume was determined by weighing the vials after analysis.

The gaseous CO2 concentrations in the vials were analyzed using a gas chromatograph (GC, 8610C, SRI Instruments, Torrance, USA) equipped with a silica gel column (length 1 m, diameter 3 mm, column temperature 130°C) and a flame ionization detector coupled to a methanizer (detector temperature 380°C). A sample volume of 100 μl was injected directly onto the column. The measured CO2 concentration in a vial (vialCO2) was back calculated to soil CO2 concentration (soilCO2) according to its mixing ratio (Xsample) in that vial (Equation 2) as follows:

[image: image]

The CO2 concentration in the headspace of the vials containing seepage was determined by GC (see above) after shaking solutions at 150 rpm for 2 h and temperature adjustment to 20°C. The amount of headspace CO2 (gasCO2) was used to calculate the amount of CO2 in the aqueous phase (aqCO2) after Henry's law:

[image: image]

where KH is the dimensionless Henry solubility constant of 0.90 for CO2 in water at 293.15 K (Sander, 2015), aqCO2 and gasCO2 are expressed in (mol), Vaq and Vgas are the volumes (L) of the aqueous and gas phase in a vial, respectively. The DIC concentration in seepage results from the sum of aqCO2 and gasCO2 related to the seepage volume (L) in a vial.

Isotope Analysis

Isotope ratios of soil air CO2 and seepage DIC were determined monthly from April 2016 until November 2016. Gas and seepage samples for stable isotope analysis were taken with 12 ml glass vials (Exetainer, Labco Ltd., Lampeter, UK) immediately after sampling for determination of CO2 or DIC concentrations. Vial preparation and sampling were done in a similar way as described above.

The δ13C values of CO2 were determined using a coupled GC-Isotope ratio mass spectrometer (GC-IRMS, 5890 Series II, Hewlett-Packard, Wilmington, USA, Delta V Plus, Thermo Fisher Scientific, Bremen, Germany). The CO2 working standard (3,000 ppmv) was calibrated against four IAEA standards (CO-1, CO-8, ANU sucrose, and NBS 18). Isotopic signatures were expressed in the common δ-notation as deviation in ‰ from the VPDB-standard according to Equation (5) where R is the ratio of heavy to light isotopes in the sample and the standard.
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The precision of the δ13C values was 0.2‰. The δ13C value of DIC was calculated from the headspace δ13CO2 value and corrected for isotopic fractionation between aqueous and gaseous phase in the vial by using Henry's law and a fractionation factor of 1.1‰ between CO2(g) and CO2(aq) (Vogel et al., 1970). The isotopic composition of CO2 from microbial decay of SOM (−28.5 ± 0.4‰, n = 8) was determined following incubation of mineral soil at 20°C in a vial flushed with synthetic air. The isotopic signatures of dolomite and bulk soil (A horizon) were +3.1 ± 0.1‰ and −23.6 ± 0.3‰, respectively, determined with an elemental-analyzer coupled to an IRMS (NA 1108, CE Instruments, Milan, Italy, Delta plus, Conflo III interface, Thermo Fisher Scientific, Bremen, Germany).

Seepage Flux

Seepage in the drainage panel reservoir of each lysimeter was manually collected using a water pump and 10 L bottles. Total seepage amounts were measured by weighing filled bottles. Sampling of seepage took place after gas sampling and if necessary after heavy rainfall events between gas sampling dates. The cumulative seepage flux (mm) between gas sampling dates was calculated by multiplying the amount of collected seepage with the soil surface area.

