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Abstract 

 
Soils in polar environments have acted for thousands of years as carbon sinks. Now, about 

1330–1580 Pg C of carbon is stored in these soils. However, as a result of global warming, soils 

are thawing and releasing greenhouse gases (GHG) such as methane and carbon dioxide. In 

order to help understand this phenomenon, this study focused on the relationship between 

carbon emissions and soil parameters, as well as microbial evolution during a permafrost thaw 

equivalent to the time of an Arctic summer. Therefore, these samples from the Lena Delta and 

samples with different moisture conditions were incubated at two different temperatures and 

microbiological assessment was performed in parallel. Samples located in upland or on the slop 

remained in a lag phase during the whole incubation, while those located in the floodplain 

showed a high production of CH4 and CO2. A relationship was established between these high 

productions and landscape localisation. Annual or biannual flooding allowed to establish 

favourable methanogenesis conditions. The presence of a higher number of methanogenic 

Archaea in the active layer of the floodplain supported this hypothesis. 

 

Résumé 

 
Les sols situés dans les environnements polaires ont pendant des millénaires agit comme des 

puits de carbone. A l’heure actuelle, environ 1330–1580 Pg Cde carbone sont stockés dans ces 

sols. Cependant, suite au réchauffement climatique, les sols fondent et par la même occasion, 

relâchent des gaz à effet de serre tels que le méthane ou le dioxyde de carbone. Afin de participer 

à la compréhension de ce phénomène, cette étude s’est concentrée sur les relations entre les 

émissions de carbone et les paramètres du sol, ainsi que l’évolution microbienne lors de la fonte 

de pergélisol, équivalent au temps d’un été Arctique. Des échantillons provenant du Delta de 

Lena et possédant des conditions d’humidité différentes ont été incubés à deux températures 

différentes et un suivi microbiologique a été effectué en parallèle. Les échantillons localisés 

dans des zones peu humides sont restés en phase de latence durant toute l’incubation alors que 

ceux situés dans la plaine alluviale ont montré une forte production de CH4 et CO2. Ces fortes 

productions ont été reliées à la mise en place des conditions de methanogénèses favorables suite 

aux inondations annuelles ou biannuelles. La présence d’un nombre plus élevé d’Archées 

méthanogènes dans la couche active de la plaine alluviale a conforté cette hypothèse.  
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Introduction 
 

Since almost 40 years, scientists alert about climate change. The last IPPC report predicts four 

scenarios of global increase temperature with a magnitude of 8 °C for the most extreme scenario 

(IPPC, 2014). However, Polar Regions are warming faster than the rest of the Earth, hence, a 

global temperature rise of +1.5 °C means an increase of +8 °C in Polar Regions (IPPC, 2001). 

Boreal soils store around 1300 Pg of carbon (C) (Tarnocai et al. 2009). Much of this Carbon is 

found in frozen soils, where the temperature remains below 0 °C for more than two consecutive 

years, which are called permafrost. During summer, the upper part of frozen soils thaw, this is 

the active layer. Nevertheless, with climate change, permafrost thaw will increase and this will 

reduce permafrost C pool by releasing mineralized C in the atmosphere (Dutta et al. 2006; 

Edward A. G. Schuur et al. 2009; E. A. G. Schuur et al. 2013). Transformation of Arctic soils 

from sinks to source of carbon will increase climate forcing (dean et al). Permafrost greenhouse 

gas releases are composed of methane (CH4) and carbon dioxide (CO2) (Wagner et al. 2007; E. 

a. G. Schuur et al. 2015; Knoblauch et al. 2018). CH4 is mainly produced in anoxic conditions, 

even it can be produced in aerobic conditions, but in lower quantities (E. a. G. Schuur et al. 

2015; Angle et al. 2017). As for the CO2, it is produced in both, anaerobic and aerobic 

conditions (E. a. G. Schuur et al. 2015). Even though CH4 has a global warming potential 34 

time higher (Wigley 1998) , CO2 is released in higher quantity, making its impact on climate 

warming greater. Many settings influence GHG production, including the quality and quantity 

of organic matter (Fox et Cleve 1983; Hobbie 2000) that provides decomposable carbon. 

Temperature (Fox et Cleve 1983; Neff et Hooper 2002), wetness conditions and water table 

position favour the establishment of anoxic conditions (Morrissey et Livingston 1992; Whiting 

et Chanton 1993). Vegetation provides both a transport pathway from the soil to the atmosphere 

and a supply of nutrients in the form of root exudates (such as glucose) that stimulate microbes 

(King et Reeburgh 2002). Numerous studies tried to quantify methane emissions or to 

understand carbon production via long-term studies (Lee et al. 2012; Knoblauch et al. 2018; 

Walz et al. 2018; Holm et al. 2020). On the other hand, microbial communities and their 

behaviour in permafrost have been identified as main controls on emissions (Liebner et Wagner 

2007; Wagner et al. 2007; Mackelprang et al. 2011). Two main species have been detected, 

methanogen Archae, which produce methane and methanotroph bacteria ((Wagner et al. 2007; 

Koch, Knoblauch, et Wagner 2009; Knoblauch et al. 2018), which consume methane (Roslev 

et King 1996). Notwithstanding, few studies tried to establish and understand relationships 

between microbial communities and permafrost thaw especially in short-term (summer Arctic 

time) incubation.  

This study aimed to understand and quantify how carbon may be lost during short-term 

permafrost thaw. The study focused on links between GHG emissions and microbes shift during 

short-term permafrost thaw under anaerobic conditions. To temperature were used for the 

incubation and samples were chosen according to different locations characterizing distinct 

wetness conditions. In addition, glucose was added at the end of incubation to test the influence 

of root exudates on GHG production. The objectives of the study were to: (1) Quantify CH4 and 

CO2 production during a short-term incubation; (2) Establish relationships between CH4 and 
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CO2 production and microbes (methanogens and methanotrophs); (3) Identify settings and 

controls that drive gas production rates in thawed permafrost soils. It was expected to have (1) 

higher production and microbe quantity at 20 °C than 4 °C, for both CH4 and CO2; (2) Have 

samples unable to produce CH4 during the incubation time; (3) Higher GHG production for 

samples coming from wetland.  

Sustainable development is "development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs" (Gro Harlem 

Brundland, 1987). This definition corresponds to a development that is at the crossroads of 

environmental, societal and economic issues. 

This study is part of a larger project to characterise the permafrost of the Lena Delta. The aim 

of this project is to understand the influence of climate change and the involvement of physico-

chemical soil phenomena in greenhouse gas emissions. Indeed, the permafrost has been for 

years a carbon sink, but its storage capacity is strongly threatened, which would cause important 

GHG emissions. Quantifying and understanding this phenomenon is essential in order to 

anticipate and minimise the release of greenhouse gases that are largely responsible for the rise 

in temperature.  

This project is essentially focused on environmental issues. However, a better understanding of 

the potential impacts of global warming in polar environments also allows for a dialogue with 

local populations who are directly affected by these changes.  

The experimental parameters were determined in such a way as to be realistic with the present 

and future climatic conditions in the polar environments. This allowed for better modelling and 

therefore prediction of potential greenhouse gas production in this part of the world. 

The study of permafrost allows us to understand the impact of climate change on polar 

environments, to quantify future emissions, and to raise awareness of climate change among 

the population and politicians. These results, integrated into reports such as the IPCC, also help 

to raise political awareness of the dangers of climate change in these environments and to push 

for the implementation of real climate measures.   
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Presentation of Alfred-Wegener-Institute 

1. Alfred-Wegener-Institute and permafrost section  
 

Alfred Wegener Institute is a research centre focused on polar ecosystems. They aim to 

understand the role and future evolution of Polar Regions in relation to climate change. All 

aspects of Earth system are studied in different ways: biosciences (ecological chemistry, costal 

ecology, etc), Geosciences (Permafrost, Geophysics, etc), Climate sciences (Sea ice physics, 

Palaeontology dynamics, etc). There is also a science outreach section to disseminate scientific 

researches and raise awareness about climate change.  

As well as laboratory work, field trips are an important part of the Institute. Numerous 

expeditions are realised for data acquisition in polar stations, by ship or aircraft, both in Arctic 

and Antarctic. This provides a large overview of the different Polar Regions around the world.  

     

2. FluxWIN project  
 

The FluxWIN project belongs to the Permafrost section. It focuses on the dynamics of 

greenhouse gases in summer and winter, as well as the impact of vegetation on carbon and 

nitrogen (N) cycles. To understand greenhouse gas emissions, the main part of the project is to 

link greenhouse gas monitoring in different Nordic environments in Finland, with modelling. 

This will also provide information on the temporal dynamics of winter in Nordic environments, 

such as time-scale changes of winter due to the climate change.  

The project also investigates the impact of permafrost thaw on greenhouse gas emissions and 

the future evolution of these soils in a context of climate change. 
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Materials and methods   

1. Site description 

 

Samples were collected in 2018 in the island of Kurugnakh (72.333 N, 126.283 E), region of 

Lena Delta, Siberia. Lena Delta is located in the North of Siberia and is the largest delta in 

Arctic (Grigoriev, M.N. 1993). The Delta is characterised by three distinctive 

geomorphological regions. The first terrace (Holocene age) is composed of floodplain and 

polygonal tundra. The second terrace has sandy low-ice content sediment. The third is an 

erosional remnant of Late Pleistocene with ice-rich, organic-rich sediments (Grigoriev, M.N. 

1993).Kurugnakh Island belongs to the third river terrace; it is composed of fluvial sandy 

sediments at the base, and Ice Complex Yedoma, for most of the Island. Ice complex is 

composed of cryoturbated silty sands and peaty deposits of the Holocene (Schwamborn, 

Rachold, et Grigoriev 2002).  Thermokarst lakes and wetlands are part of the Island due to 

thermo-erosional activity (Morgenstern et al. 2013).   

