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Abstract 21 

Rapid warming accelerates permafrost thaw in Arctic peatlands, exposing their large stocks of soil 22 

organic matter (SOM) to microbial decomposition. Despite the importance of permafrost peatlands for 23 

ecosystem-climate feedback, their coupled C and N mineralization potential and associated greenhouse 24 

gas (GHG) dynamics still remain poorly understood. Particularly interesting in this context is the upper 25 

permafrost, which is expected to thaw in near future and has been linked to substantial CO2 and N2O 26 

production in previous studies. 27 

Here, we investigated depth patterns of SOM mineralization and GHG production in a subarctic palsa 28 

mire in a factorial incubation experiment, where peat from active layer and upper permafrost was 29 

exposed to three temperatures (4, 10, and 16 °C) and two oxygen conditions (aerobic, anaerobic). 30 

The highest rate of CO2 production with the lowest temperature sensitivity were found in the surface 31 

peat and upper permafrost. Surface peat showed CH4 consumption under aerobic condition, while CH4 32 

production was negligible across all peat depths and oxygen conditions. The highest rate and lowest 33 

temperature sensitivity of net N mineralization were found in upper permafrost and active layer-34 

permafrost interface, but this did not translate into high N2O production; instead, the maximum N2O 35 

production occurred under anaerobic condition in the lower active layer.  36 

Overall, our study revealed distinct depth patterns of C and N dynamics in palsa profiles, with high 37 

mineralization potential in the upper permafrost, supported by labile SOM. Relatively high 38 

mineralization rates at low temperatures resulted in low temperature sensitivity in the upper permafrost, 39 

and indicate high potential for C and N losses under realistic temperature range expected with gradual 40 

active layer deepening in the deep peat layers. 41 

  42 
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1 Introduction 43 

Permafrost peatlands contain one of the largest terrestrial reservoirs for soil organic carbon (415±147 44 

Pg C) and nitrogen (10±7 Pg N) and represent therefore a key component of the global permafrost-45 

climate feedback (Hugelius et al., 2020; Schuur et al., 2015). With an area of 1.7±0.5 × 106 km2, they 46 

comprise about half of the total northern peatland area (Hugelius et al., 2020). The large C and N stocks 47 

in permafrost peatlands have accumulated under cold and wet conditions, where decomposition is slow 48 

(Davidson and Janssens, 2006). With ongoing warming and permafrost thaw (Beilman and Robinson, 49 

2003; Borge et al., 2017; Sannel et al., 2016; Swindles et al., 2015), decomposition processes in 50 

permafrost peatlands become less temperature limited, exposing their C and N stocks to microbial 51 

activities. While almost half of the permafrost peatland C stocks and most of the N stocks are currently 52 

in a frozen state within permafrost (Hugelius et al., 2020), gradual active layer deepening is widely 53 

documented (Streletskiy et al., 2026). Furthermore, the high ground ice content (Karjalainen et al., 54 

2022) makes permafrost peatlands vulnerable for abrupt thaw, which causes rapid mobilization of C 55 

and N. Depending on thaw trajectory and environmental conditions prevailing after thaw, permafrost 56 

degradation may result in increased emissions of the greenhouse gases (GHGs) carbon dioxide (CO2), 57 

methane (CH4), and/or nitrous oxide (N2O), thereby potentially creating a positive feedback to climate 58 

warming (Helbig et al., 2017; Schuur et al., 2008; Voigt et al., 2017a, b). However, predicting the 59 

magnitude and even direction of post-thaw GHG fluxes remains challenging, because warming and 60 

permafrost thaw alter various environmental factors simultaneously. 61 

Temperature and moisture are primary controls of microbial decomposition and other microbial 62 

activities, together regulating GHG production and consumption rates in soil. While the response of C 63 

mineralization in permafrost peatlands to temperature and moisture has been extensively studied by 64 

incubation experiments (Baysinger et al., 2025; Diáková et al., 2016; Kjær et al., 2024; Schädel et al., 65 

2016 and references therein), fewer studies have investigated N mineralization (Diáková et al., 2016; 66 

Keuper et al., 2012; Song et al., 2018) and N2O production (Song et al., 2022; Spiller et al., 2025). 67 

Incubation studies combining both C and N mineralization together with production of all three GHGs 68 
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are remarkably scarce (Song et al., 2022). Within the temperature range naturally occurring in northern 69 

soils, temperature generally enhances microbial activity including C and N mineralization (Liu et al., 70 

2017; Schädel et al., 2014). However, temperature does not necessarily increase production of N2O or 71 

CH4, since these gases represent the net balance of production and consumption processes, each of 72 

which is differentially regulated by temperature (Dunfield et al., 1993; Holtan-Hartwig et al., 2002). 73 

Furthermore, positive temperature effect is strongly modified by oxygen availability and the quantity 74 

and quality of C and N substrates. 75 

Moisture content largely determines oxygen diffusion to the peat profile, thereby affecting the rate of 76 

C mineralization and the fraction of CO2 and CH4 in total C gas release Click or tap here to enter text.. 77 

Oxygen availability is also a key factor regulating mineral N transformation pathways which contribute 78 

to N2O production and consumption Click or tap here to enter text.. Well-drained conditions typically 79 

prevail in palsas and peat plateaus—ombrotrophic peat mounds in permafrost peatlands, uplifted above 80 

the surrounding mire surface by a permafrost core Click or tap here to enter text.. High oxygen 81 

availability in palsa peat enhances CO2 production and N mineralization compared to permafrost-free 82 

wetlands with water-logged conditions Click or tap here to enter text.. Drier, oxygen-rich conditions 83 

also support other aerobic pathways such as CH4 oxidation Click or tap here to enter text. and 84 

nitrification, as long as N substrate availability is not limiting Click or tap here to enter text.. Because 85 

of prevailing aerobic conditions, palsa surfaces typically do not show substantial CH4 emissions in-situ 86 

but can act as sinks of atmospheric CH4 Click or tap here to enter text.. A typical redox gradient from 87 

comparatively dry surface peat to water-saturated peat deeper in the profile supports N2O production 88 

via coupled nitrification-denitrification Click or tap here to enter text.. While gradual deepening of the 89 

active layer (i.e., seasonally thawing layer above permafrost) can initially promote aerobic pathways 90 

and overall decomposition rates by increasing the oxic soil volume, continued permafrost degradation 91 

or abrupt thaw leads to palsa collapse and initiation of water-logged conditions. Under wet anoxic 92 

conditions, decomposition is slower, and anaerobic microbial pathways, such as methanogenesis Click 93 

or tap here to enter text. and N2O reduction via denitrification can occur Click or tap here to enter text..  94 
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The availability of labile C and N compounds is another control on GHG production and consumption 95 

in permafrost peatlands (Pengerud et al., 2013). Susceptibility of SOM for mineralization, commonly 96 

referred to as SOM quality, differs greatly between and within peatlands but also according to the depth 97 

along the peat profile. Earlier studies have reported high biodegradability and content of dissolved 98 

organic carbon (DOC) (Fouché et al., 2020) and high mineral N content (Keuper et al., 2012; Wickland 99 

et al., 2018) in permafrost peat compared to the active layer. High contents of labile C and N substrates 100 

in permafrost layers are relevant for the permafrost-climate feedback because rapid C and N 101 

mineralization after permafrost thaw can promote emissions of CO2, CH4 and N2O (Knoblauch et al., 102 

2018; Voigt et al., 2017a, 2019). Variability in SOM quality results mainly from two factors: I) the 103 

initial peat characteristics, determined by nutrient status and vegetation type during peat accumulation, 104 

II) the decomposition history, largely affected by permafrost aggradation-degradation history and the 105 

conditions before and after the frozen state (Jones et al., 2017; Treat et al., 2016). Further, downward 106 

leaching of water-soluble C and N compounds during the thaw season can contribute to the enrichment 107 

of labile C and N in the upper permafrost (Hansen and Elberling, 2023; Voigt et al., 2017a). High SOM 108 

quality affects not only the rate, but also the temperature sensitivity of mineralization: recalcitrant 109 

compounds are considered more sensitive to temperature increase than labile compounds (Conant et al., 110 

