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Abstract: Russian boreal forests hold a considerable carbon (C) stock and are subjected to frequent
surface fires that unbalance C storage and ecosystem function. Although postfire ecological changes
aboveground are well understood, biological C flows (e.g., decomposition in the postfire period)
remain unclear. We present the results of a long-term field litterbag experiment on needle litter
decomposition in typical Larix gmelinii boreal forests in the Russian Far East. For 3 years, we measured
mass loss, C and nitrogen (N) concentrations, lignin and manganese dynamics, respiration intensity
and enzyme activity in decaying needles, and environmental conditions (temperature and litter
moisture). The decomposition rate at 850 days was 0.435 and 0.213 yr−1 in a control forest and in a
forest 15 years after a surface fire, respectively. Early stages of needle decay did not differ among
sites, whereas decomposition slowed in later stages in burned forest relative to the control (p < 0.01).
This was supported by hampered respiration, slow lignin accumulation in decaying needles, and low
peroxidase activity in burned forest. We found no direct N release, and decaying litter immobilization
was more pronounced in the control forest. In the later stages, we revealed restrained mass loss
and associated C release from larch litter in burned forest. Slow and delayed N release may alter
organic matter accumulation, the N cycle, and regeneration of the fire-disturbed larch ecosystem.
Our investigations highlight hampered C flow from aboveground litter to soil humus even decades
after surface fire in a larch ecosystem. Given the climate-induced increase of fire activity, C retained
in the litter layer represents a pool that is more vulnerable to the next fire event.
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1. Introduction

Soils in boreal forests hold the most substantial pool of organic carbon (C) vulnerable to climate
change. The consequences of modern unbalancing of this pool are likely to be substantial at the global
scale. The estimates of soil C in the boreal zone vary from 700 to 1700 Pg, and boreal soil C is estimated
to account for approximately 50% of the global soil organic matter [1–3]. This huge C storage is a part
of the natural life-support system of the soil, and C is held in the soil in a balance of output and input
processes. This equilibrium is vulnerable to modern climate change and is largely driven by human
activity [4,5]. Among other influences, the increasing number of forest fires is considered to be the
ambiguous factor affecting both stock and flows of C in boreal forests [6–8]. Therefore, we need to
better understand the mechanism of C dynamics in fire-affected boreal ecosystems to predict the fate
of the currently large C stock under the modern scenario of climate change.

Litter decomposition is the main energy and matter flow determining soil C accumulation and C
dynamics in forests [9,10]. Decomposition is known to be a complex two-stage process of degradation
and synthesis and is influenced by environmental and biological factors [11]. The first stage is
controlled by environmental factors and is presumed to consist of mainly physical decay and leaching
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of water-soluble substances, with a minor role being played by microorganisms. The later stage,
which begins after mass loss reaches approximately 30%, is mainly related to the biodegradation of
recalcitrant compounds. Of these, lignocellulose represents a major proportion of litter mass and is
degraded by extracellular enzymes of certain microorganisms, mainly fungi [12,13]. It is known that
fungal activity, including enzyme production, is mediated by soil environmental characteristics. For
example, the abundance of fungi is increased in acidic media [14].

Another soil parameter that strongly regulates decomposition is the nitrogen (N) content,
controlling both microbial activity and ecosystem primary productivity [15]. The initial N concentration
in litter and its content in the organic layer are two important parameters predicting decomposition
speed in boreal forests [16,17]. Contrary to the C dynamics, which are largely reflected in mass loss, the
N dynamics have a distinct independent pattern [18]. The N dynamics during litter decomposition and
N cycling are well understood in undisturbed forest ecosystems [19,20]. Immobilization and release
patterns of N have important ecosystem consequences and vary substantially among ecosystems.
Therefore, in nutrient-poor ecosystems, immobilization of N is the predominant process, especially in
early stages of decomposition [21]. A comprehensive meta-analysis on the effect of fire on N pools
in soil clearly shows that soil ammonium and nitrate levels are increased by fire, but the amount of
total soil N is less affected [22]. A recent experiment on thermally altered pine needles has shown
alterations in N dynamics during the decay process [23]. Given that fire leads to changes in the soil
environment, the mechanism of decomposition and N dynamics, being well understood in natural
conditions, could be considerably altered in fire-affected forests. Therefore, long-term effects of fire on
immobilization and release of N during decomposition need to be evaluated in situ.

