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Abstract

Large amounts of soil organic carbon (SOC) accumulated in cold climate regions are currently
exposed to higher temperatures. Microbial SOC decomposition rates increase with temperature.
Thus, understanding and predicting how CO2 fluxes change under rapid global warming is of great
interest. An often applied method to evaluate decomposability of SOC are incubation experiments.
In most cases the experimental set up of aerobic incubation experiments involves a sealed jar with
an isolated soil sample where CO2 accumulation is measured. The headspace air of the incubation
jar is sampled, mostly at a low temporal resolution (eg. two times within 24 hours) and fitted linearly.
However, in many studies the fraction of CO2 soluble in water is not considered.

In this study, an aerobic experimental incubation set-up with a high temporal resolution of 1 Hz is
deployed. In these experiments, the CO2 accumulation in an incubation jar does not necessarily
increase linearly over the course of an incubation measurement, but undergoes an equilibrium
reaction only after which it increases approximately linearly. This equilibrium reaction is well
described by the solubility of CO2 in the aqueous phase of the soil sample.

A theoretical kinetic model is developed that includes the transport kinetics of CO2 over the gas-water
phase boundary to describe the observed course of CO2 concentration during a single measurement.
An easy applicable correction factor is derived from the theoretical model that includes the water
soluble CO2 fraction. This model satisfactorily reproduces the most important processes of the
present incubation experiment and thus leads to a better understanding of incubation experiments
and can thereby improve predictions of microbial SOC decomposition rates.
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1. Introduction

1.1. Incubation Experiments and Earth System Models

Soils are estimated to store more than twice the amount of carbon currently stored in our atmosphere
(Bradford et al. 2016). Soil organic carbon (SOC) accumulates in especially great amounts when
degradation of organic matter is prevented through anaerobic conditions or low temperatures,
both of which are often found in soils of boreal and polar regions (Tarnocai et al. 2009; Hugelius
et al. 2020). In the northern hemisphere this regions are currently exposed to large temperature
anomalies due to global warming (Ballinger et al. 2020). Warmer temperatures increase evaporation,
so that previously waterlogged and thereby anaerobic soils are exposed to oxygen and SOC is
oxidized to CO2. Also, chemical reaction speed increases with warmer temperatures leading to
faster SOC degradation by microbial activity (Todd-Brown et al. 2013). Thus, there is great interest
in understanding and predicting the fate of SOC under warmer conditions as they carry the potential
to accelerate global warming even if only small proportions are degraded to CO2 and emitted to the
atmosphere (Bradford et al. 2016; Schmidt et al. 2011).

There are large uncertainties in the predicted net land-to- atmosphere carbon flux (Jia et al. 2019).
Earth system model projections range from a global SOC stock loss of 37 Gt to a gain of 146 Gt
for this century. These differences are largely explained by uncertain size estimates of SOC stocks,
uncertainty in carbon input as well as decomposition rates and temperature sensitivities (Jia et al.
2019). Earth system models predict the fate of SOC by using first-order decay functions (Bradford
et al. 2016). These functions are characterized by two values: decay rate and amount of degradable
carbon. SOC decay rates are widely estimated with incubation experiments: A small amount of soil
is placed in a jar and incubated under controlled conditions while CO2 emissions are monitored
(Schädel et al. 2020). However, incubation experiments are not conducted consistently.

Two main approaches towards aerobic incubation experiments can be found in published literature:
sealed and open.

• In sealed measurements incubations jars are closed during the whole incubation period, which
leads to CO2 accumulation in the jar. The jar is flushed when a certain threshold of CO2
concentration, often 1%, is reached (Moore and Dalva 1997; Neff and Hooper 2002; Fierer
et al. 2003; Dutta et al. 2006; Lee et al. 2012; Knoblauch et al. 2013). To measure the CO2
concentration in the headspace a subsample is taken (often with a syringe) and injected to a
gas analyzer (mostly a gas-chromatograph mass-spectrometer or a laser spectrometer). CO2
accumulation is most often measured within 24 hours by taking a samples at the beginning
and at the end of that period (Dutta et al. 2006). In other set-ups the CO2 concentrations are
measured at different time intervals, for example daily in the beginning of the incubation and
later every other month (Knoblauch et al. 2013). The SOC decay rate is mostly determined
by fitting two successive measurements with a linear regression. Moore and Dalva (1997)
applied a regression over all measurement points (temporal resolution not specified) of a
closed incubation for five days (Moore and Dalva 1997).
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• Open incubation experiments keep incubation jars connected to ambient air, which prevents
high CO2 accumulation in the incubation jar (Shaver et al. 2006; Fissore et al. 2009; Lavoie,
Mack, and Schuur 2011; Elberling et al. 2013; Reynolds et al. 2018). CO2 accumulation is
measured by closing the incubation jar and taking a first sample at the beginning and a second
sample after some hours. The rate of SOC decay is then determined by linearly fitting these
two successive measurement points.

Robertson et al. (1999) recommend a incubation set-up which seems somewhere between sealed and
open, as incubation jars are closed but aerated before each incubation measurement, where two
samples are taken within two to three hours and fitted with a linear regression.

In this work, I conducted an open incubation experiment using a trace gas analyzer to measure CO2
accumulation in the incubation jar for 12 minutes with a temporal resolution of 1 Hz. I found highly
non-linear CO2 concentration profiles. It turns out that the microbial production is controlled in the
first phase by establishing a CO2 concentration equilibrium between gas and liquid phase. For my
samples, this transient phase for establishing the Henry equilibrium takes at least 3 minutes. These
results suggest that previous CO2 production experiments with only two data points may suffer
from inherent problems if the Henry equilibrium was not properly taken into account.

I applied different fitting approaches to the measured CO2 concentrations with the aim to 1) assess
if a linear fit is reasonable, 2) understand the CO2 accumulation kinetics in the incubation jar and 3)
to give specific recommendations for conducting and analyzing incubation experiments. A kinetic
model for the CO2 production including the Henry equilibration between gas and liquid phase of
the incubated soil sample was developed. Based on this theoretical model I show that a straight
line can still be applied to obtain reliable CO2 production rates after the transient phase is over.
The model also shows that the amount of CO2 measured in the gas phase underestimates the true
CO2 production rate. A correction factor is derived to include the amount of CO2 dissolved in the
aqueous phase. I show that the theoretical kinetic model for incubation measurements with high
temporal resolution leads to a better understanding of incubation reaction processes and can be
used to obtain robust results.

1.2. Microbial Soil Degradation as Exponential Decay

Soil organic matter is called key component of soil by Schnitzer, Khan, and Khan (1978) in the
introduction of their book with just this name. They distinguish soil organic matter into three main
components namely, humic substances, carbohydrates and organic nitrogen-, phosphorus-, and
sulfur-containing compounds. In this work, the focus will be on carbon containing compounds of
soil organic matter: soil organic carbon (SOC), which can be found in all above mentioned fractions.
Blume et al. (2010) recognize the carbon-storage function of SOC in the context of climate change, as
the built-up of soil carbon pools is accompanied by a reduction in atmospheric CO2 concentrations.
The microbial degradation of carbon stored in the soil carbon pool is however a CO2 source to the
atmosphere.

Microbial SOC degradation is empirically described by a sum of exponential decays, implying that
the soil carbon pool can be distinguished into two to three different kinetic pools with different
carbon cycling rates (Robertson et al. 1999; Schädel et al. 2020). The fast cycling carbon pool accounts
for easily available SOC to microbial activity, thus is rapidly mineralized to CO2. A slow (and an
intermediate) carbon pool accounts for less rapidly available SOC. The carbon degradation of these
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three pools are represented by independent first order reactions which add up to the total carbon
decay (Schädel et al. 2020).

Short-term incubations SOC decomposition experiments are sensitive to the fast cycling carbon pool.
The carbon degradation can be described by just one first order decay function (Schädel et al. 2020).
As the incubation length in the present experiment is just 53 days, only the fast cycling carbon pool
is considered: The degradation of SOC by microbial activity 𝐶(𝑡) is approximated by an exponential
decay with the rate constant 𝑘1:

𝐶(𝑡) = 𝐶0 ⋅ 𝑒−𝑘1⋅𝑡 (1.1)

where 𝐶0 is the amount of fast degradable carbon in the incubated soil (in 𝑚𝑜𝑙
𝑙 ), 𝑡 is the time in

seconds, and 𝑘1 has the unit 1
𝑠 . In this simple model, the produced CO2 is directly released into the

gas phase (see Fig. 1.1). This scheme assumes that all CO2 produced is directly released in to a gas
phase.

Figure 1.1.: Scheme of soil organic carbon degradation by microbial activity. The process is
characterized by the rate constant 𝑘1, the produced CO2 is released directly into the gas
phase.

Kinetic traces calculated for this model using the mean of constants published by Moore and Dalva
(1997) who found CO2 production rates between 1.02 and 0.52𝑚𝑔 CO2 𝑔−1 𝑑−1 in a closed incubation
over 5 days at room temperature, are shown in Fig. 1.2. Note that incubation experiments always
determine the product 𝐶0 ⋅ 𝑘1. Since the process is rather slow, a time frame of many years is needed
to visualize the exponential characteristics of the curve. For time frames considered in short-term
incubation experiments the degradation process can be approximated by a linear relation. So, in
the case of incubation experiments, where measurements take only few minutes to hours, the
degradation process can be considered linear.
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Figure 1.2.: Exponential decay of soil organic carbon bymicrobial activity. The characteristic
time of this process is many years (left), for shorter time intervals CO2 production is
linear (right). Note the different axes scales.

1.3. Water Solubility of CO2

In many incubation studies, the water solubility of CO2 is not considered, although it might influence
the results. Especially if incubated soil samples have high water contents, for instance if peat is
incubated (Moore and Dalva 1997). When CO2 accumulates up to 10000 ppm and higher (Dutta et al.
2006; Fierer et al. 2003; Lee et al. 2012) the amount of CO2 in the aqueous phase is accordingly high,
and if this fraction is not considered CO2 production rates are underestimated. Also, when different
moisture contents are compared (Fissore et al. 2009) including the water soluble CO2 fraction may
be reasonable. Only Knoblauch et al. (2013) explicitly mention that they include Henry’s Law when
calculating CO2 production rates. And Robertson et al. (1999) recommend to include the water
soluble fraction of CO2 when incubating wet samples.

The law of Henry describes the solubility of gases in water (Sander 2015). In a closed bottle of
sparkling soda the Henry equilibrium is established between the gas phase containing a high partial
pressure of CO2 and the water phase. If the bottle is opened the CO2 partial pressure in the gas
phase is reduced and the dissolved CO2 is gassing out until the Henry- equilibrium between the
water and the gas phase above the water is reached again. Most of the CO2 of the soda will be in
the surrounding atmosphere- but not all. Depending on the partial pressure of CO2 in the air, a
certain amount of CO2 will remain dissolved in the water. To know how much CO2 is still in the
water when the new equilibrium is reached, Henry’s law can be applied. The Henry solubility for
standard conditions can be defined as

𝐾−⊖−
𝐻,𝑐𝑝 =

𝑐𝑎𝑞
𝑝𝑔

. (1.2)
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Here, 𝑝𝑔 is the partial pressure of CO2 in the gas phase in 𝑎𝑡𝑚 and 𝑐𝑎𝑞 is the CO2 concentration in

the aqueous phase under equilibrium conditions in 𝑚𝑜𝑙
𝑙 . 𝐾−⊖−

𝐻,𝑐𝑝 is the temperature dependent Henry

constant in 𝑚𝑜𝑙
𝑙 𝑎𝑡𝑚 . There are many variants of Henry’s law constants, which can be transformed into

each other by applying the general gas law. In a set of recommendations to introduce a consistent
usage of Henry’s law constants, Sander et al. (2021) present following definitions: In general Henry’s
law constants are divided depending on which phase is in the denominator and numerator of the
fraction. If the ratio is related to solubility, the aqueous phase is the numerator and the gas phase
is the denominator. The inverse, where the gas phase is the numerator, is called Henry volatility
(Sander et al. 2021). Thus, the Henry constant presented in Eqs. 1.2 is a Henry’s law solubility
constant. In this thesis the deprecated symbol 𝐾𝐻 will be used for Henry’s law constants, as the
recommended symbol 𝐻 is later used in the van’t Hoff equation. In older literature the Bunsen
coefficient may be mentioned, which is a temperature independent definition of the same law (Sander
2015).

