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A B S T R A C T

Tree bark represents a substantial component of coarse woody debris (CWD) in boreal forests. Estimating its
decay rates improves our understanding of decomposition processes of woody debris and their effects on the
forest carbon cycle. The atmospheric deposition of nitrogen (N) and phosphorus (P) from aerosols and gases has
notably grown during the last century. We examined the effect of mineral N and P additions and temperature on
the decay rate of aspen (Populus tremula) bark in a long-term incubation experiment at constant and sufficient
moisture level.

Fresh aspen bark with natural moisture was mixed with local soil (Haplic Phaeozems) in proportion of 2:1 by
dry mass to prepare the soil-bark substrates (SBSs). Mineral elements (N and P) were added to the SBSs with a
proportion of 1% of dry bark weight (for each element). The following treatments of SBS's were studied: (1) Bark
+ Soil, pure SBS (control); (2) Bark + Soil + N; (3) Bark + Soil + N + P and (4) pure soil, S. The SBSs were
incubated in thermostats at 2, 12 and 22 °С for 12 months. The decay rate of SBSs (DecR, mg С kg−1 h−1) was
measured by an infrared gas analyzer at least 1–2 times per week. Total carbon losses (TotL-C, g С kg−1 of bark)
were estimated using the accumulative curves of DecR throughout the experiment for each treatment. The decay
constants (k) were calculated based on the single exponential model. The temperature sensitivity of the DecR
was estimated using the temperature coefficient Q10.

Mineral N and P additions decreased the C:N and increased the Lignin : Cellulose ratios during the long-term
incubation of aspen bark and caused a considerable increase in the DecR, k values, TotL-C values, and conse-
quently a decrease of the turnover time. The maximal values of TotL-C were attributed to the SBS-NP treatment
at 22 °С and comprised 72% of the initial C content in bark. The turnover time of soil-bark substrates varied from
2 to 7.3 years depending on the treatment and temperature. The increase of the incubation temperature from 2
to 12 °C and from 12 to 22 °C caused a similar effect on the DecR over 12 months of the experiment, and the Q10

in different treatments varied negligibly: from 1.21 to 1.37. The temperature effect was most significant only
during the first 1–2 months of experiment, explaining ca. 83% of the mean DecR variance whereas the
‘Treatment’ factor was attributed for 76–83% of the mean DecR variance in later stages (3–12 months) of decay
of aspen bark. A close relationship between the Lig:Cel ratio and DecR was observed during 1–2 months of
incubation. We conclude that the effect of mineral additions on the decay rate of aspen bark is more important
than the effect of temperature. The coupled effect of N and P additions was more pronounced than the effect of N
addition alone.
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1. Introduction

Decomposition of coarse woody debris (CWD) represents a set of
several interrelated processes: physical degradation (i.e., fragmentation
and weathering), leaching, biological transformation, and microbial
decay (Harmon et al., 1986; Zhou et al., 2007; Russell et al., 2015).
Providing ca. 76% of total carbon (C) loss, the microbial decay is
considered the main process in the decomposition of CWD (Chambers
et al., 2001). Hence, acquiring its quantitative characteristics is crucial
for the estimation of its share in the C cycle on local and global levels
(Liu et al., 2013; Russell et al., 2015).

Bark is the outer layer beyond the living cambium, which often has
corky structure and consists of living tissues of phloem, phellema,
pheloderma, and dead cells of rhytidome (Martin and Crist, 1970;
Rosell et al., 2015). Tree bark is an important but the most poorly in-
vestigated component of CWD (Shorohova et al., 2012, 2016). Making
up 25% of the stem volume and 16% of the stem dry mass in the
dominant boreal tree species, tree bark forms a substantial component
of woody litter in some forests (Ugolev, 2002; Lestander et al., 2012).
Moreover, bark can potentially affect the rate of wood decomposition,
altering the access for decomposers, microclimate and chemical con-
ditions within decaying logs (Dossa et al., 2016; Zuo et al., 2016). Until
now, our knowledge on bark decomposition has been rather scanty
since tree bark and wood were often integrated together for estimating
decay rates of CWD (Yatskov et al., 2003; Hagemann et al., 2010; Li
et al., 2012). However, bark and wood are markedly dissimilar in
chemical composition and structure (Sjöström, 1993). For instance,
bark lignin differs considerably from wood lignin by its poorer solubi-
lity and higher heterogeneity (Käärik, 1974). Bark also contains higher
C and nutrient concentrations than wood (Wetzel and Greenwood,
1989; Franceschi et al., 2005; Martin et al., 2015). Hence, the decay
rates of bark and wood are rather different, and the character of this
difference depends on tree species and environmental conditions, in-
fluencing microbial respiration rates, as well as on fragmentation in-
duced by biotic agents (Ganjegunte et al., 2004; Shorohova and Kapitsa,
2014, 2016). Nutrient dynamics during decomposition also differ be-
tween bark and wood (Johnson et al., 2014). Bark's protective function
is provided by its structure and chemical properties, especially by the
high content of bark lignin and extractives, which may inhibit the
growth of microorganisms. Biochemical composition of bark varies
strongly depending on tree species (Harunm and Labosky, 1985). E.g.
the bark of Pinus sylvestris and Picea abies contains 50–60% of carbo-
hydrates, mainly cellulose, 30–40% of lignin and 2–3% of suberin
(Olsson, 1978). Reduction of desiccation and inhibition of micro-
organism attacks are among the functions attributed to suberin
(Kolattukudy, 1984).

