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Management of forest ecosystems has high potential 
as a technology for absorbing CO2, a key greenhouse gas 
for the Earth’s atmosphere (Canadell et al., 2021). This 
is particularly true for disturbed forests, with a more ac-
curate assessment of the potential and identification of the 
most effective sequestration mechanisms depending on the 
stage of recovery from disturbance and the region in which 
the forests are located (Canadell et al., 2021). A number 
of natural (windthrow, insect pest outbreaks), anthropogenic 

(logging, fragmentation, air pollution) and combined (fires) 
factors lead to disturbance of forest cover (Prăvălie, 2018; 
Lukina, 2020), increasing its heterogeneity and forming 
a mosaic of stands of different ages at different stages of re-
covery (Accumulation…, 2018). Thus, the study of carbon 
cycle functioning at different stages of secondary succession 
is necessary when planning measures to mitigate global 
climate warming

Decomposition of organic matter occupies an important 
place in the carbon cycle of natural and anthropogenically 
modified ecosystems (Kobak, 1988). Dead tissues of pri-
mary producers (plants, mosses, algae) accumulate on the 
soil surface or inside it in the form of ground and root fall, 
respectively, after which they are transformed by microor-
ganisms with the participation of soil animals. Most of the 
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incoming organic matter is utilized by microorganisms for 
energy (Kobak, 1988; Wardle et al., 2004), resulting in carbon 
dioxide emission to the atmosphere. The remainder of the 
fall is transformed to soil organic matter directly or through 
incorporation into the biomass of microorganisms (Semenov 
et al., 2013; Adamczyk, 2021; Angst et al., 2021). Litter de-
composition is also important for the nitrogen cycle, es-
pecially in nitrogen-poor ecosystems: nitrogen availability 
to plants here depends on the decomposition of plant de-
bris and, as a consequence, the availability of released ni-
trogen-containing organic compounds for uptake by roots 
or mycorrhiza (Zechmeister-Boltenstern et al., 2015; Reuter 
et al., 2020). Thus, an understanding of the mechanisms 
and decomposition rates of litter is necessary for informed 
modeling of the biogeochemical cycle in ecosystems and its 
response to various influences.

It is well known that the rate of litter decomposition 
depends on physical (temperature, humidity, availability 
of oxygen and other electron acceptors) and chemical (pH, 
presence of inhibitors) conditions, as well as on the quality 
of the organic matter itself (Cotrufo, del Galdo, 2009; Ge 
et al., 2013; Ivanova, 2021; Berezin et al., 2023). Also, the 
physicochemical conditions and quality of the litter affect 
the decomposition process indirectly through the influence 
on the diversity and activity of the decomposer organisms — 
soil zoocenosis and microbocenosis (Cotrufo, del Galdo, 
2009; Ge et al., 2013; Berezin et al., 2023). The change 
of dominant forest species during secondary succession 
inevitably implies changes in the quality of incoming lit-
ter and microbial community composition (Wardle et al., 
2004; Fernández-Alonso et al., 2018; Ivanova, 2021). There 
is no strict definition of quality; high quality litter is con-
sidered to decompose faster while low quality litter is con-
sidered to decompose slower (Cotrufo, del Galdo, 2009). 
Indicators of organic matter quality during litter decompo-
sition at different stages of forest secondary succession are 
most often the ratio of total carbon and nitrogen contents 
(hereafter C/N), and the proportion of nitrogen (N) in the 
original organic matter (Ge et al., 2013; Zhang et al., 2013; 
Fernández-Alonso et al., 2018; Basova et al., 2022). How-
ever, these indicators do not always correlate with organic 
matter decomposition rates because they are based on total 
contents rather than the fraction available for decomposition 
(Yang et al., 2022). In addition, they do not allow a detailed 
analysis of which organic compounds decompose faster and 
which decompose more slowly.

Another method for investigating the quality of litter during 
their decomposition in natural ecosystems is Fourier transform 
infrared spectrometry (FTIR spectrometry) (Heller et al., 2015; 
Soong et al., 2015; Reuter et al., 2020). This method, on the 
one hand, is fast and easy to apply and does not require the 
use of acids and solvents toxic to humans, on the other hand 
it allows obtaining semi-quantitative information about the 
main functional groups of an organic substance that determine 
its chemical properties (Heller et al., 2015). In addition, the 

original natural sample is used for analysis by FTIR spectrom-
etry, rather than a sample transformed, for example, in the 
process of extraction (Heller et al., 2015)

The aim of our work was to compare changes in the qual-
ity of organic matter of the L-horizon from the forest floor 
during decomposition at different stages of secondary suc-
cession in a middle taiga forest using FTIR spectrometry. 
For this purpose, we sampled the L-horizon in ecosystems 
at different developmental stages (from monodominant 
aspen to mature dark coniferous forest), just before and 
immediately after autumn leaf fall. The L-horizon in Oc-
tober contains the maximum amount of fresh litter in the 
earliest stages of decomposition, and in August contains 
the maximum amount of litter decomposed during the year. 
A comparison of these two states of the L-horizon will show 
how different the process of transformation of the chemical 
structure of the litter during the different stages of secondary 
succession is. We hypothesized that, since decomposition 
of deciduous fall is faster than that of conifers (Ivanova, 2021; 
Berezin et al., 2023), the change in its chemical structure 
as decomposition proceeds should become less pronounced 
at the later stages of succession. We used C/N ratio and total 
nitrogen content as additional indicators of organic matter 
quality in L-horizons.