If not only the final equilibrium concentrations are of interest, but the time it takes to reach them,
diffusion and convection rates have to be considered. These rates depend on factors like the size
of the interface at which CO2 can travel between water- and gas phase and on turbulence. As this
transitions are rather complicated, these processes can be simplified and described as first order
reactions with rate constants 𝑘𝐻1 and 𝑘𝐻2, respectively:

CO2(aq)
𝑘𝐻1−−−→ CO2(g)

This reaction can also proceed in the opposite direction:

CO2(g)
𝑘𝐻2−−−→ CO2(aq)

These two reactions, when in equilibrium, can be summarized by the Henry constant:

𝑘𝐻1
𝑘𝐻2

= 𝐾𝐻 (1.3)

The rate 𝑘𝐻1 describes the transition kinetics from the aqueous phase to the gas phase and 𝑘𝐻2
describes the reverse reaction (see Appendix A: Eqs. A.1- A.4).
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2. Site description

A variety of sample types were taken from a peat complex and the adjacent forest in Siikaneva
Finland (see Fig. 2.1). In order to make robust statements about the CO2 accumulation kinetics in
open incubation experiments, diverse sample properties were tested to cover a broad range of total
organic carbon (TOC) and water content, soil depth, and mineral content (see table 4.1).

Figure 2.1.: The Siikaneva peat complex located in the southern part of Finland. This map was
built in R using packages sf and rnaturalearth (R Core Team 2021; Pebesma 2018;
South 2017)

The Siikaneva peat complex in Ruovesi, Western Finland is located in the southern boreal vegetation
zone (Ahti, Hämet-Ahti, and Jalas 1968). On 30 year average, the mean July temperature is 17.1 °C,
mean temperatures in January range between 4.2 and 7.2 °C. The average rainfall is 707 mm, of
which one third precipitates as snow (Korrensalo et al. 2020). Usually the area is snow covered
from November or December to January or March (Rinne et al. 2018). The peatland has fen and
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bog areas and is surrounded by coniferous forests. The transition between peatland and forest is
characterized by a belt of shrubs and birch trees. The majority of the 12 𝑘𝑚2 peat complex is today
an oligotrophic fen, however, in the eastern part a wet patterned bog was formed. The bog area
consist of a diverse microtopography of hummocks and hollows, lawns, bare peat areas and open
water with heterogenic vegetation composition, whereas the fen areas are less heterogenic.

The Siikaneva peatland complex was subject of several studies. Mathijssen et al. (2016) took in total
18 peat cores to reconstruct carbon dynamics of the Siikaneva peat complex. They found peat depths
ranging between 2 to 6 m. Peat accumulation was initiated in the early Holocene between 11000
and 10000 cal. BP under warm and moist conditions in several topographical depressions. Lateral
expansion was rapid between 10000 and 8000 cal. BP and slowed down after 7000 cal. BP. Today peat
growth is probably limited by basal topography. They also found reoccurring fire activity at the
site. The estimated carbon accumulation rate was low in comparison to long-term average carbon
accumulation rates of similar boreal peatlands, probably due to fire events. The total amount of
accumulated carbon was estimated to be 970 Gg C (=80.8 Gmol C), where accumulation rates differed
between fen and bog area: highest carbon accumulation rates in the fen site were found between
11000 and 8000 cal. BP, whereas the highest carbon accumulation rates in the bog site were found
after ombrotrophication around 4000 cal. BP. Beside carbon accumulation Mathijssen et al. (2016)
reconstructed CH4 flux dynamics on the basis of vegetation composition and found that Siikaneva
peat complex was probably emitting CH4 ever since its existence.

Korrensalo et al. (2020) investigated net ecosystem exchange in the bog area of the Siikaneva peat
complex by measuring CO2 fluxes over the growing season of the years 2012, 2013 and 2014. They
found that spatial variability of CO2 flux is not only regulated by water table depth but by species
composition. Six out of seven distinguished vegetation microforms were identified as CO2 sinks
from the atmosphere, only bare peat patches were temporarily CO2 sources to the atmosphere.
The cumulative net ecosystem exchange was -47 to -110 𝑔𝐶𝑚−2 (-3.9 to -9.2 𝑚𝑜𝑙𝐶𝑚−2) per growing
season, detected with an eddy covariance tower and -21 to -42 𝑔𝐶𝑚−2 (-1.75 to -3.5 𝑚𝑜𝑙𝐶𝑚−2) per
growing season when measured with closed chambers (Korrensalo et al. 2020).

Alekseychik et al. (2021) analyzed micrometeorology data from an eddy covariance tower measure-
ments from the same site as Korrensalo et al. (2020) over the course of six years (from 2011 to 2016).
They included not only CO2 but also CH4 measurements. The average growing season carbon
flux of -57 𝑔𝐶𝑚−2 (-4.75 𝑚𝑜𝑙𝐶𝑚−2) is conform with the above reported values. In all six growing
seasons the bog behaved as a CH4 source with an average CH4 efflux of 7.2 𝑔𝐶𝑚−2 (0.6 𝑚𝑜𝑙𝐶𝑚−2)
per growing season (Alekseychik et al. 2021).

Rinne et al. (2018) analyzed a time series of 10 years from a eddy covariance tower located in the
fen area of Siikaneva, starting in 2005. They found a strong seasonal cycle for CH4 fluxes, which
correlates with peat temperatures at 20 to 35 cm depth. A diurnal methane flux cycle was not found.
Overall methane emissions made up 18 % of net ecosystem carbon exchange. Highest methane
fluxes were observed during July and August (average 73 𝑛𝑚𝑜𝑙 𝑚−2𝑠−1). In winter peat temperatures
stayed positive at 35 cm depth and methane emissions were about 7 𝑛𝑚𝑜𝑙 𝑚−2𝑠−1.

In this study, samples were taken over the transition from the upland forest over the intermediate
shrub belt to the bog area in the eastern part of Siikaneva peatland complex (see Fig 2.2). Soil
characteristics of the three analyzed ecosystem sites are diverse, especially regarding water and
total organic carbon (TOC) content. The bog and intermediate site were classified as Histosol and
the upland forest as Podzol, according to the world reference base for soil resources (FAO 2014).
The Sphagnum rich bog site (24.17036 E; 61.83844 N) was sampled under very wet conditions on

13



a hummock. The homogeneous core consists of barely degraded Sphagnum and sedge peat. The
pH in the topsoil was 4.4 and the same between 20 and 30 cm. The intermediate site (24.17173 E;
61.83839 N) is dominated by Rhododendron tomentosum, some birch trees and a thick moss layer.
The organic material is moderately to highly decomposed; a 25 cm thick accumulation layer of
humified organic material (the A-horizon) is followed by a 5 cm deep hole caused by a strongly
varying water table. The organic rich B-horizon stretches from 35 to 60 cm depth, followed by
a dark sandy C-horizon. The pH in the topsoil was 4.2, below it was 3.7. The upland forest site
(24.17189 E; 61.83851 N) is dominated by conifers, the ground is covered by mosses and lichens. A
thin O-horizon of 3 cm (pH 3.7) is followed by an A-horizon to a depth of 10 cm with a pH of 3.6.
Below, a sandy eluvial horizon with pronounced bleached characteristics stretches from 10 to 20 cm
depth, here the pH increased with depth from 4.3 at 10 to 20 cm to 5.0 at 30 to 40 cm. The sandy
B-horizon reaches the bedrock at a depth of 60 cm.

Figure 2.2.: Location of sample sites. Samples were taken from three different sites at Siikaneva
peatland complex: in the bog (yellow point), in the intermediate shrubby site surrounding
the peat complex (pink point), and in the upland forest (cyan point). This map was built
in R using packages sf and mapview (R Core Team 2021; Pebesma 2018; Appelhans et al.
2021).
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3. Material and Methods

In this chapter, I describe the sampling methods, the samples, and then derive a theoretical model
for the description of carbon-dioxide fluxes in the incubation experiment. The goal of this aerobic
incubation experiment is to measure CO2 production rates of microbes in soil to answer the question:
How fast, or at which rate is organic carbon degraded by microbial activity? In this study, CO2
emissions are measured with a high-frequency analyzer and the behavior of the observed emission
is conceptualized into a model to test different approaches on how to calculate the actual CO2 flux
produced by microbial activity.

3.1. Experimental Approach

Incubation samples were taken on October 23, 2020 during the field campaign in Siikaneva, Finland.
Soil samples were taken on three sites along a moisture gradient: in a peat bog, the adjacent drained
forest upland, and the intermediate shrub dominated site (see chapter 2). All sites were sampled
down to one meter, except for the forest site where the bedrock was reached at 60 cm depth.

3.1.1. Soil Sampling

To compare different soil types, the incubation was done on layers, not horizons. Samples were
separated into 5 to 10 cm vertical layers during the field campaign. For the incubation, two layers of
each site were used: a topsoil and a subsoil sample, as shown in table 3.1. Topsoil samples were
taken with a kitchen knife, the volume of the samples was recorded to later determine the bulk
density. Subsoil samples were taken with soil augers; a Russian peat corer was used for the bog and
intermediate site, whereas a Pürkhauer was used for the forest site. All soil samples were separated
into 10 cm layers in the field, the topsoil was separated into 5 cm layers. Samples were frozen at the
end of the day and transported in a portable freezer to Potsdam, Germany, for further analysis.

3.1.2. Physico-Chemical Analysis

Soil characteristics, namely bulk density, water, carbon and nitrogen content, were determined in
the carbon and nitrogen Lab (CarLa, AWI Potsdam). For bulk density and water content, sample
volumes and weights were measured (following Robertson et al. 1999). The samples were then
freeze-dried to determine the dry weight to calculate dry bulk density and water content (Sublimator
15, ZIRBUS). To determine carbon and nitrogen content, subsamples were ground with a Pulverisette
5 (Fritsch) in a corund mortar for organic rich samples, and in an achat mortar for sandy samples.
Carbon contents (total carbon, organic carbon) were measured with an element analyzer (varioMax
C, Elementar Analysesysteme), nitrogen content was determined with an element analyzer (varioEL
III, Elementar Analysesysteme). The C:N mass ratio was calculated. Due to sample shortage most of
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the physico-chemical measurements were not realized on the sample incubated but gap filled with
samples of the same soil depth. In Appendix C a summary of gap filled samples is given.

3.1.3. Incubation

Incubation measurements were conducted in triplicates. Depending on the sample amount available,
replicates were produced by splitting samples in the lab (lab-replicates) or, by using different core
samples of the same layer (field-replicates), see table 3.1. The experimental procedure follows
Robertson et al. (1999, chapter. 13) and Schädel et al. (2020, supplement) with adjustments. To start
the incubation, frozen samples were thawed at 4 °C during the weekend. Then, a golf ball sized
amount of sample was spread evenly in a previously sterilized glass jar for each replicate. Soil
samples were kept intact as far as possible to resemble field conditions, even though anaerobic micro
sites could persist when not homogenized. The gas volume in the incubation jar was small enough
to detect CO2 concentrations and circulate the air within the jar without producing a strong airflow
on the sample that would dry out the sample. To keep a constant moisture level, the soil sample
weight was noted and after each incubation measurement demineralized water was added until
the initial sample weight was reached, if necessary. A total of 18 samples were incubated over a
time period of 53 days at room temperature (20 °C). CO2 production rates were measured on overall
19 days for each sample.

