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Abstract: The decomposition rate of plant residues is determined by both abiotic (temperature,
moisture) and biotic factors (biochemical composition). To separate the contribution of each factor
to the decomposition process, long-term incubation experiments under controlled conditions are
required. Two-year incubation experiments were conducted with various types of peat-forming plants
(Sphagnum fuscum, Chamaedaphne calyculata, Eriophorum vaginatum, and a mixed sample consisting
of 60% Sphagnum fuscum and 40% Chamaedaphne calyculata). The experiments were carried out at
temperatures of 2, 12, and 22 ◦C, with varying moisture levels (W = 30, 60, and 90% of their water-
holding capacity). In all plant samples, the highest rates of C(CO2) emission (DecR) were observed
in the initial stages of decomposition. The cumulative carbon loss (Ccum) during the experiment
ranged from 45 to 196 mgC/g of plant material at 22 ◦C and 23 to 156 mgC/g of plant material at
2 ◦C. The decay constant (k) for all plant samples increased with rising temperature. The results
of the three-way ANOVA showed that the influence of the examined factors on the cumulative
losses of C(CO2) decreased in the following order: the type of plant > temperature > moisture.
Throughout the experiment, the influence of the type of plant and moisture on DecR increased,
while the effect of temperature decreased. The highest temperature sensitivity (Q10 = 0.71–6.19) was
observed in the low-temperature range (2–12 ◦C) during months 4 to 6 of incubation. These results
are relevant for modeling and predicting the rate of transformation of peat organic matter under
changing climatic conditions.

Keywords: plant residues; CO2 emission rate; carbon losses; constant of decomposition; temperature
sensitivity Q10; Sphagnum fuscum; Chamaedaphne calyculata; Eriophorum vaginatum; hydrothermal
conditions; bog ecosystems

1. Introduction

Bog ecosystems play an important role in the global organic carbon (Corg) cycle due to
the prevalence of productive processes (accumulation of organic matter in plant tissues and
peat deposit formation) over destructive ones (decay of organic matter in plant residues).
This leads to the accumulation of vast reserves of organic matter in bogs around the world.
The largest carbon reserves, in the form of peat deposits, total approximately 22 billion tons
and are located in Western Siberia [1]. The study of organic matter transformation processes
in peatlands becomes increasingly important in light of current climate changes, which
impact the hydrothermal regime of peat soils and the activity of microorganisms [2–6].
Changes in climatic conditions lead to disruptions and irregularities in the peat formation
process due to a decrease in precipitation. This is particularly relevant for oligotrophic
bogs, which primarily rely on atmospheric precipitation for nutrient input [7–9].
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According to several studies conducted in natural conditions [3,10,11], the decom-
position processes of peat-forming plant residues are most intense in the initial stages of
degradation. The most significant influence of moisture and substrate temperature on the
decomposition rate is observed during this phase [12,13]. Elevated temperatures generally
stimulate microbial activity, thereby accelerating the decomposition process [9,14–18]. The
optimal temperature for plant residue decomposition is approximately 28 ◦C; the lower
temperatures typically reduce the activity of microbial processes and their minimal rate
was observed near 0 ◦C [19,20]. In contrast to temperature, a decrease in the moisture
content in the upper layers of the peat deposit, caused by a drop in the water table level,
accelerates the peat decomposition process. Sometimes, high water tables suppress the
activity of aerobic microflora and significantly reduce the influence of temperature [3,21].
The coupled effect of temperature and moisture is not always easy to assess under field
conditions, so long-term model experiments are preferable. For example, during a 1-year
experiment on plant debris decomposition using the litter bag approach in drier hummocks
and wet hollows, vegetation type was found to play a more significant role than the effect
of moisture [22]. It was also found that the moisture of plant residues significantly alters
the temperature dependence of their decomposition rate, making it difficult to identify
these relationships when processing data from field studies [23]. Therefore, the effect of
moisture on organic matter transformation processes remains less understood than the
effect of temperature.

The rate of decomposition of plant residues in a peat deposit is mainly determined
by the individual characteristics of peat-forming plants, particularly their biochemical
composition [3,4,8,22,24,25]. The residues of peat-forming plants can be divided into two
groups based on their resistance to decomposition: (1) the rapidly decomposing fraction,
which is not fixed in the botanical composition of the organic layer of peat soils (including
leaves of Chamaedaphne calyculata, Menyanthes trifoliata, and other grasses), and (2) the stable
fraction, which is permanently fixed in the botanical composition of peat (encompassing all
fractions of most shrubs, roots of grasses like Carex (sedges), Scheuchzeria (Scheuchzeria),
Eriophorum (cotton grass), and all sphagnum mosses) [9,22,25–27]. Of particular interest is the
non-additive effect that arises when the residues of different plant species is mixed [28,29].

Under natural conditions, the aforementioned factors, such as temperature, mois-
ture, and plant species, exert a combined influence on the decomposition rate of plant
residues. Identifying the specific contribution of each factor to the processes of organic mat-
ter transformation is possible only through model experiments conducted under controlled
conditions of moisture and temperature. Since the processes of decomposition of plant mate-
rials in the bogs of Western Siberia are slowed down, the long-term incubation experiments
on their decomposition are necessary. In a 600-day incubation experiment, we planned to
separate the impact of main abiotic and biotic factors and their emergent properties on the
plant residue decomposition process under carefully controlled humidity and temperature
regimes. Therefore, the novelty of our study considers two points—the high duration and
multifactorial of experiment on peat-forming plants’ decomposition and as well as the
determination of their decay constant and temperature coefficients Q10 during the various
stages of decomposition at different combinations of temperature-moisture conditions.