OBJECTS AND METHODOLOGY

The studies were conducted in typical forest ecosys-
tems of the middle taiga of Western Siberia, on the territory 
of the international field station “Mukhrino”, 25 kilometers 
southwest of Khanty-Mansiysk (Fig. 1). According to the 
Keppen-Geiger classification, the climate of the region is sub-
arctic (boreal continental), without dry season and with cold 
summers (Dfc). The average air temperature for the nearest 
weather station to the site (Khanty-Mansiysk airport) for the 
period 1991—2020 in January is –19.1 °C, in July+ 18.2 °C. 
The average annual precipitation is 547 mm, 70 % of which 
falls during the growing season from May to October.

Forests in the study area are distributed in well-drained 
areas along rivers and streams, forming a mosaic of commu-
nities depending on how long ago a fire occurred at a particu-
lar location, which is the main cause of secondary succession 
in the middle taiga zone (Kharuk et al., 2021). A few years 
after the destruction of vegetation, small-leaved forests 
are formed, which are gradually transformed into mixed 
and then climax dark coniferous forests. We selected forest 
plots of 25×25 m with homogeneous vegetation in an up-
land position with a slope not exceeding 2° (to avoid the 
influence of moisture differences on litter composition) 
at different stages of secondary succession typical of the 
middle taiga of Western Siberia as sample plots (hereafter 
referred to as PPs). All PPs are located on the first terrace 
of the Irtysh River, in the valleys of its first-order tributary, 
the Mukhrinka River, and the Kabanyi Creek flowing into it. 
The succession series studied by us begins with a middle-aged 
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aspen forest (PP 1), passing into aspen forest with dark co-
niferous regeneration (PP 2), then into aspen forest with dark 
coniferous second story (PP 3), mixed dark coniferous-aspen 
forest (PP 4), dark coniferous forest with single large aspen 
trees (PP 5) and close to climax cedar forest (PP 6). Their 
detailed description is given below.

PP 1: bilberry-green-moss aspen forest. Total stand com-
position: 10P (common aspen (Populus tremula L.)). The 
average crown cover of the tree stand is 60 %, the height 
of the trees of the upper understorey is 20—22 meters. Rare 
specimens of cedar (Pinus sibirica Du Tour) and fir (Abies 
sibirica Ledeb.) with a height of 10—12 m and a crown cover 
of 0.5 % are present under the canopy of 50—60 years old 
aspen. Understory (5—10 %) is formed by Siberian moun-
tain ash (Sorbus aucuparia subsp. Sibirica (Hedl.) Krylov), 
needle-leaved rosehip (Rosa acicularis Lindl.) and common 
wolfberry (Daphne mezereum L.). The herbaceous-shrub lay-
er (50—60 %) is dominated by bilberry (Vaccinium myrtillus 
L.), bilberry (Rubus saxatilis L.) and cowberry (Vaccinium 
vitis-idaea L.). The area coverage of mosses is 20—30 %, 
among which Hylocomium splendens (Hylocomium splendens 
(Hedw.) Schimp.) predominates.

PP 2: small herb-green-moss aspen forest with dark co-
niferous regeneration. Total stand composition: 9P1C+B+F. 
The upper understorey (10P+B+F) is dominated by 60—80 
years old aspen with a single admixture of birch (Betula pu-
bescens Ehrh.) and fir. The average crown cover is 65 %, the 
average height of the upper tree layer is 22 m. The second 

understorey (15—20 %) is formed by cedar young trees 2—8 
(10) m high with insignificant admixture of spruce (9C1S). 
Understory (5—10 %) is formed by Siberian mountain ash, 
common bird cherry (Prunus padus L.), needle-leaved rose-
hip and common wolfberry. The herbaceous-shrub layer 
(50—60 %) is dominated by Gymnocarpium dryopteris (L.) 
Newman, bark bush and Stellaria bungeana Fenzl. The area 
cover of the moss layer is 50 %, dominated by Rhytidiadelphus 
triquetrus (Hedw.) Warnst)

PP 3: bilberry-small-grass aspen forest with dark co-
niferous second understorey. Total stand composition: 
6P2S1C1F+B. The average projective cover of the stand 
is 85 %. The upper tree layer is formed by aspen (10P), av-
erage tree height — 22 m, age — 80—100 years. The sec-
ond understorey (crown cover — 20 %, height — 10—15 m) 
is dominated by spruce (Picea obovata Ledeb.) with partic-
ipation of cedar and fir (5S3C2F+B). Understory (2—3 %) 
is formed by Siberian mountain ash, needle-leaved rosehip 
and common wolfberry. The herbaceous-shrub layer (70—
80 %) is dominated by bilberry, common holocuttleberry and 
common sagebrush (Oxalis acetosella L.). The area cover 
of the moss layer is 20 %, dominated by shiny hylocomium.