2011; Fierer et al., 2005). 111 

In this study, our aim was to assess the vulnerability of a permafrost peatland for C and N mineralization 112 

and associated GHG production, and investigate the dependence of these processes on temperature, 113 

oxygen availability and peat depth. For this purpose, we used sample material from an earlier permafrost 114 

thawing experiment, where we exposed intact peat mesocosms from a subarctic palsa mire to gradual 115 

thaw. When thawing reached upper permafrost in this previous mesocosm experiment, we observed 116 

enhanced N2O fluxes (Voigt et al., 2017a) and a larger contribution from deeper, old peat layers to 117 

surface CO2 fluxes (Voigt et al., 2019), suggesting high lability of organic matter in this layer. We 118 

hypothesized that: I) C and N mineralization rates are higher in permafrost than in the active layer, but 119 

less sensitive to temperature increase, owing to the high content of labile organic matter in permafrost; 120 
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II) high mineralization rates in permafrost support high production of all three GHGs, CO2, CH4 and 121 

N2O; III) C and N mineralization rates are significantly higher under aerobic than anaerobic conditions.  122 

2 Materials and methods 123 

2.1 Study site and soil sampling 124 

In October 2012 peat cores were sampled at Peera Palsa Mire located near Kilpisjärvi, Finland (68° 89' 125 

N, 21° 05´ E) (Fig. 1a). The mean annual temperature in the region is –1.9 °C and the mean annual 126 

precipitation is 487 mm (1981-2010) (Pirinen et al., 2012). The sampling site is situated in the subarctic 127 

sporadic permafrost zone, also described as the palsa zone (Seppälä, 1988, 2006). The Peera Palsa is 128 

raised by frost heave up to ~3 m above the surrounding mire area. At the time of sampling, it showed 129 

signs of an early collapsing state (Kohout et al., 2014). Palsas in this area mainly developed between 130 

3000 BP and 1000 BP (Oksanen, 2006; Seppälä, 1988, 2005). The palsa surface on Peera has typical 131 

ombrotrophic peatland vegetation including dwarf shrubs and herbaceous plants (e.g., Betula nana L., 132 

Rubus chamaemorus, Empetrum nigrum) and lichens (e.g., Cladoniaceae). Due to frost heave and wind 133 

abrasion, parts of the palsa surface are bare of vegetation(Seppälä, 2003). 134 

The peat cores for this study were sampled from naturally bare peat surfaces on the top of the palsa 135 

(Fig. 1c, d), because high N2O emissions from such surfaces are well-documented by previous studies 136 

(Marushchak et al., 2011; Repo et al., 2009; Voigt et al., 2017b). A detailed description of the sampling 137 

site and procedure is given in the supplementary materials and methods section and in our previous 138 

publication by Voigt et al. (2017a). In brief: Four intact peat cores including the whole active layer plus 139 

15 cm of the upper permafrost (total length of 71–92 cm) and a diameter of 10 cm were sampled using 140 

a custom-made coring device consisting of a stainless-steel corer with a replaceable polypropylene 141 

lining (Fig. S1a-c). Immediately after sampling, the peat cores were transferred within the plastic lining 142 

to a mild freezing temperature of –5 °C (±1 °C; SD) and stored for about five months before the 143 
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mesocosm thawing experiment. During the mesocosm experiment of 33-weeks, the peat cores were 144 

sequentially thawed from top to bottom, the native moisture content was contained by regular water 145 

additions, and fluxes of CO2, CH4, and N2O were continuously monitored (Voigt et al., 2017a, 2019). 146 

After the mesocosm experiment, the cores were refrozen to mild freezing temperatures and stored for 147 

six months before the start of the follow-up incubation experiment presented here.  148 

2.2 Layer separation and preparation of peat for incubation experiment 149 

Each intact peat core was divided into five sections. From the 15 cm of permafrost at the bottom of each 150 

core, we separated the lower 10 cm to the permafrost table section (PFT) and upper 5 cm with the 151 

bottom 5 cm of the active layer to the permafrost–active layer interface section (PFI) (Fig. 1b). The 152 

remaining active layer was divided into three equally heigh layers labelled from surface down as active 153 

layer sections 1, 2 and 3 (AL1, AL2, and AL3) (Fig. 1b). The active layer sections had different lengths 154 

(17–24 cm), depending on the total peat core length (Table S1). After cutting the cores sections in a 155 

frozen state (see supplementary information) (Fig. S2), they were thawed to +4°C (±2 °C) and 156 

homogenized by hand-mixing. Living roots, stones and big pieces of undecomposed wood were 157 

removed, if present. 158 

2.3 Set-up of incubation experiment 159 

The incubation experiment was carried out for 161 days (23 weeks) under aerobic and anaerobic 160 

conditions at three temperatures (4 °C, 10 °C, and 16 °C) (Fig. S3, S4; Table S3), following the 161 

incubation procedure described by Diáková et al. (2016). Prior to the start of the incubation experiment, 162 

we adjusted the water content of peat to 60% water holding capacity (WHC) for aerobic incubations 163 

and to 100% WHC for anaerobic incubations. After WHC adjustments, 30 g fresh weight (FW) 164 

subsamples of peat were weighed into air-tight 550 mL incubation flasks (Jouco Oy, Finland) which 165 

were closed with a rubber septum (Dätwyler, Switzerland) and tightened with aluminium crimp seals. 166 

https://doi.org/10.5194/egusphere-2026-5330
Preprint. Discussion started: 11 September 2026
c© Author(s) 2026. CC BY 4.0 License.



 

8 

 

Aerobic incubation flasks contained ambient air as headspace gas and anaerobic flasks contained an 167 

oxygen-free, slightly over–pressured atmosphere consisting of 99 % dinitrogen (N2) gas with 1 % 168 

carbon dioxide (CO2). For each temperature and oxygen treatment set, we included one blank control 169 

(incubation flask without peat). More details are given in the supplementary materials and methods.  170 

2.4 Gas sampling and analyses 171 

The incubation flasks were kept closed during the incubation experiment for both aerobic and anaerobic 172 

treatments. The accumulation of CO2, CH4, N2O was measured weekly for the first five weeks and bi-173 

weekly for the residual 18 weeks. The gas concentrations were measured at the start and end of each 174 

sampling interval (in total 13 intervals) (Fig. S4), and the difference between these concentrations was 175 

used to calculate the rate of gas production or consumption. In the start of each sampling interval, the 176 

incubation flasks were flushed with the headspace gas. The start gas samples (30 ml) were taken within 177 

15 min from sealing the incubation flasks, and similar sampling took place in the end of each interval. 178 

25 ml of the gas samples were transferred into 12 ml gas exetainers (Labco Exetainer ®, UK) for storage 179 

until concentration analysis. The sampled gas volume was compensated with air for aerobic flasks and 180 

with N2 gas (5.0, AGA Industrial Gases, Finland) for anaerobic flasks. To avoid introducing O2 into 181 

anaerobic flask, additional 30 ml of N2 gas (5.0) was added to the headspace to establish a slight 182 

overpressure. Concentrations of CO2, CH4, N2O in the gas samples were analysed with a gas 183 

chromatograph (7890B GC System, Agilent Technologies, USA) coupled with an auto sampler (GX-184 

271 Liquid Handler, Gilson, USA) as described in (Voigt et al., 2017a, 2019). Gas production rates 185 

were calculated per kg dry weight (DW) based on the ideal gas law and the concentration change 186 

between the start and end of each sampling interval. Cumulative GHG fluxes were calculated by 187 

summing up the fluxes for the whole incubation period of 161 days. Minor negative CO2 and CH4 fluxes 188 

under anaerobic conditions, which were occasionally observed during the incubation period, were 189 

considered negligible and set to zero for the calculation of the cumulative gas production. Although 190 
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possibility of chemoautotrophic CO2 consumption or anaerobic CH4 oxidation cannot be ruled out 191 