Fire alters soil properties and processes [24,25]; decomposition is not the exception, even though
it is decoupled in time with fire events. Therefore, soil pH in the postfire period increases for up to a
decade and is considered to suppress microbial activity and associated enzyme production [14,26].
Another study found that biodegradation function was suppressed in the fire-affected ecosystem at
the decadal scale [27]. Direct investigation of litter decomposition in postfire forest ecosystems has
received less attention. In burned boreal forests of Alaska and Scandinavia, several studies discovered
restrained decomposition of black spruce and Scots pine litter [28–30]. Postfire litter decomposition in
low-latitude coniferous forests is characterized by contradictory results. A litterbag study of pine litter
decomposing in Arkansas, USA, revealed a minimal difference in mass loss and nutrient dynamics
between burned and control forests [31]. Other research even found enhanced decomposition in a
postfire period in the one-seed juniper woodland of New Mexico, USA [32]. All these works were
conducted directly or a few years after forest fires, whereas the long-term legacy of fire remains largely
unclear. Surface fires substantially thin vegetation cover and consequently increase insolation of the soil
surface. This later directly affects the temperature and moisture of the litter layer, which are the most
important determinants of decomposition. Another long-lasting legacy of fire is its byproducts such as
charcoal and soot [33], recognized as important mediators of soil properties affecting the decomposition
process [34,35]. Previous work has argued the importance of long-term investigation of nutrient cycling
in the fire-return interval [27]. However, despite broad understanding, such investigations remain
scarce, especially in the larch ecosystem, which holds one of the biggest C stocks in the boreal zone [36].

Larch (Larix spp.) forest, as the discontinuous continental ecosystem, covers approximately
2.9 million km2 and represents a major proportion of the boreal forested area [37]. The huge soil C
stock in these forests is a result of slow decomposition at low temperatures [38]. The larch ecosystem
regularly experiences surface fires; however, larch trees usually survive and continue their functioning,
producing needle-leaf litter [39]. Even though the larch ecosystem is adapted to fire, alteration of C
dynamics in the fire-respite period remains the knowledge gap in understanding the C dynamics of
the boreal larch forests. Therefore, litter decomposition in the postfire larch forests remains unknown,
both directly after a fire event and in the long term. Decay processes in unburned larch stands have
been investigated in plantations of Northwest China [40] and in Siberian permafrost larch stands. Most
studies in postfire larch stands are related to alteration of the soil’s physical and chemical properties
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and microbiological activity of the litter layer [41–43]. These studies undoubtedly provide a certain
background for understanding postfire forest dynamics affecting decomposition, but it is necessary
to have direct field evidence of the decomposition mechanism and nutrient dynamics in postfire
larch forests.

To obtain direct evidence of changes in the decomposition and nutrient dynamics in a larch
forest after a fire, we performed a 3-year field experiment based on three hypotheses. Specifically, we
hypothesized that (1) mass loss and related C release will not differ between burned and background
forests during early decomposition stages; (2) the decomposition process in the burned forest will be
decelerated in the late stages, resulting in suppressed C release from litter; and (3) N immobilization
will dominate over the release of N, and this phenomenon will be more pronounced at the burned site,
especially in the late decomposition stages. We tested these hypotheses with a 3-year field litterbag
experiment in burned (15 years prior) and natural larch (Larix gmelinii Rupr.) forests in the Russian
Far East.