PP 4: mixed small-grass-green-moss dark coniferous-as-
pen forest. Total stand composition: 3P2C2F2S1B. Its aver-
age cover is 90 %. The upper tree layer (60—70 %, composi-
tion 7P2B1S) is 25—29 m high, the age of aspen is 100—110 
years. The lower tree layer (40 %, composition 6F2C1S1B) 
is 20 m high, coniferous species are 120—130 years old. 

Fig. 1: Location of the studied sample areas: (a) in the Northern Hemisphere, (b) in Khanty-Mansi Autonomous Okrug-Yugra, (c) 
on the territory of the Mukhrino station. The map of the main types of ecosystems is based on classification with Sentinel‑2 median 
image training for the periods from July 1 to August 15, 2021 and 2022. Photos of sample areas are presented on the right.
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Understory (1—2 %) is formed by Siberian mountain ash 
and needle-leaved rosehip. The herbaceous-shrub layer 
(50—60 %) is dominated by Maianthemum bifolium (L.) 
F. W. Schmidt), common sagebrush and common hollyhock. 
The area cover of the moss layer is 30—40 %, dominated by 
shiny hylocomium.

PP 5: small herb-green-moss dark coniferous forest with 
single large aspen trees. Stand formula: 3C3S2F1P1B. Av-
erage coverage of the tree stand is 90 %. Crown cover of the 
upper tree layer (3P2C2S2B1F) — 50 %, of the lower tree 
layer (6F2S1C1B) — 60 %. Tree heights are 25—28 m and 
12—15 m, respectively. The age of aspen in the forest lay-
er is 100—120 years, cedar and spruce — 130—150 years. 
The understory (1 %) is formed by Siberian mountain ash 
and spikenard. The herbaceous-shrub layer is dominated 
by common hollyhock, Siberian dwarf (Atragene sibirica 
L.) and common sagebrush. Area cover of the herbaceous 
understorey is 0—10 % (dead-forest). Area cover of the moss 
layer — 5—10 %, dominated by Hylocomium brilliantum 
and Rhytidiadelphus triangularis.

PP 6: cedar-small grass dark coniferous forest. Total stand 
composition: 8C2B+F with crown cover of 70—80 %. Average 
height of trees is 23—25 m, age of cedar –130—150 years. Un-
derstory (10—20 % area cover) is formed by Siberian mountain 
ash (15 %) and spikenard (2—3 %). The herbaceous-shrub 
layer (50—60 %) is dominated by common holocuttleberry, 
bilberry and bony bush. The area cover of the moss layer 
is 60—70 %, dominated by shiny hylocomium.

Two organic sub-horizons are distinguished in all sample 
plots: Litter horizon L with an average thickness of up to 4 cm 
(in August), consisting of weakly decomposed compacted 
litter that retained its morphological features, well separated 
from the underlying one, and fermentative horizon F with 
a thickness of up to 6 cm, consisting of strongly decomposed 
compacted litter, poorly identifiable by morphological fea-
tures, penetrated by mycelium, live and dead roots, and 
poorly separated from the underlying mineral horizon. Ac-
cording to L. G. Bogatyrev (1990), the studied litter is classi-
fied as fermentative weakly identified subprimitive low-moss 
coniferous-deciduous (PP 1—5) or deciduous-coniferous 
(PP6). Soils on the studied PPs are represented by light 
soils of illuvial-iron clay-illuviated unsaturated surface-light 
light-medium loam on alluvial deposits. Soil pH is acid-
ic, increasing from 4.2—4.6 in the Eh horizon to 4.8—5.8 
in the C horizon. Podzol horizon E in all PPs is discontin-
uous, irregular, not more than 10 cm thick. Climate, relief, 
vegetation and soils of the territory are described in detail 
in I. V. Kupriianova et al. Kupriianova et al. (2022).

Sampling. L-horizon litter was completely collected be-
fore leaf fall (August 27—28, 2023) and immediately there-
after (October 5—7, 2023) at six random 10×10 cm points 
in each sample area. L-horizon height was measured with 
a ruler at 24 random points in each PP. We proceeded from 
the assumption that fall composition reproduces from year 

to year, and the L-horizon material collected in October can 
be considered as the initial substrate for decomposition, while 
that collected earlier in August — as the final phase before 
the arrival of fresh fall. Such an assumption is applicable for 
deciduous species, as well as cedar and fir, which fall most 
actively in the fall (Ivanov et al., 2018; Ivanova, 2021), but 
is not fully justified for spruce, half of the annual fall from 
which arrives in the winter-spring period and only about 
a quarter in the fall (Kuznetsov, 2010; Ivanova, 2021). How-
ever, spruce was not the predominant species at any of the 
PPs, and its influence on the litter input can be neglected.