 

The region is on an Arctic continental climate, the mean year temperature is -12 °C, with nine 

months winter (Boike et al. 2013). The vegetation of the Lena Delta is mostly characterised by 

polygonal tundra, moss-dominated tundra and wet sedges (Kruse et al, 2019). This area was 

chosen because it is a well referenced site, with the possibility to easily compare with other 

results.  

 

 

Figure 1: Localisation of Kurugnakh Island in Lena Delta (Siberia). The cores were collected in 2018 and 

the cores used for this study are: P15, P16, P17 are localised inside the white square. Source: Kruse et al, 

2019. 
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2. Sample characteristics 

2.1. Sample and site-sample description 
 

Among all the samples that were collected in 2018, three cores, P15, P16 and P17 were chosen 

for this study. They were respectively localised in an upland, a slope and a floodplain (Figure 

1). As P17 is a floodplain, the area is occasionally flooded. These cores were chosen according 

to these conditions:  

 Geographical proximity between the cores to maximise the probability of having the 

same paleoenvironmental conditions and then, to have comparable samples.  

 Similar vegetation as far as it was possible, because vegetation impacts CH4 production 

(Treat et al. 2015)  

 Moisture gradient due to landscape position  

 Similar ice composition 

 

Moreover, few studies have been done with floodplain; however, some results indicate hight 

CH4 emissions (van Huissteden, Maximov, et Dolman 2005). It therefore seemed interesting to 

compare sites located in different parts of a slope.  

According to field observations, P15 was composed of silt and was ice-rich. P16 was silty and 

sandy and P17 was mainly sandy. Active layers of these three cores were respectively 0.45m, 

0.70m and 0.36m. From each core, two samples were chosen, the first one in the active layer 

and the second one in the frozen layer (Table 1). The depth was chosen in order to have similar 

composition for each sample. Moreover, as the active layer is impacted by environmental 

conditions like temperature changes, it was decided to select active layer at the same depth and 

with similar characteristics (presence or not of roots, ice shape). Samples from the top of active 

layer were not selected due to the presence of organic layers. Because of the presence of 

oxidation patches in the active layer, the sample chosen for the active layer of P17 was upper 

than for the two other cores.  

The vegetation varies from P15 to P17. P15 was a dry station and its vegetation was composed 

of mosses, sedges, lichen and some grasses. P16 was collected in the lower third part of the slop 

where the most dominant vegetation was Salix. Salix and mosses dominated the last core.  
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Table 1: Description of the samples used for the study. Samples with *referee to samples from active layer.   

Samples Depth 

(cm) 

Observations 

KUR18-P15-YED-4* 38-45 compact silt, grey, with brown organic inclusions 

KUR18-P15-YED-7 79-84 ataxitic (very ice-rich) ice structure, silt grey 

KUR18-P16-SLO-3* 7-14 silt, brown with roots, organic rich, slightly sandy, compact 

KUR18-P16-SLO-7 100-105 structureless to micro-lenticular, silt, grey-brown 

KUR18-P17-FLO-2* 28-35 organic rich silt with roots 

KUR18-P17-FLO-7 76-81 Sand. Mix of grey and brown layers, almost no visible ice.  

 

The cores were subsampled in a climate chamber at -4 °C with a hammer and a chisel instead 

of a saw, to limit contamination (Figure 2). Between each subsampling, the bench and the tools 

were cleaned with ethanol. All the samples were split in three parts, one for soil characteristics 

measurements, another for the incubation and the third for the microbe quantification. Each 

subsample was weighted. Some samples had thawed during the transport in 2018. For them, 

special care was taken to collect the only parts that had not thawed (Figure 2).   

 

 

 

Figure 2: Subsampling of permafrost samples with a hammer and a chisel in the climate chamber. KUR18-P17-FLO-2 

sample (a); subsampling KUR18-P15-YED-7 (b); KUR18-P16-SLO-7 subsampled with micro lenticular ice-structure and 

the vein (on the left) that shows the part which thawed during the transport (c).  
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2.2. Soil characteristics 
 

Electronic conductivity, pH and water content were measured for each sample. These settings 

have a strong influence on microbial communities and may impact methane and carbon dioxide 

emissions during the incubation (Schädel et al. 2020). Moreover, the Total Organic Carbone 

(TOC), Total Carbon (TC) and Total Nitrogen (TN) were measured to normalize the carbon 

production rate and to characterise the quantity and quality of organic matter (Knoblauch et al. 

2018; Schädel et al. 2020). For these measurements, samples were thawed at room temperature.  

 

2.2.1. pH and conductivity  
 

It has been chosen to measure pH and conductivity from pore water for a better comparison 

between samples. The pore water was extracted with a rhizon soil moisture sampler (diameter: 

0.1-0.2 µm) (Figure 3). Before insert the rhizon, samples were mixed by hand to homogenise 

them. For driest sample, it has been necessary to close the top of the sample bag to avoid water 

loss and to wait a couple of hours for collecting the water. To measure conductivity, the probe 

needs to be entirely covered by the solution. Thus, for each sample, at least 4 mL had to be 

collected. Then the conductivity and the pH were measured respectively by a pH-meter and a 

conductivity meter (Figure 4). The pH-meter is stored in KCl solution, thus, the conductivity is 

always measured before pH to not contaminate the sample for conductivity measurements.   
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Figure 3: Pore water extraction setup from permafrost thawed sample. Extraction of the pore water with a 

Rhizon at room temperature. 

 

Figure 4: Conductivity (a) and pH (b) measurements of the pore water. 
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2.2.2. Carbon-Nitrogen and texture measurements 
 

Firs, the samples were freeze-dried during three days at 60 °C (Figure 5). This method is less 

destructive than the traditional oven because of a lower temperature (60 °C instead of 125 °C), 

and faster. Then, 2 cm3 were taken and milled with a planetary mill (Figure 6) during eight 

minutes at 360 Rotation Tour per Minutes. The TOC, TC and TN were measured with a 
carbon-nitrogen-sulfur (CNS) analyser (Elementar Vario EL III). Each sample was measured 

twice, and for each series of measurements, standards and blanks were used to ensure reliable 

analytical measurements.  

 
 
 

 

Figure 5: Oven sets up at 60 °C. Samples inside were put frozen and covered with tissue to avoid projection 

and contamination from other samples. 
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Figure 6: Planetary mill, which mills samples (a). The red square (a) corresponds to one box fills with 

sample. Zoom in on a sample milled after eight minutes in the planetary mill due to to small bowls (b).   

 

Leftovers of the samples were used for grain size characterisation. The texture analysis were 

made with a laser (Mastersizer 3000) settled at 2mm (Figure 7). Only the mineral part of the 

samples was analysed, thus the organic part was destroyed before, using 3% H2O2. H2O2 can 

change the pH of the soil and minerals might be damaged by extreme pH, therefore, daily pH 

adjustments were made. Once all the organic compounds were eliminated, the samples were 

centrifuged, freeze-dried and analysed with the laser. For laser analysis, each sample was split 

in eight glasses contents with a rotary sample divider. Then each glass content was measured 

three times with laser to have the most accurate results as possible (Appendix 1: Protocol of 

grain size analysis). 
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Figure 7: Grain size analyse with a Mastersizer settled at 2mm. Samples were introduced into the Malvern 

part and then measured via diffraction. Samples were carried with distilled water.  

 

2.2.3. Water content and bulk density 
 

The samples were weighted before and after the freeze-drying process and the water content 

was calculated with the equation (Eq (1)). 

 

𝜃𝑤 =  
𝑊𝑒𝑡𝑤𝑒𝑖𝑔ℎ𝑡 − 𝐷𝑟𝑦𝑤𝑒𝑖𝑔ℎ𝑡

𝑊𝑒𝑡𝑤𝑒𝑖𝑔ℎ𝑡
𝐸𝑞 (1) 

Where:  

 

Θw : water content 

Wetweight: weight of the frozen sample 

Dryweight: weight of the freeze-dried sample 

 

The volume of the sample was measured on the field to calculate the wet bulk density. The 

density was calculated from the water content of the sample (Fuchs, 2018) (Figure 8). The 

water content was chosen instead of the total organic carbon because the regression is more 

reliable (R²= 0.85, Figure 8).   
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Figure 8: Estimation of the dry bulk density from the absolute water content (red curve) and from the 

total organic carbon (blue curve)  (Fuchs, 2018).  
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3. Incubation 

3.1. General incubation set-up 
 

Samples were incubated in anaerobic condition during 60 days at two temperatures, 4 °C and 

20 °C. Three replicates were made per samples, for a total of 36 samples. They were thawed 

overnight and prepared into a glovebox at 7 °C in oxygen free condition. For a better 

homogeneity, they were mixed and then, 13g of wet soil were collected and inserted into a 120 

mL vial. For anaerobic incubation, anoxic conditions are required, e.g. anoxic headspace. 

However, according to Henry’s Law, the more water there is, greater the dissolution of gases 

is. Thus, it has been decided to add sterilized tap water only for samples with moisture less than 

30% in order to limit the effect of gas dissolution. The exact amount of added water was 

calculated from the dry soil weight (Appendix 2: Calculation of added water for incubation). 

Flasks were closed with rubber stopper and aluminium lids. Sample headspace was exchanged 

with pure nitrogen for 1 minute to eliminate potential O2 inside the vials (Figure 9). 

Prepared samples were stored at 1 °C during the night to avoid triggering microbial activities 

before the measurement of t0. After the first measurement, samples were stored in the dark at 

4 °C and 20 °C into and incubator. 