Table 3.1.: Incubated soil samples.

site depth (cm) replicate soil characteristics

bog
6-10 lab peat
80-90 lab peat

intermediate
5-10 lab humified organic material
90-100 field sandy

forest
5-10 lab humified organic material
50-60 field sandy

To measure CO2 concentrations emitted from from soil samples, a high resolution incubation set-up
was established: a LI-7810 trace gas analyzer (LI-COR Biosciences) was used to obtain high resolution
CO2 production rates of 1 Hz (Fig. 3.1). CO2 production rates were repeatedly measured during
the incubation period by connecting the glass jar with the soil sample to the trace gas analyzer for
about 12 minutes. In the beginning, measurements were conducted daily, then every second or third
day, to twice per week. In total 342 single incubation measurements were performed. Incubation
measurements and soil characteristics were further processed and analyzed using the software R,
version 4.0.4 (R Core Team 2021).
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Figure 3.1.: Incubation measurement set up: a glass jar containing the incubating soil sample is
connected to a trace gas analyzer. The air in the system is circuited in a closed loop, and
the CO2 concentration is continuously measured with a resolution of 1 Hz.

3.2. Kinetic Model Approach

3.2.1. Water-Gas Equilibrium Reaction

The often directly applied general concept of soil carbon degradation by microbial activity shown
in Fig. 1.1 assumes that all microbial produced CO2 is directly released to the gas phase. In this
case CO2 concentrations would increase linear in the incubation jar. Measurements performed with
above described high-resolution set-up do, however, not show this simple linear CO2 accumulation
(see Fig 3.2).

Figure 3.2.: A typical time series measurement. The CO2 concentration only increases lineraly
after a transitional phase in the beginning of the measurement.

This process may be over-simplified, as the produced CO2 is first dissolved in the aqueous phase
around the soil sample and only then released to the gas phase. With the outlined experimental
set-up, this aqueous phase becomes especially relevant: For every single incubation measurement
the jar is vented and then connected to the trace gas analyzer, where the air is cycled in a closed
loop. By venting the incubation jar, the CO2 concentration in the gas phase is changed (as the
CO2 concentration in the incubator is slightly different from the CO2 concentration in the lab) and
the aqueous phase in the sample will newly equilibrate to this different CO2 concentration. If the
CO2 concentration in the aqueous phase is comparatively high, CO2 gasses out into the gas phase,
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resulting in an increasing initial slope measured. If the CO2 concentration in the aqueous phase is
comparatively low, CO2 is dissolved into the aqueous phase resulting in a flat initial increase, or
even a decreasing CO2 concentration measured in the gas phase. A schematic representation of a
theoretical model that considers the aqueous phase is shown in Fig. 3.3.

Figure 3.3.: Scheme of soil organic carbon degradation by microbial activity considering
the aqueous phase. CO2 produced by microbial activity is released into the aqueous
soil phase with rate constant 𝑘1. The CO2 production rate of soil microbial activity is
superimposed by the establishment of an equilibrium between the water phase and the
gas phase: CO2 diffuses with the rate constant 𝑘𝐻1 from the aqueous phase into the gas
phase and with the rate constant 𝑘𝐻2 from the gas phase into the aqueous phase.

This theoretical model scheme shows that the CO2 production rate, namely 𝑘1 ⋅ 𝐶0, is distorted by
the water-gas equilibrium reaction. The latter process is described by Henry’s law (see chapter 1.3):
the concentration of a gas dissolved in water is proportional to the partial pressure of that gas above
the liquid (Sander 2015). This proportionality factor is called Henry constant 𝐾𝐻. The solubility of
CO2 in water at 𝑇−⊖− = 298.15 𝐾 is given by 𝐾−⊖−

𝐻,𝑐𝑝, where the gas phase is the denominator and the
aqueous phase is the numerator:

𝐾−⊖−
𝐻,𝑐𝑝 =

𝑐𝑎𝑞
𝑝𝑔

= 3.3 ⋅ 10−2 [ 𝑚𝑜𝑙
𝑙 ⋅ 𝑎𝑡𝑚

] (3.1)

To convert this Henry solubility constant 𝐾−⊖−
𝐻,𝑐𝑝 to the constant at experimental temperature condi-

tions, 𝐾𝐻,𝑝𝑐, the van’t Hoff equation applies, see Sander (2015),

𝐾𝐻,𝑐𝑝 = 𝐾−⊖−
𝐻,𝑐𝑝 ⋅ 𝑒

−Δ𝐻
𝑅 ⋅( 1𝑇−

1
𝑇−⊖−

) (3.2)

where −Δ𝐻
𝑅 = 2400𝐾 and 𝑇 is the temperature at which the experiment was performed. For further

calculations the reciprocal dimensionless Henry volatility constant 𝐾𝐻,𝑐𝑐, where the gas phase is the
numerator and the aqueous phase the denominator, both in 𝑚𝑜𝑙

𝑙 is used. To obtain this constant the
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ideal gas law 𝑝𝑉 = 𝑛𝑅𝑇 , with pressure 𝑝, volume 𝑉, amount of substance 𝑛, the ideal gas constant 𝑅
and temperature 𝑇, can be rearranged to

𝑐 = 𝑛
𝑉
=

𝑝
𝑅𝑇

(3.3)

and

𝑝 = 𝑐𝑅𝑇 (3.4)

so that 𝐾𝐻,𝑐𝑝 can be transformed to

1
𝐾𝐻,𝑐𝑝

=
𝑝𝑔
𝑐𝑎𝑞

=
𝑐𝑔𝑅𝑇
𝑐𝑎𝑞

(3.5)

and the dimensionless Henry constant 𝐾𝐻 for experimental conditions (20 °C) is obtained:

𝐾𝐻 = 1
𝐾𝐻,𝑐𝑝𝑅𝑇

=
𝑐𝑔
𝑐𝑎𝑞

= 1.066. (3.6)

The Henry constant 𝐾𝐻 gives the equilibrium state for a given system. The forward and backward
rate constants 𝑘𝐻1 and 𝑘𝐻2 describe the speed at which the equilibrium is reached.

𝐾𝐻 =
𝑘𝐻1
𝑘𝐻2

=
𝑐𝑔
𝑐𝑎𝑞

(3.7)

If CO2 is outgassing fast 𝑘𝐻1 becomes bigger, if outgassing is slow 𝑘𝐻1 becomes smaller (and so does
𝑘𝐻2).

𝐾𝐻 also depends on ionic strength of the aqueous solution. However, this effect is comparatively
small and thus is not further taken into account. At pH > 5.5, CO2 can react to to bicarbonate and
carbonate. These equilibrium reactions are not considered here because the pH of incubated samples
was lower than 5.5 (Andersen 2018).

3.2.2. Theoretical Derivation of a Kinetic Model

Microbial activity produces CO2 from total organic carbon (𝐶) with the rate constant 𝑘1. Other than
often presumed, CO2 will not directly be released into the gas phase, but dilute in the aqueous phase
(compare Fig. 1.1 and Fig. 3.3):

C
𝑘1

−−−→ CO2(aq) (3.8)

CO2 in the aqueous phase will outgas with the rate constant 𝑘𝐻1 to the gas phase:

CO2(aq)
𝑘𝐻1−−−→ CO2(g) (3.9)
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But CO2 in the gas phase will, as well, dilute in the aqueous phase with the rate constant 𝑘𝐻2:

CO2(g)
𝑘𝐻2−−−→ CO2(aq) (3.10)

The CO2 transport within the aqueous phase and over the phase boundary can be rather complicated
as it involves e.g. convection and diffusion. Eqs. 3.9 and 3.10 are thus simplified representations
by describing these processes as first order reactions with rate constants 𝑘𝐻1 and 𝑘𝐻2, respectively.
The ratio of both rate constants defines the Henry’s law constant 𝐾𝐻 for the CO2 equilibrium
concentrations in water (Eq. 3.7).

The chemical reactions described above are implemented as a kinetic system of coupled linear
differential equations. The rate expressions for the three species occurring in the mechanism of
Eqs. (3.8, 3.9 and 3.10) are:

𝑑𝑐𝐶
𝑑𝑡

= −𝑘1 ⋅ 𝑐𝐶 (3.11a)

𝑑𝑐𝑎𝑞
𝑑𝑡

= 𝑘1 ⋅ 𝑐𝐶 − 𝑘𝐻1 ⋅ 𝑐𝑎𝑞 + 𝑘𝐻2 ⋅ 𝑐𝑔 (3.11b)

𝑑𝑐𝑔
𝑑𝑡

= (𝑘𝐻1 ⋅ 𝑐𝑎𝑞 − 𝑘𝐻2 ⋅ 𝑐𝑔) ⋅
𝑉𝑎𝑞
𝑉𝑔

(3.11c)

Where cC corresponds to the concentration of total organic carbon (TOC) in the water phase, as the
volume of the dry soil sample is neglected or rather approximated by the water volume. 𝑉𝑎𝑞 and
𝑉𝑔 are the volumes of the water and the gas phase, respectively. The volume ratio of water an gas
phase has to be regarded as their size determine their total capacity to hold CO2.

3.2.3. Numerical Model Implementation

The system of three differential equations 3.11 is implemented in R with the function ode() from
the package deSolve (Soetaert, Petzoldt, and Setzer 2010). In a first step, the equations are written
in a function named CHenry:

# S - C amount in Soil [mol/l]

# W - CO2 in Water [mol/l]

# G - CO2 in gas phase [mol/l]

# k1 - microbial degradation rate [1/s]

# kh1 - speed of CO2 going from W to G []

# kh2 - kh1/KH - speed of CO2 going from G to W []

# Vw - volume of water phase [l]

# Vg - volume of gas phase [l]

# t - modeled time [s]

CHenry<-function(t, Cstart, rate) {

with(as.list(c(Cstart, rate)),{
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# C in soil

dS <- -k1*S

# CO2 in water

dW <- k1*S - kh1*W + (kh1/KH)*G

# CO2 in gas (what we measure)

dG <- kh1*(Vw/Vg)*W - (kh1/KH)*(Vw/Vg)*G

# return the rate of change

list(c(dS, dW, dG))

}) # end with as.list

}

In a second step the function CHenry is enclosed in a wrapper function, called wrapperCmess where
input-parameters such as starting conditions, time, rate constants and CO2 reservoir volumes are
included as parameters:

wrapperCmess = function(time, S, W, G, k1, kh1, Vw, Vg){

# time vector

time = time

# start conditions

Cstart = c(S=S, W=W, G=G)

# flux rate constants

rate = c(k1=k1, kh1=kh1, kh2=kh1/KH)

# save into results

result = as.data.frame(ode(func=CHenry,y=Cstart,parms=rate,times=time))

# time in h

result$time_h = result$time/3600

# CO2 in gas in ppm, for comparability

result$G_ppm = (result$G *1000*R*Temp) / (101325 *1e-6)

# hypothetical CO2 concentration in water as ppm, for comparability

result$hypW_ppm = (result$W * (Vw/Vg)*1000*R*Temp) / (101325 *1e-6)

return(result)

}

With this wrapperCmess function, single incubation measurements are simulated. Again, as in chap-
ter 1.2, the soil organic carbon degradation rate constant (𝑘1) is taken from Moore and Dalva (1997).
The range of values for 𝑘𝐻1 was estimated on the basis of pre-incubations when the experimental
set up was tested.

In Fig. 3.4, four solutions of the coupled system of differential equations are shown, here the
concentrations of CO2 in the gas phase are shown as a function of time. They look remarkably
different from each other, although the main parameters (namely S, k1, Vw and Vg) are equal in
all four simulations, only the starting conditions for the CO2 concentration in the aqueous and in
the gas phase, as well as the transport speed over the water-gas phase boundary (namely W, G and

kh1) vary.
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Figure 3.4.: Simulated carbon dioxide concentrations in the gas phase of an incubation ex-
periment. All four plots are simulations with the same sample parameters over the
period of a single incubation measurement. Only the starting conditions are varied: the
CO2 concentration in the gas phase (G), the CO2 concentration the aqueous phase is
equilibrated to when starting the incubation (W) and the rate at which CO2 is transported
over the phase boundary (kh1). Note the different y-axis scales.