Litterfall was collected between two L-horizon litter sam-
plings using 5 circular fall traps of 0.25 m2 each, randomly 
placed in each sampling area to avoid possible influence 
of parcellar structure on the results. The collected fall was 
transported to the laboratory, air-dried, sorted into fractions 
(aspen, rowan leaves, cedar, fir, spruce needles, branches 
(for all species), other) and weighed to the nearest 0.01g.

Sample preparation and IR spectra acquisition. L-horizon 
samples collected at points in the same sample area were 
manually mixed in the laboratory within a day after collection. 
From the mixed sample, a 100—200 g litter sample was taken 
and dried in a HyperCOOL HC3055 cold trap (Hanil, South 
Korea) for 48 hours. Then the dried samples were ground in 
two stages: firstly using a beaker-type knife mill (LZM‑1M, 
Russia), and then using a MM 400 vibrating ball mill (Retsch, 
Germany). Immediately before taking spectra, 2 mg of the 
ground sample was mixed with 200 mg of potassium bro-
mide (Specac, USA) using a pestle in an agate mortar. The 
resulting mixture was placed in a 13 mm diameter mold and 
pressed using a manual hydraulic press (Karaltay Scientific 
Instruments, China) at a maximum pressure of 4 tons. For 
each sample area, three analytical replicates (tablets) were 
made from the mixed sample.

Infrared spectra were taken in transmission mode us-
ing an IR‑8000 FTIR spectrometer (Siberian Analytical 
Systems, Russia) controlled by OMNIC9.11.727 program 
(Thermo Fisher Scientific, USA) immediately after receiv-
ing the next tablet. The spectrum was recorded in the range 
of 400 to 4000 cm‑1 with a resolution of 4 cm‑1 with water 
vapor and carbon dioxide suppression enabled. The result 
for each sample was obtained by averaging 40 scans taken 
within a minute. The spectrum of a pure potassium bromide 
tablet without the addition of the sample, pressed in a similar 
manner, was used as the background spectrum. The back-
ground spectrum was taken after analyzing three samples 
from the same sample area

Spectra processing. In the instrument software, the spec-
tra were converted from transmittance units to optical density 
units. Then the following steps were performed sequentially 
using the ir package version 0.2.1 (Teickner, 2023) in the R 
v.4.3.2 environment:

1. We performed baseline subtraction from the spectra 
with the ir_bc function using the rubberband method.
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2. We performed smoothing using the Savitsky-Golay 
method with the ir_smooth function by a 2nd degree poly-
nomial over 13 neighboring points of the spectrum.

3. We interpolated the data in 1 cm‑1 intervals using the 
ir_interpolate function.

4. We removed the edges of the spectrum using the ir_clip 
function to clean the rest of the spectrum (850 to 3650 cm‑1) 
of edge artifacts.

5. Normalized using the ir_normalize function so that 
the area under each spectrum was equal to one.

These steps are recommended to reduce the influence 
of methodological features of spectrum acquisition (different 
mass of the sample, different position of the sample material 
in the pellet) and nuances of instrument operation (different 
signal-to-noise ratio in different parts of the range) on the 
final result (Hodgkins et al., 2018)

We calculated the contributions of optical densities to the 
first two principal components (obtained by the principal 
component method) and related the position of litter spectra 
from sample areas in the principal component coordinate 
axes relative to each other (Soong et al., 2015; Hodgkins 
et al., 2018). The principal component method was im-
plemented using the pca function in the MATLAB2022a 
environment (MathWorks, USA), and the mean value was 
subtracted from the optical density values for each PP before 
calculations were performed. To allow a direct comparison 
of the contribution values of the optical densities at different 
wave numbers to both principal components at once, they 
were scaled into Z-counts according to their eigenvalues, 
as described in P. Legendre, L. Legendre (2012). The iden-
tification of functional groups characteristic of the fall and 
litter was performed using the wave numbers on which the 
peaks of the principal component contributions were found, 

referring to the works of K. K. Pandey, A. J. Pitman (2003), 
J. Grabska et al. (2021), D. S. Volkov et al. (2021).

Elemental analysis. Total organic carbon and nitrogen 
contents were determined on an ECS8020 elemental analyzer 
(NC Technologies, Italy) by high-temperature combustion 
in excess oxygen (Dumas method) in the same samples used for 
spectra acquisition. A linear calibration was obtained by ana-
lyzing an alfalfa standard (Elemental Microanalysis, UK) with 
C = 42.35 % and N = 2.91 % in the mass range of 0.4 to 4 mg. 
Each sample was analyzed in three replicates at a 3 mg sample 
mass. The standard deviation for the same sample standard 
was ±0.06 %, ±0.02 % and ±0.2 for C, N and C/N respectively.