DIC Leaching and Carbon Source Partitioning

An isotope mass balance approach was applied to assess the contribution of carbonate weathering (abiotic) and of soil air CO2 (respired, biotic) to the total DIC flux using the following Equations:
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where δ13CDIC, δ13CSoilCO2, and δ13CCarbonate are the respective isotopic signatures and FDIC, FDIC biotic, and FDICabiotic are fluxes. The DIC flux (FDIC) was calculated by multiplying the DIC concentration with the cumulative seepage flux. We assume that the parameter δ13CSoilCO2 is best represented by the 18 cm depth in the transition from the A to C horizon. The δ13CSoilCO2 at 18 cm depth was corrected by 8–10‰ for temperature-dependent isotopic fractionation during dissolution of CO2 and formation of [image: image] in water according to Zhang et al. (1995):

[image: image]

where ε13C is the fractionation value and T is the temperature in °C at 20 cm depth. Considering the isotopic fractionation (Equation 8), the proportion of biotic and abiotic DIC was calculated by rearranging and inserting Equation (7) into Equation (6).

A second approach was used to assess the biotic fraction of DIC according to Kindler et al. (2011). The δ13C of CO2 from microbial respiration (−28.5 ± 0.4 ‰) underlies fractionation processes by diffusive and advective transport along the CO2 gradient from the lysimeter bottom to the atmosphere. This isotopic fractionation of CO2 can vary with season and among soils (Jin et al., 2009). To account for the uncertainty caused by the enrichment of 13C in soil air CO2, we substituted δ13CSoilCO2 in Equation 6 by a constant value for microbial respiration (−28.5‰) after correction for temperature-dependent fractionation (Equation 8). The applied isotope mass balance approach assumes that the abiotic DIC fraction results only from dolomite weathering by carbonic acid.

The Keeling plot approach (Keeling, 1961) was applied to determine the isotopic signature of the source of CO2 in the lysimeters by plotting the inverse of CO2 concentration in soil against the corresponding 13C signature of CO2. The intercept of the linear regression, corrected by 4.4‰ to account for isotopic fractionation due to diffusion of CO2 in the soil atmosphere (Amundson et al., 1998), represents the CO2 source.

DOC Leaching

DOC concentrations of seepage were analyzed of pooled samples from each lysimeter and rainfall collector at seven occasions between March 2016 and April 2017. Samples for DOC and DIC analysis were taken at the same time (see section Soil air CO2 concentrations and seepage DIC concentrations), but samples for DOC analysis were immediately frozen at −24°C after sampling. For further processing, all samples of a 2-month interval as well as samples of the pretreatment period were pooled to one sample per lysimeter. Pooled samples were then filtered with 0.45 μm cellulose-acetate filter and analyzed using elemental analysis (multi N/C 2100 Analyzer, Analytik Jena, Germany). DOC fluxes were calculated by multiplying DOC concentration with the sum of rainwater or seepage of the respective sampling interval.

Soil CO2 Efflux

Soil CO2 efflux was measured with the closed dynamic chamber technique as described in detail by Savage and Davidson (2003). Briefly, the PVC ring was manually sealed with a PVC lid for a measurement. Air circulated between the chamber (1.75 L volume) and an infrared gas analyzer (IRGA, LI-820, LI-COR Biosciences GmbH, Lincoln, USA) with a rate of 0.5 L min−1. A logger connected to the IRGA recorded the CO2 concentration increase in the chamber headspace every 10 s for a period of 4 min. The soil CO2 efflux was calculated from the linear increase of CO2 concentration over time, and corrected for atmospheric pressure and air temperature in the headspace. Soil CO2 efflux measurements took place between 10:00 a.m. and 12:00 a.m. using two IRGA systems to reduce the total measuring time. Individual lysimeters were measured in full random order to avoid any bias due to diurnal variations of the soil CO2 efflux. Soil CO2 efflux was measured approximately every 2–3 weeks between Mar 2016 and Jan 2018. Three measurements took place prior the start of the climate manipulations. The cumulative soil CO2 efflux was estimated by linear interpolation between individual efflux measurement dates. Cumulative fluxes therefore represent rough estimates which do not account for dial efflux variations and temporal flux variations between the consecutive measurement dates. The cumulative estimates, however, were considered sufficiently robust for a comparison between lysimeter and field (Achenkirch, Northern Limestone Alps) fluxes.