(Sabrekov et al., 2024), our incubation system was not designed for studying these processes. 192 

2.5 Physical and chemical peat characteristics 193 

Dry weight (DW), fresh bulk density (BD), water holding capacity (WHC), pH, and extractable mineral 194 

N content (ammonium (NH4
+) and nitrate (NO3

–)) were determined on fresh peat before the incubation 195 

experiment. Further physical and chemical analyses, including soil organic matter (SOM) content, total 196 

organic carbon (C) and nitrogen (N) content, and water-filled pore space (WFPS) were carried out on 197 

oven-dried peat (+60 °C, 48 h) using standard methods. More details of the peat analyses can be found 198 

in the supplementary materials and methods. 199 

2.6 DOC, DON, microbial biomass carbon and aromaticity of DOC 200 

Before the incubation, we determined the dissolved organic carbon (DOC) and total dissolved nitrogen 201 

(TDN) contents from 0.5 M K2SO4 extracts (1:4 w/v) with a TOC/TN analyser (LiquicTOC II, 202 

Elementar, Germany). Dissolved organic nitrogen (DON) was calculated by subtracting inorganic 203 

nitrogen as ammonium (NH4
+) and nitrate (NO3

-) from TDN.  204 

Microbial biomass carbon (Cmic) was determined using the chloroform fumigation extraction method 205 

(Vance et al., 1987). The content of Cmic was calculated as the difference in extractable C (0.5 M K2SO4, 206 

1:4 w/v) between the fumigated and non-fumigated sub-samples. The yield of the fumigation extraction 207 

method was corrected for incomplete extraction of microbial carbon using factor KEC = 0.38 (Vance et 208 

al., 1987). 209 

The aromaticity of DOC as a proxy for DOC recalcitrance was determined from filtrated (0.45 µm) peat 210 

water extracts (ratio 1:2 v/v) based on the specific ultraviolet absorbance at a wavelength 254 nm 211 

(SUVA254), which was normalized with the DOC concentration determined with a TOC/TN analyser 212 
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(Multi N/C 2100S, Analytic Jena AG, Germany). The aromaticity as % from DOC was calculated 213 

following (Weishaar et al., 2003). 214 

2.7 Net nitrogen mineralization and nitrification 215 

Net nitrogen mineralization (Nmin) during aerobic and anaerobic incubation was calculated over the 216 

whole incubation period (161 days) as the difference of the initial and end content of extractable 217 

inorganic nitrogen (NH4
+ + NO3

–), divided by the time. For aerobic incubations, we further calculated 218 

the net nitrification (Nnit). 219 

2.8 Temperature sensitivity of CO2 production and net nitrogen mineralization 220 

To assess the temperature sensitivity of aerobic and anaerobic respiration and net nitrogen 221 

mineralization, we calculated the temperature dependency coefficient Q10 for each process and peat 222 

layer. The Q10 is a commonly used index, representing the change in the rate ratio of a biological 223 

reaction with a temperature increase of 10 °C (Hamdi et al., 2013; Kirschbaum, 1995; Liu et al., 2017; 224 

Moni et al., 2015; Mundim et al., 2020). We did not calculate the Q10 for CH4 production due to mostly 225 

negligible production rates. The temperature sensitivity of CO2 production (Q10CO2) was calculated by 226 

fitting to an exponential function to the cumulative CO2 production rates over the full incubation period 227 

as a function of temperature using Equation 1, where T is the incubation temperature and R and α are 228 

fitted parameters (Fierer et al., 2005; Hamdi et al., 2013). The Q10CO2 was then calculated using the 229 

parameter α in equation 2.  230 

 231 

CO2 production = R eαT   (1) 232 

Q10CO2 = e10α    (2) 233 

 234 
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The temperature sensitivity of net nitrogen mineralization (Q10Nmin) was derived from the net nitrogen 235 

mineralization rates according to equation 3 (Liu et al., 2017). In the equation, N1 and N2 represent net 236 

nitrogen mineralization rates at given incubation temperatures, here 10 °C and 16 °C. 237 

 238 

Q10Nmin = (N2/N1) e [10 / (T2-T1)] (3) 239 

2.9 Data processing and statistical analyses 240 

Data processing, statistical analyses and graphical representation were performed using the R software 241 

(R version 4.5.1) (R Core Team, 2025). All graphics were prepared using ggplot2 (Wickham, 2016). 242 

Data normality was visually inspected by histograms, density and Q-Q plots and tested using Shapiro-243 

Wilk test. For non-normally distributed data, we performed log10 transformation, and used non-244 

parametric tests if normality was not achieved.  245 

Pairwise differences between peat layers were tested using one-way ANOVA with Tukey’s HSD post 246 

hoc test (parametric test) or Kruskal-Wallis test with Dunn’s test (non-parametric test) (FSA; (Ogle et 247 

al., 2025). This included peat characteristics, GHG production, net N mineralization rates within each 248 

temperature, as well as Q10CO2 and Q10Nmin. The peat layers were grouped based on significant 249 

differences (P ≤ 0.05) using agricolae (de Mendiburu, 2020) or rcompanion (Mangiafico, 2020). 250 

Similar testing was used for differences between incubation temperatures within each peat layer. 251 

Further, we tested differences between peat layers and incubation temperatures in cumulative GHG 252 

production, net N mineralization (Nmin), net nitrification (Nnitr) the Q10CO2 and Q10Nmin  with linear 253 

mixed effect models using lme4 (Bates et al., 2015). The modelling was done I) for all data combined 254 

including both aerobic and anaerobic conditions (temperature, peat depth and oxygen condition as fixed 255 

factors and the core number as random factor; Table 2), and 2) separately for each oxygen conditions 256 

(temperature and peat depth as fixed factors and the core number as random factor; Table 3, 4). The P-257 
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values for model coefficients were obtained via Kenward–Roger approximations for the degrees of 258 

freedom with R package lmerTest (Kuznetsova et al., 2017). 259 

The statistical significance of changes of DOC, DN, DON, NH4
+ and NO3

– content during the incubation 260 

and differences between peat layers were evaluated separately for aerobic and anaerobic incubation 261 

conditions with linear mixed-effects models as described above (Tables S11–13).  262 

The depth-specific differences in GHG production, Nmin, Q10 and peat characteristics and associations 263 

of these variables with each other were analyzed with principal component analyses (PCA) and 264 

Pearson’s correlation analyses. The principal component analyses (PCA) were visualized using 265 

factoextra (Kassambara and Mundt, 2020) and the correlations using ggcorrplot (Kassambara, 2023).  266 

3 Results 267 

3.1 Physical and chemical peat characteristics 268 

Many of the peat characteristics, determined before the incubation experiment, varied distinctly across 269 

the peat profile (ANOVA; Table 1). Active layer peat was significantly drier (F(4, 15) = 8.30, P < 270 

0.001) compared to permafrost peat, while the permafrost interface had an intermediate moisture 271 

content. A similar increasing depth pattern was seen in DOC concentrations with significant differences 272 

between layers (F(4, 15) = 3.76, P = 0.026), and in DN and DON, although without significant 273 

differences. Aromaticity of  DOC showed an opposite depth pattern, with the highest aromaticity in 274 

surface peat and the lowest in permafrost (F(4, 15) = 7.69, P = 0.001). The total C and N contents and 275 

C:N ratio did not show significant depth-dependent differences; instead, the variability of C:N ratio 276 

among replicate cores was high. While NH4
+ content tended to increase with depth, and elevated NO3

– 277 

content was found in the top peat and permafrost, these depth patterns were not statistically significant 278 

due to high variability among replicates. Overall, NH4
+ clearly dominated over NO3

– across the peat 279 

profile, with a 1–2 orders of magnitude higher content. 280 
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Additionally, we tested the changes of DOC, Cmic, DN, DON, NH4
+, NO3