Stand age. The age of trees was determined by the number 
of annual rings at the uppermost root. It was determined by 
cores extracted from the trunk with a Haglof age drill (Swe-
den). In this case, the number of annual rings determined 
from the core was added to the number of years required for 
the tree to reach the sample height (20—25 cm height). For 
the predominant species, the age was determined for 3—5 
typical trees, and for associated trees — for 1—3 typical trees.

Statistical processing. The results were analyzed in MAT-
LAB2022a program (MathWorks, USA): one-factor analysis 
of variance — using the anova1 function, multiple compar-
ison — using the multcompare function based on Tukey’s 
correction. The value of 0.05 was used as the threshold value 
of the confidence level.

RESULTS AND DISCUSSION

The total amount of the litterfall collected during the 
period August 27—28 to October 5—7 differed among 
sample plots (p = 0.028 for analysis of variance, N = 30). 
In general, it decreased from PP 1 (273 ± 28 g m‑2)  

to PP 6 (167 ± 24 g m‑2); values at these two PPs were the 
only ones that differed significantly in multiple comparisons 

Fig. 2. (a) Total fall in the studied sample plots for the period August 27—28 — October 5—7, 2023; (b) proportion of small-leaved 
leaves and dark conifer needles in the fall in the studied sample plots. Letters denote differences in multiple comparisons: if any two 
bars have the same letter above them, the values in these bars are not significantly different.
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(Fig. 2, a). The proportion of leaves of small-leaved species 
(aspen, mountain ash) in total fall was significantly different 
between sampling sites (p < 0.0001 for analysis of variance, 
N = 30): it decreased from PP 1 to PP 6, for which it was 
significantly lower in multiple comparisons than for the 
other PPs (Fig. 2, b). The proportion of dark coniferous 
fall (cedar, spruce and fir needles) was also significantly 
different between PPs (p< 0.0001 for analysis of variance,  
N = 30): it increased from PP 1 to PP 6, for which it was, 
on the contrary, significantly higher in multiple comparisons 
with the other PPs (Fig. 2, b). Mean L-horizon thickness 
differed significantly between PPs in August (p= 0.0182 for 
analysis of variance, N = 24), ranging from 2 to 4 cm. The 
only significant difference was between PP 2 (lowest value) 
and PP 4 (highest value). In October, the mean L-horizon 
thickness increased to 2.5—6 cm and also differed signif-
icantly between PPs (p = 0.0014 for analysis of variance,  
N = 24): for PP 1 and PP 3 the thickness was significantly 
higher than for PP 5 and PP 6.

L-horizon carbon content did not change significantly 
between PPs from October to August (p = 0.42 for analy-
sis of variance, N = 18), ranging from 44 to 50 % (Table). 
The C/N ratio in the L-horizon decreased from October 
to August for all PPs (Table), with the magnitude of the 
change in C/N between these months differing significantly 
between PPs (p < 0.0001 for analysis of variance, N = 18). 
The largest decrease in C/N was observed for PP 5 and the 
smallest for PP 3; at the remaining PPs, the values of C/N 
change were intermediate between PP 5 and PP 3 and were 
not significantly different from each other in multiple com-
parisons (Fig. 3, a). In contrast, the total N content in the 
organic matter of the L-horizon increased from October to 
August. The magnitude of change in this content was also 
significantly different between PPs (p < 0.001 for analysis 
of variance, N = 18), the differences between PPs were the 
same as for C/N: total N increased most for PP5, least for 
PP3, and for the remaining PPs the changes in total N had 
intermediate values between PP5 and PP3 and were not 
significantly different from each other in multiple compar-
isons (Fig. 3, b).

The averaged IR spectra for samples from each sample 
area collected in August and October are shown in Fig. 4. 

Principal component analysis of these spectra showed that 
in October the chemical structure of organic matter of the 
L-horizon litter gradually changed as the proportion of dark 
coniferous species increased from PP 1 to PP 5 (Fig. 5, a, 
circles), but had a fundamentally different composition 
at PP 6. Cellulose and other carbohydrates with peaks at wave 
numbers 1000—1100 cm‑1 made comparable positive contri-
butions to both principal components (Fig. 5, b). The first 

Table. Dynamics of total C, N and C/N content in litter organic matter from October (highest proportion of fresh litter) to August 
(highest proportion of decomposed litter)

Sample aera 
(PP)

Total C,% Total N,% C/N
October August October August October August

1 45.1 (0.3) 44.8 (0.3) 1.06 (0.02) 1.80 (0.03) 42.4 (0.4) 25.0 (0.2)
2 46.0 (0.3) 45.8 (0.4) 0.86 (0.02) 1.39 (0.02) 53.3 (0.3) 33.1 (0.4)
3 46.5 (0.5) 45.9 (0.3) 1.14 (0.02) 1.46 (0.03) 40.7 (0.2) 31.9 (0.3)
4 49.1 (0.2) 49.3 (0.4) 1.02 (0.02) 1.74 (0.02) 48.3 (0.3) 28.2 (0.4)
5 49.2 (0.3) 49.1 (0.3) 1.02 (0.03) 1.93 (0.02) 48.1 (0.3) 25.5 (0.4)
6 47.4 (0.4) 47.2 (0.5) 0.85 (0.02) 1.46 (0.03) 55.5 (0.3) 32.3 (0.3)

Note. The mean (standard deviation) of three analytical replicates is given.