Data Analysis

Depending on the availability of personal resources, measurements of target parameters (DIC, DOC, soil air CO2, soil CO2 efflux) were accomplished throughout different timeframes. During the first treatment year (Apr 2016–Apr 2017), all parameters were measured at the same 2–3 weekly resolution. Soil CO2 efflux was measured for another full season (2017), whereas soil air CO2 concentration measurements were completed in Sept 2017 and DIC, as well as DOC measurements were completed in April 2017 already. Treatment effects on individual target parameters were statistically tested over their full measurement duration. Cumulative carbon fluxes of the corresponding individual parameters were calculated for the first treatment year for further comparison.

Treatment effects on repeatedly measured soil air CO2 concentrations, soil CO2 efflux, seepage DIC, and DOC concentrations and 13C signatures of soil air CO2 and seepage DIC were analyzed using linear mixed effect models (lme) as implemented in the R package nlme. Individual lysimeters of each treatment were added as a random factor into the model to account for the repeated measurement design. General linear hypotheses based on Tukey all–pair comparisons were conducted at a significance level of P < 0.05 for pair–wise post-hoc comparisons, using the R package multcompView. Significant differences of cumulative soil CO2 effluxes, as well as of cumulative DIC and DOC leaching among the treatments (C, H, I, H+I), were tested using a one-way ANOVA. Analyses were performed using the R software (version 3.4.2).

RESULTS

Soil Warming and Precipitation Manipulation

Soil temperatures showed only small variations among the treatments (cv = 3% among the 20 lysimeters) during the pre-treatment period (Figure S2). Soil warming (H and H+I) had an immediate effect on soil temperature at all soil depths (Figure S2). Soil temperatures of the H and H+I treatments were consistently 4.0°C higher between 5 and 25 cm depth throughout the treatment period (Figure 2C; Figure S2). The warming effect slightly decreased by about 1–2°C toward the soil surface and bottom of the H and H+I lysimeters (Figure S2).
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FIGURE 2. (A) Seasonal patterns of mean (± SE, n = %) soil CO2 efflux from different treatment lysimeters (H heated, I irrigated, H+I heated and irrigated, C control). (B) Cumulative C loss via soil CO2 efflux (red: heated, black: heated + irrigated, blue: irrigated, green: control) from April 2016 until January 2018. Different letters indicate statistically significant differences between treatments. (C) Soil temperatures at 8 cm depth in treatment lysimeters and (D) respective mean soil temperatures during soil warming. Soil warming started in April 11, 2016.



Rainfall amounted 537 mm from March to Dec 2016 and 787 mm from Jan 2017 to Jan 2018. Irrigation was performed from April 2016 to the end of December 2017 and resulted in a total additional precipitation input of 272 mm (+ 51%) during the first treatment year and 307 mm (+39%) during the second treatment year.

Pre–treatment soil moisture at 7.5 cm depth was around 40 vol% and all lysimeters showed similar soil moisture patterns during the first treatment months. In July 2016, a short dry period let soil moisture in C and H drop to around 25 vol%, whereas moisture in I and HI remained at higher levels (Figure 1). Similar patterns occurred during a longer dry period in late August to September 2016, during which soil moisture in C and H was about 10 vol% lower than in I and HI (Figure 1). During January 2017, soil freezing caused a further moisture-drop in un-warmed (I and HI) lysimeters, while warmed lysimeters remained unaffected from freezing. A more pronounced dry period from June to August 2017 let soil moisture in C and H decline into the range of 20 vol% while I and HI showed ~10% higher moisture contents (data not shown). The average pH of seepage from all lysimeters was 7.5 at six sampling occasions in 2017. Treatment and sampling date had no effect on pH in seepage.

