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Abstract 18 

Permafrost thaw subjects previously frozen soil organic carbon (SOC) to microbial 19 

degradation to the greenhouse gases carbon dioxide (CO2) and methane (CH4). Emission of these 20 

gases constitutes a positive feedback to climate warming. Among numerous uncertainties in 21 

estimating the strength of this permafrost carbon feedback (PCF), two are: (i) how mineralization 22 

of permafrost SOC thawed in saturated anaerobic conditions responds to changes in temperature 23 

and (ii) how microbial communities and temperature sensitivities change over time since thaw. 24 

To address these uncertainties, we utilized a thermokarst-lake sediment core as a natural 25 

chronosequence where SOC thawed and incubated in situ under saturated anaerobic conditions 26 

for up to 400 years following permafrost thaw. Initial microbial communities were characterized, 27 

and sediments were anaerobically incubated in the lab at four temperatures (0 °C, 3 °C, 10 °C, 28 

and 25 °C) bracketing those observed in the lake's talik. Net CH4 production in freshly-thawed 29 

sediments near the downward-expanding thaw boundary at the base of the talik were most 30 

sensitive to warming at the lower incubation temperatures (0 °C to 3 °C), while the overlying 31 

sediments which had been thawed for centuries had initial low abundant methanogenic 32 

communities (< 0.02%) and did not experience statistically significant increases in net CH4 33 

production potentials until higher incubation temperatures (10 °C to 25 °C). We propose these 34 

observed differences in temperature sensitivities are due to differences in SOM quality and 35 

functional microbial community composition that evolve over time; however further research is 36 

necessary to better constrain the roles of these factors in determining temperature controls on 37 

anaerobic C mineralization. 38 

Keywords 39 
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1. Introduction 62 

Permafrost landscapes contain an estimated 1,330-1,580 Pg of soil organic carbon (SOC), 63 

representing about one-third of total global SOC stocks (Hugelius et al., 2014, Schuur et al., 64 

2015). Defined as ground at or below 0 °C for at least two consecutive years, permafrost covers 65 

about 24% of land surface in the Northern Hemisphere (Zhang et al., 1999). Air temperature 66 

records suggest high latitudes (>60 °N) are warming twice as fast as the remainder of the globe 67 

(Bekryaev et al., 2010, Schuur et al., 2015), and climate models predict amplified Arctic 68 

warming will continue into the coming century. Globally, permafrost temperatures have 69 

increased by an average of 0.29 °C during the past decade (Biskaborn et al., 2019). Permafrost 70 

warming and subsequent thaw lead to the mobilization and potential microbial degradation of 71 

previously frozen, inactive permafrost SOC (Davidson and Janssens, 2006, Olefeldt et al., 2013, 72 

Schuur et al., 2015, Yang et al., 2016). Microbial degradation converts permafrost SOC into the 73 

greenhouse gases carbon dioxide (CO2) and methane (CH4), which, when released to the 74 

atmosphere, cause a positive feedback to climate warming known as the permafrost carbon 75 

feedback (PCF; Walter et al., 2006, Schuur et al., 2015). 76 

Permafrost thaw also changes local and regional hydrology, leading to fragmented 77 

wetting and drying of the landscape (Jorgenson et al., 2013). Landscape wetting and drying play 78 

an important role in controlling whether thawed SOC will be mineralized aerobically as CO2 or 79 

anaerobically as CO2 and CH4. While it has been suggested that permafrost SOC mineralization 80 

in aerobic conditions releases an average of 3.4 times more C (C-CO2) than SOC mineralization 81 

in anaerobic conditions (C-CO2 + C-CO2; Schädel et al., 2016), CH4 emissions from permafrost 82 

environments are expected to become more important over longer time scales (beyond 2100; 83 

Dean et al., 2018). CH4 production rates in saturated, anaerobic systems are more sensitive to 84 
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variability in soil temperature than C mineralization in drier, aerobic ecosystems (Olefeldt et al., 85 

2013, Schädel et al., 2016). A recent synthesis of 21 aerobic and anaerobic permafrost soil 86 

incubation studies found that a 10 °C increase in temperature (5 °C to 15 °C) resulted in net C 87 

release increasing by a factor of 2.0 (i.e. mean Q10 = 2.0, 95% CI = 1.8-2.2; Schädel et al., 2016). 88 

However, ranges of previously reported temperature sensitivity values vary between permafrost 89 

SOC mineralized under aerobic versus anaerobic conditions. In permafrost soils, previously 90 

observed anaerobic C mineralization (C-CO2 + C-CH4) Q10 values ranged from 1.2 to 22.0 91 

(Čapek et al., 2015, Chowdhury et al., 2015, Treat et al., 2015, Schädel et al., 2016) while, in 92 

aerobic conditions, Q10 values for C-CO2 ranged from 1.6 to 9.4 (Mikan et al., 2002, Čapek et 93 

al., 2015, Bracho et al., 2016, Schädel et al., 2016). Given that CH4 has a 34 times higher global 94 

warming potential than CO2 over a century time scale (Myhre et al., 2013), and that northern 95 

soils are expected to warm during the next several decades and beyond (Guo and Wang, 2016), it 96 

is important to understand CH4 production responses to temperature increases to fully estimate 97 

the potential strength of the PCF. 98 

SOC mobilization and mineralization from thawing permafrost are expected to become a 99 

long-term C source, projected to contribute accelerating rates of C emissions over the coming 100 

centuries (10 Pg C by 2100, 50 Pg C by 2200, 120 Pg C by 2300; Parazoo et al., 2018). 101 

Therefore, in addition to requiring a better understanding of how CH4 production changes with 102 

temperature, modeling the potential PCF will require better estimates of how temperature 103 

sensitivities change over century-scale time since permafrost thaw. It is difficult to obtain this 104 

information from incubations and field warming experiments, which commonly capture 105 

temperature responses of labile SOC fractions with fast (days to years) turnover times (Conant et 106 

al., 2011, Bracho et al., 2016, Knoblauch et al., 2013, 2018). In permafrost soils, the size of this 107 
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fast C pool is small (< 5%) and the majority (> 95%) of permafrost SOC has turnover times of 108 

decades to centuries (Schädel et al., 2014). Temperature sensitivities of these slower C pools are 109 

largely unknown (Conant et al., 2011).  110 

Natural chronosequences, where SOC has incubated in situ, provide unique opportunities 111 

to examine how temperature sensitivity of SOC mineralization changes over time. Due to their 112 

formation and thaw histories, thermokarst lake taliks (thaw bulbs) can provide a unique natural 113 

laboratory in which permafrost SOC has thawed and incubated in situ under saturated anaerobic 114 

conditions for hundreds to thousands of years (West and Plug, 2008, Kessler et al, 2012). 115 