Fig. 3. (a) Decrease in C/N ratio in August relative to October 
for the studied L-horizon samples; (b) increase in N content 
in August relative to October for the studied L-horizon sam-
ples. Whiskers indicate standard deviation, letters indicate dif-
ferences in multiple comparisons: if any two bars have the same 
letter above them, the values in those bars are not significantly 
different.
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principal component, explaining 55.2 % of the total vari-
ance, is also positively contributed by several peaks corre-
sponding to proteins and other organic compounds with 
nitrogen: amide I (peak at 1650 cm–1), amide II (1497 and 
1565 cm–1), and amide III (1235, 1326, and 1415 cm–1). 
The peaks of aliphatic alkyl groups (C-H bonds at 2850 
and 2918 cm–1), carbonyl groups (C=O at 1738 cm–1) and 
aromatic fragments (C=C, C=O and COOH in aromatic 
structures at 1617 cm–1) contribute negatively to the second 
principal component (21.5 % of the dispersion). Thus, the 
more to the right of the point on the horizontal axis, the 
greater the proportion of nitrogen-containing compounds 

in the litter, and the higher on the vertical axis, the smaller 
the proportion of recalcitrant aromatic compounds, polyes-
ters (cutin, suberin, etc.) and lignin. The highest proportion 
of cellulose and carbohydrates is contained in the L-horizons 
of those PPs, samples from which are closer to the upper 
right corner.

In August, the pattern changed fundamentally (Fig. 5, a, 
squares): organic matter in L-horizons of the most contrast-
ing objects — aspen (PP 1) and cedar (PP 6) — had similar 
characteristics, while aspen forests (PP 1, PP 2 and PP 3) 
and dark coniferous forests with insignificant participation 
of deciduous species (PP 5 and PP 6), which are at close 

Fig. 4: Averaged IR spectra of samples from the L-horizon of the studied PPs. The averaged spectrum for the sample taken in Oc-
tober (after the leaf fall) is given in blue, while the orange spectrum is for the sample taken in August (the most decomposed litter).
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successional stages, began to differ significantly in the chem-
ical structure of organic matter of L-horizons. At the same 
time, the same peaks contributed to the principal compo-
nents, they were just differently distributed among the prin-
cipal components (Fig. 5, c). The first principal component 
(75 % of the variance) was positively contributed by cellulose 
and other carbohydrates (1000—1100 cm–1) and negatively 
contributed by aromatic fragments (1617 cm–1), carbonyl 
groups (1738 cm–1), and aliphatic alkyl groups (2850 and 
2918 cm–1). The second principal component (11.3 % of the 
dispersion) is positively contributed by proteins and other 
compounds with nitrogen (amide I—III) and negatively 
contributed by carbonyl groups (1738 cm–1). Thus, the more 
to the right of the point on the horizontal axis, the greater the 
proportion of cellulose and carbohydrates and the smaller 
the proportion of recalcitrant aromatic compounds, and 
the higher on the vertical axis, the greater the proportion 
of nitrogen-containing compounds.

Differences in the composition of organic matter of the 
L-horizon litter sampled before and after leaf fall at differ-
ent stages of secondary succession are formed for two rea-
sons: due to the changing quality of incoming litter and due 

to different litter transformation. The increasing proportion 
of conifers in the stand from PP 1 to PP 6 leads to a cor-
responding change in the structure of the fall, as observed 
in other studies (Ivanova, 2021). At the same time, only 
at PP 6 (near-climax dark coniferous forest) the fall was 
formed more by dark conifers than by small-leaved species. 
Although needle fall occurs year-round, this does not change 
the pattern we found, the proportion of dark coniferous fall 
will continue to increase in the same direction from PP 1 
to PP 6. Analysis of IR spectra of the L-horizon of the forest 
floor in October (when it contains the most undecomposed 
litter) is fully consistent with the observed litterfall structure. 
The position of PP from 1 to 5 almost consistently decreases 
along the second principal component, which corresponds 
to a decrease in the proportion of easily degradable com-
ponents (cellulose and carbohydrates) and accumulation 
of stable aromatics and polyesters. This is consistent with 
the well-known fact that dark coniferous species litterfall 
contains more recalcitrant compounds than deciduous litter 
(Artemkina, 2023; Berezin et al., 2023). The position of litter 
at PP 6 in the principal horizontal axes is fundamentally dif-
ferent from the other PPs: being located to the left of all PPs 

Fig. 5. (a) Position of the spectral characteristics in the principal component axes for the forest floor samples collected in October 
(circles) and August (squares) at the studied sample areas; (b, c) absorption contribution at different wave numbers to the first two 
principal components obtained by analyzing the spectra of L-horizons collected in October (b) and August (c) at the studied sample 
areas. The dotted arrows in plot (a) show the change in the position of the spectra of samples from the same sample area from Octo-
ber to August in the space of principal components. The numbers on the graphs (b, c) show the wave numbers at which the extrema 
of the largest peaks occur, for easy identification of the corresponding functional groups.
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along the abscissa axis, it contains significantly less proteins 
and other nitrogen-containing compounds.