DIC Leaching

Seepage DIC concentrations were significantly (p < 0.001) higher in the irrigated (H+I and I) lysimeters when compared to the C and H lysimeters. Differences in seepage DIC concentrations among treatments were small during the first three treatment months, but differences increased during the latter part of the year (treatment:date interaction p < 0.001) because of declining DIC concentration in the C and H lysimeters (Figure 1B). A similar pattern was observed for seepage flux (Figure 1C). In the pre-treatment period, all 20 lysimeters showed a mean seepage accumulation of 26.6 ± 1.0 mm with correspondingly low spatial variation (cv = 4%). After 1 year treatment, seepage fluxes were 474 and 490 mm y−1 at H and C lysimeters, and 765 and 770 mm y−1 at H+I and I lysimeters, respectively. The evaporation loss (the difference between rainfall and seepage flux) did not differ significantly among treatments and ranged between 29 (H) and 21 (I)% of total rainfall input. Along with DIC concentrations and seepage fluxes, DIC leaching did not differ among the 20 lysimeters during the pre-treatment period (0.83 ± 0.05 g C m−2; cv = 6%). Irrigation significantly (p < 0.001) increased annual DIC leaching at I and H+I, almost doubling annual DIC leaching rates from C and H (Table 1).


Table 1. Annual soil carbon fluxes of four treatments (C control, I irrigated, H heated, H+I heated + irrigated) from April 2016 until April 2017.
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Isotopic signatures of seepage DIC did not differ among the four treatments and ranged between −12.5 and −16.3‰, fluctuating with seasons and showing most negative values during August and September (Figure 3). According to the isotopic mass balance (Equations 6, 7) and the measured isotopic signatures of seepage DIC, the contribution of biotic carbon to DIC ranged between 92 and >100% (Figure 4). When instead using a fixed end-member of −28.5‰ (the signature of microbial respiration) for biotic carbon, the biotic contribution to DIC leaching ranged between 68 and 90% (Figure 4).


[image: image]

FIGURE 3. Isotope signatures of soil air CO2 at 6 cm (A), 18 cm (B), 32 cm (C) soil depth, as well as δ13C signatures of seepage DIC (D). Means ± standard deviation.
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FIGURE 4. Percent contribution of biotic DIC to total DIC in seepage water. The biotic contribution was estimated using a mass balance approach based on measured 13C signatures of soil air CO2 at 18 cm soil depth (full dots), and alternatively, by using a fixed δ13C value of −28.5‰ for microbial respiration (open circles).



DOC Leaching

DOC leaching was four to five times lower than DIC leaching and differences between treatments were corresponding subtle in absolute amounts of carbon loss (Table 1). Similarly to DIC leaching, total annual DOC leaching losses were significantly (p < 0.001) higher in irrigated lysimeters (I and H+I). Furthermore, DOC leaching in H+I was significantly (p = 0.01) higher than in I (Table 1).

Soil Air CO2 and Soil CO2 Efflux

Soil air CO2 concentrations ranged between 800 and 8,000 ppm in 6 cm soil depth and between 1,500 and 24,000 ppm in 18 cm soil depth. There was no further concentration increase from 18 to 32 cm soil depth and soil air CO2 concentrations at all soil depths showed a typical temporal convergence with soil temperature (Figure 5). There was no significant treatment effect on soil air CO2 concentrations at 6 cm soil depth. At 18 and 32 cm soil depth, irrigated lysimeters (I and H+I) showed significantly (p < 0.001) higher soil air CO2 concentrations than C lysimeters, and H+I showed significantly higher concentrations when compared to H (Figure 5). Differences in soil air CO2 concentrations were generally lower during the first treatment months and increased with treatment duration (treatment:date interaction p < 0.05). The seepage DIC concentrations were highly correlated to soil air CO2 concentrations at 18 and 32 cm soil depth (Figure 6A)


[image: image]

FIGURE 5. Seasonal course soil air CO2 concentrations (means ± SE, n = 5) at (A) 6 cm, (C) 18 cm, and (E) 32 cm soil depth. (B,D,F) show the mean values over the whole treatment duration (dashed vertical line indicates the start of treatments). Different letters indicate statistically significant differences between treatment means (repeated measures ANOVA).
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FIGURE 6. (A) Seepage DIC concentrations vs. soil air CO2 concentrations at 18 (open circles) and 32 cm (full dots) soil depth. (B) Delta 13C signatures of seepage DIC vs. δ13C values of soil [image: image] at 18 and 32 cm. Bicarbonate δ13C values were calculated based on the fractionation of soil CO2 by formation of [image: image] in water (Equation 8, Zhang et al., 1995).



