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Abstract: This study determined the rate of decomposition of fine roots and leaf litter from birch,
larch, and pine, and compared the impact of fine root decomposition and leaf litter on carbon,
nitrogen, and phosphorus accumulation in various regenerated and reconstructed forest ecosystems.
The control plots were located on podzol soils in managed forest non-degraded habitats. Over a
one-year experimental season, the decomposition of birch and larch fine roots released less carbon in
comparison to leaf litter. The carbon mass-loss rates were 16% for birch roots and 15% for larch roots,
while for birch and larch litter, the rates were 36% and 27%, respectively. For nitrogen, mass-loss rates
were 48% for birch fine roots and 60% for larch and pine fine roots, whereas for pine and birch litter
the rates were 14%, and 33% for larch litter. The results of our study prove the important role of fine
root input to the soil’s carbon, nitrogen, and phosphorus pool and additionally their significance for
CO; sequestration within the studied regenerated terrestrial ecosystems.
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1. Introduction

There are many studies on the rate of decomposition of fine roots and litter and their
share of the pool of accumulated carbon and nutrients at different climatic zones. However,
few research results have been published on the rate of decomposition of fine roots and
litter (as well as the accumulation of soil organic matter) in conditions of ecosystem regen-
eration following large-scale decay or fire phenomena [1-4] or reclamation of post-mining
areas [5,0]. The decomposition of below-ground and above-ground plant biomass is an
important factor influencing carbon and nutrient cycling rates in forest ecosystems [7-9]. It
is estimated that about half of the net primary biomass production of forest ecosystems
returns to the soil with litterfall [10]. As a result of the litter decomposition, soil organic
matter (SOM) is formed, which contributes to the nutrient cycle and increases soil fer-
tility [11]. Numerous studies have shown that the nutrients released as a result of the
litterfall account for 70% to 90% of the total nutrient requirements of forest plants [12]. Leaf
litter decomposition is intensified by biotic and abiotic factors [13,14]. The main factor
influencing the rate of litter decomposition on a global scale is the climate [15]. However,
on a local scale, the influence of climate on litter decomposition is of marginal importance,
giving way to litter chemistry and soil chemical properties [16].

Fine roots play an important role, not only in the nutrient and water uptake by plants,
but in the circulation of nutrients in the ecosystem [17]. Organic matter derived from fine
root decomposition can lead to greater carbon stabilization and the release of a larger pool
of nutrients than leaf litter [18]. Although the proportion of fine roots is comparable to that
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of leaf litter [19], few studies on biomass decomposition have focused on fine roots [20,21].
The main drivers of fine root decomposition are the macronutrient content, especially
carbon, nitrogen and phosphorus, and their relationships (C:N and N:P ratios). Some
information about the role of calcium content in this context was also given [22,23].

Thus, the annual decay of fine roots is an important link in the circulation of matter and
energy in the ecosystem, and moreover, it can compensate for nutrient deficiencies in forest
soils [24,25]. Larger particles with a lower lignin content undergo faster decomposition [26],
while decreased soil moisture caused by increased air temperature has been shown to
contribute to a reduction in the biomass of detritus microorganisms [27].

The distribution of fine roots and leaf litter is responsible for the accumulation and
stabilization of soil organic matter, which is crucial for the effective restoration of soil in
the initial stages of regeneration and reconstruction of forest ecosystems. The process
of soil regeneration in post-fire areas results from changes in the accumulation of soil
organic matter (SOM) [28-30] as well as alterations in the biomass and activity of soil
bacteria [31-33]. In areas where fires occur, as a result of high temperature, the soil chemistry
changes due to a sudden increase in pH and a jump in the availability of nutrients [34-36].
These changes are short-lived, mainly due to erosion losses caused by wind and surface
runoff [37,38]. On the other hand, areas where soil reconstruction processes have taken
place after opencast mining of deposits differ significantly from naturally formed soils.
Soils resulting from mining activities are characterized by a lower content of soil organic
matter, nitrogen and phosphorus deficiency, lower microbial activity, and, frequently, high
toxicity [39,40].