Thermokarst lakes are known to have high rates of CH4 emission (Sepulveda-Jauregui et al., 116 

2014, Walter Anthony et al., 2018), with the organic matter (OM) substrate for methanogenesis 117 

primarily originating from permafrost SOC thawing both beneath and surrounding the lake 118 

(Kling and Kipphut, 1991, Zimov et al., 1997, Walter et al., 2008, Brosius et al., 2012, Walter 119 

Anthony and Anthony, 2013, Lenz et al., 2016). In surface lake sediments, decomposition of 120 

deposited contemporary OM fuels methanogenesis (Walter Anthony et al., 2014, Elder et al., 121 

2018). Once formed, thermokarst lakes strongly alter the local ground thermal balance by 122 

transferring heat from the water body to the underlying ground more effectively than other land 123 

cover types (Burn, 2005, Grosse et al., 2012, Jorgenson et al., 2013), which can subsequently 124 

trigger downward permafrost thaw and talik formation beneath the lake (Plug and West, 2009). 125 

After accounting for initial SOC heterogeneity in the vertical profile, the thawed permafrost soils 126 

beneath a thermokarst lake represent a natural chronosequence of time since thaw, with 127 

sediments closest to the thaw boundary at the base of the talik being the most recently thawed. 128 

Here, we anaerobically incubated sediments from a thermokarst lake core with the 129 

objective of examining the temperature sensitivity of CH4 production. We examined how both in 130 
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situ microbial communities and temperature sensitivities of net CH4 production change over 131 

century time scales since permafrost thaw. Our work involved monitoring temperature along two 132 

vertical profiles in the thermokarst lake talik, characterizing in situ microbial communities at 133 

different depths within the talik, incubating sediments at four temperatures bracketing those 134 

found within the talik, and calculating temperature sensitivities of net CH4 production at different 135 

depths within the talik and at different incubation temperature intervals. We show how microbial 136 

community composition and temperature sensitivity of net CH4 production potentials change 137 

with depth, using depth as a proxy for increasing time since thaw in the talik. While microbial 138 

communities have been characterized in near-surface (<1.5 m) thermokarst-lake sediments (He et 139 

al., 2012, Negandhi et al., 2013, Crevecoeur et al., 2016, Matheus Carnevali et al., 2018), to our 140 

knowledge this is the first study to examine changes in initial microbial communities at deeper 141 

depths (up to 5.9 m) in a thermokarst-lake talik and along a centuries-scale time-since-thaw 142 

chronosequence. We also compare microbial community composition and net CH4 production 143 

temperature sensitivity between surface sediments deposited by erosion from the surrounding 144 

environment with the underlying thawed in situ permafrost. 145 

 146 

2. Materials and methods 147 

2.1. Vault Lake sediment core description 148 

During March 2013, a 590-cm long sediment core was collected from the center of Vault 149 

Lake, Alaska, USA (65.0293 ºN, 147.6987 ºW) using methods described in detail in Heslop et al. 150 

(2015). Based on 
14

C-dating of macrofossils picked from the sediment core, Vault Lake was 151 

estimated to have formed ca. 400 cal. years BP (Heslop et al., 2015). Heslop et al. (2015) 152 

classified and described in detail the lake profile subdivided into five sediment facies: (F-1) 153 
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surface organic-rich mud, (F-2) lacustrine silt, (F-3) taberite, (F-4) recently-thawed taberite, and 154 

(F-5) frozen transitional permafrost. Briefly, the surface organic-rich mud facies (F-1, 0-152 cm) 155 

represents organic-rich sediments deposited following lake formation, which were exposed to the 156 

lake water column and settled to the lake bottom. The lacustrine silt (F-2, 153-330 cm) facies 157 

represents material that sloughed off the thermokarst lake margin and was exposed to the lake 158 

water column during erosion and re-deposition. The lowest three facies (F-3, F-4, F-5, >330 cm) 159 

comprise the taberite sequence, consisting of Pleistocene-aged yedoma permafrost that either 160 

thawed in situ or is presently thawing and transitioning to taberite beneath the lake. Yedoma 161 

refers to permafrost formed due to syngenetic sediment, peat, and ice accumulation in 162 

unglaciated regions during the Pleistocene and contains high ice and OC contents compared to 163 

other mineral-type permafrost soils (Zimov et al., 2006, Strauss et al., 2017). The taberite facies 164 

(F-3, 331-507 cm) represents yedoma sediments which thawed in situ beneath the lake during the 165 

past ~400 years since lake formation; the bottom section of the taberite, which we estimate 166 

thawed within the past ~50 years based on talik growth functions of Kessler et al. (2012), was 167 

designated as the recently-thawed taberite facies (F-4, 508-550 cm). The frozen portion of the 168 

core beneath the talik that is currently thawing and transitioning to taberite was designated as the 169 

transitional permafrost facies (F-5, 551-590 cm). Taberite sediments are silt-rich, but lack 170 

aquatic macrofossils since they thawed beneath the lake without contacting the overlying water 171 

column. Multivariate statistical analyses conducted by Heslop et al. (2017) on geochemical and 172 

sediment OM molecular composition data from the core indicate sediments from the surface 173 

organic-rich mud facies contained different SOM characteristic than the bottom four facies (F-2 174 

lacustrine silt, F-3 taberite, F-4 recently-thawed taberite, and F-5 frozen transitional permafrost), 175 

which contained statistically homogenous SOM. Due to the statistical homogeneity of their SOM 176 
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(Heslop et al., 2017) and their history of thawing in situ beneath Vault Lake, we interpret the 177 

three lower facies (F-3, F-4, F-5) to represent a 400-year chronosequence of time since 178 

permafrost thaw. 179 

2.2. Vertical temperature profile measurements  180 

Temperature below the sediment-water interface at Vault Lake was measured in 181 

galvanized steel tubes placed in two boreholes [Borehole (BH) 10 and BH13] described in 182 

Heslop et al. (2015). At BH10, located 6.1 m from an actively expanding thermokarst margin in 183 

2013 (Figure 1), the talik thickness was 8.6 m and the lake water column was 1.4 m depth. At 184 