– and pH between the start and 281 

end of the incubation with linear mixed effects models (Fig. S7–S10; Tables S11–13). Under aerobic 282 

conditions, we found significant net accumulation of NH4
+, especially in the permafrost layer (Fig. S9a). 283 

In the same treatment, NO3
– accumulated throughout the peat profile at 10 °C but only in the active 284 

layer at 16 °C, while it was completely consumed at 4 °C at all depths (Fig. S9b). DOC or DN did not 285 

change during aerobic conditions while Cmic,  DON and pH significantly decreased (Fig. S7, 8 and 10). 286 

Under anaerobic conditions, we found significant increases during the incubation in DOC and NH4
+ 287 

contents while DON content decreased (Fig. S7, 8, 9; Table S12). No significant changes were found  288 

in Cmic, DN, NO3
– and pH during the anaerobic incubation. 289 

3.2 CO2 production  290 

Carbon dioxide production showed a positive temperature dependency under both oxygen treatments 291 

(Fig. 2; linear mixed effect model, P < 0.001; Table 3). We found higher rates under aerobic than 292 

anaerobic conditions (linear mixed effect model; P < 0.001; Fig. 2, Table 3), and this difference between 293 

oxygen treatments increased with temperature from 2.5-fold at 4 °C to 6-fold at 16 °C (Fig. 2, Table 294 

S9). Accordingly, the temperature sensitivity of CO2 production (Q10CO2) was significantly higher 295 

under aerobic than anaerobic conditions (4.0±1.0 vs. 1.9±0.8, respectively; linear mixed effect model, 296 

P < 0.001). The depth pattern of CO2 production was roughly similar under both oxygen treatments, 297 

with the highest rates in the top active layer and permafrost, and the lowest rates at variable depths in 298 

the active layer and permafrost interface (linear mixed effect model: aerobic: P < 0.001; anaerobic: P < 299 

0.001–0.003; Table 3). The depth pattern of Q10CO2 was opposite to the depth pattern of CO2 production 300 

rate under both oxygen treatments, meaning that high CO2 production rates were generally associated 301 

with low temperature sensitivities. The Q10CO2 under aerobic conditions decreased almost linearly with 302 

depth from 5.0±0.9 in the top active layer to 2.9±0.9 in permafrost. Under anaerobic conditions, the 303 

lowest Q10CO2 was similarly found in permafrost (1.2±0.5), but the highest in the mid profile (2.7±1.0) 304 

(Fig. 4).  305 
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3.3 CH4 flux 306 

The CH4 flux during the incubation varied between significant net consumption to small net production 307 

(Fig. 2c, d; Table S4). Under aerobic conditions, we found net CH4 consumption in the top active layer 308 

at all three incubation temperatures, resulting in a considerable, although statistically only marginally 309 

significant difference between oxygen treatments (linear mixed effect model, P = 0.053; Table 2). We 310 

did not observe any positive temperature dependency of CH4 consumption (Table 3). Surprisingly, we 311 

observed small but persistent net production of CH4 in permafrost interface and permafrost in aerobic 312 

conditions, but not in anaerobic conditions, where CH4 production was negligible to marginal 313 

throughout the 23-week-long incubation throughout the peat profile (Fig. 2c, d; Table 3, Table S5). 314 

3.4 Net N mineralization 315 

We found 2 to 4-fold higher net N mineralization (Nmin) under aerobic than anaerobic conditions (linear 316 

mixed effect model, P < 0.001; Table 2) (Fig. 3c, d, Table S7). The depth pattern of Nmin was similar 317 

under both oxygen treatments with uniform rates across the active layer, followed by an increase 318 

towards the permafrost layer (linear mixed effect model; P < 0.001 for both treatments; Table 4). A 319 

significant positive temperature dependency of Nmin was found in both oxygen treatments (linear mixed 320 

effect model; aerobic, 16 °C vs. 4 °C: P = 0.002; anaerobic, both 10 and 16 °C vs. 4 °C: P < 0.001; 321 

Table 4). The temperature sensitivity of Nmin (Q10Nmin) was similar in both oxygen treatments with 322 

overall means of 2.1±1.3 under aerobic and 2.0±1.4 under anaerobic conditions (linear mixed effect 323 

model, P = 0.682; Table 2) (Fig. 4, Table S9). The Q10Nmin value decreased with peat depth under both 324 

oxygen conditions (linear mixed effect model; aerobic: P < 0.001–0.004; anaerobic: P < 0.001–0.002; 325 

Table 4).  326 

Net nitrification rates (Nnit) in aerobic incubations were highly variable among replicates, resulting in 327 

ranges overlapping with zero and lack of significant differences between layers in most of the cases 328 
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(Fig. S6). A linear mixed effect model revealed a significantly higher Nnit at 10 °C than at 4 °C (P = 329 

0.001; Table 4). 330 

 331 

3.5 N2O production 332 

During the 161-day incubation, we found higher N2O production under anaerobic than aerobic 333 

conditions (linear mixed effect model, P = 0.017; Table 2) (Fig. 3a, b; Table S4, S6). Aerobic N2O 334 

production was negligible throughout the peat profile, while anaerobic N2O production peaked in the 335 

mid (AL2) and deep active layer (AL3), although the differences between layers were not statistically 336 

significant due to high variability among replicates (Fig. 3b, Table 4). Under anaerobic conditions, we 337 

observed a clear, negative temperature dependency of N2O production with the highest production rates 338 

at 4 °C, intermediate at 10 °C and lowest at 16 °C (Fig. 3b; Table S6; linear mixed effect model, P = 339 

0.011; Table 4). A clear temporal pattern was observed in anaerobic N2O production, which peaked in 340 

the beginning of the incubation at all temperatures, followed by net N2O consumption as the incubation 341 

progressed, especially at 16 °C (data not shown). The maximum rates during the early incubation were 342 

substantially (1-2 orders of magnitude) higher than the mean rates over the whole duration (Fig. S5). 343 

3.6 Abiotic controls of C and N mineralization and GHG production 344 

A principal component analysis (PCA) revealed distinct differences in peat characteristics, C and N 345 

mineralization rates, and greenhouse gas production between peat layers. More specifically, we found 346 

ordination of peat layers according to depth along the first principal component (PC1), with active layer 347 

and permafrost peat at the extreme ends of this axis (Fig. 5). Overall, the PCA results were largely 348 

similar in all three incubation temperatures, and the ordination was driven by the same variables, with 349 

only slight differences in variable contributions. The PCA of 4 °C data showed the clearest depth 350 
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separation, suggesting that the differences in the process rates were most pronounced at low 351 

temperatures (Fig. 5, Table S10).  352 

The PC1 explained 36.8% of the overall variability in the data (Fig. 5). The main contributors to PC1 353 

were Nmin, NH4
+, DN, DON, DOC, aromaticity of DOC, CO2,  Q10CO2, and WFPS (Fig. S11a). While 354 

the negative loadings of NH4
+, Nmin, WFPS, DOC, DN and DON indicate that these were higher in the 355 

permafrost than in the active layer, the opposite was true for Q10CO2, Q10Nmin, and aromaticity of DOC 356 

(Fig. 4; Table 1, S9). The second dimension (PC2) was mainly related to spatial differences between 357 

biological replicates. PC2 explained an additional 15.8% of variability (Fig. 5). The variables with 358 

strongest positive contributions to PC2 were C:N, NO3
–, aerobic Q10CO2 and anaerobic Q10Nmin, while 359 

the total N content, Cmic and aerobic Nnit had negative contributions (Fig. S11b). 360 

The results of the Pearson’s correlation analysis were in a good agreement with the PCA findings (Fig. 361 

6). We found strong positive correlations between CO2 production and DOC content (r = 0.6, p < 0.05), 362 

Fig. 6), and between net N mineralization (Nmin) and DOC, DN, DON, and NH4
+ (r = 0.5–0.9, p < 0.05; 363 