2. Materials and Methods

2.1. Site Characteristics

The field experiment was conducted in Zeysky State Nature Reserve, which spans the Tukuringra
mountain range in the Russian Far East. Natural larch/birch (Betula platyphylla)/(L. gmelinii Rupr.) stands
represent the typical vegetation cover of Eastern Siberia and the Far East. Our research area (53◦50′ N,
127◦10′ E) was located on a gentle south-facing mountain slope that included two neighboring stands:
one was a background larch/birch forest with evenly distributed tree species, and the other larch stand
was damaged by a surface fire 15 years prior. The surface fire was long-lasting and consumed the litter
layer, even killing part of the trees. The two forest stands were 800 m apart from each other. There was
a clear border of fire between stands; within the intact and burned stands, we established the “control”
and “burned” research plots, respectively. The size of each research plot was 50 × 50 m. Forest and soil
characteristics of research plots differed even 15 years after the fire (Table 1). Thus, the stem number in
the burned plot was more than 3 times lower than that of the control plot, and soil on burned plot had
lower acidity and levels of dissolved nutrients. Average counts of functional groups of microorganisms
in the burned plot were much lower than those of the control.
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Table 1. Stand, soil, and litter characteristics.

Characteristic Control Burned

Larix gmelinii (Rupr.)

Stem number ha−1 436 124
Basal area m2 ha−1 23.1 7.9

Mean D1.3, cm 26 28
Mean height, m 19 19

Betula platyphylla Sukacz.

Stem number ha−1 484 64
Basal area m2 ha−1 21.9 1.1

Mean D1.3, cm 24 26
Mean height, m 21 18

Soil Characteristics 0–10 cm

Total litter stock: g m−2 251 ± 20.4 94.4 ± 11.2
Water pH 4.8 ± 0.1 5.4 ± 0.1

Total organic C, % 20.1 ± 2.0 21.1 ± 2.9
Total N, % 0.77 ± 0.08 0.86 ± 0.11

Dissolved organic C, mg L−1 43.9 ± 4.35 24.1 ± 2.04
Dissolved organic N, mg L−1 1.11 ± 0.17 0.77 ± 0.09

Average counts of microorganisms, CFU 106g−1dry litter

Micromycetes 2.1 0.8
Ammonifying bacteria 4.2 1.2
Oligotrophic bacteria 6.4 2.0

Actinomycetes 0.2 1.4

Study sites were distributed in the discontinuous permafrost soil region with a mean annual
temperature of −0.7 ◦C. The minimum monthly average temperature occurs in January (−19.3 ◦C),
with the maximum in July (19.1 ◦C). The sum of annual precipitation is 528 mm, the majority of which
falls as rain from July to September [44]. The soil in the study area is classified as a Dystric Cambisol
formed on granite rocks [45]. Soil in the intact condition is characterized by a thick (~10 cm) litter
layer [46].

2.2. Litterbag Experiment

We used the litterbag approach to investigate the decomposition process of larch needles. Litterbags
were made of white nylon with a mesh size of 50 µm. The bag size was 100 × 100 mm with sealed
edges. We chose the 50-µm mesh size to prevent decomposed litter fragments and root ingrowth from
washing out. This approach allowed us to focus on microbial and fungi decomposition. We selected
litter material from larch tree species based on their domination of boreal forests of Eastern Eurasia. We
used freshly fallen litter material collected in a forest adjacent to our research site for the experiment in
both plots. We used identical litter types in both forests to focus on the fire-affected ecosystem function
and avoid different litter chemistry, which strongly affects the decay process. Each bag contained
approximately 7 g of air-dried litter in six replications per sampling date. The experiment began in
May of 2016, and sampling was performed 75, 140, 500, and 850 days after the experiment began. The
experiment ended in the fall of 2018.