BH13, located in the center of the lake, farther away from the expanding margins, the lake water 185 

column was deeper (4.0 m) and the talik was thinner (5.7 m). At each borehole, we installed 186 

temperature sensors (Onset TMCx-HD, accuracy ± 0.21˚C) at four depths below the sediment-187 

water interface and recorded temperatures hourly from May 2013-April 2019. The temperature 188 

sensor depths were representative of the F-1 surface organic-rich mud (BH10 and BH13: 0.5 m 189 

and 1.0 m), the F-3 taberite (BH10: 6.2 m), the F-4 recently-thawed taberite (BH13: 5.7 m), and 190 

the F-5 frozen transitional permafrost (BH10: 8.9 m, BH13: 6.2 m) facies. 191 

2.3. Anaerobic sediment incubations 192 

We prepared and incubated sediment slurries [mean ± SD 262 ± 121 g dw sediment L
-1

; 193 

range 124-455 g dw sediment L
-1

] from five depths in the core, representing one depth from each 194 

of the five facies described above (Table 1), using methods previously described in Heslop et al. 195 

(2015). Briefly, we used a stir bar to homogenize 150 ±70 cc of lake core sediment with 750 mL 196 

O2-free, sterilized DI water (Milli-Q) while purging the slurry with ultra-high-purity (UHP) N2 197 

gas (Air Liquide). Fifty mL of the homogenized slurry were transferred to each 100 mL glass 198 

serum incubation vial, and each vial was flushed with a constant stream of UHP N2 gas for 5 199 



 

 

11 

minutes prior to being sealed with butyl rubber stoppers and aluminum crimp caps. L-cysteine 200 

(Sigma-Aldrich) was injected in each vial to a concentration of 0.025% wt/v to serve as a 201 

reducing agent, and anaerobic conditions were verified by measuring initial headspace O2 202 

concentrations using gas chromatography (Shimadzu GC-2014). For each core depth, we 203 

incubated sediment slurries in triplicate at four temperatures (0 °C, 3 °C, 10 °C, and 25 °C) 204 

bracketing those found within thermokarst-lake environments. Incubation temperatures were 205 

selected to be representative of temperatures measured in the Vault Lake talik using methods 206 

described above (0 °C, 3 °C, 10 °C) and previously published upper bounds for permafrost OC 207 

incubation studies (25 °C; Vonk et al., 2015). We measured headspace CH4, N2, and O2 208 

concentration monthly using gas chromatography (Shimadzu GC-2014; detection limits 0.1 ppm, 209 

50 ppm, and 50 ppm for CH4, N2, and O2, respectively) for a period totaling 150 days. 210 

Cumulative C-CH4 production potential (mg C-CH4) was calculated as the total mass of net C-211 

CH4 produced in each incubation vial during the 150-d incubation period normalized by the mass 212 

of initial SOC in each bottle (mg C-CH4 g SOC
-1

). 213 

2.4. Temperature sensitivity calculations 214 

We calculate temperature sensitivity in our incubations using two methods. We first 215 

calculate temperature sensitivity across all our incubation temperatures as the slope of a linear 216 

regression between the log of cumulative net C-CH4 production (mg C-CH4 g SOC
-1

) and 217 

incubation temperature (°C; Gudasz et al., 2015). For each facies, cumulative net C-CH4 218 

production of each incubation vial at each incubation temperature was treated as one observation 219 

(n = 1) in the linear regression. Because we treat each incubation vial as one observation, we use 220 

the GC CH4 detection limit (0.1 ppm CH4,) to calculate potential analytical error in measured C-221 

CH4 production. Linear regressions were calculated for each facie (n = 12 observations per facie) 222 
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using MATLAB R2016a software, and 95% confidence intervals were calculated for the slope 223 

and intersect in each linear regression. We report the slope (temperature sensitivity) of the 224 

regression line for each facies, the p-value of the calculated slope, and the R
2
 value of the 225 

calculated slope fit to the observations (Table S1, Figure 2). 226 

To differentiate between temperature sensitivities at colder versus warmer incubation 227 

temperatures for each facies, we also calculated ratios of the mean cumulative net C-CH4 228 

production potentials from the triplicate incubation vials for pairs of incubation temperature 229 

treatments (3 °C : 0 °C ; 10 °C : 0 °C; 25 °C : 0 °C; 10 °C : 3 °C; 25 °C : 10 °C). Temperature 230 

sensitivities were calculated as ratios, as opposed to using Q10 values, to account for variables 231 

such as functional microbial community size and composition that diverge with temperature 232 

during long-term incubations (Bracho et al., 2016) and subsequently affect CH4 production rates 233 

(Wagner et al., 2007, Knoblauch et al., 2013, 2018), potentially causing misrepresentative Q10 234 

values for net CH4 production. 235 

2.5. Microbial community analysis 236 

 We characterized the microbial community composition at four of our incubation facies 237 

(F-1 surface-rich organic mud and the taberite sequence F-3, F-4, and F-5) using sediment 238 

collected adjacent to the incubated sediments from the same lake core. Given the analyzed 239 

sediment subsamples were collected adjacent to the incubated sediment subsamples, we assumed 240 

measured microbial communities are representative of microbial communities both in situ and at 241 

the start of our incubations. Sediments were collected using a sterilized spatula, placed in a 242 

sterilized glass vial, sealed, and immediately frozen until further analyses. Genomic DNA of 4.7-243 

13 g sediment was extracted using the protocol of Zhou et al. (1996). DNA concentrations were 244 
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quantified with a Nanophotometer® P360 (Implen GmbH) and Qubit® 2.0 Flurometer (Thermo 245 

Fisher Scientific).  246 

The 16S rRNA gene for bacteria was amplified with the primer combination S-D-Bact-247 

0341-a-S-17 and S-D-Bact-0785-a-A-21 (Herlemann et al., 2011). The 16S rRNA gene for 248 

archaea was amplified in a nested approach with the primer combination S-D-Arch-0020-a-S-19 249 

and S-D-Arch-0958-a-A-19 in the first polymerase chain reaction (PCR) for 40 cycles and S-D-250 

Arch-0349-a-S-17 and S-D-Arch-0786-a-A-20 in the second PCR for 35 cycles, respectively. 251 

The primers were labelled with unique combinations of barcodes. The PCR mix contained 1x 252 

PCR buffer (Tris•Cl, KCl, (NH4)2SO4, 15 mM MgCl2; pH 8.7; QIAGEN), 0.5 µM of each 253 

primer (Biomers), 0.2 mM of each deoxynucleoside (Thermo Fisher Scientific), and 0.025U µl
-1