Fig. 6). Statistically significant negative correlations were found between aerobic Q10CO2 and Nmin (r = 364 

–0.5 to –0.6, p < 0.05; Fig. 6), as well as between aromaticity of DOC and Nmin (r = –0.7, p < 0.05; Fig. 365 

6).  366 

4 Discussion 367 

4.1 Labile organic matter in permafrost supports high C and N mineralization rates 368 

Our incubation study on peat cores from a subarctic palsa mire revealed distinct depth-related variability 369 

in C and N mineralization and GHG production. Our first hypothesis about high bioavailability of C 370 

and N in the permafrost layer, but low temperature sensitivity, was confirmed: We found high 371 

mineralization rates in the upper permafrost, similar (in the case of C) or higher (in the case of N) than 372 

the rates observed in the surface peat (Fig. 2, 3). The soil chemical analysis confirmed the highly 373 
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available C and N pool in the upper permafrost. Contents of extractable C (DOC) and N (DN, DON, 374 

NH4
+) species were elevated in the deeper part of the profile and drove the separation between the peat 375 

layers in the PCA. As a further confirmation, the extractable C and N pools correlated positively with 376 

both CO2 production and net N mineralization (Nmin) rates irrespective of the oxygen treatment (Fig. 6). 377 

Our findings of high N mineralization rates and elevated mineral N content in permafrost as compared 378 

to the active layer corroborate previous findings from various permafrost sediments (Hansen and 379 

Elberling, 2023; Strauss et al., 2022 and references therein). The accumulation of reactive N may result 380 

from downward leaching of soluble N to the permafrost table (Voigt et al., 2017b) and/or low C:N ratios 381 

at depth (Palmtag et al., 2022), supporting high N mineralization rates (Booth et al., 2005; Klemedtsson 382 

et al., 2005). In our case, the C:N ratio or the total N content did not show clear depth patterns, but the 383 

mean DON content in the beginning of the incubation was almost twice as high in the upper permafrost 384 

than other layers, suggesting a higher fraction of easily accessible organic N at depth (Table 1). This 385 

DON was supporting high N mineralization during the incubation, which resulted in a reduction of 386 

DON coupled with an increase of NH4
+. Importantly, the high bioavailability of N in the upper 387 

permafrost layer points towards a fertilizer effect on plant productivity with permafrost thaw, potentially 388 

promoting C sequestration in a thawing palsa mire (Keuper et al., 2012). On the other hand, high supply 389 

of N from the upper permafrost will also support microbial decomposition, and thereby CO2 emissions 390 

from deeper peat layers (Song et al., 2022; Wild et al., 2014). Predicting the net effect of these 391 

mechanisms, associated with opposite C fluxes, is a complex modelling task and beyond the scope of 392 

this study. However, our data can be used in such work for model validation purposes. 393 

Due to negligible to marginal CH4 production under both oxygen conditions in our study, CO2 was 394 

almost the sole product of C mineralization. We observed the highest CO2 production rates under both 395 

aerobic and anaerobic conditions in the surface peat but also at depth, in the active layer-permafrost 396 

interface and the upper permafrost (Fig. 2a, b; Tables S4, S5). A similar bimodal depth pattern of CO2 397 

production was previously observed in Norwegian palsa mires by Kjær et al. (2024), while other 398 

permafrost peatland studies have reported a decrease from the surface towards permafrost (Song et al., 399 
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2014, 2026; Wang et al., 2013; Zuo et al., 2025), or no differences between active layer and permafrost 400 

(Treat et al., 2014). These differences in depth patterns between studies likely result from differences 401 

among peat types and decomposition stages. In our study, the depth pattern of the CO2 production 402 

resembled the depth pattern of the DOC content (Table 1, Fig. 2a, b). The permafrost layer contained 403 

almost twice as much DOC than the active layer, and the permafrost DOC was more labile (as indicated 404 

by a lower SUVA254 value). Accumulation of labile DOC at the permafrost table has been previously 405 

observed (Fouché et al., 2020) and, as discussed above for DON, can result from vertical leaching 406 

(Voigt et al., 2017b). The significant positive correlation of both aerobic and anaerobic CO2 production 407 

with DOC confirms the importance of the water-soluble C pool for CO2 production (Fig. 6).  408 

The temperature sensitivities of C and N mineralization showed similar depth patterns, opposite to those 409 

of the process rates. For both processes, the Q10 values declined progressively with depth, reaching the 410 

lowest values in the upper permafrost (Fig. 4). The negative correlations of Q10 values with DOC content 411 

and positive correlations with DOC aromaticity suggest that the depth trends can be explained by 412 

differences in substrate quality (Fig. 6). Our findings align with the common theory of lower 413 

temperature sensitivity of C decomposition for labile than recalcitrant SOM (Conant et al., 2011; Fierer 414 

et al., 2005). According to a global meta-analysis, this theory applies also to N mineralization (Liu et 415 

al., 2017). The mean temperature sensitivities of ~4 and ~2 in our study for aerobic and anaerobic CO2 416 

production, respectively, compare well with the ranges reported in previous subarctic and boreal 417 

peatland studies (Diáková et al., 2016; Hamdi et al., 2013; Liu et al., 2024; Tarkhov et al., 2019). 418 

However, two synthesis studies have reported lower aerobic Q10 values for peatlands (Schädel et al., 419 

2016; Wang et al., 2019) which suggests that our peat was relatively recalcitrant. Similarly high 420 

temperature sensitivity of aerobic CO2 production was previously observed on bare permafrost peatland 421 

surfaces (Diáková et al., 2016). The lower Q10 values of both C and N mineralization in the upper 422 

permafrost than surface peat resulted from comparatively high rates already at low temperatures and a 423 

proportionally lower increase with warming. This has important implications for post-thaw mobilization 424 

of C and N. It suggests that microbes in permafrost peat are cold-adapted and, thus, active under the 425 
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low temperature range expected in the deep active layer after gradual thaw, enhancing the possibility 426 

for CO2 losses and mineral N turnover. 427 

4.2 Low N2O and CH4 production in permafrost despite high mineralization rates 428 

Contrary to our second hypothesis, high C and N mineralization rates in the upper permafrost did not 429 

translate into high rates of CH4 or N2O production under either of the oxygen treatments. Despite the 430 

high mineral N content and net N mineralization rate, we did not find any N2O production in the upper 431 

permafrost or the permafrost interface; instead, the highest N2O production was observed in the middle 432 

to lower part of the active layer (Fig. 3b). This can be explained by initial differences in moisture content 433 

and their effects on the microbial assembly mediating N turnover. Before normalising the moisture for 434 

the incubations, the water-filled pore space (WFPS) in the permafrost layer was ~80% while it was only 435 

~40–50% in the active layer (Table 1). The lower moisture content in the active layer favoured nitrifier 436 

activity, as indicated by our net nitrification data which peaked in the active layer, not permafrost (Fig. 437 

S6). Based on substantial N2O production only under anaerobic condition, denitrification was the 438 

dominant N2O production pathway in our study, similar to previous permafrost peatland studies (Gil et 439 

al., 2022; Palmer and Horn, 2012). However, the denitrifier N2O production is dependent on NO3
– and 440 

NO2
– supply from nitrification (Lamprecht et al., 2026). Other studies have shown that N2O production 441 

in permafrost can be limited by a low abundance of ammonia-oxidizers, responsible for the first step of 442 

nitrification (Marushchak et al., 2021; Monteux et al., 2020). It is possible that such microbial limitation 443 

was taking place also in our deeper peat layers; however, we are lacking direct microbial data to confirm 444 

this. 445 

The high importance of coupled nitrification-denitrification process for N2O production in unfertilized 446 

soils poses a challenge for conventional soil incubation experiments, like ours, that target fully aerobic 447 

or anaerobic conditions. In our anaerobic incubation, we observed a temporary peak of N2O production, 448 

followed by net N2O consumption after the initial NO3
– was depleted and denitrifiers switched to using 449 