The primary objective of our laboratory study was to quantify the impact of abiotic
factors, namely temperature and moisture, on the decomposition rate of the principal peat-
forming plants found in the oligotrophic bogs of the southern taiga subzone in Western
Siberia. Within the framework of our long-term incubation experiment, we pursued the
following specific goals: (i) to document the dynamics of decomposition rate (DecR) for the
primary peat-forming plants across different temperature and moisture combinations over
the 600-day incubation period; (ii) to assess the relative contributions of all examined factors
to DecR during various stages of our experiment; (iii) to evaluate the decay constants and
temperature sensitivity of DecR for the primary peat-forming plants at different temperature
and moisture combinations during different stages of the experiment.
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We hypothesize that the most important factors affecting the decomposition rate of the
examined peat-forming plants throughout all stages of the experiments are temperature
and type of plant residues. However, their respective contributions to the dynamic of DecR
can vary as the incubation progresses. The temperature sensitivity of DecR is expected to
change over the course of the experiment due to changes in the biochemical composition of
plant residues and the development of their resistance to microbial degradation. When the
litter from different plant species is mixed, the decomposition rate of plant residues may
increase due to the non-additive effect.

2. Materials and Methods
2.1. Study Region and Characteristics of Plant Samples

Plant samples were collected at the field station “Vasyuganye” (Institute of Monitoring
of Climatic and Ecological Systems, Siberian Branch of the Russian Academy of Sciences)
within the oligotrophic bog “Bakcharskoe” (Bakchar district, Tomsk Oblast, 56◦58′ N,
82◦36′ E) in September 2017. The study area is located in the southern taiga subzone of
Western Siberia and is characterized by a continental climate. The mean annual temperature
is 0.50 ◦C, with an annual precipitation of 497 mm for the years 1991–2020. The average air
temperatures for January and July are −18.8 ◦C and 18.2 ◦C, respectively.

For our experiment, we collected litter from three dominant plant species in the
pine-shrub-sphagnum oligotrophic bog: Chamaedaphne calyculata Moench. (Ericaceae Juss),
Eriophorum vaginatum L. (Cyperaceae Juss), and Sphagnum fuscum Klinggr. (Sphagnaceae
Martynov). In addition, we prepared a mixed sample consisting of 60% Sphagnum fuscum
and 40% Chamaedaphne calyculata, reflecting the proportional representation of each species
in the plant litter of the pine-scrub-sphagnum phytocenosis. In the laboratory, the plant
samples were air-dried at room temperature.

The following properties of plant samples were determined before incubation: ash
content [30], pH values in both water and salt (1M KCl) extracts (using a litter-to-solution
ratio of 1:25) [31], the content of hygroscopic moisture, and water-holding capacity (WHC),
which corresponds to the moisture level of a completely saturated plant sample after gravity
moisture has drained [32,33].

The carbon (C) and nitrogen (N) contents of the plant samples were analyzed using an
automatic CHNS analyzer (LECO Corporation, St. Joseph, MI, USA). The content of ethanol-
soluble compounds (Eth-Ext), including aromatic and aliphatic carbohydrates, terpenes,
carbolic acids, resins, fatty acids, essential oils, fats, and phytosterols, as well as cellulose
(Cel), lignin, and lignin-like substances (Lig), were determined in plant samples before and
after the experiment using a gravimetric method (J. Klasson, K. Kurschner) [34,35].

The biochemical composition of plant samples was assessed in the Analytical Labora-
tory of the Forest Institute (Karelian Research Center of the Russian Academy of Sciences,
Petrozavodsk) [36]. Lignin and biogenetically related ligands and flavonoids were deter-
mined after removing bituminous substances and treating the samples with 72% sulfuric
acid, with evaluation conducted by gravimetric method (J. Klasson, K. Kurschner) [34,35].
Cellulose was extracted using a mixture of concentrated nitric acid and ethanol in a volume
ratio of 1:4. Biochemical analyses, determination of ash content, and pH values were not
replicated. The obtained values are comparable with those acquired previously for similar
plant samples [4,37,38].

2.2. Experimental Design and Measurement of the Peat-Forming Plant Decay Rates

Air-dried plant samples (1–3 g) were placed into 110 mL glass flasks and moistened
until they reached moisture levels equivalent to 30, 60, and 90% of their WHC. In total,
108 flasks were prepared for the experiment (Figure 1). The moistening process utilized
bog water with native microflora collected from the vicinity where the studied plants were
naturally grown. These flasks, containing the plant samples, underwent a pre-incubation
phase for 7 days at room temperature [39,40], following which they were transferred to
thermostats with various temperatures (2, 12, and 22 ◦C) and incubated for 600 days (or
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roughly 20 months). To maintain a consistent moisture level in the plant samples, a certain
quantity of bog water was added to each flask every 2–3 weeks based on their initial weight.
The experiment was carried out in triplicate.
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Figure 1. Samples of peat-forming plants (A) and glass flasks with samples for the incubation
experiment (B,C).

The decomposition rates of peat-forming plants were assessed through C-CO2 emis-
sion rates, which were measured 2–5 times per week during the first month of the incubation
experiment, 2 times per week in the second month, and weekly throughout the subsequent
18 months. Between measurements, the flasks containing the plant samples were covered
with polyethylene air-permeable, moisture-impermeable films and stored in thermostats.
Roughly 2–3 h before each DecR measurement, the flasks were hermetically sealed with
rubber plugs (Figure 1) to accumulate C-CO2. Subsequently, samples of the gas phase were
extracted from the flasks using a syringe, and the increases in CO2 concentrations within
each flask were measured using an infrared gas analyzer (LiCor 820, Li-COR Biosciences,
Lincoln, NE, USA).