 

Figure 9: Sample, which is flushing with N2 injection. The second needle allows gas to go out. The vial is 

closed with a rubber stopper (black) and aluminium lid to be airtight. 
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3.2. Substrate addition of glucose  
 

Substrate was added to understand the different gas production between samples. Root exudates 

increase microbe activities and microbe quantities (Adamczyk, Rüthi, et Frey 2021). Glucose 

is a very common root exudates which can be easily found. This is why it has been decided to 

add glucose as a substrate. Therefore, after 60 days of incubation, 0.7 mg per gram of dry weight 

of glucose were added in two replicates among the three1. The glucose was diluted with milli-

Q water in order to obtain a 100g.L-1. Then glucose solution and milli-Q water were sterilized 

into an autoclave. Solutions were injected via a syringe to minimise soil disturbance (Pegoraro 

et al. 2019). The same amount of water without glucose as the glucose solution was added to 

the third replicate to ensure differences in gas production are due solely to glucose addition 

(Pegoraro et al. 2019; Adamczyk, Rüthi, et Frey 2021). The water with and without glucose 

were stored into the incubators (4 °C and 20 °C) to be at sample temperatures. Glucose addition 

was carried out in oxygen free condition, inside the glove box.  

Two injections of glucose were made. The first was injected the day 61 and the second, the day 

64.  

Effects of glucose are usually very fast (Yavitt, Williams, et Wieder 1997), therefore, after 

glucose addition, gas was measured every day during a week. However, after the first injection, 

any effect of glucose was seen during gas measurements. Thus, 3 days after the first glucose 

injection, a second injection was carried out with the double amount of glucose solution (1.4 

mg per gram of dry weight of glucose). Measurements were stopped one week after the first 

injection because of lab schedule. 

  

                                                        
1 This method is not statistically correct, there should have been six replicates for each sample from the beginning, 

and then glucose added in three of them to have at least three replicates for each conditions. However, this solution 

was note doable with the time of MSc Thesis.  
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4. CO2 and CH4 analyses 

4.1. Measurements 

 

CO2 and CH4 in the headspace were measured with a gas chromatograph (7890A, Agilent 

Technologies, USA) with flame ionization detection (FID). Temperature in the column was 50 

°C with a flow of 15mL/min and a runtime of 4.5 minutes. Helium served as a carrier gas. 350 

µL of gas was taken from the samples with a Hamilton gastight syringe. Then, the syringe was 

flushed with 100 µL of gas between each sample. 250 µL of gas were inserted into the GC with 

the Hamilton syringe. Before each sampling, the flask lid was sterilised by inflaming the lid 

with 99% Ethanol. First measurements were realised before starting incubation (t0). During the 

first week, measurements were carried out every two days, then twice a week for three weeks 

and after, once a week until 60th day. Gas production varies more at the beginning, therefore, it 

was important to measure samples more often at the beginning of the incubation.   

The incubation vials were flushed when CO2 concentration reached 1E+04 ppm to avoid gas 

saturation inside the flask. When flasks needed to be flushed, the gas concentration was 

measured before and after flushing in order to calculate the production rate.   

 

4.2. Calculation of the production rate  

 

Soil samples were water saturated, and then a part of produced gas was dissolved into the water 

(Henry’s Law). Thus, gas production calculated only with headspace concentration is lower 

than the reality. The measured headspace concentration should be corrected in order to have the 

real gas production. However, water was added only for reaching water saturation, which means 

that gas dissolution was limited by the few amount of water. Moreover, when the system is not 

disturbed, the gas equilibrium between air and water is reached after 10 minutes 

(Schwarzer,2021). As the vials were incubated in anaerobic condition during a long time (60 

days), no air went through the vials and there have been no perturbation of the air/water 

equilibrium. For these reasons, it has been decided to not consider the effect of gas dissolution 

in the production rate calculation.   

 

The production rate of each gas was calculated from the method of Robertson et al. 1999 with 

R version 4.0.5: 

1) Concentrations in ppm were converted in µg/L (Eq (2)) 

2) Determination of the change in gas concentration (Crate) between two measurements. 

Crate was calculated by linear regression.  

3) Calculation of the normalized mineralisation rate (F) with the Eq (3)  

4)  Calculation of the mean over the replicates.  
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𝐶𝑚 =
𝐶𝑉 ∗ 𝑀 ∗ 𝑃

𝑅 ∗ 𝑇
    𝐸𝑞  (2) 

Where:  

Cm = gas concentration in µg CO2-C/L or CH4-C/L headspace 

Cv = gas concentration CO2-C/L or CH4-C/L headspace (ppm) 

M = molecular weight of CO2-C or CH4-C (12µg/µmol) 

P = barometric pressure (1 atm) 

R = universal gas constant (0.0820575 L atm.°K.mole) 

T = incubation temperature (°K) 

 

𝐹 =
𝐶𝑟𝑎𝑡𝑒 ∗ 𝑊

𝑇𝐶  
   𝐸𝑞(3) 

 

Where:  

 

F = C mineralization rate (µg CO2-C.g C-1.d-1)2 

Crate = change in gas concentration between two measurements (µg CO2-C/L or CH4-C.L  

headspace-1.d-1) 

W = dry mass inside the vial (g) 

TC = initial carbon (gram dry weight) 

                                                     

4.3. Calculation of the glucose factor 

 

In order to calculate the order of enhancement of glucose for CH4 and CO2 production, a glucose 

factor was calculated for each day from day 62 to day 67 of incubation. This calculation method 

was chosen in order to assess the evolution of the glucose factor. 

𝐺𝑓 =  
(𝑃𝑔𝑖  − 𝑃𝑔𝑖)

𝑃𝑖
     𝐸𝑞(4) 

Where:  

Gf = glucose factor (%) 

Pgi = CH4 production rate at i days for samples with glucose. Where i ϵ [62;67] days.  

Pi = CH4 production rate at i days for samples without glucose 

The same calculation was made with the total C emissions at 67 days instead of the production 

rate. This second method identifies the total impact of glucose on C emissions.  

5. Microbe quantification  

 

                                                        
2 The same calculation without divided by TC was made to obtain C mineralisation rate per gram dry weight (µg 

CO2-C.g Soil-1.d-1) 
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Methanotrophs Archae and methanogens bacteria were quantified with quantitative PCR-

amplification (qPCR). Around 2g of soil were sampled with a sterilized spatula and put inside 

sterile eppendorff vials at different time:   

1) Before sample thaw (6 samples) 

2) When the samples were just thawed (6 samples at 20 °C and 6 at 4 °C) 

3) After 60 days of incubation (36 samples ) 

4) 7 days after glucose addition (36 samples) 

However, because of laboratory move it has been possible to analyse 26 samples instead of 90. 

It has been decided to analyse only one replicate for each sample soil for the following 

conditions:  

- frozen samples (x6) 

- incubated samples (12) 

- Two of the most interesting samples after glucose addition for the four different 

conditions (with and without glucose at 4 and 20 °C) (x8) 

Then, DNA extractions (Figure 10) were carried out with GeneMATRIX Soil DNA Purification 

kit (Appendix 3: DNA extraction instruction from GeneMATRIX Soil DNA). After DNA 

extraction, the DNA concentration was measured with fluorescence with the Qubit kit (Figure 

11) and qPCR with Bio-Rad Laboratories,Inc., Hercules, USA) and the primer set mlas-

F/mcrA-R (Hales et al. 1996). 

Quantification of microbes via qPCR is done with the identification of specific DNA sequences 

coding for specific enzymes. The gene coding for methyl coenzyme-M reductase enzyme 

(mcrA) (Thauer 1998) and particulate methane monooxygenase enzyme (pmoA) (Theisen et 

Murrell 2005) were respectively looked to identify methanogens and methanotrophs. 

The quality of the qPCR results was checked with the melting curves and standard curve (Figure 

12).  

To calculate microbe quantity the following equation was used:  

𝑞 =
𝑑 ∗ 𝐸 ∗ 𝑐

𝑤
            (𝐸𝑞 5) 

 

Where:  

q = copies per g of microbe  

d = diluted factor of DNA extraction 

E = Elution volume (µL) during DNA extraction  

c = copies per µL microbes  

w = sample weight collected for DNA extraction (g)   
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Figure 10: DNA extraction process. Separation between liquid phase (with DNA) and solid phase in Bead 

tube (a); Separation between DNA (liquid phase) and non-DNA organic and inorganic material (white 

precipitate) (b); cleaning process of DNA (c), DNA is in the spin column tube. Wasted materials belong to 

the liquid part.  
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Figure 11: DNA concentration measurement via fluorescence with Qubit Fluorometer. Volume of sample 

used is set as well as the unit for concentration calculation. 
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Figure 12: Quality check of the mcrA analyses. Melting curves with standard curves, negative controls and 

sample curves (a); Standard curve and linear regression. (b) Error for mcrA is supposed to be between 80% 

and 85%. 

 

a 

b 
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6. Analysis, statistics and graphic representations  

6.1. Temperature sensitivity analysis 

 

To compare production between the two temperatures and determine if temperature had an 

impact on gas production, Q10, an apparent temperature sensitivity was used. Q10 was chosen 

because it is a commonly used temperature indicator in many studies. Q10 was calculated via 

the “equal-time” method (Hamdi et al. 2013) with the following equation:  

𝑄10 = (
𝑅2

𝑅1
)

10(𝑇2−𝑇1)

           𝐸𝑞 (4) 

Where R2 and R1 correspond to gas production at T2 and T1 temperature for the same time. 

Q10 was calculated from the total carbon emission in µg C- CH4.gC-1 after 60 days of 

incubation.  

 

6.2. Statistical analysis 

 

Gas production data and microbial data did not show normal distribution, consequently, it was 

not possible to run an ANOVA to test for differences. Thus, differences between cores and 

depths, but also test the impact of temperature for gas production and microbes, have been 

tested using Kuskal-Wallis with the R function kruskal.test().  

