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Future warming of the Arctic not only threatens to destabilize the enormous pool of organic carbon accumulated in permafrost soils but may also mobilize elements such as calcium (Ca) or silicon (Si). While for Greenlandic soils, it was recently shown that both elements may have a strong effect on carbon dioxide (CO2) production with Ca strongly decreasing and Si increasing CO2 production, little is known about the effects of Si and Ca on carbon cycle processes in soils from Siberia, the Canadian Shield, or Alaska. In this study, we incubated five different soils (rich organic soil from the Canadian Shield and from Siberia (one from the top and one from the deeper soil layer) and one acidic and one non-acidic soil from Alaska) for 6 months under both drained and waterlogged conditions and at different Ca and amorphous Si (ASi) concentrations. Our results show a strong decrease in soil CO2 production for all soils under both drained and waterlogged conditions with increasing Ca concentrations. The ASi effect was not clear across the different soils used, with soil CO2 production increasing, decreasing, or not being significantly affected depending on the soil type and if the soils were initially drained or waterlogged. We found no methane production in any of the soils regardless of treatment. Taking into account the predicted change in Si and Ca availability under a future warmer Arctic climate, the associated fertilization effects would imply potentially lower greenhouse gas production from Siberia and slightly increased greenhouse gas emissions from the Canadian Shield. Including Ca as a controlling factor for Arctic soil CO2 production rates may, therefore, reduces uncertainties in modeling future scenarios on how Arctic regions may respond to climate change.
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1 INTRODUCTION
Near-surface air temperatures in northern high-latitude regions have been increasing twice as much as the global average within the last few decades and are also projected to increase further in the future (Allan, 2021). This temperature increase leads to thawing of the permafrost, i.e., perennially frozen ground (Brown and Romanovsky 2008; Romanovsky et al., 2010). Permafrost thaw may increase the release of greenhouse gases such as carbon dioxide (CO2) and methane by accelerated soil organic-carbon mineralization (Schuur et al., 2015; Miner et al., 2022). The frozen ground of Arctic–boreal regions is the largest pool of soil organic-carbon, with ca. 1014 to 1035 Pg of organic carbon being stored within the upper 3 m in permafrost-affected regions (Hugelius et al., 2014; Mishra et al., 2021).
Thawing of permafrost may mobilize large amounts of nutrients stored in permafrost soils. In addition to primary nutrients such as nitrogen (N) or phosphorous (P), the thawing of permafrost may also mobilize elements such as calcium (Ca) and amorphous silicon (ASi) (Walker et al., 2001; Alfredsson et al., 2015; Stimmler et al., 2022a). Ca is known to potentially decrease soil respiration by cation bridging making the organic carbon in the soil (Corg) less available for microbial respiration (Whittinghill and Hobbie 2012; Rowley et al., 2018; Schaller et al., 2019). Reactive Si is stored in soils in the form of amorphous silica (Asi) as phytoliths from plant or microbial residuals (Schaller et al., 2021). Asi in soils can reduce hydraulic conductivity near saturation, increase hydraulic conductivity in dry soils, and is the main source of silicic acid (Schaller et al., 2020; Schaller et al., 2021). With this reduction in hydraulic conductivity near saturation, Asi may reduce the availability of electron acceptors leading to potentially more reduced conditions (Hömberg et al., 2021a; Hömberg et al., 2021b). Silicic acid competes with nutrients such as P and Corg for binding at the surface of iron minerals (Schaller et al., 2019; Hömberg et al., 2020). Through the effect of Asi mobilizing silicic acid, Asi can potentially increase P and Corg availability for microbial respiration (Reithmaier et al., 2017; Schaller et al., 2019).