All four curves in Fig. 3.4 end in a similar increasing linear slope, the initial behavior is, however
strongly affected by the varied starting parameters G, W and kh1. The total CO2 amount in the
system, thus, the range of the y-axis in Fig. 3.4, is mainly given by the amount of CO2 in the gas
phase (G). The direction of the slope in the beginning of the simulation is determined by the relation
of G and W: roughly if G > eq.W, the starting slope is negative (graphs A and C in fig. 3.4), because
CO2 is dissolved in the aqueous phase of the system. The CO2 concentration in the gas phase
decreases until the Henry equilibrium is reached. If G < eq.W, the initial slope is positive, as CO2
gasses out from the aqueous phase into the gas phase – again until the Henry equilibrium is reached.
The steepness of the initial slope is defined by the difference between G and eq.W; the bigger the
difference the steeper the slope. The time it takes to reach the Henry equilibrium is defined by
the sum of forward and backward reaction withe rate constants kh1 and kh2 (see Appendix A).
The smaller kh1, the slower the gas transport over the phase boundary. The greater kh1, the faster
the Henry equilibrium is reached (compare fig. 3.4. A and fig. 3.4.C). Only the second part of the
simulated curve (the part after the transient phase where the Henry equilibrium is approached),
displays a straight increase. This nearly linear increase in the end is finally primarily defined by k1

and thus the parameter of interest.

To better understand the properties of the modeled system, the CO2 concentration of the aqueous
phase and its relation to the CO2 concentration in the gas phase, is examined in Fig. 3.5. Both plots
show simulation (A) from Fig. 3.4. The left plot shows the same time frame as shown in Fig. 3.4.A,
but the y-axis is extended to include the CO2 concentration change in the aqueous phase, which
increases steeply in the beginning of the modeled incubation. This steep increase is due to the
comparatively high CO2 concentration in the gas phase, leading to a net flow of CO2 from the gas
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into the aqueous phase. As long as the difference between the gas concentrations in the two phases
𝑐𝑔
𝑐𝑎𝑞

is far from its equilibrium state (𝐾𝐻 = 1.066, compare eq. 3.6 and eq. 3.7), the compensation flow

is fast. The further the ratio
𝑐𝑔
𝑐𝑎𝑞

approaches the Henry equilibrium 𝐾𝐻, the slower is the rate of

change. This is shown by the dotted blue line in Fig. 3.5: in the beginning of the modeled incubation,
the system is far from its equilibrium state 𝐾𝐻. Within the first minutes of the incubation the change
in CO2 concentrations is mainly driven by the establishment of the Henry equilibrium. Only after
about 5 minutes, when the Henry equilibrium is near 𝐾𝐻, the rate of change in CO2 concentrations
slows down to then being driven by 𝑘1.

However not exactly, as the plots in Fig. 3.5 show: the Henry equilibrium is not reached, but
approached. If there was no microbial CO2 production, the Henry equilibrium in the model would
approach the value 𝐾𝐻 = 1.066 asymptotically (blue y-axis). But, as the model includes microbial
CO2 production the equilibrium is constantly unbalanced by the CO2 production in the aqueous
phase. Thus, the Henry equilibrium will not be reached, and instead a slightly different steady state
will be established. This effect is also apparent in the slope of CO2(g): it converges to a straight line,
and its rate of change is (and must by definition) following the rate of change in

𝑐𝑔
𝑐𝑎𝑞

.

Figure 3.5.: Simulation A: Decay of soil organic carbon by microbial activity considering
the aqueous phase. The left plot shows a simulated incubation over 12 minutes, the
right plot shows the same simulation over a longer time period of 3 days (72 h). Here, the
CO2 concentration of the gas phase (black) is plotted (as in 3.4), but the CO2 concentration
of the aqueous phase is added (gray). The dotted blue line shows the CO2 concentration
ratio

𝑐𝑔
𝑐𝑎𝑞

indicated by the second y-axis.

It is apparent (according to Fig. 3.5), that the CO2 concentration measured in the gas phase underes-
timates the total CO2 produced by microbial activity, when the CO2 fraction in the aqueous phase is
ignored. The longer the modeled measurement, the higher the amount of CO2(aq) dissolved in the
aqueous phase (to fulfill Henry’s law).
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3.3. Model Fitting

To determine the actual CO2 production rate of microbial activity in the aerobic incubation experi-
ments, three different approaches were applied. The goal was to find a reasonable way to obtain
CO2 production rates from microbial activity, that is reliable and computable with reasonable effort.

3.3.1. Linear Fit

An obvious, and often applied approach is to use a linear regression like Robertson et al. (1999,
chapter 13) or Moore and Dalva (1997). But, as shown in Fig. 3.4, the measured curve is not linear.
Only after the transient phase, the measured curve approaches a linear course. Thus, the arbitrary
bending of the curve in the beginning of a measurement should be omitted. The extent of the
non-linear part in the measured curve depends on the rate constant 𝑘𝐻1 in the model, thus the CO2
transport within the soil sample and over the phase boundary. The length of this time period was
tested empirically by applying a linear fit stepwise to every three minutes of a 40 minutes long
test measurement with the lmList() function from the R package nlme (Pinheiro et al. 2021). For
further analysis the build in function lm() was used to fit linear models (R Core Team 2021).

For the linear fit, the predictions ar parameterized as

C(t) = C0 + k1 t (3.12)

with intercept 𝐶0 and slope 𝑘 of the linear fit as the two parameter values to optimize.

3.3.2. Fitting Numerical Solutions Using an Optimization Algorithm

Another approach is to fit a non-linear model to the measured data. I use a numeric optimization
algorithm that solves non-linear least square problems, published by Levenberg (1944) and later
Marquardt (1963). The applied mathematical background is described by Watson (1978) and imple-
mented as R package minpack.lm by Elzhov et al. (2016). In a first step the model is written (as in
chapter 3.2.3) as input for the ODE solver called rxnrate.

# A = degradable Soil-C in mol/l

# B = CO2 in Water in mol/l

# C = CO2 in Gas in mol/l

# k1 = rate constant microbial degradation in 1/s

# kh1 = rate constant from water to gas in 1/s

# KH = Henry Constant

# Vw = volume of water phase in l

# Vg = volume of gas phase in l

# t = time vector

rxnrate=function(t,c,parms){

# rate constant in a list called parms

k1=parms$k1
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kh1=parms$kh1

# c is the concentration of species

# derivatives dc/dt

r=rep(0,length(c))

r[1]=-k1*c[”A”]

r[2]= k1*c[”A”]-kh1*c[”B”]+kh1/KH*c[”C”]

r[3]= kh1*c[”B”]*(Vw/Vg)-kh1/KH*c[”C”]*(Vw/Vg)

# the computed derivatives are returned as a list

return(list(r))

}

This is then wrapped into a sum of squared errors function ssq. For parameter estimation of k1,
kh1 and A, B, C all five parameters are inputs as a list called fitparms together with the actual
measurement data set df to which the best fit shall be found. For a given set of fitparms the ODE
is solved and compared to the measurement data set in df. The output is a vector of residuals.

# df - dataframe containing measured data

# fitparams - vector with rate constants k1, kh1 and the initial

concentrations of A, B, and C

ssq = function(fitparms, df){

# initial concentration

cinit = fitparms[3:5]

names(cinit) = c(”A”, ”B”, ”C”)

# include the points where data from df is available

t=c(seq(0,length(df$time),1),df$time)

t=sort(unique(t))

# rate constants

k1=fitparms[1]

kh1=fitparms[2]

# solve ODE for a given set of parameters

out=ode(y=cinit, times=t, func=rxnrate, parms=list(k1=k1,kh1=kh1))

# subset output so it contains points where data is available, which is

time and c[C]

outdf=data.frame(out[,c(1,4)])

outdf=outdf[outdf$time %in% df$time,]

# Evaluate predicted vs experimental residual

preddf = outdf %>% gather(species, conc, -time)

expdf = df %>% gather(species, conc, -time)

ssqres=preddf$conc-expdf$conc

# return predicted vs experimental residual

return(ssqres)

}
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Fitting the theoretical model to the measured data is finally computed with the function nls.lm.
The sum of squared errors is calculated iteratively until a minimum is reached. Initial conditions are
guessed, except for the CO2 concentration in the gas phase C, which is taken from the measured
data. The boundary for fitting upper and lower are slackly set: the lower bound is zeros, as none
of the parameters fitted can be negative, and the upper boundary is set to 1, except for the carbon
concentration in the soil sample, which is set to the measured value availableC.

fit.LM = nls.lm(par=fitparms, # initial guess for parameters

fn = ssq, # ssq function

lower = rep(0, 5), # lower bound

upper = c(1,1,availableC ,1,1), # upper bound

control = nls.lm.control(nprint = 1), #printing of iterates

df = df # measurement data

)

The fit.LM object contains the estimated parameters, degrees of freedom as well as the mean error.

3.3.3. Analytical Solution of the Kinetic Model

The set of kinetic linear differential equations (Eqs. 3.11 a-c), derived in section 3.2.2, is solved
analytically by applying determinant matrix methods, described by Steinfeld, Francisco, and Hase
(1999), in appendix A. The three differential equations of the reaction system are expressed in matrix
form, with the rate coefficient matrix K, and the composition vector C. Since this is a problem
with three components (namely 𝑐𝐶, 𝑐𝑎𝑞 and 𝑐𝑔), K is a 3 × 3 matrix with three linear independent
eigenvectors (namely x1, x2 and x3), which are found by solving for the eigenvalues (𝜆1, 𝜆2 and
𝜆3) with the characteristic equation det(K − Λ1) = 0. The eigenvectors are then combined in the
eigenvector matrix X, which is used to calculate the time dependent concentration vector C(𝑡)
following the given formula C = X ⋅ 𝑒Λ𝑡 ⋅ X−1 ⋅ C0, with C0 being the initial condition vector.
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4. Results

This chapter is divided into three sections: In section 4.1 the outcomes of the physico-chemical
analysis of the soil samples and the incubation results are shown. In section 4.2 the fitting of the
observed CO2 measurements with different methods is described. And in the last section 4.3 the
applied fitting methods are compared.

4.1. Experimental Results

4.1.1. Soil Sample Properties

Physico-chemical characteristics of the incubated soil samples are summarized in table 4.1. The
organic carbon content of the incubated soil samples varies between 0.7 and 54.1%. Both values are
found in the forest upland site: in the sand-rich subsoil and the organic-rich topsoil, respectively.
Bulk density was also highest in the forest site, due to a high mineral fraction and a relatively low
water content. Bulk density is lowest for the bog site where the Sphagnum peat consists of 92.8%
water. Nitrogen content varied between 0.05 % in the subsoil of the forest upland to 1.1 % in the
intermediate topsoil sample. The mass ratio of carbon and nitrogen was highest in the forest upland
topsoil and lowest in the same sites subsoil.

Table 4.1.: Physico-chemical characteristics of incubated soil samples: water content in per-
cent of total fresh weight, bulk density (BD), total organic carbon (TOC) and nitrogen
(TN) in percent dry mass, and C:N mass ratio.

site depth (cm) water (%) BD ( 𝑔
𝑐𝑚3 ) TOC (%) TN (%) C:N

bog
6-10 92.80 0.031 46.24 0.44 106
80-90 91.27 0.145 41.32 0.59 71

intermediate
5-10 82.40 0.049 49.53 1.09 46
90-100 70.65 0.309 10.29 0.46 22

forest
5-10 19.70 0.919 54.09 NA NA
50-60 6.12 1.122 0.70 0.05 15

4.1.2. Incubation

All incubated samples produced CO2. However, the measured fluxes did not increase linearly as
expected from figure 1.2. Four examples are shown in figure 4.1. In many measurements, there
is a sharp in- or decrease in the beginning of the measurement that after the transient initial
period becomes linear. Some samples did not show this non-linear slope, they seemed linear
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from the beginning, whereas in some few cases the slope changed continuously during the whole
measurement.

Figure 4.1.: Exemplary CO2 concentration measurements: There is a transient phase in the
beginning of every measurement. This phase can be weakly pronounced (top left), or
dominate the first minutes of the measurements (bottom left). The initial slope can be
negative or positive for the same sample (right).