DecR (µg C/g of plant substrate/hour) was calculated using the following equation [41,42]:

DecR =
dC×M(C)×Vf × 10

m×Vm × t
(1)

where dC—is the change in CO2 concentration in the flask (volumetric %); M(C)—is the
molar mass of carbon (12 g/mol); Vf—is the flask volume (mL); m—is the weight of
the absolute dry sample (g); Vm—is the molar volume of the gas (22.4 L/mol); t—is the
incubation time (hours); 10—is the conversion factor.

2.3. Thermal Analyses of Plant Samples

The initial plant samples and plant substrates that underwent a 600-day incubation at
22 ◦C and moisture level corresponding to 90% of their WHC (conditions which are favor-
able to the most significant C loss) were analyzed using thermogravimetric analysis (TGA)
and differential calorimetric spectrometry (DSC). To determine the thermal characteristics
of organic matter decomposition, including the percentage of mass loss and the specific
heat (J) of the decomposition process, synchronous thermal analysis (STA) was employed,
spanning from room temperature to 1650 ◦C.

Prior to analysis, the equipment was temperature-calibrated using a standard set of
99.99% pure metal samples (NETZSCH-Gerätebau GmbH). These metal samples included
indium, aluminum, tin, zinc, and gold, covering a temperature range of 80 ◦C to 1150 ◦C.
Calibration was performed in a grade 6.0 helium atmosphere (99.9999% He). Helium
was used both as a primary gas and as an inert gas to prevent combustion products
from entering the balance. In addition, 99.9% oxygen (O2) was used to purge the PTA of
condensed pyrolysis products between analyses (Centrogaz, Moscow, Russia). All plant
samples were measured using the same Al2O3 crucible, taking into account weight changes
and phase transitions within the temperature range of 30 ◦C to 900 ◦C.
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Based on the position of the extrema of the first derivative of the DSC curves, we iden-
tified six temperature ranges corresponding to the thermal oxidation of compounds with
different structures, compositions, and thermal characteristics. The thermal oxidation of or-
ganic materials represents the process of sequential destruction of components with increas-
ing thermal stability. We used the following temperature ranges, which were previously
used to analyze the thermal oxidation of Eriophorum vaginatum [43]: 30–150 ◦C corresponds
to the release of water and easily degradable compounds, 150–265 ◦C—hemicellulose
and alcohol soluble fractions (Eth-Extr), 265–380 ◦C—cellulose, 380–495 ◦C—lignin. The
495–610 ◦C and 610–725 ◦C ranges correspond to the oxidation of the most condensed
aromatic and artifact carbonaceous thermostable compounds.

The temperatures at which 50% of the energy is released (T50q) and 50% of the weight
of the plant substrate is lost (T50w) were also determined.

2.4. Data Processing and Statistical Analyses

The total C losses from plant substrates (Ccum, g C/kg of plant substrate) during the
experiment were estimated from the cumulative curves of DecR for each treatment during
the 600 days of incubation according to the equation:

Ccum =
(
CcumP +

(
DecRp + DecRt

))
∗M(C) ∗ (dt − dP) (2)

where CcumP is cumulative C-CO2 loss at the time of the previous measurement (µg C/g of
plant substrate); DecRp and DecRt are rates of C(CO2) emission of the previous measurement
and on the day of measurement (µg C/g of plant substrate/hour); M(C) is the molar mass
of carbon (12 g/mol); dt is date of measurement; dP is date of the previous measurement.

The decay constant for peat-forming plants (k, 1/year) was estimated by fitting a
single exponential model [44,45]:

Ccum = Co ×
(

1− e(−k×t)
)

(3)

where Ccum is the cumulative C-CO2 loss due to microbial decay (g C/kg of plant substrate),
Co—is the initial content of total C in the plant sample (g C/kg of plant), k—is the decay
constant, 1/year; t is the incubation time (years).

The temperature sensitivity of the DecR of the peat-forming plants was expressed as a
Q10 function, which indicates the change in the DecR for a 10 ◦C increase in temperature.
The Q10 value was calculated using the formula [46]:

Q10 =

(
DecR2

DecR1

)[ 10
(T2−T1) ]

(4)

where DecR2 and DecR1 are the average decomposition rates of the plant substrates at
temperatures T2 (higher temperature) and T1 (lower temperature).

The temperature coefficient Q10 in our experiment was determined for two tempera-
ture intervals: 2–12 ◦C and 12–22 ◦C.

A two (or three) way analysis of variance (ANOVA) was used to evaluate the effect of
temperature (T), humidity (W), and plant type (P) on DecR and Ccum (cumulative loss of
C(CO2) during the experiment). The distribution of the residuals was checked for normality
and a test for homogeneity of variances was performed. Statistical analyses were performed
using STATISTICA 6 software. All statistical analyses were performed at a significance
level of α = 0.05. In the figures and tables, data are presented as arithmetic means with
standard errors.
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3. Results and Discussion
3.1. Changes in Chemical Properties and Biochemical Composition of Peat-Forming Plants after
the Experiment

The properties and biochemical composition of the examined plant substrates exhib-
ited significant variation (Tables 1 and 2). The Sphagnum fuscum sample had notably low
pH values, as well as lower contents of C, N, cellulose, and ash. However, it showed high
values for WHC and HM, C/N and Lig/N ratios, and lignin-like and Eth-Ext content
compared to all other plant substrates studied. An acidic environment is generally unfavor-
able for the activity of microbial decomposers [7,19,23] and thus significantly inhibits the
decomposition of organic matter. In addition, substrates with high C/N and Lig/N ratios
tend to undergo slow mineralization, a phenomenon observed here in the case of Sphagnum
fuscum. In contrast, the leaves of Chamaedaphne calyculata were richer in both C and N,
with correspondingly lower C/N and Lig/N ratios. The properties and composition of
the Eriophorum vaginatum sample were generally between those of Sphagnum fuscum and
Chamaedaphne calyculata, but it was characterized by the highest cellulose content.