The increasing and strongly decreasing effects of Si and ca on the microbial respiration of Arctic soils, respectively, were shown only in one study so far on different Greenlandic soils (Schaller et al., 2019) and were further discussed by Stimmler et al. (2022b). However, Greenlandic soils feature a relatively low Corg pool, compared to soils from other Arctic regions, and therefore the potential increases in soil respiration under predicted future climates might be substantially less in Greenland than in Siberia, the Canadian Shield, or Alaska (Hugelius et al., 2014). Accordingly, the effects of Si and Ca on soil respiration of these vast Arctic regions with large Corg pools are poorly understood. Hence, knowledge about this interdependency between Asi, Ca, and soil respiration may be crucial to reduce uncertainties for reliable modeling of future scenarios of how Arctic systems may respond to global warming. Additional important controls on the production of potent greenhouse gases such as CO2 and CH4 is the initial oxygen supply and associated drained or waterlogged conditions (Stein 2020). It was shown at the field scale that drainage increased soil-CO2 emissions compared to waterlogged conditions (Kwon et al., 2019), and in an incubation study, it was shown that the large soil carbon © storage in deep soil layers (Hugelius et al., 2014) was generally less vulnerable to soil respiration (Kwon et al., 2019).
Here, we assessed the relevance of both ASi and Ca for CO2 and CH4 production in soils collected from Siberia, the Canadian Shield, and Alaska. Five different soils from those regions were incubated under both drained and waterlogged conditions for 6 months under different Ca and ASi concentrations. For Alaska, we used soils from moist acidic and moist non-acidic tundras, as both soils differ substantially in available Ca in the active layer and permafrost layer (Walker et al., 2001). Especially for the moist acidic tundra, available Ca may increase with permafrost thaw as the permafrost layer contains much higher Ca concentrations compared to the active layer soil (Walker et al., 2001). For the Canadian Shield, we used organic-rich soil. For the soil from Siberia, we incubated two different soil depths to analyze the effect of soil depth on soil respiration.
2 MATERIALS AND METHODS
2.1 Sample collection and storage
The soil samples were collected using a spade or an auger from various sites (Table 1). All soils were stored at −20°C.
TABLE 1 | Coordinates, soil sampling depth, ash content, and pH of the different soils used.
[image: Table 1]To prepare the soil for these incubation treatments, the frozen soil was crushed with a hammer and sieved to a particle size <650 µm. Subsequently, the sieved soil was homogenized, and for each sample, 5 g of soil was weighed into a 20 ml incubation vial (Ochs Laborbedarf, Bovenden, Germany).
2.2 Element extraction
For extraction of available concentrations of inorganic Si and Ca, the Mehlich III method was used (Mehlich 1984). In brief, 0.5–5 g of the original or freeze-dried soil sample was weighted in a 50 ml Falcon tube and mixed with 10 ml g−1 Mehlich III (0.015 M NH4F, 0.001 M EDTA, 0.25 M NH4NO3, 0.00325 M HNO3, and 0.2 m HAc) extraction solution. The samples were shaken for 5 min at 200 min−1 and centrifuged for 5 min at 10.000 g. The supernatant was collected with a syringe and filtered through a 0.2 µm cellulose acetate filter. The quantification of element concentrations was done by ICP-OES with all results given in mg g−1 dry weight (DW).
For extraction of available biogenic ASi, alkaline extraction was used (DeMaster 1981). 30 mg of freeze-dried soil was weighted in falcon tubes and incubated for 1 h with 40 ml 0.1 M Na2CO3 solution at 85°C. After 1 h, 3 h, and 5 h, 10 ml of the supernatant was sampled and filtered through a 0.2 µm cellulose acetate filter. The silicon concentration in solution was quantified by ICP-OES. The ASi concentrations were calculated as the ordinate intercept of the linear function of silicon concentration over incubation time and are given in mg g−1 dw−1.
For total P analysis, 100 mg of the freeze-dried soil material was extracted using HNO3/H2O2 followed by HNO3/HCl 3:1 in a closed vessel microwave system. The extract was cleared with a 0.2 µm cellulose acetate filter and quantified with ICP-OES. For dry weight (DW) determination as the basis for element availability and concentrations on DW, 0.5–2 g of frozen material was weighed prior and after freeze-drying until a constant weight. All ICP-OES measurements were carried out using the iCAP 6000 Series (Thermo scientific) in the axial mode.