N2O as their electron acceptor. This may partially explain the lack of N2O production in the permafrost 450 
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layer: under the reductive conditions, the initial NO3
– was so quickly consumed that we did not capture 451 

any N2O with our incubation set-up with weekly to biweekly sampling intervals. Similarly, the negative 452 

temperature dependency of N2O production in our experiment can be explained by quicker consumption 453 

of the initial NO3
– at higher temperatures than 4 °C. 454 

An important question remains: what was causing the post-thaw increase in N2O emissions in the 455 

preceding mesocosm experiment (Voigt et al., 2017a), if the upper permafrost did not produce any N2O? 456 

Increased N2O emissions following permafrost thaw may have resulted from a larger peat volume with 457 

a favourable intermediate moisture content for coupled nitrification-denitrification, or from vertical 458 

leaching of NO3
– produced in the upper, oxic peat layers to the deeper, anoxic layer, where it was 459 

denitrified. These mechanisms could not be captured in our incubation experiment, where homogenized 460 

peat from individual layers was incubated separately under either fully aerobic or fully anaerobic 461 

conditions. Also, without microbial data on functional gene abundance and activity, the processes 462 

underlying the increased N2O emissions in the mesocosms experiment remain partly inconclusive. 463 

Despite this, our results demonstrate the added value of conducting parallel investigations using 464 

mesocosm approaches and conventional soil incubations with discrete samples but also highlight the 465 

importance of considering interactions between soil layers and gas transport processes. 466 

In the oxic incubation, we found CH4 consumption in the surface peat (Fig. 2c, Table 3, S4). This is 467 

consistent with the net uptake of CH4 we found in the preceding mesocosm experiment in the dry 468 

scenario, imitating gradual active layer deepening (in contrast to a wet scenario, imitating palsa 469 

collapse) (Voigt et al., 2019), as well as field measurements in palsa mires (Voigt et al., 2023). 470 

Similarly, the lack of CH4 production in our anaerobic treatment (Fig. 2d) is in accordance with the 471 

negligible CH4 emissions under the wet scenario of the mesocosm experiment (Voigt et al., 2019). The 472 

lack of CH4 production under the 5-month anaerobic incubation is likely a consequence of a very low 473 

abundance or complete absence of active methanogens. In the uplifted palsa surfaces, the active layer 474 

is well-aerated and rich with oxygenated compounds, such as NO3
– (Table 1), SO4

2–, Fe3+, and 475 

oxygenated organic compounds, which can act as alternative electron acceptors and need to be reduced 476 
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before methanogenesis becomes favourable (Achtnich et al., 1995). This, together with the low initial 477 

abundance of methanogens, may prevent CH4 production even under extended anoxia. In the upper 478 

permafrost, on the other hand, the long-term frozen conditions can cause limited microbial functionality 479 

due to lack of certain microbial groups or plant derived organics. For this reason, long lag-phases or 480 

complete absence of CH4 production are commonly reported for oxic soil layers and permafrost soils 481 

(Knoblauch et al., 2018; Treat et al., 2016). Under anaerobic conditions, aerobic methanotrophs could 482 

also use produced N2O as source of oxygen as shown earlier (Awala et al., 2024; Hao et al., 2022), this 483 

could be a potential reason for limited N2O and CH4 production under anoxic conditions. However, we 484 

do not have microbial data to support this theory. Interestingly, we found marginal CH4 production rates 485 

in aerobic conditions in the deeper peat layers (Fig. 2c), similar to another subarctic peatland study 486 

(Diáková et al., 2016). This can be explained by CH4 production in anaerobic microsites in trace 487 

amounts which could not be detected in the anaerobic treatment with CH4-free headspace but were 488 

detectable in the aerobic treatment with ambient CH4 concentration. Also, we cannot completely rule 489 

out the possibility for oxic CH4 production (Knief, 2019).  490 

4.3 Evidence for stronger warming impact under gradual than abrupt permafrost thaw  491 

In confirmation of our third hypothesis, our results suggest different responses of C and N 492 

mineralization and GHG release from palsa mires to initial active layer deepening and continued or 493 

abrupt permafrost thaw. While both permafrost thaw trajectories will unlock the highly bioavailable C 494 

and N substrates in the upper permafrost, they will be differently affected by the contrasting 495 

hydrological and redox conditions. Active layer deepening will initially increase the oxic peat volume, 496 

whereas continued or abrupt permafrost thaw will result in palsa collapse and water saturated 497 

conditions. The higher overall GHG production in our study under aerobic than anaerobic conditions, 498 

strongly dominated by CO2 production, suggests that gradual active layer deepening will result in higher 499 

GHG release. We found substantially higher CO2 production under aerobic than anaerobic conditions, 500 

in accordance with the previous pan-arctic incubation synthesis (Schädel et al., 2016). Furthermore, the 501 
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response of CO2 production to a temperature increase was stronger under aerobic than anaerobic 502 

conditions (Fig. 4, Table 2), a finding which has also been reported from other peatlands (Liu et al., 503 

2024; Szafranek-Nakonieczna and Stêpniewska, 2014). The higher  temperature sensitivity suggests 504 

stronger diurnal and seasonal dynamics under dry oxic conditions. Also, N mineralization rates was 505 

remarkably higher under aerobic than anaerobic conditions, suggesting higher reactive N supply with 506 

gradual active layer deepening compared to abrupt thaw (Fig. 3c, d). In this context it must be noted, 507 

however, that while gradual active layer deepening will expose the upper permafrost with high content 508 

of labile C for microbial decomposition, the peat will likely remain wet and poorly oxygenated in 509 

comparison to the surface peat, restricting the rate of decomposition compared to fully aerobic 510 

conditions in our aerobic treatment.  511 

Under the different scenario that the palsa collapses, the decomposition of peat and associated CO2 512 

production will slow down. On the other hand, highly productive vegetation usually establishes in 513 

thermokarst wetlands and produces labile carbon, which could cause increased CO2 and CH4 production 514 

(Heffernan et al., 2022; Hodgkins et al., 2014). It is important to note that our anaerobic incubation 515 

likely underestimated the CH4 production due to the microbial limitation of methanogenesis, which will 516 

be alleviated quickly in the real environment after the palsa collapses and gets exposed to highly reduced 517 

conditions and microbial invasion from the surrounding wetland. The same is true for any soil 518 

incubations with discrete samples, limiting their value for predicting ecosystem-climate feedback 519 

(Knoblauch et al., 2018). At the same time, classical soil incubations produce depth-resolved data and 520 

allow soil characteristics and GHG production to be linked by soil layer. As such, they serve as a 521 

valuable complement for field observations and mesocosm studies. 522 

5 Conclusion 523 

Our study demonstrates that the upper permafrost of palsa peatlands contains highly bioavailable C and 524 

N, making it particularly vulnerable to microbial mineralization and greenhouse gas production 525 
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following permafrost thaw. In addition to elevated concentrations of labile dissolved carbon and 526 

nitrogen, the significantly lower aromaticity of dissolved organic matter provides independent evidence 527 

that the upper permafrost contains a less recalcitrant, more bioavailable carbon and nitrogen pools than 528 

the overlying active layer. Despite the relatively low temperature sensitivity, the high substrate 529 

availability in the upper permafrost resulted in the highest CO2 production rates. This suggests that 530 

substrate availability rather than temperature sensitivity will dominate the initial CO2 response to 531 

permafrost thaw, and that comparatively high CO2 production can be expected in the lower part of peat 532 

profile despite cold conditions at depth. In contrast, N2O production was primarily controlled by oxygen 533 

availability and coupled oxic-anoxic transformations rather than substrate availability, indicating that 534 

future N2O emissions cannot be predicted from peat characteristics alone. These findings highlight, that 535 

reliable predictions of the permafrost–climate feedback require consideration of both, substrate quality 536 

and the spatial organization of redox conditions. It is important to consider the possibility of functional 537 

limitations due to absence of certain microbial groups in permafrost when designing experiments and 538 

interpreting data; however, in the real environment, such limitations are likely quickly removed.  539 