Table 1. Some properties of peat-forming plants before the experiment.

Index Ash, % pH HM, % WHC 1, %
Plant 1M KCl H2O

Sphagnum fuscum 0.74 2.5 3.4 13.7 2541 ± 241
Eriophorum vaginatum 2.25 4.3 4.8 3.9 178 ± 3
Chamaedaphne calyculata 2.23 4.5 4.9 7.6 244 ± 1
Mixed sample 1.53 3.7 3.0 9.3 1203 ± 55

1 Arithmetic mean± standard error (SE), 3 replicates. HM is hygroscopic moisture, WHC is the water-holding capacity.

Table 2. Biochemical composition of peat-forming plants before the experiment.

Index
C *, % N *, % C/N * Eth-Ext 1, % Cel 2, % Lig 3, % Lig/N

Plant

Sphagnum fuscum 44.0 ± 0.6 0.37 ± 0.01 118 ± 1 3.9 25.3 12.2 32
Eriophorum vaginatum 45.4 ± 0.4 0.93 ± 0.01 49 ±0.1 11.3 35.3 20.3 22
Chamaedaphne calyculata 51.8 ± 1.1 1.15 ± 0.03 45 ± 1 33.4 12.1 28.5 24
Mixed sample 46.2 ± 0.7 0.66 ± 0.01 70 ± 0 19.2 19.2 20.8 32

* Arithmetic mean ± SE (5 replicates), 1 ethanol extracts; 2 cellulose; 3 lignin and lignin-like substances.

Remarkable changes in the biochemical composition of the plant substrates were
observed during the experiment due to microbial degradation (Figure 2). A significant
decrease in the content of Eth-Ext substances was noted across all the studied samples,
with losses ranging from 0.2% to 33%. The maximum losses were seen in Eriophorum
vaginatum at 22 ◦C with 30% of WHC moisture (33.3%), and in the mixed sample at 12 ◦C
with 60% of WHC moisture (32.6%). Changes to the content of cellulose and lignin-like
substances were quite pronounced and influenced by all the factors under investigation:
plant substrate, temperature, and moisture level. For instance, the content of lignin and
lignin-like substances in Chamaedaphne calyculata increased by 3.2% to 26.6% after 600 days
of incubation for all moisture levels at 22 ◦C. The relative changes to the cellulose content
at the end of the experiment varied among the investigated plant substrates and were
attributed to the effects of temperature and moisture (Figure 2). The most significant losses
of cellulose (19%–20% of the initial value) were observed for Eriophorum vaginatum at 22 ◦C
with a moisture content of 90% of WHC and for Eriophorum vaginatum at 12 ◦C with a
moisture content of 30% of WHC.

Therefore, Chamaedaphne calyculata has a biochemical composition that provides less
resistance to decomposition, whereas Sphagnum fuscum shows the highest stability due to
its biochemical characteristics.
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3.2. Changes in Thermal Characteristics of Peat-Forming Plants after the Experiment

The highest weight losses of all initial peat-forming plants were observed at 265−380 ◦C
(mostly associated with cellulose) and varied from 33.8% in Chamaedaphne calyculata to
46.5% in Eriophorum vaginatum (Table 3). Weight losses at 380–495 ◦C in the initial samples,
presumably corresponding to the oxidation of lignin and lignin-like substances, were
lowest in Chamaedaphne calyculata (18.1%) and ranged from 27.3 to 33.1% in the other plant
samples. Chamaedaphne calyculata was characterized by the highest weight loss (27.7%) in
the high-temperature ranges (495–725 ◦C), indicating the presence of remarkable amounts
of thermostable compounds. In other plants, the content of thermostable compounds in the
total weight loss did not exceed 5% (Table 3).

Table 3. Weight loss (%) of peat-forming plants before (initial) and after a 600-day incubation experi-
ment at 22 ◦C and moisture level corresponding to 90% of their WHC in the different temperature
ranges during the thermal decomposition.

Plant Variant
Temperature Range, ◦C

35–150 150–265 265–380 380–495 495–610 610–725

Sphagnum
fuscum

Initial 10.39 14.15 39.55 32.41 1.21 -
Post-exper. 8.23 14.06 42.38 31.95 0.52 -
∆, % −2.16 −0.09 2.83 −0.46 −0.69 -

Eriophorum
vaginatum

Initial 6.96 9.64 46.52 27.3 4.71 0.18
Post-exper. 5.22 8.42 47.75 28.28 5.97 0.07
∆, % −1.74 −1.22 1.23 0.98 1.26 −0.11

Chamaedaphne
calyculata

Initial 6.96 9.62 33.80 18.17 17.34 10.33
Post-exper. 6.51 7.71 34.74 22.48 16.58 4.58
∆, % −0.45 −1.91 0.94 4.31 −0.76 −5.75

Mixed
sample

Initial 8.90 12.59 39.60 33.09 2.07 0.28
Post-exper. 7.98 11.67 43.79 29.4 1.8 0.47
∆, % −0.92 −0.92 4.19 −3.69 −0.27 0.19

∆ is the difference between the mass loss of peat-forming plants after incubation experiments and their initial samples.

