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Litter decomposition in terrestrial ecosystems has a 
major role in the biogeochemical cycling of biogenic 
elements, but initial stages of this process in temperate 
forest ecosystems remain poorly understood. Soil  
organic matter in forest ecosystems is highly sensitive 
to temperature rise, which makes it the most vulnera-
ble under global warming. This article assesses the in-
fluence of aspen leaf and twig litter on the activity and 
quantitative characteristics of microbial communities 
of soils in conditions modelling climate warming. The 
experiments were performed with samples of grey forest 
soil, one of the most representative soil types of Euro-
pian Russia, from forest biocenosis in the Moscow re-
gion. Incubation of soil samples, in which crushed 
leaves and twigs were added at the rate of 0.5% by 
weight, was carried out at constant temperature of 
5°C, 15°C and 25°C for 28 days. CO2 emission, organic 
carbon and microbial biomass content, and number of 
ribosomal genes of bacteria, archaea and fungi were 
evaluated. The optimal temperature for decomposi-
tion of the plant litter was found to be 15°C, and both 
decrease and increase led to a reduction in the intensi-
ty of the degradation process. In the temperature 
range 5°C–15°C, application of plant residues led to 
significant increase in temperature sensitivity of the 
soil respiration process, and temperature coefficient 
Q10 increased from 1.75 to 3.44–3.54. At high tempera-
tures, addition of litter stimulated the decomposition 
of soil organic matter. No significant changes in  
microbial biomass, bacteria and fungi numbers were 
observed. The obtained results contribute to under-
standing the dynamics of soil carbon and can be used 
in predictive models of plant litter and soil organic 
matter dynamics in forest biocenoses of Eurasia under 
climate change. 
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WOOD litter represents a mixture of organic substances 
contained in the annually dying plant parts. Litterfall in 

terrestrial ecosystems is of great value for the return of 
nutrients to the soil and can markedly modify biotic and 
abiotic conditions on the forest floor, altering soil C and 
nutrient cycling. Despite the sufficiently high number of 
studies on primary productivity of forest communities, 
transformation of wood litter has not been sufficiently 
examined and requires detailed analysis. The total wood 
fall in the Russia is estimated at 35–55 centre C ha–1 in 