Soil air δ13C values ranged between −21.2 and −20.3‰ at 6 cm soil depth (single assessment in April 2016) and between −25.3 and −21.3‰ at 18 cm and −25.4 and −21.4‰ at 32 cm soil depth, respectively (Figure 3). The treatment effect on isotope ratios of soil air CO2 at 18 and 32 cm depth was significant (p < 0.001), as was the treatment:date interaction (p < 0.01). Irrigated treatments (I and H+I) were on average about 0.5‰ depleted in 13C, when compared to the non-irrigated treatments (C, H). The depletion became stronger during the latter treatment months (Figure 3). Linear regression analysis showed a significant (p < 0.05) relationship between seepage DIC δ13C and soil air δ13C values at 18 cm (R2 = 0.48) and 32 cm (R2 = 0.54) depth. Soil water δ13C ([image: image] calculated after Equation 8) at 18 and 32 cm were strongly correlated with seepage DIC δ13C as well (Figure 6B). The linear regression of the Keeling plot revealed an intercept of −24.0‰ for soil CO2 at 6, 18, and 32 cm depth (Figure S3). Considering the isotopic enrichment of CO2 of 4.4‰ by diffusion in the soil profile (Amundson et al., 1998), the corrected intercept was −28.4‰. Thus, the Keeling plot approach resulted into an almost identical 13C signature for soil CO2 as the soil incubation (−28.5‰).

Soil CO2 efflux immediately increased with soil warming and remained significantly (p < 0.05) and consistently accelerated throughout the whole two treatment years (Figure 2). Cumulative carbon efflux in the form of CO2 efflux was significantly (p < 0.01) higher during the first treatment year (Table 1) as well as over the whole experimental duration (Figure 2). Cumulative carbon loss via soil CO2 efflux was 30–40% higher at warmed lysimeters, when compared to non-warmed lysimeters (Table 1; Figure 2). Irrigation had no significant effects on soil CO2 efflux (Table 1; Figure 2).

DISCUSSION

We tried to elucidate the effects of potential climate changes on DIC leaching from a calcareous forest soil by artificially increasing soil temperature and precipitation in a model soil. The most striking observation in our study was that only increased precipitation affected DIC leaching, whereas soil warming had no effects (Graphical Abstract). Accordingly, our original hypotheses were only partly confirmed. We initially hypothesized that soil warming would increase soil air CO2 concentrations due to enhanced microbial respiration thereby increasing DIC concentrations in the soil solution (H1). This, however, was not observed. This was a surprise because soil was uniformly warmed down to the lower edge of the A-horizon (20 cm) and the soil CO2 efflux was substantially enhanced by warming. There are basically two explanations. The more likely one is that soil warming simultaneously increased microbial respiration and soil diffusivity e.g., by lowering the water filled pore space. Soil moisture was indeed ~5 vol% lower during the summer months at the warmed-only plots (Figure 1). Increased diffusion would allow for higher surface efflux at more or less unchanged soil air CO2 concentrations. The other explanation is that most of the additional soil surface CO2 efflux originated from the topsoil and litter layer. This explanation is less plausible since soil was warmed at two soil depths and organic carbon concentrations did not show a depth gradient in the homogenized A-horizons. It, however, cannot be excluded that a larger share of the total soil CO2 efflux originated from the litter layer, and that this efflux was particularly affected by warming.

In comparison to warming, the irrigation treatments had pronounced effects on soil air CO2 concentrations. Irrigation not only increased drainage (H2, H3), but also increased soil air CO2 concentrations and thereby simultaneously increased the DIC concentrations in the soil solution and seepage. This shows that soil moisture strongly controls the gas diffusivity within the soil profile. The similar subsoil CO2 concentrations in the I and H+I treatment or C and H treatment suggest elevated diffusion of CO2 in the warmed lysimeters with partly drier top soils. Our hypotheses (H3) stating that the combination of warming and irrigation would result in highest DIC export, therefore, was refuted.