2.3 Incubation experiment
All soils were incubated with 16 treatments for different Si and Ca concentrations, supplemented by a control sample without modification of the ASi or Ca levels (control treatment). The treatments included all combinations of four different levels of ASi addition (0, 3, 6, or 10 mg g−1 dw−1, Aerosil 300 ®, Evonik, Essen, Germany) and four different levels of Ca addition (0, 5, 10, and 15 mg g−1 (DW)−1 Ca (CaCl2 × 2 H2O, Grüssing, Filsum, Germany). Such an increase in ASi and Ca availability in the soil was shown to be within the expected natural range upon permafrost thaw (Stimmler et al. in revision). Each treatment was applied using 2 ml pure water. To examine the effect of this water addition on C cycle processes, the soils were incubated with and without pure water as reference. As additional treatment, all the Si and Ca treatments and controls were incubated under both drained and waterlogged conditions (170 incubations in total for each soil type). After ASi and/or Ca addition and also for control the soil was saturated with a few millimeters of the water supernatant (waterlogged treatment). For the drained treatment the supernatant water was removed. All treatments were done with a replication of five.
To enable gas exchange but prevent water loss, vials were closed with Parafilm and stored at 5°C in an incubation fridge. The supernatant of the drained treatment was removed (the drained water) after 2 weeks to facilitate a more efficient oxygen entry.
2.4 Greenhouse gas analysis
After 4, 8, 12, and 24 weeks of the incubation experiment, the samples were closed with a rubber stopper and crimp caps 4 days before sampling of the gas phase. Next, the gas phase of each sample was collected from the head space using a syringe, and analyzed with GC-FID (8610C Gas Chromatograph, SRI Instruments, Bad Honnef, Germany) for the greenhouse gases such as CO2 and CH4. Calibration was done with 1,000 and 10,000 ppm of CH4 and 5,000 and 50,000 ppm of CO2 (Riessner Gase, Lichtenfels, Germany). The greenhouse gas production rates were calculated as follows:
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2.5 Statistical analysis and data visualization
For statistical analysis and visualization, the R computational environment was used (R_Core_Team, 2021). The data over all Ca and silica treatments were analyzed by a two-way analysis-of-variance (two-way ANOVA), using Si and Ca treatments as factors. Figures were plotted using the “geom_tile” function from the “ggplot2” package.
3 RESULTS
3.1 Element concentrations
Samples from the Siberian site near Chersky (Chersky C1 and C2) were low in Ca. Alaska MNT showed the highest Ca concentration, followed by Alaska MAT, while ASi was low in both Alaskan samples. Soils from the Canadian Shield showed low Ca concentrations and ASi was nearly zero. In all samples, the available P in the Mehlich III extract was very low, whereas the total P amount was almost equal across regions (Table 2).
TABLE 2 | Element concentrations of the five incubated soils. Ca and available P (Pavailable) were extracted with the Mehlich III method, ASi with the alkaline extraction, and total P (Ptotal) with the aqua regia extraction.
[image: Table 2]3.2 Greenhouse gas production for different soils
We found considerable differences in CO2 production for the soils from three different Arctic regions for all Si and Ca treatments under drained and waterlogged conditions. In contrast, we detected no CH4 production under the experimental conditions. The most pronounced and clear effects were found for Ca (Table 3). In most cases, even the lowest Ca addition (+5 mg Ca) led to a pronounced reduction in soil-CO2 production. The differences between the different Ca-addition treatments and the initially drained and waterlogged conditions were small (Table 3).
TABLE 3 | CO2 production for the different soils and Ca treatments compared to the control treatment in % difference from the treatment means.
[image: Table 3]3.3 Soil from Siberia Chersky C1
The CO2 production in the Siberia soil Chersky C1 was constant after 12 weeks (compared to the measurements before, data not shown) under drained and waterlogged conditions. CO2 production rates decreased significantly following Ca addition (p < 0.001, F = 134.986, df = 3). For example, CO2 emissions were reduced from 228 ± 59 μmol d−1 kg−1 DW in the control soil to 44–90 μmol d−1 kg−1 DW with Ca addition of +5 to +15 mg g−1 DW soil under the initial drained conditions (Figure 1A). Nearly the same decrease in CO2 production rates following Ca addition (p < 0.001, F = 54.151, df = 3) was found for Chersky C1 under the initial waterlogged conditions (Figure 1B). Addition of Si in the form of ASi significantly increased CO2 production under waterlogged conditions (p = 0.001, F = 6.051, and df = 3), but no significant effects were observed under drained conditions (p = 0.592, F = 0.641, and df = 3) (Figures 1A,B). The interaction between Si and Ca addition was significant under waterlogged conditions (p = 0.001, F = 3.601, and df = 9) but not under drained conditions (p = 0.476, F = 0.996, and df = 9). Our reference treatment (no water addition) showed a CO2 production rate of 178 ± 59 μmol d−1 kg−1 DW after 12 weeks. With this, the CO2 production rate of the reference without water addition is in the range between the control treatment of the drained and waterlogged treatments for the Siberia Chersky C1 soil.