 540 
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13 Figures 884 

 885 

 886 

Fig. 1: Intact peat soil core sampling site “Peera palsa”. In a) the sampling site location in northern Finland and a 887 
satellite image of the palsa complex (insert image source: © 2019 Google Maps, Airbus, CNES / Airbus, Lantmäteriet 888 
/ Metria, Maxar Technologies). b) Scheme of the peat layer separation of the intact peat cores. The peat layer height of 889 
the active layer fragments AL1, AL2 and AL3 varied by a few cm depending on the total depth of the active layer (see 890 
supplementary information table S1). The permafrost interface layer (PFI) and the permafrost layer (PFT) had the 891 
same height of 10 cm. The peat core diameter was 10 cm. c) Photograph of the palsa complex taken during the peat 892 
core sampling. d) Photograph of a bare peat surface where the peat cores were sampled. Pictures were taken by C. 893 
Voigt (2012). 894 
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 896 

 897 

Fig. 2: Daily aerobic (a) and anaerobic (b) CO2-C production rate (mg kg–1 DW (dry weight) day–1) and aerobic (c) 898 
and anaerobic (d) CH4-C production rate (µg kg–1 DW (dry weight) day–1) at 4, 10 and 16 °C during the incubation 899 
period of 161 days. Data points represent mean values; error bars show standard deviation (n = 4). Letters indicate 900 
statistical differences between peat layers within the given temperature (One-way ANOVA and Tukey’s HSD, P ≤ 0.05). 901 
Asterisks indicate significant differences between incubation temperatures: for 10 °C, significant differences to 4 °C; 902 
for 16 °C significant difference to 4 °C/10 °C (One-way ANOVA). Dashed grey line in the background represents the 903 
mean value across all five peat layers at the given temperature. Level of significance: ***significant at P ≤ 0.001, ** 904 
significant at P ≤ 0.01, *significant at P ≤ 0.05. Note the different scales on X-axis for aerobic and anaerobic CO2-C 905 
production rate. 906 
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 908 

 909 

Fig. 3: Daily aerobic (a) and anaerobic (b) N2O-N production rate (µg kg–1 DW (dry weight) day–1) and aerobic (c) 910 
and anaerobic (d) net nitrogen mineralization rate (mg kg–1 DW (dry weight) day–1) at 4, 10 and 16 °C during the 911 
incubation period of 161 days. Data points represent mean values; error bars show standard deviation (n = 4). Letters 912 
indicate statistical differences between peat layers within the given temperature (One-way ANOVA and Tukey’s HSD, 913 
P ≤ 0.05). Asterisks indicate significant differences between incubation temperatures: for 10 °C, significant differences 914 
to 4 °C; for 16 °C significant difference to 4 °C/10 °C (One-way ANOVA). Dashed grey line in the background 915 
represents the mean value across all five peat layers at the given temperature. Level of significance: ***significant at 916 
P ≤ 0.001, ** significant at P ≤ 0.01, *significant at P ≤ 0.05.  917 
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 919 

 920 

Fig. 4: Temperature dependence of the five peat layers shown as Q10 values calculated for CO2-C production (CO2 - 921 
left panel) and net nitrogen mineralization (Nmin - right panel) in aerobic (blue) and anaerobic (red) incubation 922 
conditions. Data points represent mean values; error bars show standard deviation (n = 4). Letters indicate statistical 923 
differences (One-way ANOVA and Tukey’s HSD, P ≤ 0.05) between the peat layers. Dashed coloured lines represent 924 
the mean Q10 values across all peat layers at aerobic and anaerobic incubation conditions.  925 
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 927 

 928 

Fig. 5: Principal component analysis (PCA) bi-plot of aerobic and anaerobic incubations at 4 °C. The analysed data 929 
includes the cumulative GHG gas production over 161 incubation days; the temperature sensitivity of CO2 production, 930 
Q10CO2, and nitrogen mineralization, Q10Nmin; the net nitrogen mineralization rate (Nmin) and net nitrification rate 931 
(Nnitr) (aerobic conditions only); in combination with soil chemical and physical parameters. Largest variability were 932 
shown in the incubation temperature of 4 °C. Individual contributions of different variables to PC1 and PC2 are shown 933 
in Figure S11.  934 
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 936 

Fig. 6: Pearson’s correlation matrix of aerobic and anaerobic incubations at 4 °C. The analysed data includes the 937 
cumulative GHG gas production over 161 incubation days; the temperature sensitivity of CO2 production, Q10CO2 and 938 
nitrogen mineralization, Q10Nmin; the net nitrogen mineralization rate (Nmin) and net nitrification rate (Nnitr) (aerobic 939 
conditions only); in combination with soil chemical and physical parameters.  940 
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Table 2: Aerobic and anaerobic incubation differences: linear mixed effects model estimates of fixed effects, SE, t-948 
value, lower and upper confidence intervals and P-values for cumulative production of CO2, CH4 and N2O, net N 949 
mineralization (Nmin) rates and the Q10 of CO2 production and net N mineralization. 950 

Fixed effects Estimate SE t-value 2.5% CI 97.5% CI P-value Significance 

CO2 production        

(Intercept) 3.099 0.054 57.552 2.992 3.206  <0.001 *** 

Oxic condition: Anaerobic -0.614 0.052 -11.795 -0.717 -0.511  <0.001 *** 

CH4 production        

(Intercept) -0.037 0.019 -1.914 -0.075 0.001 0.058  

Oxic condition: Anaerobic 0.044 0.023 1.959 -0.001 0.089 0.053  

N2O production        

(Intercept) 0.076 0.358 0.213 -0.632 0.785 0.832  

Oxic condition: Anaerobic 0.948 0.389 2.433 0.176 1.719 0.017 * 

Net N mineralization (Nmin)        

(Intercept) 0.213 0.022 9.559 0.169 0.257  <0.001 *** 

Oxic condition: Anaerobic -0.113 0.018 -6.168 -0.149 -0.076  <0.001 *** 

Q10 CO2 production (Q10CO2)        

(Intercept) 4.029 0.154 26.107 3.723 4.334  <0.001 *** 

Oxic condition: Anaerobic -2.108 0.155 -13.599 -2.415 -1.801  <0.001 *** 

Q10 net N mineralization (Q10Nmin)        

(Intercept) 2.091 0.213 9.836 1.670 2.513  <0.001 *** 

Oxic condition: Anaerobic -0.096 0.233 -0.411 -0.557 0.366 0.682  

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001 
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Table 3: Linear mixed effects model estimates of fixed effects, SE, t-value, lower and upper confidence intervals and P-952 
values of aerobic and anaerobic cumulative production of CO2, CH4 and the Q10 of CO2 production. 953 