After 600 days of incubation, we observed a slight decrease (by 2%–3%) of two ther-
molabile groups oxidizing at 30–150 ◦C and 150–265 ◦C in all peat-forming plants, while
the content of the fraction oxidizing at 265–380 ◦C increased by 0.9%–4.2%. In the sample
of Chamaedaphne calyculata we observed a remarkable increase in the proportion of lignin
and lignin-like substances to the total weight loss, while the content of aromatic and other
thermostable components decreased by 5.8%. In other plant samples, the changes to the
content of thermostable components, including aromatic compounds, did not exceed 1.2%.

According to the DSC data, the total amount of energy required for the decomposi-
tion of the initial peat-forming plants was approximately the same, ranging from 10.5 to
10.9 kJ/g of plant substrate (Figure 3). Thermal oxidation of the studied plants after a
600-day incubation required higher energy costs. The increase was 16.3% for Chamaedaphne
calyculata and 2.1%–5.5% for other plant substrates. The temperature at which 50% of the
total plant weight is lost, known as T50w and indicative of the content of thermostable
components, was highest for Chamaedaphne calyculata (378 ◦C), while for the other peat-
forming plants, it ranged between 322 and 333 ◦C. Following the experiment, the T50w
index increased by 12 ◦C for Chamaedaphne calyculata and exhibited negligible changes (by
1–3 ◦C) in the other plant substrates.
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Figure 3. Total energy cost for thermal oxidation of peat-forming plants at 160–610 ◦C (A) and the
T50w index (temperature at which 50% of the total plant weight is lost); (B) before (initial) and after
a 600-day incubation experiment at 22 ◦C and moisture level corresponding to 90% of their WHC.
1—Sphagnum fuscum; 2—Eriophorum vaginatum; 3—Chamaedaphne calyculata; 4—Mixed sample.

3.3. Dynamics of C(CO2) Release during the Decomposition of Peat-Forming Plants

The dynamics of DecR over 600 days of incubation were determined by the temperature
and moisture during the experiment and also depended on the type of plant substrate
(Figures 4–6). The pattern of the DecR value dynamics for Eriophorum vaginatum during
the experiment was identical for all given temperatures and moisture levels. The highest
DecR values were observed during the first 1–4 weeks of the experiment and reached
150–200 µg C/g/h at 22 ◦C, and 55–85 µg C/g/h at 12 and 2 ◦C. The period with the
highest DecR values lasted 1–5 days at 22 ◦C and was much longer (25–30 days) at lower
temperatures. The period of high DecR values became longer at lower moisture levels.
After 30–35 days of incubation, the intensity of decomposition of Eriophorum vaginatum
reached a steady level with a further gradual and slow decrease of the DecR values, which
did not exceed 5–25 µg C/g/h at the end of the experiment.

The decomposition of Chamaedaphne calyculata showed the highest dependence on
incubation temperature and moisture. At 22 ◦C and moisture contents of 60 and 90% of
their WHC, DecR values reached their peak values (50–150 µg C/g/h) within the first
2 weeks of the experiment.

A decrease in temperature and moisture during incubation resulted in a decrease in
the maximum DecR values (reaching as low as 25–40 µg C/g/h), as well as an extension of
the period during which relatively high DecR values were sustained (Figures 5 and 6). For
Chamaedaphne calyculata, DecR reached a stable level (10–20 µg C/g/h) after 120 days of
incubation at 22 ◦C with moisture levels of 30 and 90% of WHC. Under conditions of 60%
moisture, this stability was reached after 300 days (Figure 4). At 12 ◦C, the plateau phase
was observed after 240 days at 60% moisture and after 150 days at 30% moisture (Figure 5).

The period of most active decomposition for Sphagnum fuscum was significantly shorter
than that observed for all other samples, not exceeding 5 days. The peak DecR during
this phase ranged from 25 to 85 µg C/g/h, depending on the temperature and moisture
content. The release of C(CO2) from the mixed sample showed similarities with that of
Sphagnum fuscum. However, the main difference was in the intensity of the decomposition
rate. For the mixed sample, it was 2–3 times higher compared to Sphagnum fuscum during
the first 1.5 months of the experiment. This trend was consistently observed across different
temperatures and moisture levels.

Increased C(CO2) release was observed in all plant samples during the early stages
of decomposition. The increase in C(CO2) release was first detected at a temperature of
22 ◦C, whereas it took 1 to 2 weeks before an increase was observed at 2 ◦C. The increase
in DecR at 2 ◦C was much slower than at 22 ◦C. For example, the maximum DecR values
for Eriophorum vaginatum decomposition at 22 ◦C were reached on the next day after the
start of the experiment, while at 2 ◦C the maximum DecR value was not reached until the
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7th day after the start of the experiment. The maximum DecR value for the mixed sample
exceeded the corresponding values for Chamaedaphne calyculata and Sphagnum fuscum by an
average of 67–72 µg C/g/hr. In general, maximum DecR values at similar temperatures
were observed at higher moisture levels (60% and 90%).
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Figure 6. Dynamics of the decomposition rate (DecR) of different peat-forming plants at a temperature
of 2 ◦C and different moisture levels (W): 30%, 60%, and 90% of their water-holding capacity.
Arithmetic mean and standard error are shown for each point.