[image: Figure 1]FIGURE 1 | CO2 production for the soil from Siberia Chersky C1, NE-Russia after 12 weeks (A) drained and (B) waterlogged incubation. Each square represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents the differences of the treatment of CO2 production in comparison to the control treatment, with green–blue showing a decreased CO2 production and red showing an increased CO2 production in comparison to the control treatment.
3.4 Soil from Siberia Chersky C2
CO2 production in the Siberia Chersky C2 soil equilibrated after 24 weeks (compared to the measurements before, data not shown) under drained and waterlogged conditions. The CO2 production rate decreased significantly by Ca addition under the initial drained conditions (p < 0.001, F = 21.049, and df = 3) (Figure 2A). The same pattern with Ca addition decreasing the CO2 production rate (p < 0.001, F = 58.934, and df = 3) was found for Chersky C2 under initial waterlogged conditions (Figure 2B). Addition of ASi significantly decreased CO2 production under drained conditions (p < 0.001, F = 9.638, and df = 3), but not significantly under waterlogged conditions (p = 0.09, F = 2.221, and df = 3) (Figures 2A,B). The interaction between Si and Ca addition was not significant under both drained conditions (p = 0.371, F = 1.107, and df = 9) and waterlogged conditions (p = 0.49, F = 0.95, and df = 9). Our reference treatment (no water addition) showed a CO2 production rate of 7 ± 3 μmol d−1kg−1 DW after 24 weeks. With this, the CO2 production rate of the reference without water addition is lower than the control treatment of the drained and waterlogged treatments for the Siberia Chersky C2 soil.
[image: Figure 2]FIGURE 2 | CO2 production for the Siberia Chersky C2 from NE-Russia after 24 weeks (A) drained and (B) waterlogged incubation. Each square represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents the differences of the treatment CO2 production in comparison to the control treatment, with green–blue showing a decreased CO2 production and red showing an increased CO2 production in comparison to the control treatment.
3.5 Soil from the Canadian Shield
For the soil from the Canadian Shield (Canada Ca1) the CO2 production equilibrated after 24 weeks (compared to the measurements before, data not shown) under drained and waterlogged conditions. The CO2 production rate decreased significantly after Ca addition under the initial drained conditions (p < 0.001, F = 28.877, and df = 3) (Figure 3A). The same pattern with Ca addition decreasing the CO2 production rate (p < 0.001, F = 24.637, and df = 3) was found for the soil from Canada under the initial waterlogged conditions (Figure 3B). Addition of Si significantly increased CO2 production under drained conditions in the treatments with no Ca addition, but changes were not significant considering all treatments (p = 0.063, F = 2.569, and df = 3), and were also not significant under waterlogged conditions (p = 0.096, F = 2.245, and df = 3) (Figures 3A,B). The interaction of Si and Ca addition was not significant under drained conditions (p = 0.281, F = 1.254, and df = 9) but under waterlogged conditions (p = 0.019, F = 2.843, and df = 9). Our reference treatment (no water addition) showed a CO2 production rate of 2,210 ± 1,440 μmol d−1 kg−1 DW after 24 weeks. With this, the CO2 production rate of the reference without water addition is in the range between the control treatment of the drained and waterlogged treatments for the soils from the Canadian Shield.
[image: Figure 3]FIGURE 3 | CO2 production for the soil Ca1 from the Canadian Shield, Canada, Baffin Bay after 24 weeks (A) drained and (B) waterlogged incubation. Each square represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents mean and standard deviation of CO2 production. A Ca+15 mg g−1 DW was not possible for this soil under waterlogged conditions as we had too less soil material.