 254 

hot start polymerase (QIAGEN). The thermocycler conditions were: 95°C for 5 min 255 

(denaturation), followed by 40 cycles of 95°C for 1 min (denaturation), 56°C for 45 seconds 256 

(annealing) and 72°C for 1 minute and 30 sec (elongation), and concluding with a final 257 

elongation step at 72°C for 10 min. PCR products were purified with a Hi Yield® Gel/PCR 258 

DNA fragment extraction kit (Süd-Laborbedarf). PCR products of three individual runs per 259 

sample were combined. PCR products of different samples were pooled in equimolar 260 

concentrations and compressed to a final volume 10 µl with a concentration of 200ng µl
-1

 in a 261 

vacuum centrifuge Concentrator Plus (Eppendorf). Individual samples were sequenced in 262 

duplicates. Illumina sequencing was performed by GATC Biotech AG using 300 bp paired-end 263 

mode. Due to different sequencing length, we used 20% PhiX control v3 library for better 264 

performance. 265 

The quality of the sequences was checked using the fastqc tool 266 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ by S. Andrews). Sequence raw reads 267 



 

 

14 

were demultiplexed and barcodes were removed with the CutAdapt tool (trim-n; e 0.1; only 268 

consider exact barcodes for mapping; Martin, 2011). The subsequent steps included merging of 269 

reads using overlapping sequence regions PEAR (Q 25; p 0.0001; v 20; Zhang et al., 2014), 270 

standardizing the nucleotide sequence orientation, and trimming and filtering of low quality 271 

sequences using Trimmomatic (SE; LEADING Q25; TRAILING Q25; SLIDINGWINDOW 272 

5:25; MINLEN 200; Bolger et al., 2014). After quality filtering, chimera were removed by the 273 

ChimeraSlayer tool of the QIIME pipeline. Subsequently, sequences were clustered into 274 

operational taxonomic units (OTU) at a nucleotide cutoff level of 97% similarity and singeltons 275 

were automatically deleted. To reduce noise in the dataset, sequences with relative abundances 276 

below 0.1% per sample were also removed. All archaeal libraries contained at least 14,300 277 

sequences, while bacterial libraries contained at least >71,400 sequences. OTUs were 278 

taxonomically assigned employing the Silva database release 128 (Quast et al., 2012) using the 279 

QIIME pipeline (Caporaso et al., 2010). Older taxonomic assignments for archaea and bacteria 280 

were manually corrected according to new publications, e.g. Micellaneous Crenarchaeal Group 281 

(MCG) was renamed to Bathyarchaeota (Rinke et al., 2013, Castelle et al., 2015, Adam et al., 282 

2017). 283 

Sequences have been deposited at NCBI under the Bioproject PRJNA381521with the 284 

sequence read archive accession numbers SRX3047223- SRX3047228 for bacterial and 285 

SRX3047230- SRX3047235 for archaeal sequences, respectively. 286 

2.6. Statistics 287 

All statistical analyses were conducted using MATLAB R2016a software. Values from 288 

each triplicate incubation vial were treated as n=1 for all statistical analyses. We determined if 289 

CH4 production potentials significantly deferred between facies (selected facie versus remaining 290 
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facies at the same incubation temperature) and with warming incubation temperatures (colder v. 291 

warmer temperature for the same facies) using two-sample t-tests. We considered differences 292 

between facies and incubation temperatures statistically significant when p ≤ 0.05. 293 

 294 

3. Results 295 

3.1. Temperatures in the Vault Lake talik  296 

Temperature data were recorded continuously, except for a data gap between 25 July and 297 

11 November 2014; a period between 18-20 January 2017, during which very cold atmospheric 298 

temperatures interfered with the logger operation; and 24 October 2017 to 7 April 2018 in BH13, 299 

due to an animal chewing through wiring. In the profile adjacent to the southern thermokarst 300 

margin (BH10) hourly temperatures recorded from May 2013 to October 2017 ranged from -0.40 301 

to 14.45 ˚C (annual mean ± SD 2.50 ± 3.37 ˚C; Figure 1). In the center of Vault Lake (BH13), 302 

observed temperatures in the vertical profile ranged from -0.40 to 4.51 ˚C (annual mean ± SD 303 

1.11 ± 1.42 ˚C; Figure 1). In both profiles, the shallow sediment depths (50-100 cm below the 304 

sediment-water interface) were warmer (0.14 to 14.45 ˚C) and showed clear seasonal variations 305 

compared to the deepest (5.70 m and 8.85 m) sediments near the thaw boundary (-0.40 to 2.37 306 

˚C), which showed less seasonal variation. Mean annual temperature was 3.26 ± 2.94 ˚C in the 307 

shallower sediments and 0.18 ± 0.59 ˚C near the thaw boundary. 308 

3.2. Net CH4 production potentials 309 

Net CH4 production potentials roughly increased with increasing incubation temperatures 310 

(Figures 2, S2) in all samples except the F-5 frozen transitional permafrost samples, in which the 311 

net CH4 production potential was highest at the 3 ˚C incubation temperature. Cumulative net C-312 

CH4 production potentials during the 150-d incubation ranged from 0.0 to 610 mg C-CH4 g SOC
-

313 
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1 
(Figures 2, S2). Except for at the 25 ˚C incubation temperature, the F-1 surface organic-rich 314 

mud facies produced the most net C-CH4. At the 25 ˚C incubation temperature, the F-3 taberite 315 

facies produced the most net C-CH4 g SOC
-1 

(610 mg C-CH4 g SOC
-1

). The F-5 frozen 316 

transitional permafrost produced the least net C-CH4 at all incubation temperatures except at 3 317 

˚C. At the 3 ˚C incubation temperature, the F-3 taberite facies produced the least net C-CH4 g 318 

SOC
-1

. Full net C-CH4 production potential results are presented in Figures 2 and S2. 319 

3.3. Temperature sensitivities 320 

Temperature sensitivities at each facies, calculated across all incubation temperatures, 321 

ranged from 0.11 to 0.42 (Table S1, Figure 2). The F-1 organic-rich mud facies had the lowest 322 

overall temperature sensitivity, while the F-3 taberite facies had the highest overall temperature 323 

sensitivity. Ratios (R) of net C-CH4 production potentials between different incubation 324 

temperatures in our study ranged from 0.01 to 99,200 (Table 2). At the coldest temperature 325 

interval (3 ºC : 0 ºC), the F-4 recently-thawed taberite and the F-5 frozen transitional permafrost 326 

had the highest R values. At the remaining temperature intervals, the F-3 taberite facies had the 327 

highest R values in our study. Full R results are presented in Table 2.  328 

3.4. Microbial community composition 329 

 The initial archaeal communities of the F-1 mud and F-4 recently-thawed taberite facies 330 

were dominated by methanogens such as Methanobacteriaceae, Methanoregulaceae, 331 