Fixed effects Estimate SE t-value 2.5% CI 97.5% CI P-value Significance 

Aerobic CO2 production        

(Intercept) 2.835 0.071 39.853 2.692 2.978  <0.001 *** 

Incubation temperature: 10 °C 0.338 0.037 9.205 0.264 0.411  <0.001 *** 

Incubation temperature: 16 °C 0.701 0.037 19.103 0.627 0.775  <0.001 *** 

Peat layer: AL2 -0.223 0.047 -4.716 -0.319 -0.128  <0.001 *** 

Peat layer: AL3 -0.190 0.047 -4.001 -0.285 -0.094  <0.001 *** 

Peat layer: PFI -0.067 0.047 -1.405 -0.162 0.029 0.166  

Peat layer: PFT 0.066 0.047 1.394 -0.029 0.161 0.169  

Anaerobic CO2 production        

(Intercept) 2.503 0.061 40.998 2.381 2.626  <0.001 *** 

Incubation temperature: 10 °C 0.066 0.051 1.294 -0.036 0.168 0.202  

Incubation temperature: 16 °C 0.313 0.051 6.168 0.211 0.415  <0.001 *** 

Peat layer: AL2 -0.208 0.066 -3.171 -0.340 -0.076 0.003 ** 

Peat layer: AL3 -0.227 0.066 -3.468 -0.359 -0.096 0.001 ** 

Peat layer: PFI -0.231 0.066 -3.518 -0.362 -0.099  <0.001 *** 

Peat layer: PFT -0.055 0.066 -0.840 -0.187 0.077 0.405  

Aerobic CH4 production        

(Intercept) -0.292 0.047 -6.252 -0.386 -0.198  <0.001 *** 

Incubation temperature: 10 °C -0.021 0.035 -0.600 -0.092 0.049 0.551  

Incubation temperature: 16 °C 0.009 0.035 0.267 -0.061 0.080 0.791  

Peat layer: AL2 0.288 0.045 6.360 0.197 0.379  <0.001 *** 

Peat layer: AL3 0.295 0.045 6.513 0.204 0.386  <0.001 *** 

Peat layer: PFI 0.361 0.045 7.961 0.270 0.452  <0.001 *** 

Peat layer: PFT 0.351 0.045 7.754 0.260 0.442  <0.001 *** 

Anaerobic CH4 production        

(Intercept) 0.001 0.004 0.296 -0.007 0.009 0.768  

Incubation temperature: 10 °C 0.000 0.004 -0.082 -0.008 0.007 0.935  

Incubation temperature: 16 °C 0.006 0.004 1.705 -0.001 0.014 0.094  

Peat layer: AL2 0.006 0.005 1.211 -0.004 0.016 0.232  

Peat layer: AL3 0.004 0.005 0.782 -0.006 0.014 0.438  

Peat layer: PFI 0.003 0.005 0.634 -0.007 0.013 0.529  

Peat layer: PFT 0.009 0.005 1.751 -0.001 0.018 0.086  

Aerobic Q10 CO2 production        

(Intercept) 4.986 0.258 19.312 4.468 5.504  <0.001 *** 

Peat layer: AL2 -0.559 0.213 -2.627 -0.987 -0.132 0.011 * 

Peat layer: AL3 -0.756 0.213 -3.551 -1.183 -0.329  <0.001 *** 

Peat layer: PFI -1.367 0.213 -6.418 -1.794 -0.939  <0.001 *** 

Peat layer: PFT -2.105 0.213 -9.886 -2.532 -1.678  <0.001 *** 

Anaerobic Q10 CO2 production        

(Intercept) 1.932 0.189 10.237 1.553 2.310  <0.001 *** 

Peat layer: AL2 0.750 0.232 3.236 0.285 1.214 0.002 ** 

Peat layer: AL3 0.319 0.232 1.375 -0.146 0.783 0.175  

Peat layer: PFI -0.43 0.232 -1.856 -0.895 0.035 0.069  

Peat layer: PFT -0.693 0.232 -2.991 -1.157 -0.228 0.004 ** 

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001 
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Table 4: Linear mixed effects model estimates of fixed effects, SE, t-value, lower and upper confidence intervals and P-955 
values of aerobic and anaerobic cumulative production of N2O, the net N mineralization and net nitrification rates and 956 
the Q10 of net N mineralization. 957 

Fixed effects Estimate SE t-value 2.5% CI 97.5% CI P-value Significance 

Aerobic N2O production        

(Intercept) 0.127 0.066 1.916 -0.006 0.259 0.061  

Incubation temperature: 10 °C 0.038 0.057 0.668 -0.076 0.153 0.507  

Incubation temperature: 16 °C 0.113 0.057 1.977 -0.002 0.227 0.053  

Peat layer: AL2 -0.095 0.074 -1.286 -0.242 0.053 0.204  

Peat layer: AL3 -0.120 0.074 -1.625 -0.267 0.028 0.110  

Peat layer: PFI -0.128 0.074 -1.743 -0.276 0.019 0.087  

Peat layer: PFT -0.161 0.074 -2.183 -0.308 -0.013 0.034 * 

Anaerobic N2O production        

(Intercept) 1.234 1.049 1.176 -0.872 3.339 0.245  

Incubation temperature: 10 °C -0.754 0.871 -0.865 -2.503 0.995 0.391  

Incubation temperature: 16 °C -2.313 0.871 -2.655 -4.062 -0.564 0.011 * 

Peat layer: AL2 2.104 1.125 1.870 -0.154 4.361 0.067  

Peat layer: AL3 1.865 1.125 1.658 -0.393 4.123 0.103  

Peat layer: PFI 0.324 1.125 0.288 -1.934 2.582 0.774  

Peat layer: PFT -0.232 1.125 -0.206 -2.490 2.026 0.838  

Aerobic net N mineralization (Nmin)        

(Intercept) 0.121 0.04 3.043 0.041 0.201 0.004 ** 

Incubation temperature: 10 °C 0.044 0.026 1.684 -0.008 0.096 0.098  

Incubation temperature: 16 °C 0.084 0.026 3.236 0.032 0.137 0.002 ** 

Peat layer: AL2 -0.006 0.034 -0.186 -0.074 0.061 0.853  

Peat layer: AL3 0.016 0.034 0.475 -0.052 0.084 0.637  

Peat layer: PFI 0.031 0.034 0.913 -0.037 0.098 0.366  

Peat layer: PFT 0.203 0.034 6.026 0.135 0.271  <0.001 *** 

Anaerobic net N mineralization (Nmin)        

(Intercept) 0.036 0.017 2.084 0.001 0.071 0.042 * 

Incubation temperature: 10 °C 0.063 0.012 5.207 0.039 0.088  <0.001 *** 

Incubation temperature: 16 °C 0.084 0.012 6.949 0.06 0.109  <0.001 *** 

Peat layer: AL2 -0.015 0.016 -0.954 -0.047 0.017 0.345  

Peat layer: AL3 -0.033 0.015 -2.134 -0.064 -0.002 0.038 * 

Peat layer: PFI 0.001 0.015 0.077 -0.03 0.032 0.939  

Peat layer: PFT 0.113 0.015 7.343 0.082 0.144  <0.001 *** 

Aerobic net nitrification (Nnit)        

(Intercept) -1.198 0.09 -13.254 -1.379 -1.017  <0.001 *** 

Incubation temperature: 10 °C 0.278 0.082 3.409 0.114 0.442 0.001 ** 

Incubation temperature: 16 °C 0.159 0.082 1.953 -0.004 0.323 0.056  

Peat layer: AL2 0.161 0.105 1.531 -0.05 0.373 0.132  

Peat layer: AL3 0.141 0.105 1.34 -0.07 0.353 0.186  

Peat layer: PFI 0.174 0.105 1.654 -0.037 0.386 0.104  

Peat layer: PFT 0.025 0.105 0.24 -0.186 0.237 0.812  

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001 
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Table 4: continued 959 

Aerobic Q10 net N mineralization        

(Intercept) 3.486 0.240 14.538 3.005 3.968  <0.001 *** 

Peat layer: AL2 -1.506 0.325 -4.627 -2.160 -0.852  <0.001 *** 

Peat layer: AL3 -0.969 0.325 -2.978 -1.623 -0.315 0.004 ** 

Peat layer: PFI -2.870 0.353 -8.128 -3.579 -2.161  <0.001 *** 

Peat layer: PFT -2.010 0.325 -6.175 -2.663 -1.356  <0.001 *** 

Anaerobic Q10 net N mineralization        

(Intercept) 2.868 0.408 7.028 2.049 3.686  <0.001 *** 

Peat layer: AL2 0.204 0.377 0.540 -0.553 0.960 0.592  

Peat layer: AL3 -1.206 0.377 -3.196 -1.962 -0.449 0.002 ** 

Peat layer: PFI -1.789 0.377 -4.743 -2.546 -1.033  <0.001 *** 

Peat layer: PFT -1.570 0.377 -4.162 -2.327 -0.814  <0.001 *** 

Level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001 
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