The elevated degradation rates observed in the early phase of the experiment can
be explained as follows: fresh plant litter contains a significant amount of water-soluble
and easily hydrolysable substances (Table 2), which are primarily utilized by microbial
degraders [7,8,25,26]. Subsequently, the concentration of readily available components
within carbohydrate and polypeptide complexes decreases (see Figure 2). Consequently,
the loss of organic matter decreases and a slower decomposition process involving more
resistant components of the plant litter is initiated [23,47–49].
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In contrast to the release dynamics of C(CO2) at 12 ◦C and 22 ◦C, two distinct periods
of relatively high microbial activity were observed at 2 ◦C across all moisture levels. The
first period, characterized by maximum DecR values of 25–104 µg C/g/h, depending on the
type of plant sample, extended over the first 3 months. The second period, characterized
by DecR values of 4–25 µg C/g/h, occurred between 240 and 480 days into the experiment.
During the intervals between these periods, a relatively consistent and low C(CO2) release
was observed for all plant species (Figure 6).

3.4. Cumulative Losses of C(CO2) during the Experiment

The cumulative loss of carbon in the form of CO2 (Ccum) was 45–196 mg C/g plant
substrate at 22 ◦C and 23–156 mg C/g plant substrate at 2 ◦C, depending on the moisture
level during the experiment (Figure 7). The changes in Ccum values caused by the different
hydrothermal conditions during the experiment were most remarkable for Chamaedaphne
calyculata and Eriophorum vaginatum.
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Typically, the decrease in temperature and moisture led to a decrease in Ccum values
during the decomposition process. The most significant decrease in Ccum value was ob-
served in Chamaedaphne calyculata (about 1.5 times) when the incubation temperature was
reduced from 22 to 2 ◦C (Figure 7). As expected, samples of Sphagnum fuscum showed
the highest resistance to decomposition, with Ccum values at 22 ◦C remaining almost inde-
pendent of moisture levels and ranging from 47 to 61 mg C/g. The lowest C(CO2) losses
(23–31 mg C/g) were observed for Sphagnum fuscum at 2 ◦C. The Ccum value for the mixed
sample fell between the C(CO2) losses recorded for its individual components (Sphagnum
fuscum and Chamaedaphne calyculata) and generally decreased at lower temperatures. Reduc-
ing the moisture content of the samples had different effects on the Ccum value at different
temperature regimes. For Eriophorum vaginatum, decreasing the moisture content resulted
in a decrease in the Ccum value at 22 ◦C, while it increased at 12 ◦C.

The amount of C(CO2) released throughout the experiment was also estimated as a
ratio (in %) relative to the initial amount of C in the plant samples. Depending on the
temperature and moisture, Sphagnum fuscum samples lost only 5%–14% of the initial C
content, the mixed sample lost a little more—11%–27%, while the loss of C(CO2) from
Chamaedaphne calyculata and Eriophorum vaginatum ranged from 17 to 42% of the initial
carbon content. Maximum carbon losses were observed for Eriophorum vaginatum at 12 ◦C,
and for Chamaedaphne calyculata at 22 ◦C.

Therefore, in descending order of cumulative carbon losses, the analyzed samples
ranked as follows: Chamaedaphne calyculata > Eriophorum vaginatum > mixed sample > Sphag-
num fuscum. C(CO2) losses in Chamaedaphne calyculata and Eriophorum vaginatum samples
displayed variations depending on moisture and temperature. However, they consistently
exceeded the values observed in the mixed sample and the moss litter.

Our data, obtained within the framework of a model experiment, align with the
findings of a field experiment on plant litter decomposition [37]. Specifically, depending
on moisture conditions, the decomposition of Sphagnum fuscum resulted in less carbon
loss compared to the decomposition of Chamaedaphne calyculata and Eriophorum vaginatum.
Similar decay rate constants were observed between Sphagnum fuscum and Eriophorum
vaginatum during a field experiment in the Timiryazevskoe bog (Tomsk Oblast) [37]. An
experiment involving the decomposition of plant samples in peat from the Kukushkino bog
(Khanty-Mansiysk) also reported the highest decomposition rates in the initial stages of
decay, followed by a significant decline in the decomposition rate of the plant samples. This
trend was accompanied by a reduction in the range of variation in the decay constants [50].

In addition, the study of Larionova et al. [23] found that the decay rate constant of
leaf litter, as determined in a long-term model experiment, increased with temperature.
However, higher moisture contents generally led to a decrease in k values, with this effect
being most pronounced at the highest temperature, 22 ◦C.

Under natural conditions, a peat deposit comprises residues from different plant
species. In our study, the response of the decomposition processes in the mixed sample
to environmental changes during decomposition significantly differed from that of its
individual components. This phenomenon is mediated by nutrient exchange between plant
residues, and as mentioned in references [28,51–54], it can either accelerate or slow down
the decomposition process.

3.5. Decay Constants of the Main Peat-Forming Plants under Different Combinations of
Abiotic Factors

Cumulative curves of C(CO2) loss over the 600-day experiment were fitted using an
exponential regression model (Equation (2)). This approach allowed us to calculate the
decay constants (k) of the plant substrates under different combinations of temperature
and moisture for both the first 90 days and the entire 600-day period (Figure 8). The values
of k were dependent on the time frame for which they were calculated. Specifically, the
decay constants during the initial stages of decomposition (the first 90 days of incubation)
were 2–5 times higher than the k values observed for the entire incubation period.
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Figure 8. The decay constant (k, day−1) of the main peat-forming plants under different combina-
tions of temperature (2, 12, 22 ◦C) and moisture levels corresponding to 30, 60, and 90% of their
WHC: 1—Sphagnum fuscum, 2—Chamaedaphne calyculata, 3—Eriophorum vaginatum, 4—mixed sample.
Arithmetic mean and standard error are shown.