Methanosaetaceae, and Methanosarcinaceae, which collectively accounted for ~84% to 89% of 332 

all sequences. The F-3 taberite facies exclusively revealed Methanoperedenaceae sequences 333 

belonging to the anaerobic methanotrophic clade ANME-2d (Winkel et al., 2019). 334 

Methanoperedenaceae/ANME-2d were also detected in F-4 (1%) and F-5 (15%) facies. In 335 

addition to methanogens and anaerobic methanotrophs, facies F-5 contained high relative 336 
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sequence abundances of Bathyarchaeota (24%), metabolic generalists widespread in anaerobic 337 

systems, and ammonia-oxidizing Thaumarchaeota/ Nitrososphaerales (21%; Figure 3). 338 

The initial bacterial communities in all facies were dominated by Actinobacteria, 339 

Chloroflexi, Firmicutes, Alphaproteobacteria, and Betaproteobacteria, which collectively 340 

contributed 71-85% of all bacterial sequences. Certain taxa only appeared in high relative 341 

abundances in specific facies of the Vault lake core (Figure 4). Taxa such as Plantomycetes and 342 

Saccharibacteria only appeared in the F-4 recently-thawed taberite, Gemmatimonadetes 343 

appeared only in the F-3 and F-4 facies, and Gammaproteobacteria was only observed in the F-1 344 

organic-rich mud. 345 

 346 

4. Discussion 347 

Short-time scale studies (days to years) have shown that time is an important factor in 348 

determining temperature sensitivity of C mineralization, but how temperature sensitivity changes 349 

over long (decades to centuries) time scales is poorly understood. Understanding changes in 350 

temperature sensitivity over these longer time scales is vital to improve estimates of the long-351 

term magnitude of the PCF. Our study utilizes a unique approach for examining how potential 352 

net CH4 production changes in the decades to centuries following permafrost thaw under 353 

saturated anaerobic conditions. Our results suggest that net CH4 production in sediments at the 354 

base of the talik (decadal time scales since thaw) are most sensitive to temperature increases at 355 

lower temperatures, while net CH4 production in sediments which have been thawed for longer 356 

periods of time (centuries time scales) were most sensitive at higher temperatures (Table 2). We 357 

attribute these changes to differences in available substrate and microbial community 358 

acclimation. 359 
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4.1. Temperature sensitivities at decadal timescales since thaw 360 

The F-5 transitional permafrost facies immediately below the thaw boundary had lower 361 

CH4 production potential values and lower temperature sensitivity (overall temperature 362 

sensitivity and 0 °C to 3 °C R values) than the F-4 recently-thawed taberite immediately above 363 

the thaw boundary. We acknowledge that slopes used to calculate overall temperature 364 

sensitivities at the F-4 and F-5 facies had lower (R
2 

< 0.33) fit to our data compared to the slopes 365 

of the overlying (F-1, F-2, and F-3) facies, and p-values which were significant at the α = 0.10 366 

level but not at the α = 0.05 level. The lower R
2
 values in the F-4 and F-5 facies are influenced 367 

by the significant increases in CH4 production between 0 °C to 3 °C at these facies, which we 368 

discuss below. Sediments from the F-5 transitional permafrost facies were frozen when the 369 

sediment core was collected and thawed at the commencement of the incubation, and we 370 

estimate sediments in the F-4 recently-thawed taberite thawed within the past 50 years (Heslop et 371 

al., 2015). This result is consistent with findings from anaerobic incubations of sediment cores 372 

from ice wedge polygons collected in Northern Alaska, where soils above the thaw boundary 373 

produced more CH4 and had greater temperature sensitivity of CH4 production than soils from 374 

the underlying permafrost (Zheng et al., 2018).  375 

We observed the highest 0 °C to 3 °C R values in the F-4 recently-thawed taberite and F-376 

5 transitional permafrost facies. The 0 °C to 3 °C temperature interval is representative of 377 

temperature increases as permafrost thaws and warms and is consistent with in situ temperatures 378 

observed in the temperature profiles at the base of the talik below Vault Lake (BH13 5.7 m and 379 

6.2 m depth; BH10 8.9 m depth). We postulate the high net CH4 temperature sensitivity values 380 

observed in these facies at this temperature interval are due to a combination of a rapid increase 381 

in CH4-producing communities following thaw and freshly-thawed sediments containing greater 382 
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proportions of fresher, more labile SOC compared to the overlying sediments thawed for longer 383 

periods of time. 384 

Methanogens are known to be naturally present in permafrost environments (this study; 385 

Rivinka et al., 2000, Mackelprang et al., 2017, Malard and Pearce, 2018). While methanogenic 386 

activity has been measured at temperatures as low as -20 °C (Rivinka et al., 2000), CH4 387 

production rates in permafrost are extremely low due to a lack of activation energy to initiate the 388 

chemical reactions involved in CH4 production (Davidson and Janssens, 2006, Conant et al., 389 

2011). Permafrost warming and thaw have been associated with increases in the number of 390 

methanogens and subsequent CH4 production rates (Knoblauch et al., 2018, Wei et al., 2018). 391 

We suggest an initial, rapid bloom in methanogen biomass following thaw and the subsequent 392 

mineralization of accumulated, biolabile permafrost SOC compounds due to the input of heat 393 

energy may contribute to the high 0 °C to 3 °C R values we observed in the F-4 and F-5 facies. 394 

Microbial community composition has also been found to control C decomposition responses to 395 

changes in temperature and precipitation in temperate aerobic systems (Glassman et al., 2018).  396 

Archaeal communities in the F-4 recently-thawed taberite facies were dominated (89% 397 

relative abundance) by methanogens and contained low initial abundance (1%) of methanotrophs 398 

(Figure 5). The archaeal community in the F-4 facies mainly revealed acetoclastic methanogens 399 

of the family Methanosaetaceae (64%), which are known to be specialist for cold neutral 400 

environments (Wen et al., 2017). The initial microbial communities in the F-4 facies also showed 401 

sequences related to bacteria (Firmicutes-Clostridiales, Betaproteobacteria-Rhodocyclales, and 402 