All the statistics and results analysis were made with R version 4.0.5 
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Results 
 

Afterwards, samples will be called by following short names to make reading easier.  

 KUR18-P15-YED-4: P15-A 

 KUR18-P15-YED-7: P15-F 

 KUR18-P16-SLO-3: P16-A 

 KUR18-P16-SLO-7: P16-F 

 KUR18-P17-FLO-2: P17-A 

 KUR18-P17-FLO-7: P17-F 

“A” refers to active layer and “F” denotes permafrost layer.  

1. Soil characteristics 

1.1.   pH and conductivity 

 

All the soil samples, except P15-F, were neutral soil (6.5< pH <7.5). P15-F was an acidic soil 

(6.5 <pH< 5.5). A slight increase of pH was observed from the upland to the floodplain in the 

permafrost layer, with values between 6.06 for P15-F and 7.44 for P17-F. All the electrical 

conductivities were very low, except for P17-A (Table 2).  

.  

1.2.  Water content and dry density  

 

Ice content was higher in permafrost (54.5%-60.8%) than in active layer (23.7%-25.8%) for 

P15 and P16, which was concordant with field observations (Table 1) and observations during 

subsampling. In the opposite, P17-ice content was higher in the active layer (36.2%) than in 

permafrost layer (17.2%) (Table 2). According to the depth profile, the dry bulk density and 

sediment composition of P15 and P16 were very similar (data not shown).  

 

1.3.  Carbon and Nitrogen measurements  

 

Carbon content in soil has an important role in organic matter (OM) decomposition, hence in 

gas production (Hobbie 2000). OM decomposition depends on carbon quantity in the soil 

(TOC) and C lability (C:N) (Schädel et al. 2014). In this study, TOC% ranged from 0.17% to 

3.81%. TOC% was a bit lower in the active layer of P16 than P15, the opposite was observed 

for the permafrost layer. Concerning P17, TOC content in the active layer was close to P15 

TOC content. The TOC content in the permafrost layer of P17 is the lowest content of the six 

samples. According to the depth profile, all the cores had TOC below 6%. As defined in (Treat 

et al. 2015), all the soil samples were considered as mineral soils (%C < 20%) (Table 2; 

Appendix 4A: TOC % of P15, P16 and P17. Red dots correspond to samples used in this study. 
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Black dots were the other samples of the core (Herbst, 2021). Blue part corresponds to 

permafrost layer). 

Nitrogen contents were very low for all the samples (>0.3%), N% was not able to be measured 

for P17-F as well as, all the permafrost layer of P17 and the end of the permafrost layer of P16 

(external data Herbst, 2021) because N% was below the detection limit.  

C:N ratios were between, 12% and 20%. Highest ratios were measured in P15, whereas, the 

lowest were in P17. C:N ratio was higher in the permafrost layer of P15 than in the active layer. 

P17-A C/N ratio was not calculated because N content was out of the precision range of the 

laser (below 0.1%). and C:N between 20.59% and 12.67% (Appendix 4B: C:N ratio of P15, 

P16 and P17. Red dots correspond to samples used in this study. Black dots were the other 

samples of the core (Herbst, 2021). Blue part corresponds to permafrost layer). 

 

1.4.  Grain size analysis  

 

There were no distinctions in grain size results between P15 and P16. The active layer of P17 

contained more clay than the other samples, and it was the least sandy sample. In opposition, 

the P17-F was the sandiest sample among the six (Table 2). All the measurements which could 

not be made for N% were mainly composed of sand (Appendix 4C).  

 

1.5.  Summary, physic-chemical characteristics 

 

According to the chemical, the physical soil characteristics (Table 2) and the description above, 

no significant distinctions were seen between the samples, except for P17-F. The TOC%, C:N 

and grain size composition were the most different settings between P17-F and the other 

samples.  



 

 

 

 Table 2: Chemical and physical properties for active layer (*) and frozen layer.

Samples Layer  Landscape 

position 

pH  Conductivity 

Tref. 25 °C 

(µS/cm) 

Dry Bulk 

density 

Ice content 

(%) 

TOC (%) CN ratio Sand (%) Silt (%) Clay (%) 

KUR18-P15-YED-4  Active Upland  6,75 164,5 1,12 25,8 3,54 18,13 31,42  
(3,08) 

50,33  
(3,08) 

18,22  
(3,08) 

KUR18-P15-YED-7 Permafrost Upland 6,06 150,2 0,41 60,8 2,70 20,59 28,75 

 (2,30) 

53,45  

(2,30) 

17,81  

(2,30) 

KUR18-P16-SLO-3 Active Slope 7,21 98,6 1,18 23,7 2,70 12,95 30,09  

(2,04) 

50,8  

(2,04) 

19,13  

(2,04) 

KUR18-P16-SLO-7 Permafrost Slope 7,06 479 0,51 54,5 3,81 12,67 26,73  

(2,68) 

55,12  

 (2,68) 

18,07  

(2,68) 

KUR18-P17-FLO-2 Active Floodplain 7,22 635 0,88 36,2 3,48 18,46 18,89   

(4,86) 

45,40  

(4,86) 

35,72  

(4,86) 

KUR18-P17-FLO-7 Permafrost Floodplain 7,44 86,4 1,36 17,2 0,17  

- 

96,26 

 (0,39) 

3,1   

(0,39) 

0,48  

(0,39) 



 

 

2. Incubation results: potential gas production 

2.1. Effect of temperature 
 

First, the total release of CH4 per µg- CH4 -C g-1Soil dry weight and C release per µg- CH4 -C 

g-1Soil C were compared. They show the quantitative release and the qualitative nature of the 

stored C, respectively (Lee et al. 2012) (Figure 13; Figure 14). Total carbon emissions per gram 

C at 20 °C over the 60 days of incubation  ranged between 0.511 ± 0.268 µg CH4-C .g C-1 and 

6539.022 ± 1299.206 µg CH4- C-1 (Table 3). Whereas, total CO2 emissions at the same 

temperature were between 390.60 ± 140.38 µg CO2- C
-1 and 6887.79 ± 933.27 µg CO2- C

-1 

(Table 4). At 20 °C, C releases for CH4 and CO2 per  g-1C were 26-37 times greater for all the 

samples than at 4 °C, except for P17-F (592 times greater) (Figure 13c; Figure 14c). The 

magnitude of CH4 and CO2 releases per g-1C compare to the ones per g-1Soil at 4 °C (96-191 

times) was greater than at 20 °C. All the following results were normalized per µg- CH4 -C g-

1C, to eliminate differences in C concentration among samples. Figure 15 showed methane 

production over time at two different temperatures, without substrate modification until day 61. 

Most of the samples were still in a lag time (incubation time without methane production) after 

60 days of incubation for both 20 °C and 4 °C (Figure 15; Table 3). P16-F-20 seemed to start 

producing methane after 50 days of incubation. However, only one replicate (P16-F1-20) out 

of three began producing methane. This difference may come from the preparation of the 

sample, of either poor homogenization or contamination. The active layer of P17 at 20 °C was 

the only sample that consistently produced methane. The lag time ended after 14 days of 

incubation (Figure 15-P17). The maximum of methane production (355.52 ± 77.16 µg C- CH4.g 

C-1.d-1) was reached after 33 days of incubation, then until 61 days of incubation, methane 

production was stabilised. From 47 days of incubations to 61 days methane production of P17-

F-20 increased a bit, but it was not clear if this meant the end of lag time or not. However, the 

total amount of CH4 produced for this sample (42.533 ± 15.786 µg CH4-C .g C-1) indicated that 

CH4 was produced.   

There was no significant difference in methane emissions between cores at 4 °C (F= Kruskal-

Wallis, df = 1, p = 0.9107). However, the means of total CH4 emissions at 20 °C showed 

significant differences between cores (F= Kruskal-Wallis, df = 1, p = 0.0034). The differences 

were due to P17, which had higher cumulative CH4 emissions than the other two samples. P15 

and P16 did not have significant methane production between them.  

Only P17 showed significant difference in CH4 production between active and permafrost layer 

for both 20 °C and 4 °C. Methane emissions in P17 core were higher in active layer for both 20 

and 4 than in permafrost and methane emissions were larger at 20 °C than 4 °C for the two 

depths (F= Kruskal-Wallis, df = 1, p = 0.049). Q10P17 for active (6006.76 ± 2771.88) and 

permafrost layer (21.84 ± 10.38) were consistent with these results (Table 5). P15 and P16 had 

similar behaviour with higher methane production for the active layer at 4 °C than at 20 °C (F= 

Kruskal-Wallis, df = 1, p = 0.0065 and F= Kruskal-Wallis, df = 1, p = 0.0374, respectively), 

and no difference for the permafrost layer. No difference was found between the active layer 

and permafrost layer at 20 °C for P15 and P16. However, at 4 °C, methane emission from P15 

was higher in active layer than in permafrost layer (F= Kruskal-Wallis, df = 1, p = 0.04953) 

(Table 3). 
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A decrease of CO2 production at the beginning of the incubation was observed for all the 

samples (Figure 16). Overall, there were no significant differences according to the temperature 

in permafrost layers (F= Kruskal-Wallis, df = 1, p = 0.1711). Concerning the active layers of 

P16 and P17, CO2 production decreased with the decrease of temperature, thus cumulative CO2 

releases were greater at 20 °C than 4 °C (F= Kruskal-Wallis, df = 1, p = 0.0495) (Table 4). 