Knowledge of the rate of fine root decomposition and litter can significantly accelerate
the efficient circulation of nutrients in restored and regenerated ecosystems. Thus, the
present study determined the rate of decomposition of fine root and litter in stands of
different species, composed of Scots pine, common birch, and European larch. Moreover,
the effects of fine root and litter decomposition on the accumulation of carbon, nitrogen, and
phosphorus in various scenarios of regeneration and reconstruction of forest ecosystems
were compared.

2. Materials and Methods
2.1. Study Sites and Field Study

The research was carried out on permanent research plots occurring in areas of large-
scale disturbances such as fires (PF) and reclaimed post-mining areas (PM). The plots were
located in solid single-species stands: birch stands, pine stands, and larch stands. The
control plots were located on Podzolic soils in the managed forests of the Olkusz Forest
District (CS) (Figure 1).

Following the fire of 1992, the 1200 ha PF area in the Olkusz Forest District is currently
covered by 28-year-old tree stands as a result of artificial regeneration. Average annual air
temperature in this region is approximately 7.6 °C, and average annual rainfall is around
737 mm.

In the PM area, the Szczakowa mine sands excavation area is currently covered in
30-year-old stands of common birch, Scots pine, and European larch, occurring in 30 m-wide
strips. Average annual air temperature in this region is approximately 8.9 °C, and average
annual rainfall is around 731 mm.

In the designated research plots and on the control plot, 27 permanent single-area
research plots (3 species x 3 terrain categories x 3 repetitions) were established for single-
species stands. The litterbag method was used to study the decomposition rate of dead
organic matter. For this purpose, 5 g portions of dried local leaf litter and fine roots were
inserted into litterbags (15 x 15 cm) made of nylon mesh with a mesh diameter of 1 x 1 mm.
The prepared litterbags were laid out at the beginning of the year in the organic horizon
(leaf litter: six litterbags on the surface) or the mineral soil layer from 0 to 10 cm (fine
roots: six bag on the surface). One litterbag was collected after four months, two litterbags
after eight months, and three litterbags after twelve months. After being transported to
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the laboratory, the collected litterbags were analyzed for their chemical composition. The
total biomass of fine roots was determined by the root ingrowth cores method [41]. Litter
biomass measurements were made froma 1 x 1 m frame.
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Control plots (CS)
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Figure 1. Localization.

Before laboratory analyses were performed, leaf litter and fine root samples were
extracted, cleaned, and dried to constant weight at 65 °C. The remaining small roots and
leaf litter were extracted by hand using tweezers.

For root samples and leaf litter, nitrogen (N) and carbon (C) were determined using
the TruMac® CNS analyzer (LECO Corporation, St. Joseph, MI, USA); after digestion in a
mixture of HNO3 and HClOy acids, the levels of phosphorus (P) in the extract were analyzed
on the ICP-OES iCAP™ 6000 Series system (Thermo scientific, Waltham, MA, USA).

On each research plot, mixed soil samples were collected at depths of 0 to 10 cm and
10 to 30 cm from five points arrayed in an envelope arrangement; the samples collected in
this way were used to create aggregate samples representative of each research plot. The
collected soil samples were then transported to the laboratory.

Analysis of soil samples: soil grain size was determined by static laser diffraction
using the Fritsch ANALYSETTE 22 apparatus (Fritsch GmbH, Idar-Oberstein, Germany);
pH was analyzed by potentiometry in 1 M KCl; total C and N content was determined
using the TruMac® CNS apparatus, as above; and content of total elemental magnesium
(Mg), potassium (K), and P was determined after digestion in a mixture of HNO3 and
HCIOy, using the ICP-OES iCAP™ 6000 Series system.

2.2. Statistical Analysis

Statistical analysis was performed using Statistica 13.3 software (StatSoft, Inc., Tulsa,
OK, USA, 2017). Two-way ANOVA was carried out, followed by the Tukey RIR test
(at p < 0.05). The analysis included determination of the differences in the nutrient pool
supplied to the soil by fine roots and leaves (C, N, P). Before starting the statistical analyses,
the data were checked for normal distribution using the Shapiro-Wilk test followed by
logarithmic transformation. Moreover, the data were tested for homogeneity of variance
using the Brown-Forsythe test. Principal components analysis was performed in order to
determine the factors influencing the distribution of the biomass of fine roots and leaf litter.
The analyzed soil properties were pH, grain size composition, and content of C, N, Mg, K,
and P.
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3. Study Results and Discussion