4.2. Outcomes from Different Models

4.2.1. Linear Fitting

To explore the non-linearity in the beginning of a measurement, a test measurement of 40 minutes
length was performed to see if and when it converges to linear slope. Figure 4.2 shows the performed
measurement and two linear regressions: one is fitted over the first 6 minutes of the measurement
(white) and one over the whole measurement, excluding the first 6 minutes (blue). The convergence
towards a linear increase becomes clearly visible when a linear regression is fitted stepwise to every
three minutes of the measurement: the slope 𝑘1 of the fitted regressions converges towards a stable
value (figure 4.3).

For the incubation set up measurement times of 9 to 15 minutes were chosen, to cover the transition
from the non-linear transitional to the linear regime. By applying a linear fit to the last third of the
performed incubation measurement the linear slope is captured nicely, as shown in figure 4.7.
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Figure 4.2.: Single measurement of CO2 concentration with fitted linear regression: for the
first 6 minutes (white) and after the first 6 minutes (blue).

Figure 4.3.: Linear regression for 3 minute sections of a single CO2 measurement: Intercept
(left) and slope (right) are displayed with standard error bars for every single linear
regression for the 40 min measurement shown in figure 4.2.

4.2.2. Fitted Numerical Solutions for the Theoretical Model

Fitting a non-linear model to the measured data with the Levenberg-Marquardt Algorithm is a
computation expensive iterative process. However, the measured data is fitted nicely by the kinetic
model (figure 4.4). In general, the better the first guess of rate constants and initial concentrations,
the faster the least squares fit converges.
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Figure 4.4.: CO2 measurements with fitted theoretical model: Incubation measurement (black
dots) and Levenberg-Marquardt fitted model (blue line). The number of iterations (iter)
is given in the plot title.

Initial conditions were chosen loosely by plotting a numerical solution together with a measurement.
Values were selected, so that themodel fit lies within the range of one of themeasurements performed
with a sample. With those same values all measurements of the same sample were fitted in a loop
for all incubation days. The initial CO2 concentration in the gas phase was taken as the mean of the
first three data points. Altogether five variables, namely the initial conditions of the three system
components: CO2 concentration in the gas and aqueous phase and the amount of degradable carbon
in the soil sample (CO2(aq), CO2(g) and soil carbon 𝐶0), plus the two rate constants: 𝑘1 and 𝑘𝐻1
are fitted. However, for 𝑘1 and 𝐶0 only the product 𝐶0 ⋅ 𝑘1 can be determined. Most samples took
less than 20 iterations to approach a satisfactory solution, the median iteration number was 13. 43
samples reached the set maximum of 50 iterations, where the process is aborted (compare figure 4.5).
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Figure 4.5.: Distribution of number of iterations needed to fit the theoretical model to the
measured CO2 concentrations. The process is aborted after 50 iterations, bin size is
2.

Samples for which the maximum iteration of 50 was reached mostly show no transient phase
(figure 4.6). Under these conditions the parameters of the model are not determinable. As shown in
table 4.2 the values for 𝑘𝐻1 of these fits were comparatively low accounting for a slow bend of the
CO2 concentration profiles. At the same time the starting CO2aq concentration is fitted with a high
value.

Figure 4.6.: CO2 measurements with weakly pronounced transient phase: Incubation mea-
surement (black dots) and fitted model (blue line). For the shown measurements the
fitting algorithm did not reach a least sum of squares within 50 iterations.
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Table 4.2.: Mean of fitted values for the theoreticalmodel. The fitted measurements are divided
into samples that reached a minimum sum of squared error with the Levenberg-Marquardt
algorithm (iterations < 50) and samples that did not converge towards a minimum sum of
squared error within 50 iterations.

iterations 𝐶0 ⋅ 𝑘1 / 𝑚𝑜𝑙
𝑙 𝑠 CO2(aq) /

𝑚𝑜𝑙
𝑙 CO2(g) /

𝑚𝑜𝑙
𝑙 𝑘𝐻1 / 1

𝑠

=50 2.5e-07 1.0e-04 2.1e-05 0.0017
<50 1.8e-07 3.6e-05 2.1e-05 0.0490

4.2.3. Correction Factor 𝐹 with a Linear Regression

In Appendix A, I derive an analytical solution for the CO2 production rate after the transient phase.
It is shown that the ratio of the total CO2 production rate to the gas phase CO2 production rate is
given by

𝐹 =
𝑑𝑐𝑡𝑜𝑡
𝑑𝑡
𝑑𝑐𝑔
𝑑𝑡

≅ 1 +
𝑉𝑎𝑞
𝑉𝑔𝐾𝐻

i. e. the total CO2 production can be estimated by multiplying the measured CO2 production rate
with the factor 𝐹. The correction factor 𝐹 is applied to the linear regression of the last third of each
incubation measurement to compensate for the CO2 concentration in the aqueous phase (figure 4.7).
The slope of the 𝐹- corrected linear regression is steeper than the bare linear regression, as the CO2
amount in the aqueous phase is included. The more water in the incubated sample, the higher the 𝐹-
corrected slope, as 𝐹 consists of the volume ratio between the aqueous an the gas phase and the
Henry equilibrium. For my samples, I found a typical value for 𝐹 = 1.05.
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Figure 4.7.: CO2 production with fitted linear regressions to the last third of the measure-
ments: CO2 concentrations (black dots) with linear regression fitted to the last third of
the measurement, after the transient phase (blue line). To include the amount of CO2
dissolved in the aqueous phase of the incubated soil sample the correction factor 𝐹 was
applied (dashed line).

4.3. Comparing Model Results from Different Approaches

The overall behavior of the three different model approaches is fairly similar, as shown in figure 4.8.
Only for the subsoil forest upland sample 79 (figure 4.8, lower right), the theoretical model differs
strongly from the linear fit, which can be mainly attributed to bad fitting, as the measured CO2
production was very low, so that the measurement noise was comparatively high, leading to problems
when fitting the theoretical model. In general the surface samples showed a sharp initial increase in
CO2 production, followed by a fast decay over the first two days. After that the decay slowed down
and reached a constant level. This behavior is not very pronounced for the subsoil samples, where
the CO2 production rates were generally lower.

The total CO2 production rate is obtained by integration of the curves shown in figure 4.8. The
cumulative production rates are shown in figure 4.9 and figure 4.10, with CO2 production per dry
gram soil incubated and per gram total organic carbon (TOC) (see table 4.1), respectively. The linear
model gives always slightly smaller CO2 rates than the corrected linear model. The theoretical
model gives higher values, except for the upland forest site where the values are smaller (see 4.3).
Results for the subsoil samples from the forest upland site should, however, be handled with care, as
the model fit differed greatly from the values expected from the linear fit for the third replicate. The
differences between the three model approaches lie, overall, within the variance of the replicates.
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The CO2 production rates were higher in the topsoil samples, compared to the subsoil of the
corresponding site. The topsoil of the intermediate site showed highest CO2 emissions per gram
incubated soil, and as well per gram organic carbon. The carbon content of the intermediate and
forest upland site is very low, their CO2 productions are accordingly low, too. But when CO2
production is compared to the carbon content (as in figure 4.10), their CO2 production is higher, the
forest upland shows even the highest emissions compared to the other two subsoil samples.

Figure 4.8.: CO2 production over the incubation period for every single sample replicate.
The single incubation measurements were evaluated with three different models: a
linear fit (LIN), a 𝐹 corrected Linear fit (corrLIN) and the theoretical model (TMO). Flux
unit is per g dry soil weight.
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Figure 4.9.: Cumulative CO2 production over the total incubation period of 53 days. Split
into different model approaches: linear fit (LIN), 𝐹 corrected linear fit (corrLIN) and
theoretical model (TMO) Left plot: topsoil samples, right plot: subsoil samples, note
different y-scales.

Table 4.3.: Deviation of linear and theoretical model from the corrected linear model fit.
Mean values (n=3) for each incubation sample (per g Soil) in percent with standard
deviation.

site depth(cm) Linear Fit% Theoretical Model %

bog
6-10 -5.09±0.54 6.10±1.97
80-90 -4.83±0.90 4.08±0.92

intermediate
5-10 -2.56±0.23 3.40±1.02
90-100 -2.68±1.25 2.88±1.23

forest
5-10 -0.39±0.11 -0.82±0.54
50-60 -0.24±0.10 -14.78±18.47
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Figure 4.10.: Cumulative CO2 production over the total incubation period per g organic car-
bon. Split into different model approaches: linear fit (LIN), 𝐹 corrected Linear fit
(corrLIN) and theoretical model (TMO) Left plot: topsoil samples, right plot: subsoil
samples, note different y-scales.
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5. Discussion

5.1. Model Approaches

The measured CO2 concentrations over the course of a single incubation measurement are well
described by the theoretical kinetic model (Fig. 3.5 and 4.4): within the first minutes of a measurement
a quasi-stable Henry equilibrium is approached, which then remains approximately steady during the
measured period. The time it takes to reach this quasi-stable state has to be determined empirically,
as it depends on sample properties (such as volume, water content and surface area). If the sample
volume is large and has a high water content it takes longer to overcome the transitional phase,
as CO2 has to diffuse over longer distances. Similarly, the transitional phase will be shorter if the
surface of the sample is greater so that diffusion distances to the sample-gas interphase are shorter.
For the present experimental set-up this time was about one third of a measurement (3 to 6 min).
After the transitional phase the measured CO2 concentration increase represents microbial activity.

The presented model can be a useful tool to understand the incubation system. With the online tool
available via ghg-in-permafrost.awi.de different solutions for the theoretical model can be tested
and visualized. The online tool allows to change the input values of microbial CO2 production rate
𝑘1, the rate at which the Henry equilibrium is reached (so the length of the transitional phase) 𝑘𝐻1,
and the initial CO2 concentration in the gas phase. The tool was build to get a visual understanding
of the set of linear differential equations developed in this thesis.

The theoretical kinetic model satisfactorily reproduces the most important processes of the present
incubation set-up, which are the establishment of the Henry equilibrium and the CO2 production
by microbial activity. The two simple linear differential Eqs. 3.11b and 3.11c are appropriate simplifi-
cations for complex processes that involve convection and diffusion. They represent CO2 fluxes in
the transitional phase well enough for our purposes. Using a diffusion model is overdone because it
is not clear what the rate limiting step for the CO2 molecules is when crossing the gas liquid phase
boundary. In principle it could be the crossing of the phase boundary itself (liquid to gas or reverse)
or the transport to the phase boundary. If it is the transport to the phase boundary the questions is
whether the process is really diffusive or whether convection is involved. In summary one has to
consider three processes (crossing of phase boundary, diffusion, convection) but from experiment
only one is observable which can be described by a single exponential, i.e. one parameter. Microbial
CO2 production is represented by Eqs. 3.11a, which is sufficient to analyze single measurements. To
analyze and model the change in CO2 production rates, different carbon pools can be considered,
but these can be applied after extracting CO2 production rates of single measurements as described
by (Schädel et al. 2020).

Fitting the theoretical model to experimental data with the Levenberg-Marquardt algorithm worked
excellently when the transient phase is pronounced. Problems arise when the transient phase is
not very distinct. In that case the measured CO2 concentration increase is nearly linear for which a
multitude of possible solutions for the fitted parameters exist, thus the non-linear least squares fit
does not converge towards a clear minimum.
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Some measurements showed an additional bending after the transient phase (e.g. Fig. 4.6 upper right
panel). This additional effect may be a result of a change in temperature during the measurement. If
the temperature increases, the solubility of CO2 in water is reduced. Using Eqs. 3.2 a temperature
rise of 1 K around room temperature leads to an increase of 𝐾𝐻 by 2.7%, which is in the range of the
observed bending.

This analysis shows that a complete fitting with the theoretical model is not necessary, as it is
computationally intensive and the results of the corrected linear fit after the transitional phase are
in accordance to the theoretical model. Thus, a linear regression applied to the CO2 concentration
profile after the transient phase together with a correction factor 𝐹 is sufficient to calculate the
total CO2 production rate, which is the goal of the incubation experiment. In this way a good
approximation can be achieved with low computational effort. The correction factor 𝐹 is basically a
Henry correction as it includes the amount of CO2 dissolved in the aqueous phase of the sample,
where CO2 accumulates as it does in the gas phase. To account for this CO2 fraction, 𝐹 can be
applied. This is especially relevant for wet samples, as the reservoir size is bigger and more CO2 can
be dissolved. In Fig. 4.7 this effect is shown: samples from the bog site have a high water content
(right plot), here the 𝐹 corrected linear regression is significantly steeper than for samples with
lower water contents on the left side.