Many biotic and abiotic factors are responsible for the decomposi-
tion of bark and wood under natural conditions. Climate is the key
abiotic determinant of decomposition rates on a global scale, whereas
biotic factors are determinants on local and regional scales (Berglund
et al., 2013; Bradford et al., 2014; Fukasawa, 2015). At the same time, it
is well documented that in a local forest ecosystem, the microbial decay
rate of most plant materials, including CWD, generally increases with
increasing temperature (T) within a certain range (Boddy, 1983;
Harmon et al., 1986; Taylor and Parkinson, 1988; Winckler et al.,
1996). It was also shown that in a ‘warming’ experiment, lignin and
polyesters such as cutin and suberin responded differently to the tem-
perature (Cornwell et al., 2009). The moisture dependence of the decay
rate of CWD is more complicated than its temperature sensitivity. For
instance, both high and low humidity can restrict the activity of wood
inhabiting organisms (Zhou et al., 2007). Biotic factors mainly include
decomposing organisms and substrate quality (Cornwell et al., 2009;
Hu et al., 2017). Although the concentrations of main biophilic and
mineral elements in bark and wood vary widely, the high carbon to
nitrogen (C:N) and carbon to phosphorus (C:P) ratios are attributes for
all tree species (Skonieczna et al., 2014). In boreal and temperate

forests, N and P addition has been shown to stimulate litter decom-
position in the N- and P-limited forests (Hobbie and Vitousek, 2000;
Knorr et al., 2005). Since 1850, due to the dry and wet deposition of
aerosols and gases containing N and P, the atmospheric deposition of N
and P has notably grown, increasing an importance of quantifying their
impact on forest C uptake (Wang et al., 2017). However, a fertilization
effect of N and P on CWD decomposition has not been yet estimated.
Until now, the experimental data on the impact of N and P additions on
the bark decay rate at different temperatures is missing.

Due to a complex interrelationship between biotic and abiotic fac-
tors in field studies, a laboratory incubation approach is preferable
when studying mutual impact of several factors on the decay process. In
this study, we examined the effect of mineral N and P additions on the
decay rate (DecR) of aspen bark at a wide range of temperatures under
laboratory conditions. For our experiment, we have chosen aspen tree
bark since aspen is a native species to the most of the Northern
Hemisphere (Worrell, 1995a). European aspen (Populus tremula, L.) has
high ecological value as a keystone species for biodiversity in a boreal
forest: it provides a habitat and food for a wide variety of mammals,
birds, insects, and fungi (Latva-Karjanmaa et al., 2007). Nutrient-rich
alkaline aspen litter is an important resource for a range of soil in-
habiting organisms as well. E.g., > 150 species are known to be ex-
clusively associated with European aspen in the boreal forest in Finland
(Kuoki et al., 2004). Since aspen can sprout from existing roots and its
suckers grow faster than new slower growing conifers, aspen can be a
dominant early successional tree species for many years. Due to the fast
growth rate and ability to regenerate from sprouts, aspens have got an
increased popularity in forestry, making the reforestation after har-
vesting much cheaper, since no planting or sowing is required (Worrell,
1995a). Aspen plays an important role in production of wood for re-
newable energy and for various wood industries (products): pulp and
paper, lumber and matches, plywood and flake boards (Worrell,
1995b). A promising way for recycling of aspen bark remaining after
wood utilization could be a composting of aspen bark with various
mineral additions for horticultural applications.

Thereby, our specific objectives were to: 1) explore the DecR dy-
namics of aspen bark with and without N and NP additions at a wide
range of temperatures (T = 2, 12 and 22 °C) throughout the 12-month
long incubation experiment; 2) estimate the effect of mineral additions
and T on the total losses of C-CO2 and bark decay constants; 3) quantify
the T-sensitivity of mean DecR for various time intervals using Q10

values; 4) track changes in the chemical composition of aspen bark for
the 12-months of incubation. We tested two hypotheses: (1) the coupled
effect of N and P additions on the decay rate of aspen bark will be
higher than the impact of N addition alone; (2) an increase of incuba-
tion temperature from 2 to 12 °C will lead to the more pronounced
stimulation of bark decomposition in comparison with the temperature
increase from 12 to 22 °C. The obtained estimations of the decay rates
of tree bark allow us to narrow the uncertainties in С losses due to the
decomposition of CWD. Optimizing decay conditions by the use of
mineral additions is needed for the recycling of bark residues in wood
industry.

2. Materials and methods

2.1. Sample preparation and experimental design

Bark was removed from the middle part of aspen (Populus tremula)
stem with the diameter at breast height of 30 cm. The tree was wind-
blown ca. 1 month before sampling. The removed bark material was cut
into small pieces (< 2 × 2 cm) using clippers and placed into 500 ml
flasks. For incubation experiments, local soil (Haplic Luvisols;
C = 13.4 ± 0.9 g C kg−1 soil; N = 1.01 ± 0.10 g N kg−1 soil;
pHKCl = 5.90 ± 0.01) was added to milled bark in proportion of 10:1
by volume (or ca. 2:1 by dry mass) and mixed carefully. The obtained
soil-bark substrates (SBSs) were wetted by the addition of 5 ml of
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distilled water or fertilizer solution to provide sufficient moisture levels
of the SBSs which corresponded to ca. 80% of their full water capacity.
The fertilizers (NH4NO3 and Ca(H2PO4)2·H2O) were added with a pro-
portion of 1% of dry bark mass for each element.