During the entire decomposition period, we measured soil parameters such as temperature and
water content. Soil temperature was measured hourly at a depth of 5 cm in three points on each site
with a Tidbit v2 Temp Logger (Onset Computer Corporation, MA, USA). We measured gravimetric
moisture by sampling soil beneath the litterbags on each sampling date. All laboratory procedures
were conducted at the Analytical Center of Mineral-Geochemistry Investigation of the Institute of
Geology and Nature Management, Far Eastern Branch of the Russian Academy of Sciences, Russia.
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2.3. Mass Loss

We estimated mass loss as the difference between initial oven-dried mass and mass on each
sampling day. In this study, decomposition rate was described by the decomposition constant (k),
which was calculated using a single-exponential model [47]. A linear regression of the ratio of the
ln-transformed remaining mass versus time allowed us to calculate the k value. As decomposition rate
changes during decay process, we calculated the k value for the early stage of decomposition (0–140
days) and at the end of the experiment (850 days) to represent the whole decomposition period.

2.4. Litter Respiration

We used litter respiration as a proxy for microbiological activity [48]. The bags used in the
experiment shielded the contained litter from penetration of roots and soil invertebrates, which allowed
us to consider the carbon dioxide (CO2) emissions from decomposing needles as the respiration of
microorganisms mineralizing larch needles. Measurements of litter respiration were conducted over
litterbags gathered at the end of the experiment on the 850th day. The CO2 flux was measured under
laboratory conditions at constant temperature of 22 ◦C with a closed static chamber system. The system
comprised an infrared gas analyzer (IRGA, GMP343, Vaisala, Finland) attached to a 0.497-L cylindrical
chamber. We enclosed one litterbag in the chamber and measured the CO2 concentration for 5 min.
To reduce the effects of air disturbance caused by opening the chamber, the data for the first and last
30 s were not used. We calculated the CO2 flux (R, nmol CO2 g−1 s−1) according to the method of
Pumpanen et al. (2010) [49].

2.5. Chemical Analysis

The C and N concentrations in larch litter were analyzed using the combustion method with a
TOC-L analyzer on a module for solid sample measurement (SSM-5000A, Shimadzu, Japan). Initial
litter element concentrations were as follows: N, 0.38%; C, 44.5%; and C:N ratio, 117. To measure the
lignin content, we employed Fourier transform infrared spectrometry (FTIR) with Fourier transform IR
spectrometer Nicolet iS10 (Thermo Fisher, Waltham, MA, USA). Spectra were taken in the medium IR
range (400–3700 cm−1) with resolution of 4 cm−1 and comprised an average of 100 scans. We compared
FTIR absorption spectra of initial needle tree litter and the needles transformed during the decay
process (frequency range was 1400–1800 cm−1) to estimate lignin dynamics. This estimation was
performed at the absorption band of ~1510 cm−1. The 1510 cm−1 band refers to skeleton vibrations of
aromatic rings that represent the foundation of the C skeleton in the lignin structure [50,51]. Enzyme
activity, namely peroxidase, is highly dependent on manganese (Mn) concentration in the litter. We
therefore determined the Mn concentration in air–acetylene flame by atomic absorption (180-50S,
Hitachi, Tokyo, Japan).

Peroxidase activity was measured as the rate of substrate oxidation in the presence of
added hydrogen peroxide [52]. The measurement of peroxidase activity in soil was performed
spectrophotometrically using pyrogallol (1, 2, 3-trihydroxybenzene) as the substrate, in accordance
with previous research. The amount of purpurogallin formed was determined by taking the absorbance
at 430 nm (LEKI SS 2107 spectrophotometer, MEDIORA OY, Finland). Total N and C concentrations in
the soil and the needles were analyzed using the combustion method with a TOC-L analyzer with
solid sample measurement module (SSM-5000A, Shimadzu).

2.6. Statistical Analysis

First, all data were checked for normality and homogeneity of variances. Differences in soil
temperature were then tested by the Friedman rank-sum test. Differences in mass loss between
sampling days were checked after data normalization by ANOVA following the Tukey HSD test.
Correlation between element concentration and mass loss were estimated by the Pearson correlation
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test after data normalization. All statistical analysis was performed in R-studio 1.1.383 R Core Team,
Vienna, Austria [53].