However, after day 33, CO2 production started to decrease for P17-A-20 (Figure 16)production 

from the active layer of P15 was not impacted by the temperature (F= Kruskal-Wallis, df = 1, 

p = 0.1266). CO2 production from active layers were higher than the ones from the permafrost 

layer at 4 °C and 20 °C (respectively: F= Kruskal-Wallis, df = 1, p = 0.0152; F= Kruskal-Wallis, 

df = 1, p = 0.0003)( Table 4). Similarly, to CH4 production, CO2 production of P15 and P16 

were not different between each other following the different conditions. In the same way, CO2 

cumulative release for P17-A, as for CH4, is the highest release of CO2 among the entire samples 

(6887.79 ± 933.27 µg CO2-C.gC-1) at 20 °C.  

CO2:CH4 ratios were calculated with gas production in order to monitor the evolution of the 

ratio during the incubation process and a ratio summarize was made with C release after 60 

days of incubation. The CO2: CH4 ratio of P17 at 20 °C and 4 °C were in each cases the lowest 

ratios. P17-A-20 production ratio decreased rapidly the first 14 days and reached one after 40 

days. After 40 days, ratio remained stable until the end of incubation (Appendix 5: CO2:CH4 

ration according to the first sixty days of incubation). The CO2:CH4 ratio of P17-F-20 at the 

end of incubation reached 12.55 ± 11.93. At 4 °C P17-A, the CO2:CH4 ratio was 700 times 

greater than at 20 °C, while P17-F ratio is only 5 times greater (Table 6).  

The other ratios remained high (246.11 ± 231.69 – 5515.66 ± 2731.85) until the end of 

incubation for both, 4 °C and 20 °C (Table 6), which is consistent because of lag phases.  



 

 

 

 

 

Figure 13: Total CH4 emission after 60 days of incubation at 20 C (top row) and 4 C (bottom row). Difference was made between total CH4 emission normalized only 

by sample dry weight (a, c) and total CH4 emission normalized with sample weight and TC (b,d). Error bars are means among laboratory replicates ± standard error 

(n=3) and y scale is a square root scale.  
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Figure 14: Total CO2 emission after 60 days of incubation at 20 C (top row) and 4 C (bottom row). Difference was made between total CH4 emission normalized only 

by sample dry weight (a, c) and total CH4 emission normalized with sample weight and TC (b,d). Error bars are means among laboratory replicates ± standard error 

(n=3) and y scale is a square root scale.  
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Figure 15: CH4 production at 4 °C and 20 °C for six samples during 60 days of incubation. Error bars are means ± standard error (n=3).  
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Figure 16: CO2 production at 4 °C and 20 °C for six samples during 60 days of incubation. Error bars are means ± standard error (n=3). 
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Table 3: Summarize and comparison of means of total CH4 emission (per gram dry soil and per gram C) at 20 °C and 4 °C after 61 days of incubation. 

 

 

 

 

Table 4: Summarize and comparison of means of total CO2 emission (per gram dry soil and per gram C) at 20 °C and 4 °C after 61 days of incubation. 

 

Samples Core 

 

Layer Mean Total CH4 emission 

at 20 °C (µg  CH4-C .gC-1)         

(n = 3) 

Mean Total CH4 emission 

at 20 °C (µg  CH4-C .gSoil-1)     

(n = 3) 

Mean Total CH4  emission 

at 4 °C (µg CH4-C .gC-1)           

(n = 3) 

Mean Total CH4  emission 

at 4 °C (µg CH4-C .gSoil-1)        

(n = 3) 

P15-A P15 Active 0.511 ± 0.268 0,02 ± 9,48E-03 6.963 ± 1.172 3,99E-02 ± 7,9E-03 

P15-F P15 Permafrost 0.988 ± 0.323  0,03 ± 8,74E-03 1.298 ± 0.352 1,35E-02 ± 3,5E-03 

P16-A P16 Active 0.659 ± 0.128 0,02 ± 3,46E-03 1.609 ± 0.428 8,92E-03 ± 2,6E-03 

P16-F P16 Permafrost 4.336 ± 5.211 0,17 ± 1,99E-01 11.198 ± 8.448 1,06E-01 ± 8,0E-02 

P17-A P17 Active 6539.022 ± 1299.206 227,44 ± 4,52E+01 10.546 ± 1.504 7,04E-02 ± 9,5E-03 

P17-F P17 Permafrost 42.533 ± 15.786 0,07 ± 2,67E-02 0.493 ± 0.095 2,57E-03 ± 5,0E-04 

Samples Core 

 

Layer Mean Total  CO2 emission 

at 20 °C (µg CO2-C .gC-1)        

(n = 3) 

Mean Total  CO2 emission 

at 20 °C (µg CO2-C .gSoil-1)     

(n = 3) 

Mean Total  CO2 emission 

at 4 °C (µg CO2-C .gC-1)           

(n = 3) 

Mean Total  CO2 emission 

at 4 °C (µg CO2-C .gSoil-1)        

(n = 3) 

P15-A P15 Active 2184.38 ± 99.11 77,37 ± 3,51 1803.48 ± 255.36 63,88 ± 9,04 

P15-F P15 Permafrost 1414.07 ± 141.75 38,21 ±3,83 1332.17 ± 494.62 36,00± 13,37  

P16-A P16 Active 3309.28 ± 587.99 89,37 ± 15,88 1012.44 ± 179.93 27,34 ± 4,86 

P16-F P16 Permafrost 1074.83 ± 47.79 40,98 ± 1,82 340.81 ± 30.54 12,99 ± 1,16 

P17-A P17 Active 6887.79 ± 933.27 239,57 ± 32,46 1519.87 ± 1052.87 52,86 ± 6,61 

P17-F P17 Permafrost 390.60 ± 140.38 0,66 ± 0,24 230.80 ± 8.36 0,39 ± 0,01 



 

 

Table 5: Means of Q10 for CH4 and CO2 total emissions after 61 days of incubation. Ratios less than 1 

indicate negative effect of the temperature, equal to 1 indicate no effect of the temperature and higher 

than 1 indicate positive effect of the temperature.  

Samples Layer Mean Q10 CH4 Mean Q10 CO2 

P15-A Active 0.78 ±  0.49 2.35 ± 0.66 

P15-F Permafrost 2.55 ± 1.18 2.56 ± 1.78 

P16-A Active 2.71 ± 1.11 6.63 ± 3.39 

P16-F Permafrost 13.10 ± 22.27 5.97 ± 0.91 

P17-F Active 6006.76 ± 2771.88 8.83 ± 3.23 

P17-F Permafrost 21.84 ± 10.38 3.19 ± 1.57 

 

 
Table 6: Means of total emission CO2:CH4 ratio at 20 °C and 4 °C after 60 days of incubation. 

Samples Layer Mean CO2:CH4  20 °C Mean CO2:CH4  4 °C 

P15-A Active 5515.66 ± 2731.85  1455.92 ± 99.94 

P15-F Permafrost 1544.46 ± 402.07  1687.86 ± 590.80 

P16-A Active 5168.10 ± 1245.60 2157.59 ± 456.45 

P16-F Permafrost 1710.08 ± 1405.23 246.11 ± 231.69 

P17-F Active 1.07 ± 0.09  707.25 ± 8.06 

P17-F Permafrost 12.55 ± 11.93  64.19 ± 9.49 

 

 

2.2. Effect of glucose addition 
 

Two injections of glucose were performed. The first was injected on day 61 and the second on 

day 64 for all samples and under all conditions (20°C/4°C and glucose/no glucose). Glucose 

factors were calculated with the total CH4/ CO2 emissions (Table 7) and with production rates 

via incubation time (Figure 19; Figure 20). The first method allowed seeing the total impact of 

glucose, while the second followed the shift of glucose factor according to the time. Overall, 

no impact of the glucose injection on CH4 production was detected at the end of the glucose 

addition process (Table 7) (F= Kruskal-Wallis, df = 1, p = 0.5913). However, Figure 17 and 

Figure 19 highlighted some variations, mainly at day 65, a peak of production was detected one 

day after the second glucose addition for P15 and P16. Nevertheless, these variations were very 

low (0.8 and 9.1%) and appeared only at 20 °C. Except for P17-A, peaks of methane production 

decreased the day after. Variations may be due to the disturbance of the equilibrium due to the 

dilution of the gas in the water (Henry's law). 

P16-F-20 without glucose showed a higher CH4 production than that with glucose. This may be 

due to the difference in methane production between the three replicates, already mentioned 

above. Indeed, glucose was added in P16-F2-20 and P16-F3-20, while P16-F1-20 (the most 

active before addition) received water. No impact was shown for the samples at 4°C for either 

the first or the second injection. 

In opposite to CH4, there was a distinction between samples with and without glucose for CO2, 

especially for P16 (Figure 18; Table 7). CO2 production at 20 °C was higher for samples that 
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received glucose (Table 7) (F= Kruskal-Wallis, df = 1, p = 0.0192). High negative impacts were 

sometimes shown at 4 °C (P17-Figure 20); however, statistical analysis did not detect 

differences. Furthermore, for most of the samples without glucose there was no production peak 

after glucose addition as was detected for CH4.  

CO2:CH4 ratios after 67 days of incubation (with or without glucose addition) were compared 

(Appendix 6). No differences were seen between samples with and without glucose addition 

for the two temperatures for all the cores.  

To summarize, according to the data and statistical analyses, only CO2 productions at 20°C 

were impacted by glucose addition.  

 

Table 7: Glucose factor calculated 7 days after glucose addition for each samples with total C emissions. 

Positive values means positive impact of glucose on GHG production and negative values means less 

methane production in the case of glucose addition.  

 

Samples CH4 20 °C CH4 4 °C CO2  20 °C CO2  4 °C 

P15-A -0.38 -0.10 0.18 0.02 

P15-F -0.31 0.02 -0.44 -0.20 

P16-A 0.70 -0.41 1.22 -0.02 

P16-F -0.93 0.40 3.23 0.11 

P17-A 0.24 -0.01 0.60 0.51 

P17-F 0.27 1.18 0.82 -0.11 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* * 

* * 

* * 

Figure 17: Means of CH4 production at 4 °C and 20 °C for six samples during 67 days of incubation. Stars indicate the first and second injection of glucose. Error bars 

are means ± standard error (n=2).  
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* * 

* * 

* * 

Figure 18: Means of CO2 production at 4 °C and 20 °C for six samples during 67 days of incubation. Stars indicate the first and second injection of glucose. 