The rate of decomposition of leaf litter and fine roots depends on many biotic and
abiotic factors [42]. In our research, the rate of decomposition of fine roots and leaf litter
from birch, larch, and pine did not differ. The greatest loss of mass of fine roots and leaf litter
occurred in the first four months of decomposition (March to June). The mass loss of fine
roots was approximately 31% after 4 months of decomposition, and 34% after 12 months of
decomposition. Leaf litter mass loss was 27% after 4 months of decomposition, and 30%
after 12 months (Figure 2).
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Figure 2. Decomposition rate of leaf litter and fine roots of particular tree species.

Moreover, none of the analyzed soil properties (C, N, Mg, K, P, pH, and grain size
composition) affected the decomposition rate of fine roots and leaf litter. The rate of
decomposition of fine roots after 8 and 12 months was influenced by factors other than the
rate of leaf litter decomposition after 4, 8, and 12 months (Table 1; Figure 3).
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Figure 3. Principal components analysis to determine the factors influencing the distribution of the
biomass of fine roots and leaf litter (* Chemical properties of soils).
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Table 1. Basic soil properties under birch, larch, and pine growing on reconstructed forest ecosystem
(PM), regenerated forest ecosystem (PF), and control plots (CS) (mean =+ SE) [43].

PM PF Ccs
Birch Larch Pine Birch Larch Pine Birch Larch Pine
pHKCl 3.89 £ 0.05 3.9 £0.01 3.89 £0.03 4.15 £ 0.07 4.28 £ 0.03 425 4+ 0.04 3.94 £ 0.02 478 £0.16 352+0
Sand (%) 80.05+253 67.534+435 9658+045 93.7+£0.25 88.5+205 8398+222 93984027 90.8+021 92.88+0.14
Silt (%) 1547 +£1.69 246+374 2.9 £+ 0.38 542 +£0.24 975+ 1.7 13.15+1.63 5.16 £0.23 8.05+0.2 6.29 £0.12
Clay (%) 442 +0.82 7.9 +0.63 0.53 £ 0.06 0.85 4+ 0.03 1.72+0.33 2.86 +0.59 0.85 + 0.05 1.18 £0.02 0.89 £+ 0.04
0-10 cm N (%) 0.08+0 0.06 £ 0 0.05+0 0.09+0 0.16 & 0.02 01240 0.12 £ 0.02 0.11 £+ 0.01 0.1 £0.01
C (%) 0.96 + 0.07 0.47 £0.03 0.39 £ 0.07 0.9 £+ 0.01 1.99 £ 0.38 1.33 £ 0.07 1.62 £0.37 1.5+ 0.08 1.2 £0.09
P (%) 0.01+0 0.01+0 0.00+0 0.01+0 0.02+0 0.01+0 0.01+0 0.00+0 0.00+0
K (%) 0.08+0 010+0 0.04+0 0.03+0 0.04+0 0.04+0 0.04+0 0.03+0 0.03+0
Mg (%) 0.04+0 0.05+0 0.02+0 0.01+0 0.02+0 0.02+0 0.02+0 0.04 £0 0.01+0
pHKCl 4.15 + 0.06 415+ 0.05 413 +0.03 4.5+0.07 4.68 +0.07 4.63 + 0.08 4.21 4+ 0.05 494 +0.24 3.81 +0.02
Sand (%) 6899 £331 71.344+536 9403+026 9573+0.18 9678+0.19 933+£045 96.06+0.13 89.87+132 948402
Silt (%) 6.65 + 0.72 6.06 £ 1.04 1.15 £ 0.05 0.77 4+ 0.04 0.56 4 0.05 0.98 & 0.06 0.65 & 0.01 217 +£0.35 0.88 & 0.04
Clay (%) 2436 £2.6  22.58 +4.36 476 £0.2 3.53+0.16 2.65+0.14 5.68 &+ 0.39 3.27 +£0.11 8.03 +0.96 427 +£0.14
10-30 cm N (%) 0.04 £0 0.04+0 0.04+0 0.05+0 0.04+0 0.06 £ 0 0.06 £+ 0.01 0.07 £ 0.01 0.05+0
C (%) 0.38 4+ 0.03 0.35 4+ 0.01 0.21 4 0.01 0.49 4 0.02 0.41 £ 0.07 0.67 £ 0.05 0.53 £ 0.07 1.02 +£0.14 0.55 £ 0.01
P (%) 0.00+0 0.00+0 0.00+0 0.00+0 0.00+0 0.00+0 0.01+0 0.01+0 0.00+0
K (%) 0.12 +0.03 0.15 £+ 0.06 0.05+0 0.03+0 0.03+0 0.03+0 0.03+0 0.03+0 0.03+0
Mg (%) 0.05 + 0.01 0.06 £+ 0.02 0.02+0 0.01+0 0.01+0 0.01+0 0.01+0 0.06 + 0.01 0.01+0