3. Results

3.1. Mass Loss and Decomposition Constant

In the early stage of the experiment, larch needles decomposed at similar rates at both the control
site and the burned site (p = 0.507), which resulted in a 25% loss of initial mass over the 140 days
(Figure 1). In the later stages of decomposition, starting from the 500th day, a significant decrease of
decomposition rate occurred in the burned forest (p = 0.0021), whereas no decrease occurred in the
control. At the end of the experiment (850 days), mass loss at the control site (67.5%) was significantly
greater than at the burned site (44.2%, p = 0.0035; Figure 1).Forests 2020, 11, x FOR PEER REVIEW 6 of 16 
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Figure 1. Mass loss of larch needles in burned and control stands. Error bars represent ±SE (n = 6).
Filled markers denote significant differences (p < 0.05 based on ANOVA followed by Tukey HSD).

The decomposition constant at the burned site was slightly lower in the early period and two
times lower at the end of the experiment compared with the control site (Table 2).

Table 2. Mass remaining and decomposition constant (k, year−1) for two study sites. Data are means ±
SE (n = 6).

Period (days) Control Burned

Mass Loss (%) k (year−1) r2 Mass Loss (%) k (year−1) r2

140 23.4 ± 2.02 0.714 0.92 21.9 ± 1.49 0.658 0.96
850 67.5 ± 5.18 0.435 0.96 44.2 ± 3.83 0.219 0.92

3.2. Soil Temperature and Moisture

At the burned site, soil temperature at 5 cm depth was 3–7 ◦C lower than the control during the
winter season (p < 0.001; Figure 2). Summer temperatures did not differ for the first 2 years, but the
average summer temperature in the late decomposition period (i.e., the third year of the experiment)
was 2 ◦C higher at the burned site than at the control site (p < 0.001). The water content in litter bags
at the burned site was lower over the entire period of the experiment (p < 0.001; Figure 3a). At the
burned site, the water content and mass loss values showed stronger correlation (R2 = 0.42, p < 0.001)
when compared with those of the control site (R2 = 0.29, p < 0.05; Figure 3b).
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Figure 3. Litterbag water content (a) during decomposition experiment. Error bars represent ±SE
(n = 6). Asterisks indicate significant differences (Holm–Bonferroni corrected p < 0.05) during the entire
decomposition period, based on a generalized linear mixed model (GLMM) where ‘days’ was set as
a random factor. (b) Linear relationship between water content and mass loss of the needles during
entire decomposition period. Red and green areas represent the 95% confidence intervals in the burned
and control stands, respectively.

3.3. Dynamics of C, N, and C:N Ratio

Initially, the same pattern of N dynamics was seen in both sites, but the N concentration during
the entire experiment was higher in litter bags from the control site than in those from the burned
site. The N concentration showed a distinct increment by the 500th day of the experiment, where
we recorded 1.5 times lower N concentration at the burned site (1.1%) than at the control site (1.6%)
(p = 0.0417; Figure 4a). The N concentration decreased in the later stage of decomposition. At the end
of the experiment, the difference in N concentration between the sites remained significant (p = 0.0234).
The correlation between the N concentration and mass loss showed a similar pattern for both sites
(Figure 4b).

The magnitude and pattern of C release during decomposition were site-dependent. Litter at the
control site had eventually lost a larger proportion of initial C than litter at the burned site (p < 0.001;
Figure 4c). The pattern of C release at the burned site differed from that of the control site; C release at
the burned site was much faster initially (p < 0.001 on the 75 days) but then was reduced in the last 2
years. After 3 years of decomposition, litter at the burned site had lost just 36% of its initial C.
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Carbon related to mass loss also showed a distinct site-dependent pattern. At the control site, C
tended to be released during decomposition, whereas we observed pronounced accumulation at the
burned site at the end of the experiment (Figure 4d).Forests 2020, 11, x FOR PEER REVIEW 8 of 16 
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The C:N ratio declined exponentially, and it was especially distinct at the beginning of the
experiment, having declined 2-fold during the first 75 days. However, the C:N ratio for the burned site
at the end of the experiment (850 days) was twice as high (45) as that of the control site (20; Figure 4e).
The increase of mass loss showed a distinct decreasing C:N ratio at the control site, whereas the burned
site showed a very slight and nonsignificant decreasing trend (Figure 4f).
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3.4. Lignin and Mn Dynamics