Actinobacteria) that are known as soil fermenters in low temperature soil and can produce 403 

precursors for methanogens such as acetate, formate and H2 (Tveit et al., 2015). In comparison, 404 

the observed taxa Saccharibacteria, Burkholderiales, Actionmycetales, and Bathyarchaeota in 405 
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the F-5 transitional permafrost facies are suggestive of the presence of organic material that 406 

needs to break down from polymers to fermentation products, which in turn can be used as 407 

substrate for methanogens. The microbial community in the F-5 facies also showed many taxa 408 

(Alphaproteobacteria-Caulobacterales/Rhizobiales/Rhodospiralles, Planctomycetes-Pirellulales, 409 

and Thaumarchaeota-Nitrososphaerales) that are indicative for oxic conditions during 410 

permafrost formation in the Pleistocene. These results suggest changes in microbial community 411 

composition and biomass during decadal time scales following thaw, which we propose 412 

contribute to the increases we observed in net CH4 production potentials at the 0 °C to 3 °C 413 

temperature interval near the thaw boundary. 414 

In thermokarst lake environments, the permafrost thaw boundary at the outer extent of the 415 

lake's talik has been previously identified as a region of high CH4 production (Kessler et al., 416 

2012, Walter Anthony et al., 2016). We propose this is due to the CH4-producing microbial 417 

communities observed in the F-4 facies consuming recently-thawed, previously unavailable 418 

permafrost OM. In both thermokarst and non-thermokarst lake sediments, CH4 production has 419 

been shown to be highly dependent on substrate availability (Gudasz et al., 2015, de Jong et al., 420 

2018) Permafrost warming and thaw near the thaw boundary remove a major physical barrier to 421 

C mineralization, initializing the rapid mineralization of the most biolabile SOM compounds 422 

(Davidson and Janssens, 2006, Drake et al, 2015, Yang et al., 2016). Independent analyses of 423 

frozen permafrost from the Vault Creek site revealed high proportions of reduced, low molecular 424 

weight compounds in the water-extractable fraction of the SOC (Heslop et al., 2019). These 425 

compounds are considered highly bioavailable and are rapidly depleted following permafrost 426 

thaw (Spencer et al., 2015, Drake et al., 2015, 2018).  427 
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Our results suggest there is an initial spike in net CH4 production in the decades 428 

following permafrost thaw under anaerobic conditions. We attribute this to CH4-producing 429 

microbial communities, which may not have been active in the frozen permafrost, acclimating to 430 

thawed conditions, stabilizing, and consuming accumulated bioavailable SOC.  Our results 431 

suggest net CH4 production in freshly-thawed sediments will increase as methanogen 432 

communities acclimate to thawed conditions. These results are consistent with a recent study 433 

which suggested, following establishment of stable CH4-producing microbial communities, equal 434 

amounts of CO2 and CH4 were produced from thawing permafrost SOC (Knoblauch et al., 2018). 435 

4.2. Temperature sensitivities at century timescales since thaw 436 

Our results suggest that the initial increase in net CH4 production at current in situ 437 

temperatures during decadal time scales since permafrost thaw (F-4 and F-5) will not be 438 

sustained over century time scales following thaw (F-3). This is consistent with findings from 439 

long-term field temperature sensitivity studies conducted in aerobic, non-permafrost systems, 440 

which suggest initial increases in SOC mineralization upon the first several years of warming do 441 

not persist (Conant et al., 2011). Compared to the underlying F-4 recently-thawed taberite facies, 442 

the F-3 taberite facies, representing permafrost which has been thawed for longer periods of time 443 

(up to 400 years based on estimated lake age; Heslop et al., 2015), had lower CH4 production 444 

potential values at lower incubation temperatures (0 °C and 3 °C). However, at our higher 445 

incubation temperatures (10 °C and 25 °C) sediments in the F-3 facies had greater net CH4 446 

production and temperature sensitivity. This is consistent with examinations of boreal lake 447 

sediments, which found that increasing temperature sensitivity was coupled with decreasing C 448 

respiration (Gudasz et al., 2015). In our study, we posit the shift from net CH4 production in 449 

recently-thawed sediments (F-4 and F-5) having the highest temperature sensitivities at colder 450 
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incubation temperatures to net CH4 production in sediments which have been thawed for longer 451 

periods of time (F-3) only responding to warming at higher incubation temperatures is due to 452 

changes in SOC quality and in situ microbial community composition over century timescales. 453 

SOM is composed of a continuum of compounds with increasing molecular complexity 454 

and, consequently, increasing activation energies required for microbial decomposition 455 

(Davidson and Janssens, 2006, Conant et al., 2011, Schädel et al., 2014, Bracho et al., 2016). 456 

Generally, activation energies for more complex molecules are higher due to the higher number 457 

of enzymatic steps needed for biological processing; therefore, per kinetic theory, complex 458 

(lower quality) OC should have greater temperature sensitivity than simpler (higher quality) OC 459 

(Bosatta and Agren, 1999, Conant et al., 2008, Craine et al., 2010, Conant et al., 2011, Gudasz et 460 

al., 2015). This also implies that, as temperatures increase, previously recalcitrant SOM fractions 461 

should become bioavailable due to increased ambient thermal energy and increased chemical 462 

reaction rates. Temperature data collected from the BH-13 vertical profile at Vault Lake suggest 463 

that, as sediments from the F-3 taberite facies historically incubated for centuries in situ beneath 464 

the lake center, they were exposed to temperatures below 10 ˚C, but not temperatures as high as 465 

10 ˚C and 25 ˚C. Over time, our results suggest simpler, higher quality OC compounds may have 466 

mineralized in situ, leaving behind more complex OC compounds that did not have sufficient 467 

activation energies to be processed into CH4 at the temperatures present in the talik. Remaining 468 

fractions of OC may also have been more closely associated with soil minerals, protecting the 469 

OC from in situ mineralization and increasing potential temperature sensitivities with warming 470 

(Gentsch et al., 2018). Increasing temperatures to 10 ˚C and 25 ˚C in the incubations may have 471 

provided additional ambient energy to mineralize a fraction of the OC compounds that had not 472 

been previously mineralized in situ, increasing the potential substrate pool for methanogens. The 473 
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significant increases in CH4 production in the F-3 facies at the 10 ˚C and 25 ˚C incubation 474 

temperatures (Table 2; Figure 2) supports the suggestion that warming the sediments above in 475 

situ temperatures allowed a greater proportion of SOC to be mineralized. We attempted to run a 476 