The following variants of substrates (treatments) were studied: (1)
Bark + Soil, pure SBS or control; (2) Bark + Soil + N, SBS-N; and (3)
Bark + Soil + N+ P, SBS-NP; (4) pure soil, S. The flasks with sub-
strates were placed in thermostats with various temperatures (2, 12,
and 22 °С) and then incubated for 12 months. Every 2–3 weeks some
amount of distilled water was added to each flask to sustain a constant
level of moisture in soil-bark substrates. The experiment was performed
in three replicates.

2.2. Measurements of the SBS decay rates

The decay rates of all substrates were estimated as the C-CO2

emission rates and measured 2–5 times per week during the first
2 months of the incubation experiment and 1–2 times per week during
the next 10 months. Between measurements, the flasks with substrates
were covered with films permeable for air but preventing moisture
evaporation and kept in thermostats. About 2–3 h before each DecR
measurement, the flasks were hermetically sealed with rubber plugs to
accumulate C-CO2. Then, the samples of the gas phase were taken from
the flasks with a syringe, and the increases of СО2 concentrations in
each flask were measured using an infra-red gas analyzer LiCor 820
(USA).

A DecR value of the SBS's (mg С kg−1 of substrate h−1) was calcu-
lated according to the following equation (Kurganova et al., 2012):

= dС V m tDecR ·12· ·1000/ ·22.4· ·100flask (1)

where dC is the change in CO2 concentration in the flask, volumetric %;
Vflask is the flask volume, ml; t is the incubation time, hours; and m is an
absolute dry weight of the substrate, kg. We observed that the DecR of
pure soil was very low, and did not exceed 0.7–1.4% of the DecR values
for the SBSs. Taking into account this negligible contribution of soil to
the total CO2 flux from the SBSs, we expressed the DecR for the SBSs
based on the dry weight of bark (mg С kg−1 of bark h−1).

The total C losses from SBSs (TotL-C, g С kg−1 of bark) throughout
the whole experiment were estimated using the accumulative curves of
DecR for each treatment during the 12-months of incubation.

2.3. Chemical and biochemical analyses

At the end of an incubation experiment, bark samples were carefully
washed with distilled water and dried at room temperature. The C and
N concentrations in the milled bark samples (5 replications) before and
after incubation were estimated by an automatic CNHS-analyzer (LECO
Corp., USA). The рН value was measured in water extraction (the
bark:water ratio = 1:25) by potentiometric рН-sensor (Hanna,
Germany). The content of ethanol-soluble extractives (Eth-Ext, in-
cluding aliphatic and aromatic carbohydrates, terpenes, carbolic acids,
resin and fatty acids, essential oils, fats, phytosterines), cellulose (Cel),
and lignin (Lig) were measured gravimetrically in the bark samples
before and after the 12-months of incubation. The contents of lignin
and cellulose were estimated gravimetrically by Klasson's and
Kürschner's methods (Browning, 1967; Dence, 1992) which were
adapted in the Analytical laboratory of the Forest Research Institute of
the Karelian Research Centre of Russian Academy of Sciences
(Obolenskaya et al., 1991). Briefly, lignin was estimated in the extract
residues after the removal of bituminous matters and treated with the
72% sulphuric acid; cellulose was extracted by the mixture of con-
centrated nitric acid and ethanol (volumetric ratio = 1:4). The bio-
chemical analyses and pH measurements were not replicated.

Based on the comparison of the biochemical composition of aspen
bark samples before and after the 12-months of incubation (Table 1),
we estimated the shares of the residual amounts of basic organic

substances (Eth-Ext, Cel, and Lig) of their initial content in aspen bark
before the experiment. The changes in Eth-Ext, Lig, and Cel con-
centrations in the bark samples over the 12-months incubation ex-
periment were estimated considering the changes in the C concentra-
tion in bark samples for the same period.

2.4. Data processing and statistical analyses

The decay constant for aspen bark (k, year−1) was estimated by
fitting a single exponential model (Olson, 1963; Kätterer et al., 1998):

= −
−TotL‐C C ·(1 e )o

( k·t) (2)

where TotL-C is the cumulative C-СО2 loss as a result of microbial decay
(g С/kg bark), Со – is the initial content of total C in bark (g С kg−1

bark), k – is the decay constant, yr−1; t is the incubation time (yrs). The
half-life period required for 50% bark mass loss was estimated as
Т0.5 = 2/k, and the turnover time corresponding to the time interval
when 95% of organic matter is lost was estimated as Т0.95 = 3/k
(Grishina et al., 1990; Ul'yanova and Chuprova, 2015; Hu et al., 2017).

In this study, the temperature sensitivity of aspen bark DecR was
expressed as a Q10 function, which indicates the change in the DecR for
a 10 °C rise in temperature. The Q10 value was calculated from the
formula (Chen et al., 2000):

=
−DecR DecRQ ( / )10 2 1

[10/(T2 T1)] (3)

where DecR2 and DecR1 are decay rates of the SBSs at the temperatures
T2 and T1, respectively.