The lignin concentration increased compared with initial values to almost the same values for both
sites at the end of the experiment. At the control site, the lignin concentration increased evenly during
the whole experiment. However, its trend was multidirectional at the burned site, and the relative
concentrations were lower on the 500th and 850th days when compared with the control (Figure 5).
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The Mn concentration decreased during decomposition at both the control and burned sites. In
the early stage of decomposition, the Mn concentration did not differ substantially between the sites
(p = 0.21; Figure 6b). From the 500th day of the experiment until the end of the experiment, the Mn
concentration at the burned site decreased faster than at the control site.
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3.5. Litter Respiration and Enzyme Activities

At the control site, total peroxidase activity on the 500th day of decomposition was 1.3 times that
of the burned site (Figure 6a). Litter respiration in the later stage of decomposition (850 days) varied
depending on site. At the burned site, CO2 emissions were 1.5-fold lower than those of the control site
(p = 0.0207; Figure 7).Forests 2020, 11, x FOR PEER REVIEW 11 of 16 
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4. Discussion

We found much slower litter decomposition in the surface-burned (15 years since the fire) forest,
compared with the undisturbed stand, resulting from moderation of the process in the late stage of
decomposition. At the end of the experiment (nearly 3 years), the decomposition constant (k) in the
undisturbed forest was two times higher (0.435 yr−1) than that in the burned forest. The decomposition
rate in the control forest was close to that given in the generalized data of Zhang et al. (2018) [54] for
coniferous forests (~0.400 yr−1). However, in the burned forest, our calculated rate was similar to that
of larch stands in Siberia (0.180 yr−1), which are considered to have a low biodegradation rate [55].
Therefore, our results suggest that fire can reduce decomposition rates in larch forest, even 15 years
after the fire.

Although we observed slower decomposition in the burned forest, this did not extend over the
whole experimental period, where two different stages were observed. Initially, litter decomposed at
the same rate in both stands, having lost 25% of the initial mass by 140 days. This rapid mass loss at the
beginning has been commonly reported in decay studies in boreal forests. In a decomposition study in
Fennoscandia, decomposing pine needles rapidly lost highly soluble compounds due to leaching and
microbiological growth in the first stage of decomposition until 25–30% of mass had been lost [11]. At
this stage, climatic conditions and concentration of the main nutrients, especially N, greatly influenced
the decomposition rate. In our study, the lack of differences in mass loss at the beginning suggests that
litter quality (as we used identical litter) and/or environmental factors, but not fire-altered ecosystem
function, influenced the early decomposition stage. We first detected differences in mass loss and
nutrient dynamics in the second year of the experiment, highlighting the value of long-term field
experiments to reveal the postfire effect in the later decomposition stages. The decomposition rate was
reduced in the late stages after easily degradable compounds were consumed in the early period [11].
In these later stages, the remaining substrate was largely made up of recalcitrant compounds, such
as lignocellulose, which can be degraded by limited types of microorganisms that produce specific
extracellular enzymes [56]. Among these, peroxidases are essential lignin-decomposing enzymes [57].
The lower peroxidase activity observed during the whole experiment at the burned site could explain
the restrained decomposition of lignin and associated substances (Figure 5). At the same time, low
peroxidase activity in the burned forest suggests that the surface fire likely modified soil parameters
that, in turn, regulate enzyme production.