The transitional phase in the beginning of a measurement has to be skipped over as it does not
represent the process of CO2 production by microbial respiration, but is dominated by the establish-
ment of the Henry equilibrium. For the present experiment, applying a linear fit to the complete
measurement time leads to slopes that range between 0.03 % to 1208 % of the slopes applied to the
last third of the measurement when the Henry equilibrium is established (mean discrepancy 12 %).
This error range depends on how far the initial conditions differ from concentration differences
when the Henry equilibrium is established. Samples with low CO2 production rates are more
strongly affected, as the transitional phase can dominate the concentration development, compared
to samples with high CO2 production rates. For productive samples the asymptotic approach to the
Henry equilibrium is additive with the CO2 production rate.

In the present study sample jars where ventilated with room air before connecting them to the
analyzer. If this is not done carefully, the scientist performing the experiment might breathe onto the
jar before connecting it to the analyzer and thereby increase CO2 concentrations up to more than
10000 ppm. Fitting a linear regression to such a measurement would lead to even larger error ranges
than in the present study. This demonstrates the risk of contamination. Excluding unreasonable
high CO2 values during data processing does not solve the problem, as the value alone does not
provide information about the equilibrium establishment. In this sense small CO2 concentrations
can equally skew the fitted slope as high concentrations. The time it takes to establish the Henry
equilibrium will be, however, the same, because CO2 travels faster over the phase boundary when
concentrations are further away from the equilibrium state.

The present incubation system is easy to handle and gives robust results, especially due to the
high temporal resolution. The length of the transitional phase can be determined empirically for
each sample type. In this way the establishment of the Henry equilibrium is bypassed safely and
microbial CO2 production can be easily extracted with a linear model applied after the transitional
phase. Results obtained with high temporal resolution measurements are very reliable, particularly
because CO2 contamination is directly visible during the measurement.
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5.2. CO2 Production of Incubated Soil Samples

Degradation of SOC by microbial activity 𝐶(𝑡) depends on the amount of degradable carbon available
𝐶0 and the rate constant 𝑘1 at which microbes mineralize SOC to CO2 (see chapter 1.2). In the present
study, a clear correlation between TOC content and CO2 production is observed (see figure Fig. 4.9
and Fig. 4.10): the more carbon is available the higher the CO2 production. This is in accordance
with the general understanding of microbial soil degradation as exponential decay.

All topsoil samples showed a high initial CO2 production which decreased within the first incubation
days. Samples from deeper soil layers did not show such an initial strong decay. The reason for this
is unclear, it may be due to more recalcitrant SOC in deeper soil layers, while surface samples may
have a larger fraction of fast available carbon (e.g. root exudates). Also a lower density of microbes
in deeper soil layers could play a role (Schmidt et al. 2011). After this initial decay all samples show
a constant level of CO2 production over the incubation period.

The intermediate site represents the largest span of total CO2 emissions, as for the topsoil layer emis-
sion rates reached very high values, whereas the CO2 production rates of the subsoil samples were
among the lowest measured rates. Emission rates of intermediate site topsoil layers were especially
great in the beginning of the incubation with maximum values over 2 𝜇𝑚𝑜𝑙 CO2

𝑔𝑑𝑤 𝑠𝑒𝑐 . This may be due to
highly decomposable organic material easily available for present microbial communities. After this
peak in the first incubation days CO2 production rates even out at values around 0.3 𝜇𝑚𝑜𝑙 CO2

𝑔𝑑𝑤 𝑠𝑒𝑐 , in
this time organic material was either not as easily degradable for the microbes, or microbes died
or went into resting stages due to unfavorable conditions. Subsoil samples from the intermediate
site were sandy, with relatively high TOC of 10 % for mineral soils. Emission rates were slightly
higher in the beginning of the incubation, to the end of the incubations emission rates where around
0.01 𝜇𝑚𝑜𝑙 CO2

𝑔𝑑𝑤 𝑠𝑒𝑐 . Samples from the bog site showed relatively high emission rates for both soil depths,
with surface samples being more productive in the beginning of the incubation. After initial high
emission rates of the topsoil, bog samples showed CO2 emission rates of 0.19 and 0.12 𝜇𝑚𝑜𝑙 CO2

𝑔𝑑𝑤 𝑠𝑒𝑐 for
the topsoil and subsoil samples respectively. Topsoil samples from the forest upland site emitted
moderate amounts of CO2. The initial peak emission was reached faster compared to topsoil samples
from the other two sites. These samples had the highest TOC of all incubated samples (see table 4.1).
The organic material of the forest site is highly decomposed, which might be a reason for the very
fast decomposition in the beginning of the incubation. After the first high emission rates, forest
topsoil samples emitted around 0.08 𝜇𝑚𝑜𝑙 CO2

𝑔𝑑𝑤 𝑠𝑒𝑐 . Subsoil samples of the forest site had only 0.7 % TOC,

nevertheless emission rates were around 0.002 𝜇𝑚𝑜𝑙 CO2
𝑔𝑑𝑤 𝑠𝑒𝑐 , which is comparatively high considering

the low carbon content (compare Fig. 4.9 and Fig. 4.10).

To compare different sample sites the CO2 production after the initial high productivity will be
compared in the following. The initial peak is excluded, because it was most probably captured
imprecisely depending on when exactly samples were measured. Maybe CO2 production was even
higher but not measured. Also, when comparing samples from the three different field sites the
wide range of TOC should be considered. Thus, in table 5.1, mean CO2 fluxes after 20 incubation
days are displayed in two different units. The right column shows more comparable values when
looking at microbial activity, as the carbon content of incubation samples is considered. The general
trend of topsoil layers emitting more CO2 does not apply anymore for the forest site, where the
subsoil is more productive than the topsoil (compare also Fig. 4.10). For some reason forest topsoil
samples were very recalcitrant towards decomposition by microbes, although carbon rich. Maybe
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the low pH of 3.6 creates unfavorable conditions for SOC degradation. This statement is supported
by likewise low CO2 productivity at pH 3.7 in the intermediate subsoil samples. To confirm the role
of proton concentrations, incubation experiments with controlled pH could be performed.

Table 5.1.: Mean CO2 fluxes after 20 days of incubation: Results are given in mol per gram dry
weight (gdw) and second, and in g CO2 per day and SOC for comparison. All displayed
values are integrated 𝐹 corrected linear fits.

site soil depth 𝜇𝑚𝑜𝑙 CO2
𝑠 𝑔𝑑𝑤

𝑚𝑔 CO2
𝑑𝑎𝑦𝑔𝑆𝑜𝑖𝑙−𝐶

bog
top 0.19 1.6
sub 0.12 1.0

intermed
top 0.32 2.5
sub 0.01 0.5

forest
top 0.08 0.5
sub 0.002 1.1

Another explanatory variable for CO2 production can be the nitrogen content and the C:N ratio.
Topsoil samples have a wide C:N ratio, indicating that degradation processes are not yet very far
advanced. For all sites the C:N ratio decreases with depth, which is expected as SOC is mineralized to
CO2 and released from the soil substance, whereas nitrogen is assimilated to microbial biomass and
then stored in amino groups in the soil matrix. Proceeded humification in deeper soil horizons leads
to narrow C:N ratios to around 10 (Blume et al. 2010). Values found in the bog site are in accordance
with Kuhry and Vitt (1996) who found C:N ratios of 300 in upper Sphagnum fuscum peat layers
which declined with depth. The drop in C:N ratio is created because up to 98% of N in soil is recycled
whereas most of the C is released trough aerobic decomposition (Blume et al. 2010; Kuhry and Vitt
1996). Samples from the very productive intermediate topsoil had the highest nitrogen content of
all samples incubated. The C:N ratio in this sample is not as wide as in the bog site, where nitrogen
is already scarce. This may indicate a source of more easily decomposable material compared to the
bog and forest site, together with the fact that only on this site deciduous birch trees, which produce
litter by leaf senescence in autumn, are found. The bog is dominated by Sphagnum moss and the
forest site by evergreen pine trees. Sphagnum moss is known to produce chemical compounds such
as polyphenolic compounds that inhibit methanogenesis (Bridgham et al. 2013). This inhibitory
effect may also apply to other microbial communities, together with the fact that Sphagnum is know
to have antibiotic properties (Bridgham et al. 2013). In the forest, site pine trees produce relatively
low amounts of nutrient-poor litter (Blume et al. 2010). Samples were incubated aerobically, thus
the absence of oxygen can not explain low CO2 production rates. With longer incubation times,
this may however change as microbial community composition adapt slowly. To investigate the
role of nitrogen availability, the nitrogen content of the forest topsoil sample should be determined.
Additionally, nitrogen measurements could be performed after the incubation to see if a change in
C:N ratio is visible. To further investigate the role of nitrogen fertilization experiments could be
performed.

Comparing extracted carbon mineralization rates of single incubation measurements with rates of
other incubation experiments in literature is challenging, because rates of single measurements are
not always published (not to mention raw data). Often results are further processed, e.g. as percent
carbon loss (e.g. Elberling et al. (2013) or Shaver et al. (2006)) or the cumulative carbon loss over the
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complete course of the incubation period (e. g. Reynolds et al. (2018)). To facilitate comparison with
published literature data minimum and maximum rates of single linear 𝐹 corrected CO2 production
rates are displayed in Appendix B. Values are given in different units for every incubated sample, as
well as mean values of cumulative fluxes over the incubation period of 53 days. In general, measured
values are within the range of published rates, a selection of published flux rates is given in table 5.2.

The very high CO2 production measured in topsoil samples of the intermediate site is uncommon
but not exceptional. These high rates may be captured due to the high temporal resolution of the
present study. With this high resolution small changes can be captured that are overlooked when
samples are taken less frequently. Another explanation for these exceptional high values is, that
many incubation experiments start with a pre-incubation, if too long the peak measured for all
topsoil samples in the beginning of the present incubation study could be easily missed.

Table 5.2.: CO2 production rates in literature

Reference CO2 flux up to sample properties

Dutta et al. (2006) 20 𝑚𝑔 𝐶−CO2
𝑔𝑑𝑤 𝑑𝑎𝑦 yedoma

Fierer et al. (2003) 30 𝜇𝑔 𝐶−CO2
𝑔𝑆𝑜𝑖𝑙−𝐶 ℎ unsaturated mollisol

Fissore et al. (2009) 2.5 𝑚𝑔 𝐶−CO2
𝑔𝑆𝑜𝑖𝑙−𝐶 𝑑𝑎𝑦 hardwood pine forest soil

Lavoie, Mack, and Schuur (2011) 80 𝜇𝑔 𝐶−CO2
𝑔𝑆𝑜𝑖𝑙−𝐶 ℎ organic and mineral boreal forest soil

Lee et al. (2012) 1200 𝑚𝑔 𝐶−CO2
𝑔𝑑𝑤 𝑑𝑎𝑦 organic and mineral permafrost soil

Neff and Hooper (2002) 2.5 𝑚𝑔 𝐶−CO2
𝑔𝑆𝑜𝑖𝑙−𝐶 𝑑𝑎𝑦 tundra soil

Knoblauch et al. (2013) 15 𝜇𝑔 𝐶−CO2
𝑔𝑑𝑤 𝑑𝑎𝑦 thawing permafrost soil

5.3. Experimental Incubations Set Up in Literature

What becomes apparent when looking at the present high temporal resolution incubation data
is, that a simple linear regression over the complete course of a measurement might lead to great
errors in the CO2 production rate when the initial Henry equilibrium is not taken into account
(compare Fig. 4.2). Another apparent problem may be the water solubility of CO2 itself leading to a
underestimation of the total CO2 production. This is especially relevant for incubationmeasurements
with large ratios of water to gas volume and when measuring gases such as CO2 that are highly
soluble in water (see Eqs. A.45).