A one-way ANOVA was used to separately estimate the effects of
temperature and mineral addition treatment (SBS composition) on the
DecR, TotL-C, and Q10 values for the aspen bark substrates. A two-way
ANOVA was used to compare the differences in the abovementioned
parameters among three treatments and three temperatures. The simple
linear regression was used to identify the relationship between DecR
and biochemical properties of aspen bark. The distribution of residuals
was checked for normality and a test for homogeneity of variances was
carried out. Statistical analyses were performed using the STATISTICA
6 Software. All statistical analyses were performed at the α= 0.05 level
of significance.

3. Results

3.1. Dynamics of DecR over the 12 months of incubation

The dynamics of DecR throughout 12 months of the experiment
depended on both treatment (mineral additions) and incubation tem-
perature (Fig. 1). The addition of mineral N resulted in the most notable
increase of DecR values in comparison with pure SBS during the 1-st
month of incubation. This effect was more pronounced with the si-
multaneous addition of mineral N and P; it was observed over the first
2–5 months and depended on the temperature. The time period of the
highest response of the DecR to mineral additions at 22 °С was much

Table 1
Basic chemical properties of aspen bark before the experiment (mean values ± SE).

Parameter

С, g kg−1 of bark 514 ± 12
N, g kg−1 of bark 4.30 ± 0.13
H, g kg−1 of bark 60.1 ± 0.3
C:N ratio 120 ± 4
C:H ratio 8.55 ± 0.17
pH (H2O) 5.62 ± 0.10
Ethanol-soluble extractives (Eth-Ext), % 15.1
Cellulose (Cel), % 18.4
Lignin (Lig), % 22.4
Eth-Ext:(Cel + Lig) 1:2.7
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shorter (ca. 2 months) than at 12 and 2 °C (ca. 4–5 months). The most
noticeable increase in the DecR (up to
119–159 mg С kg−1 of bark h−1) at 22 °C was observed for the SBS-NP
and SBS-N treatments during the first 2 weeks. At 12 °С, the highest
DecR values (89–133 mg С kg−1 of bark h−1) were observed during
the 2–4 months of incubation (Fig. 1). The dynamics of DecR at 2 °С
were rather even without distinct maxima for control and the SBS-N
variant, whereas the SBS-NP treatment showed rather high DecR
(40–80 mg С kg−1 of bark h−1) over the first 6 months of incubation.
After 5–7 months of the experiment, differences in the DecR values
caused by mineral additions became negligible at all temperatures
(Fig. 1). At similar temperature, the DecR of pure soil was 70–150 times
lower than the DecR of soil-bark substrates and decreased gradually
during the incubation experiment. Therefore, we did not include this
variant in future calculations.

3.2. Effects of treatment and temperature on the DecR in different stages of
the experiment

Based on the temporal dynamics of DeсR of soil-bark substrates
(Fig. 1), we divided the 12-months period of experiment into 4 stages:
1–2, 3–4, 5–6, and 7–12 months. Mean DecR values for each treatment
were estimated for each stage and for the whole incubation period
(Fig. 2). At all temperatures studied, mineral additions significantly

increased the DecR in all stages. As a rule, the increase in the DecR due
to mineral additions was the most pronounced during the first
4–6 months of incubation and the least noticeable in the final stage of
the experiment (7–12 months).

Temperature effect on the DecR diverged between the different
treatments and stages of the experiment (Fig. 3). For example, the re-
sponse of the DecR over the first 1–2 months of incubation to the in-
crease of temperature was higher in the 12–22 °C temperature range
(Q10 = 1.57–1.83) as compared to that at 2–12 °C (Q10 = 1.32–1.44)
only for the SBS and SBS-N treatments. The inverse temperature effect
on the DecR in the same treatments was observed over the 5–12 months
of experiments: the Q10 values were higher for the 2–12 °C temperature
range (Q10 = 0.99–1.78) in comparison with those at 12–22 °C tem-
perature interval (Q10 = 0.79–0.91). In the SBS-NP treatment, the Q10

values were approximately the same for all stages of the experiment
(Fig. 3). In general, the increase of the incubation temperature from 2 to
12 °C and from 12 to 22 °C caused a similar effect on the DecR over
12 months of the experiment and the Q10 in different treatments varied
negligibly: from 1.21 to 1.37.

The ‘Treatment’ factor was attributed for 14% of the total variance
of DecR during the first 1–2 months of experiment and then it was re-
sponsible for 76–83% of the total DecR variance (Table 2). The tem-
perature effect was the most significant (P < 0.0001) only during the
first 1–2 months, explaining about 83% of the mean DecR variance and

Fig. 1. Dynamics of decay rate (DecR) of various
soil-bark substrates (SBSs) throughout 360 days
(12 months) of incubation at different tempera-
tures: S – pure soil; SBS – Bark + Soil; SBS-N –
Bark + Soil + N; and SBS-NP – Bark + Soil + N
+ P.
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then it was responsible only for 8–11% of the total DecR variance
(Table 2). The most significant interaction of factors was detected
during the 5–12 months of experiment explaining 10% of the DecR
variance.