Error bars are means ± standard error (n=2). 
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Figure 19: Evolution of glucose factor for CH4 at 20 °C and 4 °C during incubation time. Glucose factors were calculated with production rates. 
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Figure 20: Evolution of glucose factor for CO2 at 20 °C and 4 °C during incubation time. Glucose factors were calculated with production rates.



 

 

3. Quantification of microbes  

3.1. Methanogens Archae 
 

Methanogens ranged from 7.6.0E+1 to 5.85+3 copies per gram when the samples were still 

frozen. After 60 days of incubation, the amounts of microbes were more heterogeneous between 

samples, ranging from 7.62E+02 to 5.34E+05, depending on temperature. The qPCR results 

showed significant differences between each core when the samples were still frozen (F= 

Kruskal-Wallis, df = 1, p = 0.0085) as well as after 60 days of incubation (F= Kruskal-Wallis, 

df = 1, p = 0.0025). In both cases, P17-A had a higher copy number per g than P16-F and P15 

(Figure 21).  

P15 showed no differences between the active and permafrost layer and between 20 °C and 4 

°C after 60 days of incubation. P16-F and P17-A had higher copies per g at 20 °C (47,744.2633 

± 5,249.98 and 53, 4341.15 ± 100524.28) than at 4 °C (5,351.27 ± 231.67 and 14,907.23 ± 

934.74) (F= Kruskal-Wallis, df = 1, p = 0.04953). Values for samples with and without glucose 

did not show differences (Figure 21b and Figure 21c).  

However, some samples (Figure 21; Figure 22) did not show any results after running 

quantitative PCR. It was therefore not possible to compare the active layer with the permafrost 

layer for mcrA as well as the impact of glucose for methanogens in the P16-A samples and the 

quantification for methanotrophs for the P15 sample. According to low DNA concentration 

(Appendix 3: DNA extraction instruction from GeneMATRIX Soil DNA), this absence of 

results, may be due to too few microbes in those samples.  

 

3.2. Methanotrophic bacteria  
 

The results for methanotrophs were mostly between 1E+03 and 5E+03. No differences were 

found between P16 and P17 at both 4 °C and 20 °C. Similarly, no difference was found after 

60 days. P16-F with glucose had a higher copy number per gram than the sample without 

glucose at both 4°C and 20°C. No difference for the addition of glucose was found for P17-A 

(Figure 22).  

As for methanogens, some data were not available, mainly for P15.  

 

 

 



 

 

 

Figure 21: Means of copies per gram calculated with qPCR amplification of mcrA protein. Copies were calculated for P15 (a), P16 (b) and P17(c) at different times, 

for different conditions. Absence of value for some samples was due of either low DNA concentration or failure in qPCR run. Scale was changed for a square root 

scale in order to have a better display. 
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Figure 22: Means of copies per gram calculated with qPCR amplification of pmoA protein. Copies were calculated for P15 (a), P16 (b) and P17(c) at different times, 

for different conditions. Absence of value for some samples was due of either low DNA concentration or failure in qPCR run. Scale was changed for a square root 

scale in order to have a better display. 



 

 

Discussion  

1. Relationships between soil characteristics, microbes and gas production 

 

Paleoenvironmental conditions impact methanogen community (Holm et al. 2020). They 

showed that if paleoenvironmental conditions of soil deposit were favourable to methane 

production, methane production during thawing of permafrost, thousands of years later, would 

be higher than if paleoenvironmental conditions were unfavourable. The  results of physic-

chemical analysis of the samples (Table 2). were compared to the work of Wetterich et al. 2008, 

(Figure 23) in order to determine the age of the sample, and subsequently, to know 

paleoenvironmental conditions  during sediment deposit. According to their work, it was 

assumed that samples belong to the Middle and Late Pleistocene (6-3 kyr BP). At this time 

(interstadial), winter was warm and wet (Wetterich et al. 2008; Schirrmeister et al. 2011), 

corresponding to favourable conditions for methanogenesis (Holm et al. 2020). However, P17-

F, as well as all the permafrost samples from P17, did not seem to fit with those characteristics, 

and had more similarities with Unit I. Nevertheless, this hypothesis is not consistent with depth 

of P17-F compare to P17-A.  

 

 

Figure 23: Stratigraphic differentiation of the permafrost sequences into the units I-V according to the 

sedimentological records (Wetterich et al. 2008). The red square highlights similarities between the 

sedimentological record of the samples of this study and the unit V.   
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This study highlighted two different behaviours among cores. Cores P15 and P16 had similar 

behaviour although, P17 had a completely distinct reaction.  

Both, P15 and P16 produced low and heterogeneous CH4 quantity during the incubation time 

for both at 20 °C and at 4 °C (Table 3). Quantitative PCR analysis supported these results by 

showing low methanogen concentrations and no significant distinctions between 4 °C and 20 

°C, especially for P15 (Figure 21). Even if lag time is supposed to decrease with temperature 

(Treat et al. 2015),  results from Knoblauch et al. (2018) showed long lag time (up to 2000 days) 

was observed for mineral soils. These long lag times were explained by a lack of methanogens, 

or active methanogen communities. This outcome is also applicable for short-term incubations 

(Knoblauch et al. 2018). Therefore, it was expected to still have samples in lag time, even at 20 

°C. The absence of reaction for both CH4 production and methanogen communities (Figure 21, 

Table 7), supported the lack of methanogens in these two samples. P15 and P16 had negative 

correlations between temperature and methane production (Table 5). Nevertheless, according 

to qPCR results for methanogens (Figure 22), it was not shown that methanogens at 4 °C were 

higher than at 20 °C, even though the lack of methanogen results limited interpretations. 

Methanogens are temperature sensitive (Zinder 1993), consequently, it is unlikely that 

methanogens were better adapted to lower temperature. Even though total CH4 productions 

were greater at 4 °C than at 20 °C, they were still considered to be very low productivity and 

lagging behind. Therefore, although there were significant static variations, these distinctions 

were not considered biologically different.  

In opposite, lag time for P17 was substantially reduced with temperature. P17 at 20 °C produced 

CH4 for the active layer and permafrost. Temperature sensitivity was supported by Q10 (Table 

5) and by qPCR analysis (Figure 21), where methanogens were more abundant at 20 °C. In 

addition, under optimum methanogenic conditions, CO2  and CH4 are produced in the same 

quantity (Conrad 2002), which can be translated by a CO2:CH4 ratio value around one (Table 

6; Appendix 5: CO2:CH4 ration according to the first sixty days of incubation). High CO2 

production in P17 corresponded with high copies number of methanogens indicated active and 

abundance microbial communities (Table 4; Figure 21).  

However, results of CO2 production rates showed the establishment of anaerobic CO2 

production for P15, P16 and the active layer of P17 with a greater production at 20 °C (Figure 

16; Table 4). TOC% were in the range of Yedoma deposits during Pleistocene, and were 

estimated high enough to supply organic C quantity for C mineralization (Zimov et al. 2006). 

Total CO2 emission per g dry weight also supported this. C:N was favourable for a good lability 

of organic matter. In opposite, lower CO2 productions of the frozen layer of P17 were in 

accordance with very low nitrogen content and low TOC% (Table 2). Differences between total 

CO2 emissions per gram C and per gram dry soil showed quantity of organic carbon explained 

low C mineralisation for this layer (E. A. G. Schuur et al. 2013; Schmidt et al. 2011). 

Methanotrophs did not show any differences between cores and temperatures which is 

consistent with low temperature sensitivity of methanotrophs (Liikanen et al. 2002). In addition, 

methanotrophs are psychrophilic, and thus, remain adapted to low temperatures (Liebner et 

Wagner 2007). Notwithstanding, no distinctions were seen between 20 °C and 4 °C (Figure 22), 
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even if the trend seemed to be in favour of the lowest temperature. Results of qPCR indicated 

that methanotrophic bacteria were present in very low quantity (Liebner et Wagner 2007).  

As a result, a small amount of CH4was oxidised by anaerobic bacteria, and methanotrophy was 

not an important means of mineralising organic carbon into CO2. This is consistent with 

samples P15 and P16, which did not have a large methanogenic community, and therefore did 

not produce CH4. As neither methanotrophy nor methanogenesis could explain the anaerobic 

CO2 production for P15 and P16, it is likely that the CO2 came from other microbial 

communities using other anaerobic respiration pathways (Elderfield 1998).  

A slight increase in CO2 production at 20 °C was shown for P15 and P16 after the addition of 

glucose. This was in favour of the presence of anaerobic CO2 production. However, glucose is 

generally more efficient under aerobic conditions for CO2 production (Yavitt, Williams, et 

Wieder 1997; Pegoraro et al. 2019). This may explain the unexpected low effect of glucose on 

CO2 production. (Knoblauch et al. 2018), also noticed the small impact of glucose addition on 

CO2 and CH4 production in anaerobic conditions.  

Reasons of differences in GHG production and microbe quantities, seen above, between 

P15/P16 and P17 have been investigated. Soil analysis did not show distinction between 

samples (except for P17-F) (Table 2). 

 As the substrate composition was not able to explain differences between P15/P16 and P17, it 

has been hypothesised that the actual environmental conditions due to the location of the 

samples can explain the variations in greenhouse gas production. The annual flooding of the 

P17 area or the high water table, due to the floodplain condition, could enhance the 

methanotrophic conditions. Indeed, water saturation allows the establishment of anoxic 

conditions (Yavitt et al. 2006) and therefore, a better development of methanogens (Chasar et 

al. 2000; Paul, Küsel, et Alewell 2006; Jaatinen et al. 2007; Keller et Bridgham 2007). 