The lowest k values (0.0001–0.0002 day−1) for the 600-day incubation period were
typical for Sphagnum fuscum at temperatures of 12 and 2 ◦C. This observation is consistent
with the minimal cumulative loss of C(CO2) during the decomposition of Sphagnum fuscum.
In contrast, the decomposition of Eriophorum vaginatum and Chamaedaphne calyculata at
all temperatures was characterized by consistently high values of decay constants among
the studied plant samples (k = 0.0003–0.0009 day−1; Figure 8). A significant increase in k
values was observed for all plant species as the temperature increased from 12 to 22 ◦C.
However, the k values remained relatively stable within the temperature range of 2 to 12 ◦C.
Interestingly, Eriophorum vaginatum showed higher k values at 12 ◦C compared to 22 ◦C
at a moisture level of 90% of WHC and at 2 ◦C compared to 12 ◦C at a moisture level of
30% WHC.

The effect of moisture on k was influenced by both plant species and temperature
conditions. For example, we did not observe a consistent trend of reduction of the decay
constant in the early stages of decomposition (within the first 90 days of incubation) at
12 and 2 ◦C for Eriophorum vaginatum and Chamaedaphne calyculata. However, this effect was
observed toward the end of the incubation period, specifically for Chamaedaphne calyculata
at 2 ◦C and for Eriophorum vaginatum at 22 ◦C and 12 ◦C. Conversely, an opposite effect
of moisture on k was observed for the mixed sample, both after 90 days and over the
full 600-day incubation period, with a decrease in k at 22 ◦C and an increase at 12 ◦C as
moisture levels were changed.

3.6. Temperature Sensitivity of DecR of Peat-Forming Plants

Given the variation in peak carbon fluxes observed at different times during de-
composition and under varying temperature and moisture conditions, the temperature
sensitivity of Q10 was evaluated for specific time intervals: 0–60, 61–120, 121–180, 181–365,
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and 366–600 days. The highest Q10 values were recorded in the lower temperature range,
specifically between 121 and 180 days of incubation for Sphagnum fuscum (Q10 = 6.19) and
Eriophorum vaginatum (Q10 = 5.25) at moisture levels of 30 and 90%, respectively. In the
temperature range of 12–22 ◦C, the highest Q10 values varied depending on the plant
substrate and the incubation time: for Sphagnum fuscum, the highest Q10 values occurred
between 366 and 600 days (Q10 = 2.35) at 90% moisture, while for Eriophorum vaginatum, the
highest Q10 values were observed during the initial stages of decomposition (0–60 days)
at 30% moisture (Q10 = 2.07). For Chamaedaphne calyculata and mixed samples, the highest
temperature sensitivity of DecR in the high-temperature range was observed between
61 and 120 days of incubation, with Q10 values of 3.31 and 2.24 at 30 and 90% moisture,
respectively (Figure 9).
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Figure 9. Temperature coefficient Q10 for the average DecR of various plant substrates in the tem-
perature ranges of 2–12 and 12–22 ◦C and moisture levels corresponding to 30, 60, and 90% of
their WHC over the various stages of incubation (0–60, 61–120, 121–180 days) 1—Sphagnum fuscum,
2—Chamaedaphne calyculata, 3—Eriophorum vaginatum, 4—mixed sample. The arithmetic for the mean
and standard error for each sample are shown.

The temperature coefficient Q10 during the initial stages of decomposition (within the
first 60 days of incubation) showed variability depending on the plant substrate and its
moisture content, ranging from 0.58 to 1.25 in the lower temperature range of 2–12 ◦C and
from 0.91 to 2.07 in the temperature range of 12–22 ◦C (Figure 9).

According to the calculations, the temperature coefficient Q10 was lower than the typi-
cal values of the Vant-Goff constant characteristic of chemical reactions (Q10 = 2–3). Usually,
during the initial stages of plant litter decomposition, the microflora does not experience a
shortage of mineral nutrients because plant residues contain a sufficient amount of easily
decomposable organic substances. For this reason, the rate of mineralization of organic mat-
ter is not always clearly dependent on temperature. Q10 for the decomposition rate of soil
organic matter and some plant substrates generally decreases with increasing temperature
and increases with the decomposition of stable organic compounds [23,55,56]. The increase
in Q10 with time was observed here in the low-temperature range for all samples, probably
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due to the decomposition of hard-to-access compounds. In our experiment, the decrease in
Q10 with increasing temperature was not observed, and the Q10 calculated for most samples
in the range of 12–22 ◦C was higher than that in the low-temperature range of 2–12 ◦C.
This finding can be explained by differences in the chemical composition of the organic
substrates tested. Furthermore, temperature coefficients calculated for the decomposition
rate of an aspen bark-based substrate [42] are also higher in the 12–22 ◦C range than in the
2–12 ◦C range and are similar to the Q10 values obtained in the present study.

The temperature sensitivity of organic substrates during long-term incubation (≥12 months)
typically decreases over time, with the highest Q10 values generally observed in the first
month of the experiment [23,42]. As degradation progresses and the microbial commu-
nity adapts to the prevailing hydrothermal conditions during long-term incubation, the
temperature sensitivity of the degradation rate tends to decrease. For example, a study of
long-term incubation of leaf litter showed that the decomposition rate of organic matter
is more sensitive to changes in temperature and moisture during the early months of
decomposition [23,57,58]. In later stages, the decomposition rate of organic matter shows a
weaker correlation with temperature [26,59].