Decomposer activity and functioning have been shown to be altered in response to fire-caused
changes of soil environment, which can last up to decades [27,30,58]. For example, increases in soil
pH in the postfire period have been thought to suppress microbial activity and associated enzyme
production [14,26]. Moreover, high-pH media decreases mobility of Mn, which is the essential element
for enzyme production [59] and is known as a mediator of catalytic activity of ligninolytic enzymes:
manganese peroxidase, lignin peroxidase, and laccase [12,13,60]. Berg (2014) demonstrated a positive
correlation between mass loss and Mn concentration increase in pine needles in the late stages of
decomposition. In our experiment, we observed lower microbial activity in litterbags at the burned
site (Figure 7), and the number of microbial trophic groups was decreased by up to 3.5 times (Table 1).
We observed significantly higher litter pH in the postfire stand compared with the control (pH 5.3 and
4.8 respectively, p < 0.001; Table 1). This difference could explain the lower Mn mobility and related
lower peroxidase activity observed in the litter bags in burned forest (Figure 6) and thus the low rate of
decomposition of recalcitrant compounds.

Decomposition of organic matter, as an important ecosystem function, is related to nutrient
dynamics, particularly of N, influencing the microbial and plant communities. Therefore, understanding
the changes in the N concentration can help to determine how fast it is being immobilized or released
from decaying substrate. Investigations in US loblolly pine forests showed slow N release: 27–34% of
the initial amount was released over 8 years [61]. In our experiment, there was no direct N release in
either of the sites over the 3-year period (Figure 4a). On the 500th day of the experiment, we observed
more immobilization at the control site (263% of the initial N mass) compared to the burned site (209%).
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Similar to our findings, a litterbag study in a pine forest of Central Poland found that pronounced N
immobilization occurred in undisturbed stands compared with disturbed ones [62]. By the end of our
experiment, the N amount in litterbags was 115% of the initial N mass at the control site and 149% of
the initial N mass at the burned site. Again, the reason for this discrepancy could be the inhibition
of microbial groups responsible for degradation of recalcitrant compounds. More N accumulation
in larch needles at the control site compared with the burned site may have occurred because of N
translocation by fungi and increased fixation by bacteria in the favorable intact environment [10,63,64].
The amount of available N in the litter layer could significantly influence its immobilization into freshly
fallen N-poor litter [65,66]. According to our data, the concentration of water-soluble N in the litter
layer of the control site was 1.4 times higher than that of the burned site (Table 1). Low N availability
in the litter layer could explain the stronger correlation between N and mass loss at the burned site,
suggesting that N is a limiting factor in decomposition in postfire forest (Figure 4b). Thus, our data
showed that in the undisturbed larch stand N was released more quickly from decaying litter. This
release causes an increased N availability for the plants and microorganisms. In contrast, the rate of N
release slowed down in the burned stand, which would result in reduced availability for plants.

In summary, our results show no changes in early-stage decomposition between stand types but
clearly restrained late-stage decomposition of larch litter in the burned stand. Such long-lasting fire
consequences (i.e., 15 years) influence both C release and N cycling in the boreal forest. Immobilization
processes dominated over release in both stands, but immobilization was more pronounced at the
burned site, suggesting a more restrained N cycle. This restriction could eventually influence plant
nutrition and microbial activity. The restrained respiration and C release at the burned site suggests
longer C retention in the litter layer. This could have several consequences for the ecosystem, either
positive or negative. Restrained respiration denotes slower decomposition, which positively affects
forest function as a C sink. Under these conditions, C slowly undergoes humus formation and
consequently does not turn to the stable organic matter pool for some time. However, the retention
of C in the litter pool is not an optimal C storage strategy from the viewpoint of current climate
change, as recurrent forest fires, whose frequency has been predicted to increase, result in increased C
emissions to the atmosphere in the form of CO2. Together, our results provide insights into the current
understanding of mechanisms of the C cycle in the little-studied fire-affected larch forests. In terms of
future research, gaining a better understanding of the proportion of litter C that is transformed into
soil humus in these forests is worth pursuing.
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