Methanogen communities before incubation were greater in the floodplain (Figure 21). This 

result supported the influence of landscape position on CH4 production. Other studies showed 

similar high CH4 fluxes in floodplain compare to drier sites with low CH4 production 

(van Huissteden, Maximov, et Dolman 2005; Oblogov et al. 2020). Oblogov et al. 2020, 

explained those results by wetness conditions due to the floodplain localisation. But, 

(van Huissteden, Maximov, et Dolman 2005), suggested that high water table position could be 

the only wetness setting to enhance methane fluxes. They also hypothesised that nutrient supply 

brought during flooding could stimulate methanogens. However, all the floodplain are not able 

to release high CH4 fluxes, and settings that drive high CH4 conditions in floodplain are not 

fully understood (van Huissteden, Maximov, et Dolman 2005).  
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2. Active Layer vs Permafrost Layer  
 

CO2 productions in active layer were greater than in permafrost layer at 20 °C (Table 4). As 

well, CH4 production in the active layer of P17 was higher than in the permafrost layer. The 

same trend was shown by (Treat et al. 2015). Differences of CH4 and CO2 production between 

the active layer and permafrost of P17 were explained by a very low organic carbon content in 

permafrost layer due to grain size composition (Table 2).. However, the soil characteristics still 

did not show any differences between the active and permafrost layer for P15 and P16. The 

results of the total CO2 emission per gram of dry soil showed a lower amount of C in the 

permafrost layer. Microbial analyses could not give any information on the differences between 

the two layers. However, from the CO2 production results it seems that microbes were more 

abundant and active in the active layer (Figure 21). 
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3. Carbon feedback  

 

With climate change, Arctic environments will be subject to changes in moisture conditions, 

vegetation shifts and changes in the depth of the active layer (Serreze et al. 2000; Hinzman et 

al. 2005; Myers-Smith et al. 2011). The changes will affect the sites differently depending on 

their current position in the landscape. Upland will be more impacted by evapotranspiration and 

will likely become drier because of a decrease of water table position (Moore and Roulet, 1993; 

Ehhalt et al., 2001). Whereas, lowland like floodplain, will stay wet or even wetter (Veremeeva 

et al. 2016). In addition, warmer conditions will increase permafrost thawing and hence active 

layer depth. Thus, according to the results of this study, sites in the uplands and midlands will 

not be under anoxic conditions, and CH4 production from these sites will likely decrease in 

favour of aerobic CO2 production (Lee et al. 2012). In contrast, the active layer of the floodplain 

was shown to be capable of producing CH4 in large quantities. The addition of glucose showed 

a small increase in CO2, however, for sites under aerobic conditions, the supply of glucose and 

nutrients through root exudates would be expected to significantly increase CO2 emission. 

Furthermore, under anaerobic conditions, the increase in the active layer as well as root 

exudates, or the additional supply of nutrients due to sedimentation of particulate organic matter 

(van Huissteden, Maximov, et Dolman 2005) could maintain and even highly improve methane 

production, especially as Arctic summer will be longer and warmer. These carbon feedback 

predictions of changes in GHG production as a function of landscape position are supported by 

other studies. (van Huissteden, Maximov, et Dolman 2005; Treat et al. 2015; Oblogov et al. 

2020).  

In this study, links were made between landscape position, GHG production and microbes. 

However, studying the movement of microbial species during permafrost, their evolution with 

depth, and linking them to gas production during short-term thawing of permafrost is essential 

for understanding GHG production. Furthermore, studying the impact of successive permafrost 

thaws and freezes on microbial communities and gas production as a function of parameters 

(aerobic and anaerobic, temperature, position in the landscape, incubation time) is similar to 

the future changes that will affect Arctic environments. It is also important not to overlook the 

impact of vegetation, and the relationship between root species and microbial communities 

should also be investigated.  
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Conclusion  

 

Many studies (Lee et al. 2012; Walz et al. 2018; Knoblauch et al. 2018; Holm et al. 2020) have 

investigated gas release during long-term incubation and have proven the impact of C release 

even at low temperatures. However, it was shown in this study that C release can also occur 

during short-term thawing of permafrost and that the lag time can be significantly reduced if 

the landscape position was in favour of methanogenesis. The floodplain with favourable 

moisture conditions allowed the establishment of the methanogenic community. The active 

layer samples reached ideal conditions for methanogenesis as early as 30 days after the start of 

incubation. However, the onset of methanogenesis was only possible at higher temperatures. 

Samples at 4 °C remained in the lag time during the entire incubation period. Therefore, 

temperature acted as a trigger, only if microbes were already present in sufficient numbers, as 

seen with qPCR amplification. The lack of glucose response for both upland and slope samples 

supported the hypothesis that the lack of methane production was correlated with insufficient 

methanogen. Nevertheless, all sites, uplands, slopes and floodplains, showed high anaerobic 

CO2 production, indicating active microbial communities other than methanogens or 

methanotrophs.  

As expected, different behaviours were revealed between the active layer and the permafrost 

layer. All active layers had a higher CO2 production at 20 °C than the permafrost layer. The 

sample with active methane production also showed higher production in the active layer.  

It seems that the redox conditions established by the actual environmental conditions play an 

important role in the future of CH4 and CO2 emissions during permafrost thaw. Therefore, under 

climate change, in flood-prone areas, methanogenesis conditions should be established, with 

high anaerobic CH4 and CO2 production. In contrast, dry areas are expected to favour aerobic 

CO2 production.   

It is therefore necessary to study the different parameters affecting moisture conditions in 

floodplains (water table position, frequency of flooding) as well as their relationship with 

methanogenic and methanotrophic species, in order to understand the different pathways used. 

Finally, to be able to better quantify and understand GHG production and emission, it is 

important to study permafrost thawing with realistic parameters under climate change.  
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Appendix 

Appendix 1: Protocol of grain size analysis 
 

Grain size characterisation:  

1. Preparation  

 

1) Label beakers with the paper tape and sample names 

2) Homogenize samples by hand mixing 

3) Transfer samples from Suszi containers or sample bags:  

- Fine material (silt + clay): up to 7g 

- Sandy, gravely or mostly organic material:>7g 

4) Fill up with 100mL of  3% H2O2 

5) Put the beakers on the shaker and add 2-3 drops of ammonia (32%) 

6) Remove strong foaming with Ethanol 

7) Turn on the shaker and observe the samples. Repeat step 5 if needed 

 

2. Daily testing and pH adjustments  

 

1) Turn off shaker, put the sample beakers on the shaker table 

2) Carefully add 10mL 30% H2O2 in each beaker  

3) Loosen sample from the bottom and sides using rubber wiper  

4) Clean the rubber wiper and the side of the beaker with 3% H2O2 solution  

5) Rinse off the pH electrode, hold it in the beakers and spin gently (pH needs to be 

between 6.5-8) (pH<6.5: add ammonia; pH>8: add acetic acid).  

6)  Place the beakers on the shakers and turn on the shake.  

7) Observe if strong reactions occur.  

8) On Fridays: fill the beakers in with 3% H2O2 solution up to at least 200mL volume 

(samples can dry during the weekend) 

 

3. Clean and dry the sample 

 

1) Transfer samples from beakers to centrifuge contents and fill them in with distilled 

water up to 1200g  

2) Turn on the centrifuge  

3) Get out the water of the samples with a pomp  

4) Transfer samples into smaller containers to get out the leftover of sample 

5) Fill smaller centrifuge contents with sample and put them into the sampler centrifuge  

6) Get out the water manually  
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7) Repeat step 5 and 6 until there is almost no water left 

8) Freeze-dry samples during three days  

 

4. Grain size measurements 

 

1) Use a 1 mm sieve for the rotary sample divider 

2) Split samples with a rotary sample divider in height subsamples and clean carefully with 

distilled water  

3) If there are grains >1mm, pick them up and put them into the oven  

4) Transfer one subsample in the laser content. Saturation has to remain between 5% and 

15%. If <5% add another subsamples; if >15% add distilled water.  

5) Repeat these steps for all subsamples.  
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Appendix 2: Calculation of added water for incubation 
 

 Water 

content 

Theoric wet 

weight (g) 

Dry wet wet weight        

(θw = 0,3) 

added water 

(g) 

P15-A-CN 0,26 13 9,65 13,78 0,78 

P15-F-CN 0,61 13 5,09 7,27 0,00 

P16-A-CN 0,24 13 9,91 14,16 1,16 

P16-F-CN 0,55 13 9,10 13,00 0,00 

P17-A-CN 0,36 13 8,30 11,85 0,00 

P17-F-CN 0,17 13 10,76 15,38 2,38 

 

 

 Dry wet: weight of dry soil according to the water content of the sample (1)  

 Wet weight: supposed wet weight for a minimum water content of 0.3 (2) 

 Added water: Difference between Wet weight and Theoric wet weight. If the difference 

was negative, no water was added.  

 

Dry wet = Theoric wet weight*(1-Water content)   (1) 

 

Wet weight =  
𝐷𝑟𝑦 𝑤𝑒𝑔ℎ𝑡

1−𝜃𝑤
     (2)  
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Appendix 3: DNA extraction instruction from GeneMATRIX Soil DNA 
 

DNA extraction 

 

1. Apply 30µL of activation Buffer SL onto the DNA binding spin-column and keep it at 

room temperature (at least 10 min).  

2. Add up to 250 mg of soil sample to Bead Tube.  

3. Mix by inversing the tube 

4. Add 60 µL Lyse SL and invert several times the tube  

5. Put Bead Tube inside the FastPrep at 5.0 m/s during 45 sec 

6. Centrifuge the Bead Tube for 2 min at maximum speed and transfer 400µL of the 

supernatant to the 2 mL microcentrifuge tube.  