3.7. Evaluating the Impact of Abiotic Factors on Peat-Forming Plant Decomposition in a
Model Experiment

Using 3-way analysis of variance (ANOVA), it was determined that all the factors
(temperature, moisture, and the type of plant material) significantly contributed to the
variability in the total carbon loss (Table 4). The primary factor affecting the cumulative
C(CO2) losses for 600 days of experiment was the type of plant material, accounting for
75.9% of the total variance in Ccum. Temperature and moisture explained 12.4% and 4.6%
of the variance, respectively. Different combinations of the examined factors also had a
notable but relatively weak impact on cumulative C(CO2) losses in plant samples, except
for the interaction of temperature with moisture (Table 4).

Table 4. The variance percentage (η,%) is explained by the influence of the type of plant material (P),
temperature (T), moisture level (W), or their interactions on the cumulative loss of C(CO2).

Factor
90 Days of Incubation 180 Days of Incubation 360 Days of Incubation 600 Days of Incubation
η, % F p η, % F p η, % F p η, % F p

P 61.0 450 <0.0001 54.7 204 <0.0001 68.8 125 <0.0001 75.9 95.8 <0.0001
T 31.2 230 <0.0001 36.6 136 <0.0001 20.2 37 <0.0001 12.4 15.6 <0.0001
W 2.1 15 <0.0001 3.1 12 <0.0001 4.0 7 0.001 4.6 5.8 0.004

P × T 4.3 32 <0.0001 3.6 13 <0.0001 3.2 6 <0.0001 2.6 3.2 0.007
P ×W 0.6 4 0.001 0.7 3 0.018 1.0 2 0.117 0.3 0.4 0.858
T ×W 0.3 2 0.129 0.3 1 0.375 0.7 1 0.304 0.9 1.2 0.329

P× T×W 0.4 3 0.001 0.7 3 0.005 1.6 3 0.002 2.5 3.1 0.001
UV 0.1 0.3 0.6 0.8

UV: unexplained variance.

The data revealed that after 180 days of incubation, the influence of temperature
and moisture increased while the effect of the plant material type decreased. However,
over time, the influence of the plant residies type and moisture on the decomposition
rate increased again, while the influence of temperature declined. In addition, existing
literature suggests that climatic conditions have a more pronounced impact during the
initial stages of decomposition, with their influence becoming less significant as the process
progresses [26,51].

The results of our 2-way analysis of variance for each plant sample individually
revealed that over the 600-day degradation period, temperature explained 74%–82% of
the variance in Ccum and was significant for all the plant species except for Eriophorum
vaginatum. The interaction of temperature and moisture had the most substantial impact on
the decomposition rate of Eriophorum vaginatum, accounting for 57% of the variance. The
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decomposition rate of Sphagnum fuscum was affected by temperature, moisture, and their
interaction (Table 5).

Table 5. The variance percentage (η, %) is explained by the influence of temperature (T), moisture
level (W), or their interaction (T × W) on the cumulative loss of C(CO2) in samples of various
peat-forming plants during 600 days of degradation.

Factor
Sphagnum fuscum Chamaedaphne calyculata Eriophorum vaginatum Mixed Sample
η, % p η, % p η, % p η, % p

T 82.06 <0.0001 73.93 <0.0001 6.12 0.70 74.85 <0.0001
W 16.31 <0.0001 13.56 0.08 19.93 0.33 10.29 0.27

T ×W 1.30 0.02 7.91 0.19 57.27 0.03 7.45 0.43
UV 0.33 4.61 16.68 7.41

UV: unexplained variance; a significant influence of a factor(s) is highlighted in bold (p < 0.05).

Thus, the importance of environmental factors affecting the rate of decomposition
of plant residues can be ranked as follows: the species of plant residues > temperature
> moisture. Substrate moisture has a significant influence, but it is not a limiting factor
under bog conditions. The influence of the species of plant residues strengthens with time.

4. Conclusions

1. Temperature, moisture, and the species of plant residues had a significant impact
on the dynamics and intensity of C(CO2) release during a two-year incubation ex-
periment. In the early stages of plant sample decomposition, there was a significant
increase in C(CO2) release. This increase was rapid at 22 ◦C, occurring within the first
few days of the experiment. At 2 ◦C, this increase took longer to become evident, typi-
cally appearing after 1–2 weeks. Conversely, the decrease in the rate of decomposition
of plant residues occurred much faster at 22 ◦C than at 2 ◦C.

2. Sphagnum fuscum was characterized by the lowest decay rate constant. The decay
rate constant increased with temperature for all species of plant substrate, except for
Eriophorum vaginatum. Furthermore, the effect of moisture on the decay rate constant
of the studied peat-forming plants varied, and depending on temperature and the
plant substrate species, it could have different directions. Overall, during long-term
decomposition, the decay rate constant diminished.

3. The primary factors affecting the decomposition rate of peat-forming plants were
the species of plant substrate (accounting for 76% of the total variance) and temper-
ature (contributing 12% of the total variance). As time progressed, the influence of
temperature diminished while the impact of the plant sample type increased. The
moisture content of the substrate also had an effect but was not a decisive factor in
bog conditions, exerting a comparatively lower impact (5%). In the case of mixed
plant sample decomposition, the decay rate increased due to the non-additive effect.

4. The highest temperature sensitivity of DecR of peat-forming plants was noted in the
low-temperature range during the period from day 121 to day 180 of incubation and
varied from 0.71 to 6.19. The highest Q10 values of DecR were observed for Sphagnum
fuscum (Q10 = 6.19) and Eriophorum vaginatum (Q10 = 5.25) at 30% and 90% moisture
levels, respectively.
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