C pool deconvolution model (Schädel et al., 2014) to estimate the relative sizes of initial SOC 477 

quality pools in each of our samples, but were unable to constrain the model parameters because 478 

most of our samples did not experience exponential declines in CH4 production rates during our 479 

incubation (Figure S2).   480 

Initial microbial communities shifted from predominately methanogens in the F-4 facies 481 

to predominately methanotrophs in the F-3 facies. This observed shift in initial microbial 482 

communities suggests, in sediments thawed centuries, a significant portion of CH4 produced in 483 

situ may also be consumed in situ (Winkel et al., in review). Even though the initial archaeal 484 

community in the F-3 taberite facies showed only anaerobic methanotrophic communities related 485 

to Methanoperedenaceae at a cut-off of 0.1% relative sequence abundance, we could detect 486 

methanogens of mainly Methanocellales, Methanoregulaceae, Methanosarcinaceae, and 487 

Methanosaetaceae in the rare biosphere (Figure S3), which we defined as taxa below 0.1% 488 

relative abundance. We did not detect these rarer taxa of methanogens in the underlying F-4 489 

recently thawed taberite or F-5 transitional permafrost facies, suggesting that methanogen 490 

communities in the F-3 facies were forced to adapt over time in response to decreasing 491 

proportions of available substrate. When we experimentally increased temperatures to 10 ˚C and 492 

25 ˚C in our incubations, our results indicate the resultant increase in potential available substrate 493 

may have triggered a rapid increase in the abundance of methanogens and subsequent net CH4 494 

production potentials (Knoblauch et al., 2018, Wei et al., 2018). Previous studies have found that 495 

optimum temperature ranges for methanogenesis in permafrost soils range from 18 ˚C to 30 ˚C 496 
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(Tveit et al., 2015, Dean et al., 2018). Thus, experimentally warming sediments from the F-3 497 

facies to 25 ˚C may have subsequently increased the availability of potential substrate and 498 

triggered a rapid increase in the abundance of methanogens, creating optimal conditions for 499 

increases in CH4 production rates. 500 

While CH4 oxidation rates also increase with increasing temperatures, the temperature 501 

responses of anaerobic CH4 oxidation rates are largely unknown and it has been suggested that 502 

CH4 oxidation rates in sediment are less temperature-dependent than CH4 production rates 503 

(Schipper et al., 2014). Anaerobic incubations of ice wedge polygon cores from Northern Alaska 504 

found temperature sensitivity of CH4 production was 1.7 to 3.7 times higher than the temperature 505 

sensitivity of CH4 oxidation in the same soils (Zheng et al., 2018). The high R values we 506 

observed in the F-3 facies at our higher incubation temperatures (10 ˚C and 25 ˚C) compared to 507 

our lower temperatures (0 ˚C and 3 ˚C) suggest, in our lake core, warming the thawed permafrost 508 

above in situ temperatures caused CH4 production rates to increase more than anaerobic CH4 509 

oxidation rates, leading to increases in net anaerobic CH4 production potentials. This suggests, 510 

with additional warming, active microbial communities in permafrost thawed centuries could 511 

potentially shift from predominately methanotrophs to back to predominately methanogens.  512 

4.3. Temperature sensitivities in deposited sediments 513 

Sediments from the F-1 facies, which contained significantly higher levels of recently-514 

deposited SOC, generally produced the most net CH4 but had the lowest temperature sensitivities 515 

in our study. This is consistent with recent findings from aerobic incubations of active layer soils 516 

from a different permafrost region, which found that C decomposition rates at 0-10 cm depth 517 

were higher than at 20-30 cm depth, but temperature sensitivity of C decomposition was higher 518 

in the deeper layer (Li et al., 2018). This is also consistent with prior studies of thermokarst lake 519 
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systems, which have shown that the majority (~90%) of CO2 and CH4 produced and emitted 520 

from Alaskan lakes originates from younger C found in more recently-deposited sediments, as 521 

opposed to Pleistocene-aged C found in deeper permafrost (Heslop et al., 2015, Elder et al., 522 

2018). Like the F-4 recently-thawed taberite sediments, which also contained relatively “fresh” 523 

SOC from recently-thawed permafrost, the archaeal communities in the F-1 sediments were 524 

dominated by methanogens (84% of sequences; Figure 3). This agrees with previous 525 

examinations of microbial communities in near-surface thermokarst-lake sediments, which found 526 

higher abundance and diversity of methanogens in sediments with higher OM levels (Crevecoeur 527 

et al., 2016, Matheus Carnevali et al., 2018). This dominance of methanogens, coupled with high 528 

substrate levels and increases in net CH4 production across all temperature intervals, suggests 529 

temperature is a limiting factor in net CH4 production in this facies and future sediment warming 530 

could increase net CH4 production and emissions from the near-surface lake sediments. 531 

Sediments in the F-2 lacustrine silt facies, which have experienced longer times since 532 

deposition (up to 400 years based on estimated lake age; Heslop et al., 2015), had greater 533 

temperature sensitivity and higher R values than the more recently-deposited F-1 mud facies. 534 

Geochemical data measured by Heslop et al. (2015) show this facies also has lower SOC content 535 

than the overlying F-1 facies. We suggest the lower SOC and higher R values in the F-2 facies 536 

compared to the F-1 facies are the result of in situ CH4 production over time depleting the most 537 

labile substrate. Initial microbial communities in the F-2 lacustrine silt sediments were not 538 

analyzed. 539 

Unlike recently-thawed sediments in the taberite chronosequence (F-4, F-5), sediments 540 

deposited following lake formation (F-1, F-2) experienced exponential increases in net CH4 541 

production across all temperature intervals, as indicated by high R
2
 values (R

2
 = 0.73) when 542 



 

 

26 

fitting the log of CH4 production versus incubation temperature (Figure 2). Also unlike the 543 

thawed taberite chronosequence, we did not observe temperature thresholds where net CH4 544 

production sharply increased in the F-1 and F-2 facies. Differences in in situ temperatures may 545 

contribute to these differences. Temperature data collected from depth corresponding to the F-1 546 

facies in the Vault Lake profiles (0.5 m and 1.0 m depth in both profiles) showed clear seasonal 547 

temperature fluctuations at depths consistent with deposited sediments in the F-1 and F-2 facies 548 