the coniferous zone and 65–90 centre C ha–1 in deciduous 
forests with leaf fall of 8–15 centre C ha–1 (ref. 1). How-
ever, very few studies on litter decomposition have been 
made in temperate Russian forest ecosystems in order to 
understand the turnover of carbon and other nutrients in 
these sensitive ecosystems. 
 In soils of forest ecosystems, the rate of litter decom-
position is determined by a number of biophysical, chem-
ical and biological factors including humidity, temperature, 
pH, nitrogen and oxygen, and composition of the micro-
bial population. Soil moisture is one of the main factors 
determining the activity of soil microbial communities 
and, accordingly, regulating the processes and rates of 
destruction. It was found that insufficient (below 30%) or 
excessive (above 150%) moisture level significantly  
inhibited the rate of decomposition of cellulose2. 
 Another important abiotic force affecting the destruc-
tive microbial activity is temperature, which can be con-
sidered as a prime factor in determining the rates of litter 
decomposition3, and decomposition was found to be more 
sensitive to temperature than primary production4. The 
effect of temperature is primarily due to its influence on 
the growth and activity of soil organisms, as well as on 
saturation of the soil with oxygen and soluble nutrients. 
The literature shows that the optimal temperature for cel-
lulose decomposition in the soil is 35–37°C, although de-
composition can occur at lower temperatures of 0–5°C 
(ref. 2). Temperature was also reported to affect the  
intensity and rate of mineralization of plant residues six 
times more than humidity5. Numerous reviews on the role 
of microbes in the litter degradation process are availa-
ble6–8. Microbial litter decomposition proceeds through 
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different mechanisms, especially heterotrophic consump-
tion of organic composites and CO2 release which can 
add more than 20% to soil surface CO2 efflux; this is 
known as soil respiration. 
 Microbial decomposition of litter can be divided into 
phases, in each of which specific products are formed, 
making it possible to develop certain groups of micro-
organisms. The initial stages of decomposition are domi-
nated by the release (mainly by leaching) of Ca, K and 
Mg, while for N, P and S there may be a temporary in-
crease in their content in plant residues. Intermediate de-
cay products are the nutrient substrates for different 
populations supporting the diversity of soil microbiota 
and its succession changes during decomposition9. The 
interaction of different representatives of the biodegrada-
tion block in soils is an important factor determining the 
intensity of plant litter decomposition10. The rate of  
decomposition of nutrient-rich litter at the initial stage is 
higher than that of nutrient-pure litter, but the situation 
may reverse in the later stages. 
 Temperature changes affect not only the activity, but 
also the composition of microbial hydrolytic communi-
ties11. Effective decomposition of lignin in soils is carried 
out by several groups of fungi12. Gram-positive bacteria 
are adapted to soils with a low content of available sub-
strates and Gram-negative bacteria are more dependent 
on the supply of fresh organic matter, forming ‘hot spots’ 
of decomposition of organic matter (OM) in the soil13. It 
was found that changes in soil temperature14 and changes 
in the composition of OM15,16 cause structural changes in 
the composition of these microbial groups. Thus, the 
study of temperature control of fungal and bacterial 
communities involved in the decomposition of OM, as 
well as the monitoring of microbial successions under 
global climate change are of environmental importance. 
 According to modern climate models, the 21st century 
will be characterized by a global increase in air tempera-
ture17,18. For regions of middle and high latitudes, as well 
as Polar Regions, the temperature is projected to increase 
by 3–5°C (ref. 19). Temperature rise can increase the 
flow of organic residues into the soil, and also increase 
the rate of microbial decomposition. The long-term ef-
fects of global warming on soil organic matter (SOM) are 
not yet fully understood20,21. According to some esti-
mates, after a short burst of mineralization affecting a 
small active (labile) pool of organic matter, the process 
will slow down. Other studies predict no significant 
changes or even an increase due to mineralization of a 
large stable pool with great thermal sensitivity. 
 This study was undertaken to analyse the temperature 
sensitivity of litter decomposition, as well as activity, 
number and composition of microbial communities in 
forest soil. It is hypothesized that temperature change is 
the main driver of microbial activity and differentiation 
of microbial communities at the initial stage of transfor-
mation of tree litter. To test this hypothesis, a series of 

incubation experiments were carried out under controlled 
temperature conditions with aerobic soil microcosms of 
the mixed forest amended with fragments of aspen leaves 
and twigs. 

Materials and methods 

Soil samples were selected in June 2017 from a depth of 
0–20 cm in the secondary forest near Pushchino town, 
Moscow region (54.8°N; 37.6°E). The tree vegetation 
was represented by aspen (Populus tremola), Norway 
maple (Acer platanoides), birch (Betula sp.) and alder 
(Alnus). The soil was defined as grey forest loamy on top 
loam, underlain by moraine (Gleyic Phaeozem) and is 
typical of the southern Moscow region. The pH value of 
the aqueous suspension was 5.28 and organic carbon con-
tent was 2.53%. The mineral nitrogen content (ammonium 
and nitrate) was similar and amounted to 1.48 mg N per 
100 g of soil. Incubation experiments with aerobic micro-
cosms were carried out in 100 ml glass bottles, with 10 g 
fresh soil six-fold repetition. Microcosms were incubated 
for 28 days in thermostats at three temperature regimes: 
5°C (model of average temperature for spring and autumn 
months in the southern Moscow region), 15°C (model of 
average temperature in summer) and 25°C (model of 
global temperature rise). To clarify the agents of trans-
formation of plant residues in the soil, fragments of fallen 
aspen leaves and twigs (<0.5 mm) were added at 0.5% by 
weight. The content of total organic carbon and total ni-
trogen in plant materials was measured with an elemental 
analyser (Leco CHNS-932, USA). Carbon content in the 
leaves was 42.853 ± 0.580%, nitrogen content was 
0.923 ± 0.023%, and C : N ratio was 46.45. For the twigs, 
these values were 46.540 ± 0.447%, 0.738 ± 0.29% and 
63.08 respectively. 
 During the incubation period, soil samples were main-
tained at a constant moisture content of 25% by weight 
(60% water holding capacity (WHC). Half of the micro-
cosms was used to quantify CO2 emission and the rest 
was used for chemical and molecular analyses. The bio-
logical activity of soils was assessed by the intensity of 
CO2 emission using gas chromatography. Measurements 
were done on Crystal-5000 (JSC SCB Chromatek, Rus-
sia) after 24–48 h of incubation. To assess the respiratory 
response to temperature changes and litter addition, the 
delta respiration values in samples with leaves (DRL) and 
twigs (DRT) were calculated as the integral CO2 accumu-
lation minus control values. 
 The dynamics of substrate decomposition was esti-
mated as the difference between the integral accumula-
tion of C–CO2 in the variants of experiment with the 
addition of plant material and the control without applica-
tion. The rate of decomposition of substrates was calcu-
lated using the formula 
 