3.3. Total losses of C-CO2 from the SBSs over the 12 months of incubation

Total С losses as СО2 (TotL-C) from the SBSs throughout the
12 months of experiment varied from 173 to 373 g С kg−1 of bark de-
pending on the temperature and treatment (Table 3). Those values
corresponded to the mineralization of 34–73% from the initial (before
incubation) C content in bark (514 g C kg−1). The maximal values of
TotL-C were attributed to the SBS-NP treatment at 22 °С and comprised
73% of the initial C content in bark. A single-factor ANOVA has shown a
significant effect of temperature on the TotL-C in all treatments. De-
pending on treatment, TotL-C varied from 173 to 301 g С kg−1 of bark
at 2 °С to 244–373 g С kg−1 of bark at 22 °С. The addition of a mineral
fertilizer significantly (by 28–39%) increased TotL-C at all studied
temperatures. The treatment (mineral addition) was responsible for

58% of variance in the total C-СО2 losses from SBSs whereas the tem-
perature was responsible for 41% of variance in the total TotL-C
(Table 5).

3.4. Decay constants and turnover time of aspen bark

Decay constant of the soil-bark substrates increased with increasing
temperature in the order SBS < SBS-N < SBS-NP (Table 4). Both
temperature and composition of the SBSs had an important influence on
k-values. Mineral additions and temperature were approximately
equally responsible for the variance of the decay constants of studied
substrates: 53 and 46%, respectively. The interaction between these
factors did not significantly affect k variance (Table 5).

The T0.5 (half-life time) for soil-bark substrates varied from 4.9 to
1.3 years depending on the temperature and treatments demonstrating
patterns identical to those for decay constant, namely: the shortest half-
life time was detected at 22 °С for the SBS-NP (Table 4), and the highest
T0.5 was attributed to pure SBS at 2 °С. The turnover time of soil-bark
substrates varied from 2 to 7.3 years depending on treatment and

Fig. 2. Mean DecR values (bars are SEs) for various stages
(months) of the experiment at different temperatures and
treatments: SBS – Bark + Soil; SBS-N – Bark + Soil + N;
and SBS-NP – Bark + Soil + N + P. Data for pure soil (S)
was not shown because the DecR of soils were very small in
comparison to the DecR of SBSs and varied negligibly
during different stages of incubation (see Fig. 1).
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temperature.

3.5. Change in the pH and biochemical composition of the SBSs after
12 months of incubation

Initially, aspen bark was slightly acidic (рН= 5.62). Processing of
pure bark with soil suspension as well as the addition of soil for the
preparation of soil-bark substrates led to the alkalinization of the water
SBS solution. Thus, the SBSs after the 12 months of incubation became
slightly alkaline with pH varying from 7.5 to 8.4 (Fig. 4А). This ten-
dency was more evident after an addition of mineral nitrogen to the SBS
when the рН increased by 0.5 at 2 and 12 °С. After incubation of the
SBSs without mineral additions at 22 °С, the рН reached 0.7–0.8.

After the 12 months of incubation, the C:N ratio in aspen bark de-
creased dramatically: from 120 to 57–75 and 17–30 in the SBSs without
and with mineral additions, respectively. The coupled effect of N and P
addition on the C:N ratio was higher than the N effect alone. We did not
observe any impact of the temperature increase on the C:N ratio in the
SBS and SBS-N between 2 and 12 °C and in the SBS-NP between 12 and
22 °C (Fig. 4B). The Lig:N ratio was constant before treatment and in
the SBS without mineral additions at all temperatures studied. Due to N
additions, the Lig:N ratio decreased twice, whereas the coupled

addition of mineral N and P resulted in more than a 3-fold decline in the
Lig:N ratio (Fig. 4C). The temperature effect on the Lig:N ratio was
negligible. We revealed a visible increase in the Lig:Сel ratio in the SBSs
after the 12 months of incubation. This effect was the most remarkable
for all treatments at 22 °C and only for SBS-NP at 12 °C (Fig. 4D). A
close relationship between the Lig:Cel ratio and DecR was observed
during 1–2 months of incubation (R2 = 0.86; P < 0.001) as well as
between the Lig:Cel ratio and k (R2 = 0.71; P = 0.004).

Relative residual amount of basic organic substances within the soil-
bark substrates after the 12 months of incubation increased in the fol-
lowing order (Fig. 5A - C): Eth-Ext (12–29%) < Cel (24–70%) < Lig

Fig. 3. Temperature coefficient Q10 for the decay rate
(DecR) during various stages (months) of experiment at
different temperatures and treatments: SBS – Bark + Soil;
SBS-N – Bark + Soil + N; and SBS-NP – Bark + Soil + N
+ P. Q10 values for pure soil (S) was not shown because the
changes in DecR for pure soil during incubation were neg-
ligible (see Fig. 1).

Table 2
The results of two-way ANOVA with Eta squared (ƞ2) estimates for DecR values over different stages of experiment.

Factor 1–2 months 3–4 months 5–6 months 7–12 months

F P ƞ2, % F P ƞ2, % F P ƞ2, % F P ƞ2, %

Treatment (TR) 29 < 0.0001 14 93 < 0.0001 83 34 < 0.0001 76 74 < 0.0001 77
Temperature (TE) 167 < 0.0001 83 9 0.0023 8 5 0.0190 11 11 0.0008 11
TR × TE 4 0.0112 2 9 0.0004 8 5 0.0105 10 10 0.0002 10
Error 0 1 2 1

ƞ2 are interpreted as the proportions of variance (%) in dependent variables attributable to effect of each factor.