In reviewed literature the procedure of incubation experiments is often not described in detail,
thus it is impossible to validate how much single incubation measurements may be skewed due
to overlooked equilibrium kinetics. For example it would be useful to know how long sample
flushing was conducted, or how quickly the first gas sample was taken after closing the incubation
jar. Another problem, when trying to assess how much incubation experiments with low temporal
resolution might be skewed, is that the volume of the gas phase in comparison to the aqueous phase
is rarely reported. These quantities are required to estimate the amount of CO2 dissolved in the
aqueous phase for calculating the total CO2 production rate.
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Altogether I found a paucity of methodological discussion about these issues when reviewing the
literature, although there are publications such as Conant et al. (2011) that discuss shortcomings in
past work regarding temperature impact on SOC decomposition by focusing, among other things,
on total incubation length and SOC resistance towards decomposition. Schädel et al. (2020) give
some recommendations for incubation measurements in their supplement. They give instructions
on headspace volume and measurement frequency, but they do not mention the effect that an
establishment of the Henry equilibrium can have. The Soil Methods Book by Robertson et al. (1999)
does include recommendations on experimental procedures in chapter 13, but when describing the
sampling process they do not mention the establishment of the Henry equilibrium; As a matter of
fact it seems that they assume the Henry equilibrium to be always established when they describe
the experimental procedure. However, Robertson et al. (1999) do recommend a Henry correction for
wet samples. This correction is indeed necessary for samples with high water content, especially
when the gas headspace is relatively small (compare Eqs. A.45).

It should be stressed that the effect of CO2 solubility behavior in incubation experiments can not be
detected with a temporal resolution of two points in 24 h. To account for the transient and non-linear
behavior in CO2 accumulation in past work, experimental implementation has to be described in
great detail to allow the reader to assess if the solubility effect of CO2 was considered and accounted
for. This is often not the case, maybe because incubation experiments are seen as very basic. Fissore
et al. (2009) give an exceptionally detailed description on the temporal experimental procedure.
They describe that samples were flushed for 30 min, sealed and directly sampled for time zero
measurements. Under these conditions this method should give reliable results. Other publications
hardly described their methods in such detail, so that one might presume that the solubility behavior
of CO2 was just not part of the considerations when experiments were planned. If the solubility
of CO2 was not considered when planning the experiment, the time zero measurement of an open
incubation set-up can easily be erroneous: when the Henry equilibrium is yet not established,
the initially measured CO2 concentration does not represent the CO2 production rate of microbial
activity. If only two points are taken to determine microbial CO2 production rates there is no chance
to evaluate if the transient phase was captured or not. For closed incubation experiments which do
not consider the solubility of CO2 this effect plays only a role for time zero measurements. After the
Henry equilibrium is established CO2 concentration measurements should be reliable, because the
system was closed and the gas phase did not change. However, for closed experiments where the gas
phase did not change during the experiment, the CO2 production rate will be underestimated by the
water soluble fraction if not corrected. In samples with high water content, CO2 production rates
are strongly underestimated compared to samples with low water content. In the present study the
water soluble CO2 is included with correction factor 𝐹, thus the microbial CO2 production rate is
accurately captured. The transient phase was taken into account and skipped before extracting the
microbial CO2 production rate. The present methodological approach is helpful for understanding
incubation experiments and could allow researchers to produce reliable results.
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6. Conclusion

The analysis of high resolution incubation measurement showed that a simple linear regression of
CO2 accumulation in an incubation jar can lead to results that do not represent the value of interest.
The solubility of CO2 and the establishment of the Henry equilibrium should be considered when
performing incubation experiments. Samples with low CO2 production rates should be handled with
particular care, as the impact of the transient phase can dominate the measurement of changing CO2
concentrations and lead to great deviations. To understand the behavior of CO2 accumulation in the
headspace of the incubation jar, a theoretical kinetic model was derived. With the understanding of
this model, experimental planning can be improved to produce reliable results of microbial CO2
production rates. The CO2 production rate of microbial carbon degradation can still be fitted with a
linear regression after the initial phase when the Henry equilibrium is approached (transient phase).
If the incubated samples are wet, a Henry correction should be applied to account for the water
solubility of CO2, especially at low incubation temperatures and large ratios of water to gas volume.
Modeling the solubility behavior of CO2 in chamber methods can improve the understanding of
measured concentration changes and give insights in possible great error ranges.
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A. Analytical Solution

A kinetic model is used to derive analytical expressions for the CO2 production rate associated
with the decomposition of carbon containing soil being immersed in an aqueous environment and
in contact with a certain gas volume. It is shown that the CO2 production rate in the gas phase
underestimates the total CO2 production rate. A correction factor is calculated which accounts for
the discrepancy.

The following elementary reaction steps describe the production of CO2 in humid soil and its
subsequent equilibration with the gas phase.

C
𝑘1

−−−→ CO2(aq) (A.1)

CO2(aq)
𝑘𝐻1−−−→ CO2(g) (A.2)

CO2(g)
𝑘𝐻2−−−→ CO2(aq) (A.3)

The complex biochemical transformation of organic carbon C into water dissolved carbon dioxide,
CO2(aq), eq. A.1, is characterized by a single generic rate constant k1. This process is rather slow
and takes typically many years. In contrast, the transition of CO2 from the water into the gas phase,
eq. A.2, and the reverse process, eq. A.3, take only minutes. In general, the CO2 transport in each
phase and over the phase boundary can be rather complicated as they involve e.g. convection and
diffusion. Eqs. A.2 and A.3 are simplified representations by describing these processes as first order
reactions with rate constants 𝑘𝐻1 and 𝑘𝐻2, respectively. Both rate constants define the Henry’s law
constant 𝐾𝐻 for the CO2 equilibrium concentrations in water, 𝑐𝑎𝑞, and the gas phase, 𝑐𝑔,

𝐾𝐻 =
𝑘𝐻1
𝑘𝐻2

=
𝑐𝑔
𝑐𝑎𝑞

(A.4)

The rate expressions for the three species occurring in the mechanism of eqs. (A.1, A.2, A.3) are

𝑑𝑐𝐶
𝑑𝑡

= −𝑘1 ⋅ 𝑐𝐶 (A.5)

𝑑𝑐𝑎𝑞
𝑑𝑡

= 𝑘1 ⋅ 𝑐𝐶 − 𝑘𝐻1 ⋅ 𝑐𝑎𝑞 + 𝑘𝐻2 ⋅ 𝑐𝑔 (A.6)

𝑑𝑐𝑔
𝑑𝑡

= (𝑘𝐻1 ⋅ 𝑐𝑎𝑞 − 𝑘𝐻2 ⋅ 𝑐𝑔) ⋅
𝑉𝑎𝑞
𝑉𝑔

(A.7)
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Where cC corresponds to the concentration of total organic carbon (TOC) in the water phase and
𝑉𝑎𝑞 and 𝑉𝑔 are the volumes of the water and the gas phase, respectively. The kinetic eqs. A.5 - A.7
represent a set of coupled linear differential equations of first order, which can be solved using
matrix algebra to obtain analytical expressions for the time dependent concentrations 𝑐𝐶(𝑡), 𝑐𝑎𝑞(𝑡),
and 𝑐𝑔(𝑡). For n coupled differential equations (one for each species), the general result for species i
is a sum of exponentials

𝑐𝑖(𝑡) =
𝑛
∑
𝑗=1

𝑏𝑗 ⋅ 𝑒𝜆𝑗𝑡 (A.8)

where derivation of the coefficients 𝑏𝑗 and 𝜆𝑗 rests upon solving an eigenvalue problem. Following
the general procedure described in Steinfeld, Francisco, and Hase (1999) the set of coupled differential
equations A.5 - A.7 may be expressed in matrix form as

𝑑
𝑑𝑡

(
𝑐𝐶
𝑐𝑎𝑞
𝑐𝑔
) =

⎛
⎜⎜
⎝

−𝑘1 0 0
𝑘1 −𝑘𝐻1 𝑘𝐻2

0 𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

−𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

⎞
⎟⎟
⎠

(
𝑐𝐶
𝑐𝑎𝑞
𝑐𝑔
) (A.9)

where

K =
⎛
⎜⎜
⎝

−𝑘1 0 0
𝑘1 −𝑘𝐻1 𝑘𝐻2

0 𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

−𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

⎞
⎟⎟
⎠

(A.10)

is the matrix of rate coefficients. To find the eigenvalues 𝜆1, 𝜆2 and 𝜆3, the characteristic equation of
K satisfying the condition

det(K − Λ1) = 0 (A.11)

must be solved. For the present problem, this means solving

|
|
|
|
|

−𝑘1 − 𝜆 0 0
𝑘1 −𝑘𝐻1 − 𝜆 𝑘𝐻2

0 𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

−𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

− 𝜆

|
|
|
|
|
= 0 (A.12)

or (applying Sarrus’ rule)

(−𝑘1 − 𝜆)(−𝑘𝐻1 − 𝜆) (−𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

− 𝜆) − (−𝑘1 − 𝜆)𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

𝑘𝐻2 = 0 (A.13)
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The 3rd order polynomial gives the eigenvalues

𝜆1 = −𝑘1 (A.14a)

𝜆2 = −(𝑘𝐻1 + 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

) (A.14b)

𝜆3 = 0 (A.14c)

and are combined in the eigenvalue matrix

Λ =
⎛
⎜
⎜
⎝

−𝑘1 0 0

0 − (𝑘𝐻1 + 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔
) 0

0 0 0

⎞
⎟
⎟
⎠

(A.15)

This result shows that the present kinetic system is characterized by two relaxation times. The slower

one 𝜏1 = 𝑘−11 represents the transformation of carbon into CO2, the faster one 𝜏𝐻 = (𝑘𝐻1 + 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔
)
−1

is associated with relaxation into the Henry equilibrium.

To determine the eigenvectors

x𝑗 = (
𝑥1,𝑗
𝑥2,𝑗
𝑥3,𝑗

) (A.16)

the eigenvalues are successively substituted into

(K − 𝜆𝑗1) ⋅ x𝑗 = 0 (A.17)

For 𝜆1 = −𝑘1, and unknown eigenvector x1 one obtains from eq. A.17

(−𝑘1 + 𝑘1)𝑥11 = 0 (A.18a)

𝑘1𝑥11 + (−𝑘𝐻1 + 𝑘1)𝑥21 + 𝑘𝐻2𝑥31 = 0 (A.18b)

𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

𝑥21 + (−𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

+ 𝑘1) 𝑥31 = 0 (A.18c)

eq. A.18a is satisfied for any value of 𝑥11. This is consistent with the fact that an eigenvector is only
unique up to multiplication by a constant. Taking for simplicity

𝑥11 = 1 (A.19)
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and substituting this result into eqs. A.18 gives

𝑘1 + (−𝑘𝐻1 + 𝑘1)𝑥21 + 𝑘𝐻2𝑥31 = 0 (A.20a)

𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

𝑥21 + (−𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

+ 𝑘1) 𝑥31 = 0 (A.20b)

which finally results in

𝑥21 =
𝑘1𝑉𝑔 − 𝑘𝐻2𝑉𝑎𝑞

𝑘𝐻1𝑉𝑔 − 𝑘1𝑉𝑔 + 𝑘𝐻2𝑣𝑎𝑞
(A.21a)

𝑥31 =
−𝑘1𝑉𝑎𝑞

𝑘𝐻1𝑉𝑔 − 𝑘1𝑉𝑔 + 𝑘𝐻2𝑣𝑎𝑞
(A.21b)

Hence the eigenvector corresponding to 𝜆1 is

x1 =
⎛
⎜
⎜
⎜
⎝

1
𝑘1𝑉𝑔−𝑘𝐻2𝑉𝑎𝑞

𝑘𝐻1𝑉𝑔−𝑘1𝑉𝑔+𝑘𝐻2𝑣𝑎𝑞
𝑘1𝑉𝑎𝑞

𝑘𝐻1𝑉𝑔−𝑘1𝑉𝑔+𝑘𝐻2𝑣𝑎𝑞

⎞
⎟
⎟
⎟
⎠

(A.22)

For 𝜆2 = −(𝑘𝐻1 + 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔
) and unknown eigenvector x2 one obtains from eqs. A.17

(−𝑘1 + 𝑘𝐻1 + 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

) 𝑥12 = 0 (A.23a)

𝑘1𝑥12 + (−𝑘𝐻1 + 𝑘𝐻1 + 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

) 𝑥22 + 𝑘𝐻2𝑥32 = 0 (A.23b)

𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

𝑥22 + (−𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

+ 𝑘𝐻1 + 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

) 𝑥32 = 0 (A.23c)

eq. A.23a yields

𝑥12 = 0 (A.24)

Inserting this result into eqs. A.23b and A.23c gives

𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

𝑥22 + 𝑘𝐻2𝑥32 = 0 (A.25a)

𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

𝑥22 + 𝑘𝐻1𝑥32 = 0 (A.25b)
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Clearly, the second equation is simply the first multiplied by 𝑘𝐻1
𝑘𝐻2

, so only one is linearly independent.