7. Add 400 µL PR buffer. Vortex for 5 sec and incubate on ice for 5 min.  

8. Centrifuge for 1 min at maximum speed.  

9. Transfer 600µL of the supernatant ti a new 2 mL microcentrifuge tube.  

10. Add 600 µL Sol SL buffer.  

11. Add 200 µL of 96% ethanol and mix thoroughly by vortexing or several time inversing.  

12. Transfert 600µL of the lysate to the DNA binding spin-column and centrifuge at 11 000 

x g for 30 sec. Remove the spin-column, pour off supernatant and place back into the 

receiver tube.  

13. Repeat step 12 until the é mL microcentrifuge tube is empty.  

14. Transfer the remaining mixture to the DNA binding spin-column and centrifuge at 

11 000 x g for 1 min. Remove the spin column, pour off supernatant and place back into 

the receiver tube.  

15. Add 500 µL Wash SLX1 buffer to the spin-column and and centrifuge at 11 000 x g for 

1 min. 

16. Take out the spin-column, discard flow-through and place back the spin-column in the 

collection tube.  

17. Add 500 µL Wash SLX2 buffer to the spin-column and and centrifuge at 11 000 x g for 

1 min. 

18. Spin down at 11 000 x g for 1 min to remove traces of the Wash SLX2 buffer.  

19. Place the spin-column in a new collection tube (1.5 mL) and add 50 µL of Elution buffer 

to eluate bound DNA.  

20. Incubate the spin-column/collection tube assembly for 2 min at room temperature.  

21. Centrifuge the spin-column for 1 min at 11 000 x g.  

22. Discard spin-column, cap the collection tube. DNA is ready for analysis/manipulation. 

It can be stored either at 2-8 °C or at -20 °C.  

 

 

 



 

 

Appendix 4A: TOC % of P15, P16 and P17. Red dots correspond to samples used in this study. Black dots were the other samples of the core 

(Herbst, 2021). Blue part corresponds to permafrost layer 
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Appendix 4B: C:N ratio of P15, P16 and P17. Red dots correspond to samples used in this study. Black dots were the other samples of the core 

(Herbst, 2021). Blue part corresponds to permafrost layer  
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Appendix 4C: Grain size analysis of P15, P16 and P17 (Herbst, 2021)

 



 

 

Appendix 5: CO2:CH4 ration according to the first sixty days of incubation 
 



 

 

Appendix 6: CO2:CH4 ration after 67 days of incubation 
 



 

 

Appendix 7: Characteristics of the samples for qPCR analysis. DNA concentration very low 

which explain the absence of results for qPCR (*). DNA concentration below detection 

threshold (**) 
 

 

Sample Weight (g) Weight (g) DNA concentration (ng/µL) 

A-P15-A* 0.228   0.09 

A-P15-F** 0.293 0.276   

A-P16-A 0.189   1.01 

A-P16-F 0.221   1.08 

A-P17-A 0.232   3.39 

A-P17-F** 0.26 0.248   

C-P15-A.1.20 0.255   0.186 

C-P15-F.1.20* 0.229   0.057 

C-P16-A.1.20 0.217   0.578 

C-P16-F.1.20 0.233   1.95 

C-P17-A.1.20 0.248   1.79 

C-P17-F.1.20* 0.246   0.089 

C-P15-A.1.4 0.227   0.71 

C-P15-F.1.4** 0.231 0.227   

C-P16-A.1.4 0.228   1.22 

C-P16-F.1.4 0.244   0.229 

C-P17-A.1.4 0.22   4.94 

C-P17-F.1.4* 0.22   0.069 

D-P16-A.1.20 0.223   0.997 

D-P17-A.1.20 0.271   1.6 

D-P16-A.1.4 0.26   1.47 

D-P17-A.1.4 0.249   5.54 

G-P16-A.2.20 0.25   0.998 

G-P17-A.2.20 0.261   2.63 

G-P16-A.2.4 0.249   0.636 

G-P17-A.2.4 0.264   5.53 
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Appendix 8: qPCR results for mcrA. Means and standard deviation calculated from three 

replicates except for samples that did not perfectly work: means calculated for n=2 (*) and 

results for only one replicate (**)  
 

Sample ID Sample Conditions Values mcrA (copies 

per gram) 

A-P15-A P15 active layer Frozen NA 

A-P15-F* P15 permafrost layer Frozen 6.03E+02 ± 7.61E+01 

A-P16-A P16 active layer Frozen NA 

A-P16-F P16 permafrost layer Frozen 3.83E+03 ± 3.03E+02 

A-P17-A P17 active layer Frozen 5.77E+03 ± 5.29E+02 

A-P17-F P17 permafrost layer Frozen NA 

C-P15-A.1.20**  P15 active layer 60 days of incubation 20 °C 7.82E+02 

C-P15-A.1.4 P15 active layer 60 days of incubation 4 °C 8.29E+02 ± 1.27E+02 

C-P15-F.1.20* P15 permafrost layer 60 days of incubation 20 °C 1.02E+03 ± 1.94E+02 

C-P15-F.1.4** P15 permafrost layer 60 days of incubation 4 °C 7.62E+02 

C-P16-A.1.20 P16 active layer 60 days of incubation 20 °C NA 

C-P16-A.1.4 P16 active layer 60 days of incubation 4 °C NA 

C-P16-F.1.20** P16 permafrost layer 60 days of incubation 20 °C 4.77E+04 

C-P16-F.1.4 P16 permafrost layer 60 days of incubation 4 °C 5.35E+03 ± 2.32E+02 

C-P17-A.1.20** P17 active layer 60 days of incubation 20 °C 5.34E+05 

C-P17-A.1.4 P17 active layer 60 days of incubation 4 °C 1.49E+04 ± 9.35E+02 

C-P17-F.1.20 P17 permafrost layer 60 days of incubation 20 °C NA 

C-P17-F.1.4 P17 permafrost layer 60 days of incubation 4 °C NA 

D-P16-A.1.20 P16 active layer 67 days of incubation 20 °C NA 

D-P16-A.1.4 P16 active layer 67 days of incubation 4 °C NA 

D-P17-A.1.20 P17 active layer 67 days of incubation 20 °C 1.02E+06 ± 9.82E+02 

D-P17-A.1.4 P17 active layer 67 days of incubation 4 °C 1.64E+04 ± 5.65E+03 

G-P16-A.2.20** P16 active layer 7 days after glucose addition 20°C 2.80E+03  

G-P16-A.2.4 P16 active layer 7 days after glucose addition 4 °C NA 

G-P17-A.2.20 P17 active layer 7 days after glucose addition 20°C 1.08E+06 ± 4.22E+04 

G-P17-A.2.4 P17 active layer 7 days after glucose addition 4 °C 8.09E+03 ± 1.72E+05 
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Appendix 9: qPCR results for pmoA. Means and standard deviation calculated from three 

replicates except for samples that did not perfectly work: means calculated for n=2 (*) and 

results for only one replicate (**) 
 

Sample ID Sample Conditions Values pmoA (copies 

per gram) 
A-P15-A P15 active layer Frozen NA 

A-P15-F P15 permafrost layer Frozen NA 

A-P16-A P16 active layer Frozen NA 

A-P16-F P16 permafrost layer Frozen NA 

A-P17-A** P17 active layer Frozen 3,81E+02  

A-P17-F** P17 permafrost layer Frozen 1,39E+02  

C-P15-A.1.20 P15 active layer 60 days of incubation 20 °C NA 

C-P15-A.1.4** P15 active layer 60 days of incubation 4 °C 4,56E+02 

C-P15-F.1.20 P15 permafrost layer 60 days of incubation 20 °C NA 

C-P15-F.1.4 P15 permafrost layer 60 days of incubation 4 °C NA 

C-P16-A.1.20 P16 active layer 60 days of incubation 20 °C 1,08E+03 ± 3,63E+02 

C-P16-A.1.4 P16 active layer 60 days of incubation 4 °C 1,23E+03 ± 1,70E+02 

C-P16-F.1.20 P16 permafrost layer 60 days of incubation 20 °C 4,30E+02 ± 2,11E+02 

C-P16-F.1.4 P16 permafrost layer 60 days of incubation 4 °C NA 

C-P17-A.1.20 P17 active layer 60 days of incubation 20 °C 3,43E+03 ± 9,08E+02 

C-P17-A.1.4 P17 active layer 60 days of incubation 4 °C 4,53E+03 ± 3,62E+02 

C-P17-F.1.20 P17 permafrost layer 60 days of incubation 20 °C NA 

C-P17-F.1.4** P17 permafrost layer 60 days of incubation 4 °C 3,30E+02  

D-P16-A.1.20 P16 active layer 67 days of incubation 20 °C 8,97E+02 ± 4,12E+02 

D-P16-A.1.4 P16 active layer 67 days of incubation 4 °C 1,98E+03 ± 3,66E+02 

D-P17-A.1.20* P17 active layer 67 days of incubation 20 °C 8,67E+02± 4,54E+02 

D-P17-A.1.4 P17 active layer 67 days of incubation 4 °C 3,92E+03 ± 1,76E+03 

G-P16-A.2.20 P16 active layer 7 days after glucose addition 20 °C NA 

G-P16-A.2.4 P16 active layer 7 days after glucose addition 4 °C 5,72E+02 ± 2,18E+02 

G-P17-A.2.20 P17 active layer 7 days after glucose addition 20 °C 1,08E+03 ± 6,96E+02 

G-P17-A.2.4 P17 active layer 7 days after glucose addition 4 °C 1,76E+03 ± 7,87E+02 

 

 

 

 