Table 3
Total losses of С-СО2 (TotL-C) from the soil-bark substrates at different temperatures
throughout the 12 months of experiment (mean (SE)).

Treatment g С kg−1 bark % of initial C content in SBS

2 °С 12 °С 22 °С 2 °С 12 °С 22 °С

SBS 173 (3) 199 (1) 244 (2) 33.7 (0.6) 45.2 (1.9) 58.4 (1.6)
SBS-N 232 (10) 273 (3) 313 (6) 38.7(0.2) 53.1 (0.4) 63.6 (0.2)
SBS-NP 301 (8) 327 (2) 373 (4) 47.4 (0.4) 60.8 (1.2) 72.5 (0.8)

SBS – Bark + Soil; SBS-N – Bark + Soil + N; and SBS-NP – Bark + Soil + N+ P.
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(44–85%). At the end of the experiment at all temperatures studied,
minimal amounts were attributed to the SBS-NP treatment (Eth-Ext,
12–15%; Cel, 24–35%; Lig 44–57%), whereas pure SBS contained the
highest amounts (Eth-Ext, 21–29%; Cel, 53–70%; Lig 76–85%). The
most pronounced decrease in the Eth-Ext and Cel amounts in all
treatments was observed at 22 °C (Fig. 5A, B). The residual amounts of
lignin were approximately the same at 2 and 22 °C and lower than those
at 12 °C (Fig. 5C).

Within the 12 months of experiment, a significant change in the
ratio between Cel + Lig and Eth-Ext residual amounts was also noticed.
Thus, the initial content of Cel + Lig and Eth-Ext in aspen bark
amounted to 71 and 29%, respectively. As a result of xylolise, the re-
lative share of Eth-Ext within aspen bark decreased to 13–19%, de-
monstrating a clear tendency to decrease with the temperature

increase: 15.3–19.0% – at 2 °С, 12.9–15.4 – at 12 °С and 13.0–13.4% –
at 22 °С.

4. Discussion

4.1. Effects of N and P additions

Similar to the majority of plant materials, carbon is the prevailing
element in the bark of all tree species (Deineko and Korbukova, 1995;
Geles, 2001; Skonieczna et al., 2014). In aspen bark, the C concentra-
tion varies between 46 and 52%, whereas the nitrogen and phosphorus
contents are only 0.47–0.60% and 0.015–0.07%, respectively
(Faustova, 2005). Such high ratios (С:N = 77–110 and
С:P = 600–3500) limit the intensity of biogenic decay of plant residues
in terms of an unbalanced (for destructors) proportion of nutrients
(Vedrova, 1997; Semenov and Khodzhaeva, 2006; Palviainenm et al.,
2008). In our study, an addition of mineral N and P significantly in-
creased the DecR and k of the SBSs in all stages of the experiment at all
temperatures studied. The most pronounced impact of nutrient addi-
tions was observed in early stages (first 2–4 months) at 22 °C. Similar
pattern – an evident increase of DecR and k due to the addition of
mineral N and P to the compositions based on tree bark – was also
demonstrated in the one-year laboratory experiments for aspen, pine,
spruce, and larch bark (Ul'yanova et al., 2009; Ul'yanova and Chuprova,
2015). A general explanation for the mediation of decay by mineral N
and P could be that these substrates are rich in C, however the N and P
concentrations are less than optimal for building microbial biomass

Table 4
Decay constant (k), half-life period T0.5, and full turnover time T0.95 for SBS’ at different temperatures throughout 12 months of experiment (mean (SE)). All the differences are significant
at P < 0.0001.

Treatment k, yr−1 T0.5, yr T0.95, yr

2 °С 12 °С 22 °С 2 °С 12 °С 22 °С 2 °С 12 °С 22 °С

SBS 0.41 (0.00) 0.53 (0.01) 0.80 (0.01) 4.85 (0.02) 3.77 (0.04) 2.52 (0.03) 7.28 (0.04) 5.66 (0.05) 3.77 (0.04)
SBS-N 0.59 (0.04) 0.77 (0.01) 1.06 (0.05) 3.42 (0.25) 2.58 (0.06) 1.89 (0.10) 5.14 (0.38) 3.88 (0.08) 2.84 (0.14)
SBS-NP 0.96 (0.04) 1.12 (0.01) 1.51 (0.01) 2.09 (0.10) 1.78 (0.03) 1.33 (0.01) 3.14 (0.15) 2.68 (0.05) 1.99 (0.02)

SBS – Bark + Soil; SBS-N – Bark + Soil + N; and SBS-NP – Bark + Soil + N+ P.

Table 5
The results of two-way ANOVA with Eta squared (ƞ2) estimates for TotL-C and k values.

Factor TotL-C k

F P ƞ2, % F P ƞ2, %

Treatment (TR) 194 < 0.0001 58 183 < 0.0001 53
Temperature (TE) 138 < 0.0001 41 157 < 0.0001 46
TR × TE 2.0 0.102 1 1.7 0.166 1
Error 0 0

ƞ2 are interpreted as the proportions of variance (%) in dependent variables attributable
to effect of each factor.