As litter decomposes, the proportion of relatively easily 
degradable cellulose and carbohydrates in the litter falls and 
the proportion of stable components with a higher propor-
tion of aromatic compounds increases (Cotrufo et al., 2009; 
Soong et al., 2015; Ivanova, 2021). The first principal com-
ponent in August, which explains the vast majority of the 
variance in the spectra, accurately follows this trend, as the 
peak of cellulose and carbohydrates contributes positive-
ly to this principal component, while the peaks of lignin 
(1617 cm–1) and polyesters (correlated peaks of carbonyl 
(1735 cm–1) and aliphatic alkyl (2850 and 2918 cm–1) groups) 
contribute negatively. In August, the proportion of cellulose 
and carbohydrates was lowest in the L-horizon sample PP 3, 
then increased in samples PP 2 and PP 4, then to PP 1 and 
PP 6, and was highest in sample from PP5. Comparison with 
the results for the L-horizon in October shows that the rela-
tive positions of several sample areas have changed (shown 
by arrows in Fig. 5, a). Samples from the L-horizon PP 2 
and PP 3 lost the most cellulose and carbohydrates, moving 
these PPs significantly to the left of all others in August for 
the first principal component, although they had a higher 
proportion of these components in October than samples 
from PPs other than PP 1. Conversely, samples from the 
L-horizon PP 5 and PP 6 had less easily degradable com-
ponents in October than the other PPs, and became more 
so in August. Samples from the L-horizon of aspen forest 
(PP 1), which in October exceeded samples from dark co-
niferous mature forest (PP 6) in cellulose fraction, became 
close to them by this indicator in August. Thus, the intensity 
of cellulose and carbohydrate decomposition decreased in the 
series PP 3 > 2 > 4≈ 1 > 6 > 5. In other words, the greatest 
relative decrease in the proportion of relatively easily decom-
posed cellulose and carbohydrates (and accumulation of re-
calcitrant components) occurred at the intermediate stages 
of succession, rather than at the initial stages, as previously 
assumed. Increased decomposition rates (and thus a greater 
decrease in the proportion of readily degradable substances 
in the same time) in mixed litter, compared to monospecific 
litter, have been repeatedly shown in litterbag experiments 
(Cotrufo, del Galdo, 2009; Yang et al., 2022). However, co-
niferous and deciduous litter falls on PPs 1—5 in comparable 
proportions, hence the effect of mixing of different litterfall 
types cannot explain the difference in organic matter trans-
formation between these PPs. Another possible explanation 
could be related to element stoichiometry affecting organic 
matter transformation (Zechmeister-Boltenstern et al., 2015).

In terms of the change in the total nitrogen and C/N 
content in the L-horizon from October to August, PP 3 and 
PP 5 were at different poles, as well as in terms of the change 
in the chemical structure according to the FTIR spectrom-
etry results. However, the conclusions derived from the ele-
mental composition are opposite to the spectrometry results. 
The largest decrease in C/N (observed for PP 5) generally 

corresponds to the most intense decomposition of the fallout, 
while the smallest decrease (observed for PP 3) corresponds 
to the least intense decomposition (Ge et al., 2013). This re-
lationship has been attributed to overflow metabolism, where 
microorganisms, in order to access the nitrogen limiting their 
growth, spend resources on depolymerizing organic matter 
in the forest floor, reducing the efficiency of carbon assimi-
lation (Zechmeister-Boltenstern et al., 2015). An alternative 
theory suggests that in nitrogen-poor ecosystems, preferential 
protein depolymerization controls nitrogen availability for 
microbes (Reuter et al., 2020). According to it, lower N ac-
cumulation and lower C/N increase during decomposition 
by PP 3 shows that microorganisms efficiently assimilate 
N from litter. If microorganisms have enough N, they can 
accumulate more biomass and decompose the litter more 
strongly, reducing the fraction of easily decomposable organic 
matter more than in other PPs. On the contrary, in the litter 
at PP 5, C/N decreased more strongly than at other PPs, that 
is, microorganisms are relatively less efficient in decompos-
ing proteins, so the mass fraction of N in decomposing litter 
increased more than at other PPs. It can be assumed that 
under conditions of N deficiency microorganisms in litter 
on PP 5 are less active than on other PPs and provide less 
deep transformation of litter. Thus, the change in elemental 
composition during litter decomposition may be consistent 
with the conclusions obtained from FTIR spectrometry.