It is noted in the literature that the mesh size of the litterbags used in such experiments
could be an important factor influencing the pace of fine root decomposition. In some
experiments, the mesh size was up to 1 cm, which allowed macro fauna to crush and
fragment the litter [44—46]. Moreover, the rate of litter decomposition is influenced by soil
microorganisms [47]. In reconstructed and regenerated forest ecosystems, the litter decom-
position process may be slower as a result of insufficiently well-developed communities of
soil microorganisms and mesofauna [48] and low biological activity in the soil [49].

The carbon pool supplied to the soil by the fine roots was 177 g m~2 for birch,
144 g m~2 for larch, and 127 g m~?2 for pine. The initial biomass of the fine roots was
556 g m~2 for birch, 437 g m~2 for larch, and 340 g m~2 for pine. After a year of decompo-
sition, the amount of carbon remaining in the fine roots was 148 g m~?2 for birch, 122 g m 2
for larch, and 89 g m~2 for pine. For leaf litter, the carbon pool supplied to the soil was
210 g m~2 for birch, 86 g m~2 for larch, and 228 g m~2 for pine. The initial biomass of the
litter was 470 g m~2 for pine, 192 g m~2 for larch, and 445 for birch g m~2. After one year
of decomposition, the amount of carbon remaining in the leaf litter was 133 g m~2 for birch,
62 g m~2 for larch, and 170 g m~? for pine. Over this one-year decomposition period, the
fine roots of birch and larch therefore released less carbon than leaf litter. Carbon mass-loss
rates were 16% for fine birch roots and 15% for larch roots, while for leaf litter the rates
were 36% for birch and 27% for larch. Carbon mass-loss rates for leaf litter and fine pine
roots were comparable, at around 25% (Figure 4).

The obtained research results prove that small tree roots can act as carbon reservoirs in
regenerated and reconstructed forest ecosystems [50]. Knowledge about the pool of carbon
released into the soil during the decomposition of fine roots and leaves in regenerated
and reconstructed forest ecosystems over short time intervals remains incomplete [16].
However, there are currently many results from long-term experiments on the slow loss
of carbon mass. Data from an experiment in the northern forests of Canada showed
that carbon loss is exponential. After two years of decomposition, approximately 40% of
carbon remains in birch litter, and around 60% remains in pine litter [16]. For most tree
species, after losing about 70%—-80% of the original carbon mass, further decomposition
of leaf litter becomes very slow. On this basis, it can be concluded that approximately
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20%-30% of the carbon pool accumulated in biomass is the soil organic matter pool [16].
A similar phenomenon of carbon release from forest ecosystems has also been described
for Scandinavian forests [51]. Carbon loss curves determined on the basis of many years of
research have been shown to converge to one point after several years of decomposition,
despite significant differences in the initial rate of decomposition of different types of
leaf litter [16]. Faster carbon loss from leaf litter in natural forest ecosystems may result
from the fact that the most stable carbon-containing compounds are formed as a result of
biological processes and chemical reactions, resulting in partial decomposition, followed
by the synthesis of secondary compounds that are difficult to decompose; soil biological
activity in regenerated and reconstructed forest soils is much lower than in natural soils,
therefore resulting in the slower decomposition of leaf litter and leading to slower carbon
loss from leaf litter [9,49,52].
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Figure 4. Carbon pool supplied to soils with fine roots and leaf litter at different decomposition times
for different species. (Initial mass—the initial mass of carbon accumulated in fine roots or leaf litter at
the end of the growing season; C Remaining—carbon accumulated in fine roots or leaf litter after 4, 8
or 12 months of decomposition; Mass loss C—loss of carbon from the fine roots or leaf litter after a
specified decomposition time).