Choosing

𝑥22 = 1 (A.26)

results in

𝑥32 = −
𝑉𝑎𝑞
𝑉𝑔

(A.27)

Hence, the eigenvector corresponding to 𝜆2 is

x2 =
⎛
⎜⎜
⎝

0
1

−
𝑉𝑎𝑞
𝑉𝑔

⎞
⎟⎟
⎠

(A.28)

Finally, inserting 𝜆3 = 0 into eq. A.17 gives the following equations determining the eigenvector x3

− 𝑘1𝑥13 = 0 (A.29a)

𝑘1𝑥13 − 𝑘𝐻1𝑥23 + 𝑘𝐻2𝑥23 = 0 (A.29b)

𝑘𝐻1
𝑉𝑎𝑞
𝑉𝑔

𝑥23 − 𝑘𝐻2
𝑉𝑎𝑞
𝑉𝑔

𝑥33 = 0 (A.29c)

eq. A.29a yields

𝑥13 = 0 (A.30)

and inserting this result into eqs. A.29b and A.29c gives two linearly dependent equations

− 𝑘𝐻1𝑥23 + 𝑘𝐻2𝑥33 = 0 (A.31a)

𝑘𝐻1𝑥23 − 𝑘𝐻2𝑥33 = 0 (A.31b)

Choosing

𝑥33 = 1 (A.32)

results in

𝑥23 =
𝑘𝐻1
𝑘𝐻2

(A.33)
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Accordingly, the eigenvector corresponding to 𝜆3 is

x3 = (
0
𝑘𝐻2
𝑘𝐻1
1
) (A.34)

The eigenvectors are combined in the eigenvector matrix

X = (x1 x2 x3) =
⎛
⎜
⎜
⎜
⎝

1 0 0
𝑘1𝑉𝑔−𝑘𝐻2𝑉𝑎𝑞

𝑘𝐻1𝑉𝑔−𝑘1𝑉𝑔+𝑘𝐻2𝑣𝑎𝑞
1 𝑘𝐻2

𝑘𝐻1
𝑘1𝑉𝑎𝑞

𝑘𝐻1𝑉𝑔−𝑘1𝑉𝑔+𝑘𝐻2𝑣𝑎𝑞
−
𝑣𝑎𝑞
𝑉𝑔

1

⎞
⎟
⎟
⎟
⎠

(A.35)

which is used to calculate the time dependent concentration vector

C(𝑡) = (
𝑐𝐶(𝑡)
𝑐𝑎𝑞(𝑡)
𝑐𝑔(𝑡)

) (A.36)

according to formula

C = X ⋅ 𝑒Λ𝑡 ⋅ X−1 ⋅ C0 (A.37)

where X−1 is the inverse matrix of X, C0 defines the initial concentrations at 𝑡 = 0

C(𝑡) = (
𝑐𝐶,0
𝑐𝑎𝑞,0
𝑐𝑔,0

) (A.38)

and

𝑒Λ𝑡 =
⎛
⎜
⎜
⎝

𝑒−𝑘𝑡 0 0

0 𝑒
−(𝑘𝐻1+𝑘𝐻2

𝑉𝑎𝑞
𝑉𝑔

)𝑡
0

0 0 1

⎞
⎟
⎟
⎠

(A.39)

contains the exponentially decaying expressions with characteristic time constants. Solving eq. A.37
gives rather cumbersome formulas for C(𝑡), which are not presented here. Instead, we simplify the
problem by neglecting the fast initial relaxation associated with 𝜏𝐻 (the Henry equilibrium) and
analyze only the CO2 production rate based on 𝜏1. To this end, the corresponding term representing
𝜏𝐻 on the diagonal of matrix, eq. A.39, is set to zero, i.e.

𝑒Λ𝑡 = (
𝑒−𝑘𝑡 0 0
0 0 0
0 0 1

) (A.40)
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Solving eq.A.37 with this exponential matrix gives the time dependent concentrations

𝑐𝐶(𝑡) = 𝑐𝐶,0𝑒−𝑘1𝑡 (A.41a)

𝑐𝑎𝑞(𝑡) =
𝑘𝐻2 (𝑐𝐶,0𝑉𝑎𝑞 + 𝑐𝑔,0𝑉𝑔 + 𝑐𝑎𝑞,0𝑉𝑎𝑞)

𝑘𝐻1𝑉𝑔 + 𝑘𝐻2𝑉𝑎𝑞
−

𝑐𝐶,0 (𝑘𝐻2𝑉𝑎𝑞 − 𝑘1𝑉𝑔)

𝑘𝐻1𝑉𝑔 + 𝑘𝐻2𝑉𝑎𝑞 − 𝑘1𝑉𝑔
𝑒−𝑘1𝑡 (A.41b)

𝑐𝑔(𝑡) =
𝑘𝐻1 (𝑐𝐶,0𝑉𝑎𝑞 + 𝑐𝑔,0𝑉𝑔 + 𝑐𝑎𝑞,0𝑉𝑎𝑞)

𝑘𝐻1𝑉𝑔 + 𝑘𝐻2𝑉𝑎𝑞
−

𝑐𝐶,0𝑘𝐻1𝑉𝑎𝑞
𝑘𝐻1𝑉𝑔 + 𝑘𝐻2𝑉𝑎𝑞 − 𝑘1𝑉𝑔

𝑒−𝑘1𝑡 (A.41c)

The total CO2 production rate 𝑑𝑐𝑡𝑜𝑡
𝑑𝑡 if completely released into the gas phase corresponds to the

negative carbon decomposition rate − 𝑑𝑐𝐶
𝑑𝑡 times the volume ratio

𝑉𝑎𝑞
𝑉𝑔

:

𝑑𝑐𝑡𝑜𝑡
𝑑𝑡

= −
𝑑𝑐𝐶
𝑑𝑡

⋅
𝑉𝑎𝑞
𝑉𝑔

= 𝑐𝐶,0𝑘1
𝑉𝑎𝑞
𝑉𝑔

𝑒−𝑘1𝑡 (A.42)

This has to be compared with the actual CO2 production rate in the gas phase

𝑑𝑐𝑔
𝑑𝑡

=
𝑐𝐶,0𝑘1𝑘𝐻1𝑉𝑎𝑞

𝑘𝐻1𝑉𝑔 + 𝑘𝐻2𝑉𝑎𝑞 − 𝑘1𝑉𝑔
𝑒−𝑘1𝑡 (A.43)

The ratio of the two is

𝑑𝑐𝑡𝑜𝑡
𝑑𝑡
𝑑𝑐𝑔
𝑑𝑡

= 1 −
𝑘1
𝑘𝐻1

+
𝑉𝑎𝑞
𝑉𝑔𝐾𝐻

(A.44)

eq. A.44 shows that in order to determine the total CO2 production rate in the gas phase the latter

must be multiplied by a factor (1 − 𝑘1
𝑘𝐻1

+
𝑉𝑎𝑞
𝑉𝑔𝐾𝐻

). The 2nd term can be neglected because 𝑘𝐻1 ≫ 𝑘1.

The 3rd term is easily incorporated and will increase the CO2 production rate compared to the

measured rate by an amount dependent on the volume ratio
𝑉𝑎𝑞
𝑉𝑔

and Henry constant 𝐾𝐻. The

resulting correction factor therefore is

𝐹 ≅ 1 +
𝑉𝑎𝑞
𝑉𝑔𝐾𝐻

(A.45)

And the total CO2 production rate can be estimated from the gas phase CO2 production rate by

𝑑𝑐𝑡𝑜𝑡
𝑑𝑡

= 𝐹 ⋅
𝑑𝑐𝑔
𝑑𝑡

(A.46)
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B. CO2 Mineralization Rates in Various Units

Table B.1.: Minimum and maximummeasured CO2 fluxes in different units: The displayed
values are 𝐹 corrected linear fits of single measurements, as described in chapter 4.2.3.
For every sample the minimum and maximum measured value is shown in different units
to facilitate comparison with other studies (gdw: gram dry weight, gSoil-C: Soil organic
carbon in gram).

sample range 𝑝𝑚𝑜𝑙 CO2
𝑔𝑑𝑤 𝑠𝑒𝑐

𝑚𝑔 CO2
𝑔𝑆𝑜𝑖𝑙−𝐶 𝑑𝑎𝑦

𝑚𝑔 𝐶−CO2
𝑔𝑑𝑤 𝑑𝑎𝑦

𝜇𝑔 𝐶−CO2
𝑔𝑆𝑜𝑖𝑙−𝐶 ℎ

bog-top
min 106.9 0.8 0.1 10.0
max 978.1 8.0 1.0 91.5

bog-sub
min 052.8 0.4 0.05 5.5
max 241.7 2.2 0.25 25.3

intermed-top
min 205.5 1.6 0.2 17.9
max 2200 17.1 2.3 194.3

intermed-sub
min 3.0 0.1 0.003 1.3
max 48.3 1.8 0.05 20.3

forest-top
min 5.6 0.04 0.005 0.4
max 605.2 4.3 0.6 48.4

forest-sub
min 0.1 0.07 0.0001 0.8
max 15.3 8.4 0.02 95.0

Table B.2.: Cumulative CO2 fluxes over 53 days of incubation in different units: The dis-
played values are integrated 𝐹 corrected linear fits. For every sample triplicate the mean
CO2 production is shown in different units to facilitate comparison with other studies
(gdw: gram dry weight).

site soil depth 𝑚𝑚𝑜𝑙 CO2
𝑔𝑑𝑤

𝑚𝑔 𝐶−CO2
𝑔𝑑𝑤

bog
top 1.08 12.9
sub 0.48 5.8

intermed
top 1.75 21.0
sub 0.07 0.8

forest
top 0.44 5.3
sub 0.01 0.2
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C. Incubation Samples

Table C.1.: Incubation samples were gap filled: For missing values (NA) incubated samples were
gap filled with data from other samples of the same soil depth. Samples separated in the
lab for incubation are indicated as lab replicates.

site soil depth (cm) replicate BD 𝑔
𝑐𝑚3 TOC % TN % C:N

bog
6 - 10 lab NA 46.2 NA NA
80 - 90 lab 0.14 41.3 0.59 71

intermed

5 - 10 lab NA 49.5 NA NA
90 - 100 field 0.3 10.3 0.46 22
90 - 100 field NA NA NA NA
90 - 98 field NA NA NA NA

forest

5 - 10 lab NA 54.0 NA NA
50 - 60 field 1.1 0.7 0.05 15
50 - 56 field NA NA NA NA
50 - 60 field NA NA NA NA

Table C.2.: Samples used to gap fill incubation sample data. Missing values of incubated sam-
ples were gap filled with data from samples of the same depth.

site soil depth (cm) BD 𝑔
𝑐𝑚3 TOC % TN %

bog
5-10 0.033 NA NA
5-10 0.034 45.1 0.4
5-10 0.026 44.9 0.4

intermed
5-10 0.055 47.3 1.1
90-100 0.309 10.3 0.5

forest 50-60 1.122 0.7 0.05
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