(Figure 1). In the lake center (BH13), shallow sediments experienced in situ seasonal 549 

temperature variations ranging from 1.26 ˚C to 4.51 ˚C; sediments in the near-shore profile 550 

(BH10) experienced larger seasonal fluctuations of 0.14 ˚C to 14.45 ˚C. This suggests microbial 551 

communities in deposited sediments seasonally adapt in response to fluctuating temperatures, 552 

and thus may have been more readily responsive to warming during our incubations.  553 

4.4. Conclusions 554 

In this study, we used microbiological data and trends in net CH4 production potentials to 555 

show that century-scale time since permafrost thaw affects both methanogen community 556 

composition and temperature sensitivity of CH4 production. We suggest that these changes are 557 

due to changes in SOC quality and in situ microbial community composition over time. While 558 

we only examined one core and further research is necessary to determine if our findings are 559 

widespread across different thermokarst lake environments, our approach of using sediments 560 

from a core collected from a thermokarst lake talik is particularly relevant in refining estimates 561 

of the long-term magnitude and timing of the PCF given that, with climate warming, taliks are 562 

anticipated to become widespread in northern permafrost regions, covering up to 14 million km
2
 563 

and emitting up to 120 Pg C by 2300 (Parazoo et al., 2018). 564 
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Recently-thawed sediments (decadal time scales since thaw) collected from the F-4 565 

recently-thawed taberite and F-5 transitional permafrost were most sensitive to warming at lower 566 

temperatures. Initial microbial community composition data suggest the increases in net CH4 567 

production are due to the establishment of stable, cold-adapted CH4-producing communities in 568 

the years to decades following thaw. Increased time since thaw (century time scales) in the F-3 569 

taberite lead to a shift in initial microbial communities from being predominately methanogens 570 

(F-4) to predominately methanotrophs (F-3). However, in the F-3 facies we also observed the 571 

highest overall CH4 production temperature sensitivities and significant increases in net CH4 572 

production when we experimentally increased temperatures above observed in situ temperatures, 573 

suggesting additional ambient energy allows a greater proportion of thawed OC to be 574 

mineralized and microbes associated with CH4 production had a greater temperature response 575 

than microbes associated with CH4 oxidation. This suggests, on centuries time scales following 576 

permafrost thaw, additional warming could potentially reduce mitigation effects of CH4 577 

oxidation. In contrast to the thawed permafrost sequence (F-3, F-4, F-5), sediments deposited 578 

following lake formation (F-1 and F-2) generally followed exponential increases in CH4 579 

production across the full incubation temperature range and had the lowest overall temperature 580 

sensitivity values. This suggests our observed thresholds where net CH4 production sharply 581 

increased in the thawed permafrost sequence (F-3, F-4, F-5) are a property of time since 582 

permafrost thaw.  583 
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Tables  599 

Table 1. Initial characteristics of each sediment subsample (n = 1 subsample per depth), 600 

modified from Heslop et al. (2015). 601 

Sample   Geochemistry 

ID Facies Depth in 

Core (cm) 

SOC N SOC:N 

 (% wt) (% wt)  

F-1 Surface organic-rich mud 8 4.8* 0.5* 10.6 

F-2 Lacustrine silt 178 1.6 0.1 17.8 

F-3 Taberite 384 1.0 0.1 9.6 

F-4 Recently-thawed taberite 550 1.1 0.1 9.2 

F-5 Frozen transitional 

permafrost 

582 1.1 0.2 6.6 

* Statistically significant (p ≤ 0.05) difference from other facies 

  602 
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Table 2. Ratios of cumulative net C-CH4 production potentials between incubation temperatures. 603 

Ratios were calculated using mean cumulative net C-CH4 production potentials from the 604 

triplicate incubation vials. 605 

Facies 3 ºC : 0 ºC 10 ºC : 0 ºC  25 ºC : 0 ºC  10 ºC : 3 ºC  10 ºC : 3 ºC  25 ºC : 10 ºC  

F-1 1.1 9.9 14.0
 γ
 8.6 12.2 1.4

 γ
 

F-2 4.1 131
 γ
 436

 γ
 32.4

 γ
 107

 γ
 3.3

 γ
 

F-3 5.1 1,470
 γ
 99,200

 γ
 289

 γ
 19,400

 γ
 67.3

 γ
 

F-4 365 4.7
 γ
 86.5

 γ
 0.01

 γ
 0.24

 γ
 18.4

 γ
 

F-5 46.4 140
 γ
 20.9

 γ
 3.0

 γ
 0.45

 γ
 0.15

 γ
 

γ
 Higher incubation temperature warmer than in situ temperatures observed at similar depth in the 

Vault Lake talik (Fig. 1) 

  606 
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Figures  607 

  608 
Figure 1. Location map of Vault Lake and the sediment core and temperature profile locations 609 

within Vault Lake. The aerial photograph of Vault Lake was taken 14 October 2011 by J. 610 

Cherry. Temperature data at Vault Lake were recorded hourly from May 2013 through April 611 

2019 at BH13 and BH10. Temperature sensor depths are representative of the F-1 surface 612 

organic-rich mud (BH10 and BH13: 0.5 m and 1.0 m), the F-3 taberite (BH10: 6.2 m), the F-4 613 

recently-thawed taberite (BH13: 5.7 m), and the F-5 frozen transitional permafrost (BH10: 8.9 614 

m, BH13: 6.2 m) facies. Atmospheric temperature data are mean ±  SD daily mean temperatures 615 

from Fairbanks, AK (ACIS Station Fairbanks AP #2) during the same time period.  616 
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  617 
 618 
Figure 2. Net methane (C-CH4) production potentials and temperature sensitivities during the 619 

150-day anaerobic incubation period at four incubation temperatures. Analytical error bars for 620 

CH4 production are not visible due to error being smaller than the marker size. Temperature 621 

sensitivities were calculated using linear regression as the slope of net C-CH4 production 622 

potentials versus the incubation temperature; each point represents one incubation vial (n = 12 623 

observations per facies). Please see Table S1 in the supplementary information for 95% 624 

confidence intervals of calculated temperature sensitivity slope parameters.   625 
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 626 
 627 
Figure 3. Relative sequence abundance of archaeal 16S rRNA genes in sediment facies of the 628 

Vault lake core. Archaeal taxa over 0.1% relative abundance are shown to genus level.  629 
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 630 
 631 
Figure 4. Relative sequence abundance of bacterial 16S rRNA genes in sediment facies of the 632 

Vault lake core. Bacterial taxa over 0.1% relative abundance are shown to order level.  633 
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