The nitrogen pools supplied to soils by fine roots and leaf litter were comparable,
amounting to approximately 4 g m~2 for birch, 3 g m~? for larch, and 2.5 g m~? for pine.
However, larch, pine, and birch fine roots released more nitrogen than leaf litter over the
course of the year. Nitrogen mass-loss rates from the decomposition of fine roots were 48%
for birch and 60% for larch and pine over the one-year study period. For the decomposition
of leaf litter, nitrogen mass-loss rates for soils were 14% for pine and birch and 33% for
larch, over the same period (Figure 5).

Fine roots affect the activity of extracellular enzymes, and may therefore be respon-
sible for the rapid circulation of nitrogen in the soil, as well as the rapid turnover of
nitrogen-containing organic compounds, thus increasing nitrogen availability [53,54]. The
decomposition of organic matter by extracellular enzymes in combination with symbiotic
mycorrhizae increases the rate of nitrogen circulation and turnover in forest ecosystems,
while an increase in the decomposition of organic matter may increase nitrogen mineral-
ization [55]. In the forest soils of the temperate climate zone, the activity of fine roots may
account for up to 30% of total nitrogen mineralization [56].
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Figure 5. Nitrogen pool supplied to soils with fine roots and leaf litter at different decomposition
times for different species. (Initial mass—the initial mass of nitrogen accumulated in fine roots or leaf
litter at the end of the growing season; N Remaining—nitrogen accumulated in fine roots or leaf litter
after 4, 8 or 12 months of decomposition; Mass loss N—loss of nitrogen from the fine roots or leaf
litter after a specified decomposition time).

For phosphorus, the mass-loss rates for fine roots were 44% for birch, 50% for larch,
and 40% for pine, while for leaf litter the rates were 52% for birch, 46% for larch, and 73%
for pine, over the one-year study period (Figure 6).
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Figure 6. Phosphorus pool supplied to soils with fine roots and leaf litter at different decomposition
times for different species. (Initial mass—the initial mass of phosphorus accumulated in fine roots or
leaf litter at the end of the growing season; P Remaining—phosphorus accumulated in fine roots or
leaf litter after 4, 8 or 12 months of decomposition; Mass loss C—loss of phosphorus from the fine
roots or leaf litter after a specified decomposition time).

Similar to nitrogen, the concentration in leaf litter of phosphorus increases during
the decomposition of leaf litter [57]. The low initial concentration of phosphorus in fine
roots and litter indicates that this element is highly susceptible to leaching [58]. In addition,
phosphorus mineralizes very quickly in leaf litter, creating organic complexes characterized
by a much slower decomposition rate [59]. Studies have shown that the rate of phosphorus
release from litter depends on the initial phosphorus concentration [57]; in litter with a
phosphorus concentration of 0.127%, the loss of phosphorus was found to be comparable to
the loss of carbon [57]. Gusewell and Verhoeven [60] suggested that the lower limit below
which all phosphorus is bound in structured material is 0.022%.
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4. Conclusions

Compared with leaf litter, birch and larch fine roots showed lower rates of carbon
mass loss over a one-year period of decomposition. The highest carbon mass-loss rates for
fine roots were observed in regenerated forest ecosystems, while for leaf litter, the highest
rates were seen under control conditions. These research results prove the important role of
fine roots in enriching soils with nitrogen and phosphorus. The nitrogen pools supplied to
soils by fine roots and leaf litter were comparable for birch, larch, and pine. Comparing the
various scenarios of regeneration and reconstruction of forest ecosystems over the study
period, nitrogen mass-loss rates from fine roots were about half that of the initial nitrogen
mass, while for leaf litter the rates were clearly less. The phosphorus mass-loss rates for
fine roots were comparable to leaf litter. The phosphorus mass-loss rates were the highest
for pine leaf litter.
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