Fig. 4. Effects of mineral N and P additions on the change in рН values (А), C:N (B), Lignin:N (C), and Lignin:Cellulose (D) ratios in comparison with their initial values in aspen bark
(Bark-In) after 12 months of the experiment at various temperatures. All biochemical analyses and pH measurements were not replicated.
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(Allison, 1965; Alexander, 1977; Qualls and Richardson, 2000). It was
shown that after 5 months of pine bark composting with mineral N and
P additions, the amount of fungal biomass increased by 5 times in
comparison with pure pine bark (Ul'yanova and Chuprova, 2015). It is
suggested that the decay of bark and wood tissues is directly related to
the activity of cellulose and lignin-degrading enzymes through resource
allocation and typically restricted by N and/or P availability
(Sinsabaugh et al., 1992, 1993). At the low availability of N and P,
microorganisms require more energy in a form of ectoenzyme produc-
tion to obtain the needed amounts of N and P from organic sources
(Sinsabaugh et al., 1992, 1993). It was revealed that within angios-
perms, decay rates of wood materials positively correlated with such
characteristics of wood as P and N concentrations, and C: N ratio
(Weedon et al., 2009).

According to our results, the coupled positive effect of N and P
addition on aspen bark decay (DecR and k) was higher than the effect of
N addition alone at all temperatures studied particularly during the first
2–4 months of experiment, that almost completely supported our first
hypothesis. Due to physiological difference between the microbial N
and P acquisition activities, there are different patterns of gross nutrient
mineralization and immobilization, with larger gross fluxes associated
with phosphorous assimilation (Plante, 2005; Stefano et al., 2010). The
interactions between N and P for biochemical and microbial processes
are complicated, particularly for N, which is associated with nucleic
acids, polysaccharides, proteins, and humic complexes (Sinsabaugh
et al., 1993). An increased P availability due to P addition would mi-
tigate an inhibitive effect of N addition during decomposition observed
in some studies (Fog, 1988 c.f. Sinsabaugh et al., 1993). Although the P
mitigation effect was revealed for litter decomposition in a strongly P-
limited old-growth tropical forests (Chen et al., 2013), it can hold truth
also for our soil-bark substrates with a very high C:P ratio.

The changes in the biochemical composition of aspen bark after
12 months of experiment observed in our study supports the first hy-
pothesis that the coupled effect of N and P addition was more pro-
nounced than the impact of N addition alone. Based on our results, N
and P application caused more notable decreases in the residual
amounts of Eth-Ext, Cel, and Lig at all temperatures studied as com-
pared to N application only (Fig. 5). In the SBS-NP treatment, aspen
bark was also characterized by lower C:N and Lig:N ratios at all

temperatures studied and higher Lig:Cell ratio at 12 and 22 °C in
comparison with the SBS-N treatment (Fig. 5). Therefore, the coupled
effect of N and P additions resulted in the deep biochemical alterations
of aspen bark composition.

In our laboratory study, we estimated decay coefficients (k) based
on a cumulative curve of C-CO2 losses during the 12 months of in-
cubation and using a single exponential decay model. Estimating k-
values for bark and wood based on the mass loss in a chronosequence of
CWD or using surface litterbags approaches is more common (Zhou
et al., 2007; Shorohova and Kapitsa, 2015; Dossa et al., 2016). To use
correctly a chronosequence method it very important to identify ac-
curately the age of CWD and find sites and substrates with comparable
conditions (Harmon et al., 1986). The log bark decay rates estimated by
a chronosequence method varied from 0.2 to 0.4 yr−1 for the bark of
various tree species (Zhang et al., 2008) and comprised 0.074 yr−1 for
aspen bark in an old-growth middle boreal forests (Shorohova et al.,
2016). The k-values for pure aspen bark in our laboratory study at
constant and sufficient moisture level were much higher
(0.41–0.80 yr−1 depending on incubation temperature) than the re-
ported k values estimated in the natural environment where the tem-
perature and the water content of bark material vary significantly
throughout the year. We suggest however that our approach is prefer-
able for both studying the effects of various abiotic and biotic factors on
the decay constant and parametrization of CWD-decay models due to its
high accuracy and repeatability.

According to our results at all studied temperatures, mineral N in-
creased the k-values by 1.5 times, whereas the coupled addition of
mineral N and P resulted in the 2-fold increase of k (Table 4). Similar to
the changes in k, half and full turnover times (T0.5 and T0.95) of aspen
bark depended strongly on treatments and temperature. The highest
rate of turnover (2 yrs) was attributed to the SBS-NP at 22 °C. In the
samples with no mineral additions incubated at 2 °C, which could be
the closest to natural conditions in taiga regions, full turnover time of
aspen bark will be much longer (> 7 yrs). C:N ratio and T0.95

(R2 = 0.71; P = 0.004) were closely related, which demonstrates that
N availability is the key factor for bark decay process stimulation. Si-
milar relationships were revealed in the 12-month laboratory experi-
ments on the composting of compositions with aspen, pine, spruce, and
larch barks (Ul'yanova and Chuprova, 2015).

Fig. 5. Effects of mineral N and P additions on the change in the residual amounts of ethanol extractives (A), cellulose (B), lignin (C), and their ratio in comparison with their initial values
in aspen bark (Bark-In) after 12 months of the experiment at various temperatures.
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Therefore, substrate quality was an important factor regulating the
decay process of aspen bark. Mineral N and P affected the C:N and
Lig:Cel ratios during the long-term incubation of aspen bark and caused
a considerable increase in the DecR, k and total carbon loss, thereby
decreasing the turnover time. Due to the shift in C:N and C:P ratios
towards more favorable conditions for microbial community, the cou-
pled effect of N and P additions was higher than the impact of N ad-
dition alone.