 Lt = L0 × e–kt, 
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where Lt is the mass of the substrate at time t (mg C), L0 
the mass of the substrate at zero point (mg C), k a charac-
teristic of the rate of substrate decomposition and t is the 
incubation time (days). 
 The temperature sensitivity was characterized by a 
temperature coefficient (Q10), which shows how the  
intensity of CO2 emission increases with increase in the 
incubation temperature at 10°C. Q10 was calculated using 
the formula 
 

 2 1[(10/( )]
10 2 1( / ) ,T TQ K K −=  

 
where K2 is the rate of decomposition of the substrate at 
the higher temperature T2 and K1 is the rate of decompo-
sition of the substrate at the lower temperature of T1. 
 SOM content was determined in accordance with the 
technique of Schulte et al.22. Soil samples taken at the 
beginning of incubation and after 28 days were dried to 
constant weight first at 105°C and then at 360°C. The  
organic matter content was calculated using the formula 
 
 S (%) = (W105 – W360)/W105 × 100, 
 
where W105 and W360 are the weights of soil samples dried 
at 105°C and 360°С respectively. In order to calculate the 
OM content, a conversion factor of 0.58 was used23, 
which corresponds to the average carbon content in hum-
ic acid equal to 58%. 
 The amount of DNA was estimated as a proxy of  
microbial biomass in soil samples. The allocation of total 
DNA from fresh samples of the microcosm was per-
formed using commercial reagents kits Fast DNA Spin kit 
for Soil (MP Biomedicals, Germany) according to the 
manufacturer’s recommendations. DNA content in the  
solution was determined spectrophotometrically at 260 nm 
using (NanoDrop 2000c; Thermo Fisher Scientific, USA). 
Calculation of DNA content in the soil was carried out 
taking into account the breeding factor. To recalculate 
DNA content to the value of microbial biomass corres-
ponding to determination by the substrate-induced respi-
ration method, a conversion factor of 5.1 previously 
obtained for grey forest soils of the Moscow region was 
applied24. 
 Quantifications of bacteria, archaea and fungi in soil 
samples were carried out every week by polymerase 
chain reaction in real time (qPCR). The qPCR assays 
were performed in triplicate using B buffer (Syntol,  
Russia) with SYBR Green I and passive reference dye 
ROX. Amplification was performed using a thermal  
cycler (CFX96 TouchTM; Bio-Rad, USA). To calculate 
the number of phylotypes in natural samples, the signal 
value in the sample was compared with a standard curve 
constructed for a series of successive dilutions of a stan-
dard sample with known concentration. A standard sam-
ple was prepared from the target PCR fragment cloned in 
the T vector (Promega, USA). Fragments of ribosomal  

operon of 16S DNA Esherichia coli (bacteria) and arc-
haea Methanosarcina barkerii (archea) and 18S DNA 
Penicillium chrysogenum (fungi) were used as standards. 
The number of copies per gram of soil was calculated 
taking into account the initial sample and manipulations 
with the DNA preparation isolated from the soil. Despite 
the fact that the number of ribosomal operons in the  
genomes of microorganisms varies widely, it was found 
that when recalculated by the average values number 
were close to the real indicators25. We used per cent  
proportion of fungi relative to bacteria as it provides a 
better picture of the differences with lesser decimal 
points than the absolute F : B ratio. It was calculated  
using the formula 
 