3.6 Soil from moist non-acidic tundra in Alaska (MNT)
CO2 production in the MNT soil from Alaska equilibrated after 24 weeks (compared to the measurements before, data not shown) under drained and waterlogged conditions. CO2 production rate decreased significantly after Ca addition under the initial drained conditions (p < 0.001, F = 6.905, and df = 3) (Figure 4A). The same pattern with Ca addition decreasing the CO2 production rate (p < 0.001, F = 7.763, df = 3) was found for MNT soil from Alaska under initial waterlogged conditions (Figure 4B). Addition of Si increased CO2 production under drained conditions but not significantly (p = 0.8338, F = 0.833, and df = 3), and also not significantly under the initial waterlogged conditions (p = 0.1, F = 2.186, and df = 3) (Figures 4A, B). The interaction of Si and Ca addition was not significant under both drained conditions (p = 0.485, F = 0.48, and df = 9) and waterlogged conditions (p = 0.116, F = 1.675, and df = 9). Our reference treatment (no water addition) showed a CO2 production rate of 331 ± 38 μmol d−1 kg−1 DW after 24 weeks, which is in the range between the control treatment of the drained and waterlogged treatments for the soil from the moist non-acidic tundra from Alaska.
[image: Figure 4]FIGURE 4 | CO2 production for the MNT soil from moist non-acidic tundra, Alaska after 24 weeks (A) drained and (B) waterlogged incubation. Each square represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents mean and standard deviation of CO2 production.
3.7 Soil from moist acidic tundra Alaska (MAT)
CO2 production in the MAT soil from Alaska equilibrated after 24 weeks (compared to the measurements before, data not shown) under drained and waterlogged conditions. CO2 production rate decreased significantly by Ca addition under initial drained conditions (p < 0.001, F = 40.664, df = 3) (Figure 5A). The same pattern with Ca addition decreasing CO2 production rate (p < 0.001, F = 25.163, df = 3) was found for MAT soil from Alaska under initial waterlogged conditions (Figure 5B). Addition of Si had no clear effect on CO2 production under drained conditions (p = 0.921, F = 0.164, df = 3), and significantly decreased CO2 production under initial waterlogged conditions (p < 0.001, F = 7.098, df = 3) (Figure 5A, B). The interaction of Si and Ca additions was not significant under initial drained conditions (p = 0.527, F = 0.904, df = 9) but under initial waterlogged conditions (p = 0.003, F = 3.177, df = 9). Our reference treatment (no water addition) showed a CO2 production rate of 2,660 ± 1,120 μmol d−1kg−1 DW after 24 weeks, which is in the range between the control treatment of the drained and waterlogged treatments for the soil from the moist non-acidic tundra from Alaska.
[image: Figure 5]FIGURE 5 | CO2 production for the MAT soil from moist acidic tundra, Alaska after 24 weeks (A) drained and (B) waterlogged incubation. Each square represents a treatment (n = 5) with Si (+0, +3, +6, and +10 mg g−1 DW) and Ca (+0, +5, +10, and +15 mg g−1 DW). Color represents mean and standard deviation of CO2 production.