The isotopic mass balance approach using either the 13C signature of microbial respiration (−28.5‰) (Kindler et al., 2011) or the 13C signature of soil CO2 at 18 cm depth suggest that most (60–100%) of DIC in seepage was of biotic origin and that only small fraction originated from dolomite weathering (Figure 4). According to the stoichiometry of carbonate dissolution (Equation 1), the biotic and abiotic fraction should approach a ratio of 1:1 at equilibrium conditions. An abiotic:biotic DIC ratio of 1:1 would require 13C signatures in DIC of about −5 to −8‰ using the isotopic mass balance approach. This indicates either that no chemical equilibrium was attained between seepage and dolomite weathering in our lysimeters and/or that the isotopic signature of DIC in seepage was driven by steady 13C exchange with gaseous soil CO2. A 13C exchange between DIC and soil CO2 seems very likely in our lysimeters, as the mean difference in the 13C signature of 9‰ between DIC and CO2 at 32 cm depth matches the isotopic fractionation in the CO2/[image: image] system (Clark, 2015; Figure 6; Figure S3). Permanent production of soil CO2 by microbial respiration strengthens the CO2 imprint on the isotopic signature of DIC. This dominance becomes very clear when soil CO2 at 18 cm depth was used for the mass balance approach (average 100% biotic DIC, Figure 4). The approach by Kindler et al. (2011) (average 76% biotic DIC) does not consider the isotopic fractionation of 4.4‰ for diffusion of CO2 in the soil profile (Amundson et al., 1998). Therefore, under the open, or almost open system conditions, prevailing in our lysimeters, δ13C values of DIC, and the corresponding mass balance approach (Equation 6), seem rather unfeasible for an accurate partitioning between biotic and abiotic DIC sources. In agreement with our results, Eshel and Singer (2016) showed that dissolving calcite did not affect the 13C signature of DIC in a controlled laboratory setup simulating an open system.

An overestimation of the biotic DIC fraction or underestimation of the abiotic DIC fraction could further arise from dolomite weathering by other acids than carbonic acid. Weathering of dolomite by none-carbonic acids alters the isotopic mass balance approach by enriching the 13C signature of DIC toward the 13C signature of dolomite. Especially the production of protons by nitrification associated with leaching of nitrate is critical for the isotopic mass balance approach (Jin et al., 2009; Li and Ji, 2016). We found relatively high nitrate concentrations of 80 mg l−1 in seepage after subtraction of nitrate input by rainwater (unpublished data). Nitrate leaching was very high in our lysimeters due to missing uptake by plants. When 1 mol of nitrate corresponds to 1 mol bicarbonate in seepage, nitrification would account for roughly 40% of total DIC in seepage. Although nitrate concentration is smaller in seepage at the soil collection site (Feichtinger et al., 2002), nitrification could also be an important player for DIC leaching at the field site in the Northern Limestone Alps. The relative and absolute proportion of biotic DIC could vary with season as several processes are involved in the DIC production. Even though our experiment provides a first estimation, it suggests, that DIC partitioning is complex and constrained by several factors. Although it remains challenging to estimate the exact absolute biotic contribution to DIC, we here could show that the different treatments did not affect the contribution of biotic carbon (Figure 4). The isotopic composition of DIC changed seasonally, but all treatments showed the same trend, indicating that warming and irrigation, or a combination of both, had no influence on the share of biotic and abiotic carbon in DIC.

DIC leaching from the studied carbonate forest soil amounted up to 5% of the total annual lysimeter-soil carbon loss. Annual DIC leaching rates of between 20 (control) and 40 (irrigated) g C m−2 y−1 were above the typical leaching rates of acidic forest soils (average 11 g C m−2) but similar to that of higher pH grassland and arable soils (Kindler et al., 2011). DIC leaching from another, similar, calcareous forest soil was estimated at around 10 g C m−2 y−1 by Bader et al. (2013), but since only the top 15 cm of the 30 cm soil profile were accounted for, the total leaching rates may lay close to our observations. The irrigation treatments suggest that precipitation strongly controls DIC leaching from calcareous soils and that DIC leaching is a particularly important component of the soil C budget in regions with high precipitation.