 Fungal copy number% Proportion F : B = 100.
Bacterial copy number

×  

 
Statistical data processing and graphical representation of 
the obtained results were carried out using Microsoft 
EXCEL. 

Results and discussion 

Litter decomposition in forest ecosystems plays an impor-
tant role in the global carbon cycle through nutrient recy-
cling and CO2 emissions to the atmosphere. Several 
methods are used to study litter decomposition. The litter 
bag method, based on the determination of loss of litter 
mass in meshed bags placed on the soil surface or in the 
topsoil, is widely applied in ecological studies. However, 
the aim of this study is to understand the impact of  
temperature on the biological mechanisms (microbial  
activity and composition) of litter break-down, so the in-
cubation experiments were chosen. Laboratory incubation 
experiment is the most unbiased method to study soil 
processes and underlying mechanisms because it can iso-
late the effects of a single process on system dynamics. 
 Evaluation of CO2 emission intensity (Figure 1) dem-
onstrated clear differences in the dynamics and activity  
of basal and substrate-induced oil respiration for experi-
ments under different temperatures. When incubated at 
5°C, the magnitude of basal respiration was low during 
the entire observation period and a significant increase 
after the addition of substrates was recorded only 8–10 
days after the start of incubation (Figure 1). In  
variants of 15°C and 25°C, the intensity of basal respira-
tion was significantly higher, it increased immediately at 
the beginning of incubation and reached a maximum  
value after 8–10 days. Within 2–3 days there was signifi-
cant increase in comparison with the control of respiratory 
activity induced by the introduced substrates. A similar 
character of the dynamics of respiratory activity induced 
by substrates was described earlier by other research-
ers26,27. The rate of respiratory C loss was highest
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Figure 1. Dynamics of cumulative emission of CO2–C from soil samples incubated at different temperatures. 
 
 

Table 1. Influence of incubation temperature on the respiration response of microbial community to  
 substrate addition and decomposition rate of litter 

 Delta respiration Rate of litter decomposition 
 (mg CO2–C g–1 soil dry wt for 28 days) (mg С g–1 day–1) 

 

Temperature (°С) DRL DRT Leaves Twigs 
 

5 2.11 1.71 0.24 0.16 
15 4.15 3.45 1.11 0.83 
25 1.94 1.66 1.22 0.83 

 
 
 
between 4 and 14 days, and returned to practically the  
basal level in 28 days after litter application. This sug-
gests that most part of the substrate had degraded within 
the experimental period; similar decomposition dynamics 
has been reported by other researchers26. 
 The greatest response of the soil microbial community 
to substrate application was recorded in experiment under 
15°C temperature (Table 1). Addition of leaf fragments 

increased respiratory activity (DRL) up to 4.15 times, and 
twigs addition (DRT) up to 3.45 times. For both low and 
high temperatures the values of the coefficients were  
approximately two times lower. 
 The dynamics of decomposition of the introduced sub-
strates was studied as the difference between the integral 
accumulation of C–CO2 in experiments with substrate 
application and the control. At the low temperature 5°C, a
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Figure 2. Temperature effect on decomposition of the aspen leaf and twig litter in soil incubation expe-
riments: a, 5°C; b, 15°C; c, 25°C. 