4 DISCUSSION AND CONCLUSION
For all soils, increasing Ca concentrations decreased the soil CO2 production rate dramatically (Figures 1–5). The effect of Si was not clear, with Si increasing the soil CO2 production rate for some treatments of some soils; for other soils, it decreased the soil CO2 production rate, and for others it had no effect. The decrease of soil-CO2 production rate by Ca agrees with earlier findings (Whittinghill and Hobbie 2012; Schaller et al., 2019). This effect may be explained by either cation-bridging of soil organic matter by Ca ions (Whittinghill and Hobbie 2012; Schaller et al., 2019), or by increasing the salinity by Ca addition potentially decreasing the activity of the microbial decomposer community (Mavi et al., 2012), or a combination of both. The large response variation of the Si effect on the soil-CO2 production rate (from increasing to decreasing) is in contrast to previous studies, reporting a positive effect of Si on soil respiration or organic-matter decomposition (Schaller et al., 2014; Marxen et al., 2015; Schaller et al., 2019). The effect of Si addition increased the soil-CO2 production rate and might be explained by the silicic acid increasing both the soil phosphorus and soil’s organic matter availability for microbial decomposers (Reithmaier et al., 2017; Schaller et al., 2019; Hömberg et al., 2020; Hömberg et al., 2021b). Polysilicic acid is competing with both dissolved organic carbon and phosphate for sorption sites at the surface of soil particles (Schaller et al., 2019; Hömberg et al., 2020; Schaller et al., 2021), mostly iron oxidic phases. The subsequent higher availability of both organic carbon and phosphate may result in an increase of greenhouse gas production by accelerating soil respiration afterward (Reithmaier et al., 2017; Schaller et al., 2019; Hömberg et al., 2021b; Hömberg et al., 2021c). A decreasing effect of Si on soil-CO2 production rates was observed especially under waterlogged conditions. Such a decreasing effect might be due to the potential dissolution of iron oxides as a binding partner for phosphate, organic carbon, and silicic acid and afterward co-precipitating all those compounds in some form of silica (Liu et al., 2009).
We found no differences between drained and waterlogged conditions for Chersky C1 and C2 as well as MAT. However, for Ca1 and MNT soil, respiration increased from drained to waterlogged conditions. Both soils (Ca1 and MNT) are from the top layer, potentially consisting of younger organic carbon (Shi et al., 2020). The Ca effect on soil respiration was lowest for MNT, which might be explained by the fact that this soil has high ash content, hence having low organic carbon content. However, for the Chersky C1 soil, we did not find such a low effect of Ca on soil respiration despite its comparable ash content to the MNT soil. For the soil from Siberia (Chersky), the lower concentrations of both ASi and Ca in the uppermost part of the current permafrost layers suggest that deeper thaw, as a consequence of Arctic warming, would also lower the concentrations of these elements in the seasonally thawed and biogeochemically active layer by depletion (Stimmler et al. in revision). In this context, the soil ASi concentration are forecast to decrease more strongly than Ca concentrations (Stimmler et al. in revision), potentially leading to a domination of the effect of Ca on soil-CO2 production and release over the Si effect, with its proceeding Arctic warming and associated permafrost thaw. Assuming the Chersky soils to be representative for a larger Arctic domain, this decrease in CO2 production and release due to higher Ca availability in the future would lead to more potential CO2 emissions than currently thought from Siberia in the future. Similarly, for the soil from the Canadian Shield (Canada Ca1) a slight decrease in soil-Ca concentrations is predicted (Stimmler et al. in revision). Data from Walker et al. (2001) suggest a strong increased Ca concentration upon permafrost thaw (higher Ca concentration in the permafrost layer compared to the current active layer) for the moist acidic tundra in Alaska (MAT). This may lead to a strong decrease in the soil-CO2 production rates for the acid soils from Alaska (MAT); whereas, for the non-acid tundra in Alaska (MNT), data from Walker et al. (2001) suggest a potential depletion of Ca concentration in those non-acidic soils (lower Ca concentration in the permafrost compared to the current active layer). Such a decrease in the soil-Ca concentration may lead to increased soil CO2 production rates for the non-acid soils from Alaska (MNT). A potential explanation for the absence of CH4 emissions are the extremely low temperatures and the low amounts of soil organic carbon used in the incubations.
Overall, our data suggest that the soil Ca concentration may be a main control on the soil CO2 production rates for all the soils from the different regions of the Arctic. Including Ca as the main factor for Arctic soil-CO2 production rates may reduce uncertainties when modeling future climate scenarios on how the Arctic system may respond to global warming and will make those models more reliable. The ASi effect seems to be complex and need further investigations. We did not find any CH4 production under the used experimental conditions. This may be related to the sample size used in the experiments. As CH4 is a very important greenhouse gas for Arctic systems (Treat et al., 2015) and was shown to also be abundant under field conditions in relation to waterlogging and drainage (Kwon et al., 2019), future experiments should be designed to reproduce the CH4 production as observed natural field conditions (Corradi et al., 2005).
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