We are aware that the applied lysimeter approach cannot substitute field measurements and field experiments because of missing trees, exclusion of roots, mycorrhiza, soil disturbance etc. While we could show that the response of DIC flux to soil warming and irrigation, as well as the combination of both, can be disentangled by our experimental approach, it does not fully resemble natural field conditions. At the field site, roots considerably contribute to soil respiration and affect the soil CO2 concentration in the rhizosphere (Schindlbacher et al., 2009; Díaz-Pinés et al., 2010). Soil CO2 efflux from the lysimeters (only heterotrophic) was in a similar range than the total soil CO2 efflux (heterotrophic + autotrophic) in the field, though it was expected to be ~50% lower due to lacking rhizosphere contribution. The higher soil CO2 fluxes from the lysimeters, however, can be explained by the overall higher temperatures at the lysimeter site. Especially summer soil temperatures, during which CO2 fluxes peaked, were more than 5°C higher at the lysimeter site than at the Achenkirch site. The high CO2 fluxes from the lysimeters might have also been partly caused by the release of labile carbon during soil disturbance during coarse-sieving and soil re-packing. It is, however, rather unlikely that this played a big role, as field soil is highly bioturbated and has a naturally lightly and crumby structure. Furthermore, release of labile carbon should have caused rather ephemeral increases in soil CO2 efflux, which were, however, not visible in our 2 year soil CO2 record (Figure 2). The response of the soil CO2 efflux to the 4°C warming treatment was very similar as during the initial years of the field warming experiment (Schindlbacher et al., 2009) and, as hypothesized, precipitation manipulation had no significant effects on soil CO2 efflux because SOM decomposition was not water limited during most of the 2 years.

As hypothesized, DOC leaching was low and contributed <1% to the annual total soil carbon loss. Similar DOC loss rates were reported for a Rendzina and a Cambisol where DOC leaching dropped with increasing thickness of the mineral soil (Kammer et al., 2012). A large part of DOC originated from the thin litter layer that mainly consisted of beech leaves from the preceding litterfall. DOC leaching from root litter can be largely excluded in our lysimeter experiment. Hence, DOC leaching could make a slightly greater contribution to the soil C budget in undisturbed soils with an intact root system.

Our results and results of other studies (Hagedorn et al., 2010; Fröberg et al., 2013) indicate that soil warming does not increase DOC leaching from forest soils. Elevated soil microbial activity in the warmed plots had obviously no effect on the leachable DOC pool. Precipitation or the resulting soil water drainage, however, strongly controlled DOC leaching. The increase in precipitation by 50% entailed a similar increase in DOC leaching suggesting a certain linearity between DOC leaching and soil water flux. This finding is supported by other irrigation experiments (Fröberg et al., 2013) although the irrigation effect could diminish in the long run (Kalbitz et al., 2007). On a regional scale, the effect of precipitation on subsoil DOC leaching was about twice as strong as in this lysimeter experiment (Borken et al., 2011).

CONCLUSIONS

We could show that particularly rising precipitation could increase DIC leaching from calcareous soils, whereas soil warming has likely little effect. A future increase in annual precipitation is a possible scenario for the Alps (Torma et al., 2015) and would lead to increased drainage losses of soil carbon. Considering that a part of DIC is degassing from streams into the atmosphere (Oquist et al., 2009; Shin et al., 2011), increasing precipitation and DIC leaching triggered by climate change would have a positive feedback to the CO2 concentration of the atmosphere. This effect is, however, small when compared to the potential warming induced carbon losses through increased SOM decomposition and increased soil CO2 efflux. Our results also suggest that partitioning of DIC fluxes into biotic and abiotic (carbonate weathering) compounds requires the consideration of other acids than carbonic acids that contribute to the weathering of carbonate and production of bicarbonate.
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