 
 
Table 2. Temperature sensitivity of microbial processes in forest soil 

Variants  Temperature coefficient (Q10) 
 

Temperature interval (°C) 5–15 5–25 
Basal respiration 1.75 3.44 
Decomposition of leaves  3.44 1.61 
Decomposition of twigs 3.54 1.65 

 
 

uniform decrease in carbon content of the deposited sub-
strates was observed throughout the observation period 
(Figure 2). For 28 days, C loss was 0.28 mg (6.8% of the 
initial content) for leaves and 0.1 mg (4.16%) for twigs. 
In the variants of 15°V and 25°C, C content decreased in-
tensively during the first two weeks, and then the rate 
slowed down (Figure 2). The values of leaf litter decom-
position were similar at 15°C and 25°C, and reached 
1.58 mg (37%) and 1.45 mg (33.9%) respectively. A sim-
ilar pattern was obtained for twig litter – the loss by  
microbial respiration was 1.09 mg C (23.49%) and 
1.02 mg C (21.81%). The average rate of decay of leaves 
and twigs over the experimental period was lowest at 
5°C, and increased significantly with rise in temperature 
(Table 2). 
 Despite the fact that the absolute values of cumulative 
respiratory activity in the variants of 15°C and 25°C dif-
fered significantly, the amount of completely oxidized 
substrate was similar. The cumulative amount of C–CO2 
emitted during the incubation period from soil samples 
with leaves and twigs at 15°C was 18.47 and 15.34 mg 
respectively, while at 25°C these values were 29.71 mg 
and 24.45 mg respectively. Thus, an increase in tempera-
ture leads to a change in the ratio of carbon of fresh plant 

material and SOM in the CO2 emission pool towards an 
increase in the proportion of soil carbon (so-called prim-
ing effect). 
 To compare SOC mineralization under different tem-
peratures, the percentage of SOM mineralized (% SOC) 
was calculated. It was found that the litter and control 
treatments were not significantly different for SOC mine-
ralization at 5°C, and it was about 0.8%–0.9%. The 
amount of mineralized carbon significantly increased 
with temperature for all the variants, but varied for  
different temperature ranges. At 25°C, it increased up to 
5.2% for the control and 6.5% and 7.2% for leaves and 
twigs respectively. 
 Confirmation of this assumption requires additional  
research, in particular with the use of radioactively  
labelled plant substrates, which will allow us to accurately 
assess the carbon distribution. Our findings are in agree-
ment with the results of other studies26. In the study of ara-
ble Chernozem soils in Germany with 13C-labelled plant 
residues, the greatest contribution of fresh plant matter to 
respiratory activity of the soil was found in the few first 
days after application, and then its share decreased, espe-
cially in conditions of elevated temperature26. 
 The principles of chemical kinetics suggest that  
temperature sensitivity of the process depends on the 
quality of the substrate, and it can be assumed that the 
processes in which the share of SOM is higher than fresh 
organic substrates, should be more sensitive to tempera-
ture. SOM consists of complex organic molecules and 
their decomposition requires high energy expenditure  
activation. Therefore, an increase in temperature will have a 
greater impact on the dynamics of these components28. 
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The temperature sensitivity of substrate decomposition 
rate was characterized by a temperature coefficient (Q10). 
For basal respiration, the main substrate of which is 
SOM, Q10 for the temperature range 5–15°C was 1.75, 
and with rising temperature in the range 15–25°C, it  
increased to 3.4. At the same time, in variants with the  
introduction of fresh organic matter, both leafs and twigs, 
the reverse pattern was observed – high coefficient value 
at low temperatures, which decreased at high tempera-
tures (Table 2). The obtained values of temperature coef-
ficients were close to the Q10 values obtained at the initial 
stages of leaf litter decomposition in model experiments 
with sand microcosms29. 
 Soil microorganisms are an integral part of forest eco-
systems and play a critical role in the decomposition of 
organic matter and the immobilization and mineralization 
of nutrients. Quantitative characteristics of microbial 
biomass is one of the main parameters which reflects the 
increase in microbial activity, and is used as an important 
ecological indicator for the decomposition and mineraliza-
tion of plant residues in the soil30. Microbial biomass 
slightly increased on litter addition, but remained uniform 
throughout the experimental period under all temperature 
regimes (Table 3). During the entire observation period, 
microbial biomass varied in the range from 136 μg g–1 to 
150 μg g–1 for all experimental variants. A possible reason 
for this may be the lack of nitrogen available to microbial 
growth. The ratio of C : N in the leaves was 46.45, and in 
twigs 63.08. Another possible explanation may be that 
the introduced substrates were used only for the transition 
of resting forms of soil microorganisms to their active 
state and further maintenance of their hydrolytic activity. 
 The share of microbial biomass carbon in the gross, 
SOM content (CMIC