4.2. Temperature effect

In boreal and temperate regions, the temperature is the key abiotic
driver of the decay process of all components of СWD including tree
bark (Rayner and Boddy, 1988; Olajuyigbe et al., 2012; Kahl et al.,
2017). When there is a sufficient moisture supply, the rise of sur-
rounding temperature results in a significant increase in the CWD re-
spiration rate (Jomura et al., 2007, 2008; Wu et al., 2010; Forrester
et al., 2012; Ohtsuka et al., 2014; Yoon et al., 2014). However, in our
laboratory experiment at the constant sufficient moisture of the SBSs, a
gradual rise of temperature in the interval 2 - 12 - 22 °C was responsible
for the increase of DecR values only over the first 1–2 months of in-
cubation explaining 83% in DecR variability (Table 2). Throughout the
3rd to 12th months of experiment, the temperature was responsible for
only 8–11% in the DecR variance, demonstrating that the substrate
quality (N and P availability) was the main determinant of the decay
rate in later stages of the experiment. A possible explanation is that
during the first period of incubation, aspen bark contained a sufficient
amount of easily decomposable substrates to provide high decay rates
of aspen bark without N and P application at all temperatures studied.
Later, when the cellulose and lignin are the main substances of bark
composition, the substrate quality (N and P availability) become the
key driver for the decay of aspen bark. The same mechanisms govern
litter decomposition in northern forests. In the early phase of forest
litter decay, the concentrations of water-soluble substances decrease
quickly (in a few months) before reaching relatively similar and stable
levels (Berg et al., 1987). Moreover, free unshielded holocellulose is
degraded in this phase, whereas the recalcitrant lignin either does not
decompose yet or decomposes only at a low rate. In this early phase, the
decay rate of forest litter may be related to the total concentrations of
major nutrients, such as N, P and S, which often limit the decomposi-
tion rates (Berg, 2000). Apparently, during the first 2 months of aspen
bark decay, the amount of nutrients in phloem tissue, which decom-
poses firstly, is sufficient for an active decay process.

Owing to their ability to decompose lignin and cellulose, fungi are
the dominant decomposing agents of woody material, including bark
(Boddy and Watkinson, 1995; Boddy, 2000). Many fungal species are
mesophilous and the optimal temperature range for their growth is
between 20 and 40 °C, where decomposition rates may increase by 2–3
times for every 10 °C increase (Käärik, 1974; Zhou et al., 2007). In our
study, the Q10 values of average DecR were almost equal, varying be-
tween 1.21 and 1.37 for both temperature intervals (2–12 and
12–22 °C). Moreover, throughout the early stage of experiment (first
1–2 months), the Q10 values of DecR (SBS and SBS-N treatments) were
higher for samples incubated at 12–22 °C than those at 2–12 °C (Fig. 3).
At later stages (5–12 months of incubation), the increase of temperature
from 12 to 22 °C mostly resulted in a negligible decline of the DecR
values in all treatments. On the contrary, exactly for this period, the
temperature rise from 2 to 12 °C mostly caused stimulation of the decay
process only for the SBS and SBS-N treatments Therefore, the acquired
results only partially supported our second hypothesis that the tem-
perature increase from 2 to 12 °C leads to the more activated decay of
bark in comparison with the temperature increase from 12 to 22 °C.

Recently, it was shown that temperature influences the biogenic
decomposition of plant residues by coupling of direct and indirect ef-
fects (Rubenstein et al., 2017). Direct effect causes changes in the rates
of enzyme-catalyzed microbial processes, whereas an indirect effect

appears as a shift in the structure of microbial communities (Allison
et al., 2010; Bradford, 2013). Moreover, decay activity varies con-
siderably among fungal species, which implies that community com-
position is important in governing decay rates of CWD (Gessner et al.,
2010; Crowther et al., 2011; Rubenstein et al., 2017). Therefore, the
process of biochemical transformation of aspen bark in the SBS is very
complex and reflects an interrelated effect of biotic and abiotic factors
as well as direct and indirect temperature effects.

5. Conclusions

Substrate quality and temperature were important direct regulators
of aspen bark decay. Mineral N and P additions affected both the dy-
namics of decay rate and total C-losses over the 12 months of experi-
ment. The temperature predominantly influenced the decomposition
rate of aspen bark only over the first 1–2 months of incubation, when
the total amount of nutrients in phloem tissue, which decomposed
firstly, did not limit the decay process. In the later phases of the SBSs
decay, DecR values of aspen bark mainly depended on the total con-
centrations of biogenic elements N and P, which are often limiting for
the decomposition of the recalcitrant components of bark – cellulose
and lignin. Therefore, the coupled effect of temperature and mineral
additions on the decay processes of aspen bark was non-linear and
depended on the phase of decay. Modelling decay of bark and woody
materials is rather complicated, since it is very difficult to decouple the
effects of biotic and abiotic factors as well as direct and indirect tem-
perature effects. Due to high accuracy and repeatability, long-term la-
boratory studies are preferable for both studying the effects of various
abiotic and biotic factors on the decay processes and developing CWD-
decay models.
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