The accumulation of nitrogen compounds in the L-hori-
zon at PP 5 from October to August is also confirmed by the 
results of FTIR spectrometry. However, the peaks in the 
range of 1200—1700 cm‑1 at the first principal component 
in October and the second in August cannot be unambig-
uously interpreted as peaks of amide groups I—III, since 
absorption bands of other functional groups, including aro-
matic groups, exist in this region (Pandey and Pitman, 2003; 
Grabska et al., 2021; Volkov et al., 2021). The latter seems 
to be related to the fact that the spectra of L-horizon samples 
from PP 3 and PP 5 in August are close on the ordinate axis 
(second principal component), although the content of total 
nitrogen in them is very different. In addition, the shape 
of the principal components containing the peaks of amide 
groups I—III changes from October to August, for example, 
in August the peak at 1650 cm‑1 became much lower than 
the peak at 1565 cm‑1 compared to October, which also in-
dicates that these principal components reflect not only the 
proportion of proteins in the organic matter of the L-horizon.

The analysis based on FTIR spectrometry has a several 
drawbacks. It does not allow us to determine quantitative 
differences in the accumulation of substances of a particular 
chemical structure in the L-horizon of different PPs. The 
increased proportion of polysaccharides for samples from 
PP 5 could be a consequence of the fact that spruce fall en-
ters the L-horizon mainly in the winter-spring period and, 
as a consequence, it may be less decomposed in August 
compared to October. In addition, when mineral soil parti-
cles are mixed with litter samples, they may bias the results 
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because the absorption bands of aluminosilicates overlap with 
many organic matter absorption bands (Volkov et al., 2021). 
Nevertheless, the detected differences between the sample 
areas exceed the accuracy of the method, considering the 
scatter between the made replicates (symbols of the same 
color and shape in Fig. 5, a)

There are not many works in the literature that compare 
the rate or depth of fall transformation at intermediate and 
late stages of succession of upland middle taiga forest. Sim-
ilar results were obtained by A. V. Ivanov (2015): in a mature 
(200 years) cedar-broadleaf forest, the litter-fall ratio, the 
inverse of the rate of fall decomposition, increases com-
pared to the previous stages (50, 80, and 130 years), at which 
it is not significantly different. Incubation experiments with 
spruce litter, aspen litter and their mixture also confirm that 
the decomposition rate in litter depends not only on the 
composition of the litterfall but also on the composition 
of the stand forming that litter (Laganière et al., 2010). In this 
study, the mass loss (and hence the depth of transformation) 
of spruce needle fall increased during decomposition in aspen 
forest litter compared to spruce forest litter.

CONCLUSION

Litter decomposition plays a key role in the carbon and 
mineral nutrient cycles of forest ecosystems, especially in the 
boreal climate, where the lack of these mineral elements 
limits the productivity of phytocenoses and affects the rate 
of recovery after clearcuts and fires. Although decomposi-
tion rates at different stages of recovery successions have 
been measured many times, there are relatively few studies 
of  changes in the chemical structure of litter during decom-
position. We attempted to fill this gap using FTIR spectrom-
etry, which combines the simplicity of implementation with 
the ability to compare the proportion of certain functional 
groups in the organic matter composition.

When fresh litter only enters the L-horizon, its chemical 
structure is determined primarily by the composition of this 
litter. Deciduous fall contains more easily degradable and 
less recalcitrant compounds, so in October the L-horizon 
of litter at later succession stages contains less of the for-
mer and more of the latter. The exception to this rule was 
litter in a near-climax dark coniferous forest, the L-horizon 
of which contained significantly less proteins than litter 
at earlier successional stages. If the decomposition of litter 
at different successional stages would depend solely on litter 
properties, the patterns obtained for L-horizon litter in Octo-
ber would have persisted (and probably intensified) by August. 
However, the analysis of IR spectra of L-horizons in August 
showed that the decomposition process itself at different 
stages of secondary succession proceeds differently and 
depends not only on the composition of the incoming litter. 
The strongest relative to other stages decrease in the share 
of easily decomposable and increase in the share of stable 
components occurred in the L-horizon of aspen forest with 

dark coniferous second story, i. e. at the intermediate stage 
of succession among those studied. Closer to the initial and 
final stages, these changes decreased.

A possible explanation for this pattern can be derived 
from the elemental composition of decomposing litter, which 
directly controls the functioning of decompositors’ commu-
nities. The increase in the total nitrogen content and decrease 
in C/N in the L-horizon were minimal exactly at the stage 
of succession where the strongest change in the chemical 
structure occurred. This may mean that microorganisms in 
this ecosystem extract nitrogen from litter more efficiently 
than at other stages. Since they most intensively decom-
pose N-free, easily decomposable organic matter (cellulose 
and carbohydrates), the organic matter loses both C and N 
at the same time, resulting in a smaller change in the ratio 
of these elements in the L-horizon. At other succession 
stages, microorganisms are not that efficient in depolymer-
izing nitrogen-containing organic matter in the L-horizon, 
which results in a greater relative accumulation of nitrogen 
and, consequently, a greater decrease in C/N.
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