 : CORG) is an important ecological and 
physiological parameter of the microbial community,  
reflecting its trophic level30. The CMIC

 : CORG ratio is also 
an indicator of the availability of soil carbon for microor-
ganisms, and the narrowing of this ratio in the soil indi-
cates stability of the organic substrate or the presence of 
conditions that prevent the development of microorgan-
isms31. The introduction of leaf litter led to an increase in 
the SOM content, which was especially evident in the  
experiments at 15°C and 25°C; however, the carbon frac-
tion of microbial biomass remained constant and varied 
between 0.5% and 0.6% of the organic carbon content. 
 Methods of molecular biology were applied to obtain 
quantitative data of microorganisms in the process of 
primary stage transformation of litter in the soil. Using 
qPCR, the dynamics of copy number of ribosomal genes 
was studied (Table 3). The number of bacterial copies of 
16s rRNA ranged from 4 × 108 to 9 × 109 per g of soil. 
Incubation with leaves and twigs led to an increase in the 
number of bacteria by not more than 2–7 times compared 
to the control. The number of fungi copies of 18s rRNA 
ranged from 6 to 340 × 106 per g of soil, and increased in 
variants with the introduction of substrates by 2–5 times. 

The number of archaea did not change significantly and 
was 0.3–0.7 × 106 per g of soil. The data obtained are 
consistent with the results of the determination of micro-
bial biomass and indicate that in the primary stages of  
decomposition of fresh plant material, there is an increase 
in the activity of hydrolytic microorganisms, but there is 
no significant increase in number. 
 One of the approaches to understand the functioning of 
microbial soil communities is their differentiation into 
ecologically significant groups, e.g. copiotrophs and  
oligotrophs, autochthonous and zymogenous, r- and k-
strategies, as well as eukaryotes (fungi) and prokaryotes 
(bacteria)32. A widely considered proxy microbial indica-
tor is based on the sub-division of microbes into major 
decomposer groups, namely fungi and bacteria, indexed 
as the F : B ratio. This has been extensively used in soil 
ecology, particularly in the context of land management 
and its effects on soil carbon sequestration. Quantitative 
PCR (qPCR) approaches are increasingly being used to 
measure the F : B ratio which reflects the processes of  
decomposition of substrates, transformation of nutrients 
and the ability of soil ecosystems to self-regulate33. The 
per cent proportion of fungi relative to bacteria in soil 
microbial community increases after litter addition under 
all temperature regimes (Table 3). Despite bacteria being 
most dominant in the studied soil system, their fungal  
abundance was increased after litter addition. Increased 
fungal abundance may largely be a reflection of shifts in 
abundance of hydrolytic fungi. 

Conclusion 

In incubation experiments with soil samples, it was found 
that at the initial stages of decomposition of fresh leaf 
and twig litter, the process is characterized by high sensi-
tivity to temperature. Microbial decomposition of intro-
duced residues was most intense during the first 3–5 days 
of incubation, possibly due to the use of water-soluble 
organic compounds. It was found that the efficiency of 
the substrates was largely dependent on temperature.  
Also, the temperature of 15°C, corresponding to the aver-
age temperature during summer months, was optimal for 
microbial degradation of leaf and tree litter in grey forest 
soil, while a decrease or increase in temperature led to a 
decrease in the intensity of decomposition of plant ma-
terial. RNA-based approaches were used to identify the  
microbial decomposers involved in litter degradation, and 
provide information on active organisms. Therefore, it 
was possible to monitor time-dependent shifts. The F : B 
ratio increased on addition of both leaf and twig litter at 
all temperature regimes, implicating fungal decomposers 
in substrate use. 
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