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Abstract—Forest litter as a component of the carbon cycle in pine—broadleaved forests of different ages was
characterized. Field studies of the forest site of the Primorskaya State Agricultural Academy in the south of
the Sikhote Alin Range continued for three years. Multiple sampling of forest litter and plant litter fall and
measurements of the CO, emission from the litter and underlying soil horizons were performed on test plots.
The maximum litter pool (14.44 + 0.86 t/ha) was found in the mature stand of Pinus koraiensis; the minimum
litter pool (11.52 + 0.65 t/ha), in the 80-year-old stand. The carbon stock in the litters amounted to 3.7% of
the phytomass carbon. The rate of carbon turnover in the forest litters was relatively low in comparison with
that in other regions: the ratio of carbon pools in the litter horizons and annual plant falloff reached 3.5. The
winter season provided about 10—25% of the annual plant litter fall. The data obtained in this study describe
a part of the carbon cycle and contribute to our understanding of the ecosystem function of climate regulation
by valuable forest massifs in the south of the Far East of Russia. In this region, the decomposition of forest

litters generates the CO, flux amounting up to 16% of the total CO, emission from the soil.
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INTRODUCTION

Global climate change with an increase in the aver-
age temperature of the boundary layer of the atmo-
sphere, differently directed regional changes in precipi-
tation, and more frequent climatic anomalies is consid-
ered a powerful factor of modification of the soil
component of carbon cycle [24, 31, 37]. Every year, soils
of the globe emit about 98 + 12 Gt C into the atmo-
sphere [24], which is an order of magnitude higher than
the total anthropogenic emission (the flux of carbon
from burning of fossil fuels) [30]. Generalization of
experimental and field data attests to a continuous
increase in the emission of carbon dioxide from the
world’s soils by about 0.1 Gt C/yr [24]. Simulation
experiments based of different scenarios of global cli-
mate change yield different results. Some of them attest
to a decrease in the soil capacity for carbon storage upon
further warming of the climate [31, 37], whereas other
experiments predict the opposite tendency [28, 41].

Soil respiration in forest ecosystems playing the
major role in terrestrial carbon cycles is considered the

sum of three CO, fluxes resulting from the (a) decom-
position of soil organic matter, (b) decomposition of
forest litter, and (c) autotrophic respiration of roots
(including microbiota of the rhizosphere) [23, 32, 40].
Seasonal changes in the mean daily air temperature
that are particularly pronounced in boreal forests with
clear alternation of the periods of active plant growth
and dormancy result in different responses of these
three components of soil respiration [23, 26, 40]. A
study in a broadleaved forest in Japan [23] demon-
strated that the flux from decomposition of forest litter
has its maximum in the early spring; the flux from root
respiration, in June; and the flux from decomposition
of soil organic matter by microorganisms, in August.
Summer droughts in the zones of taiga and broad-
leaved forests inhibit the decomposition of forest lit-
ters. It was also found in this study that the considered
components of soil respiration are characterized by
different temperature coefficients Q,,: 6.0 for the
decomposition of soil organic matter, 2.3 for the
decomposition of forest litter, and 4.1 for root respira-
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Table 1. Contribution of the decomposition of forest litters to the total soil respiration in different regions of the world

Contribution of litter Data
Region Type of forest decomp.osit.ion to soil Source
respiration, %

China Pinus massoniana Lamb. plantation, 20—40 yrs. 56—61 [40]
Central Japan Larch plantations 27 [22]
Iwate Prefecture Broadleaved temperate forest with a predominance of beech 35-39 [23]
Ohio State, USA Oak forest 48 [26]
Southern China Pinus elliottii Engelm. plantation, subtropical zone 33 [39]
Oregon, USA Overmature Pseudotsuga menziesii (Mirb.) Franco plantation 19-21 [38]
Peru Tropical mountainous forest in the Andes 37 [42]
Tennessee, USA Broadleaved forest with a predominance of oak and maple 5-37 [25]
Hessen, Germany 35-year-old plantation of Fagus sylvatica L. 37 [34]
Temperate Forest zone | Review data 2—-20 [35]
North America Oak forest 23 [29]
Southern Urals, Russia | Coniferous forests 30—-60 [18]
Southern Urals, Russia | Broadleaved forests 17-32 [18]

tion [23]. The contribution of forest litter to the total
soil respiration is controlled by the climate of the stud-
ied area, the species composition of the stand, and the
carbon content in the soil [40]. Thus, to make ade-
quate predictions of the response of soil respiration in
the forest biocenosis to some changes in the climatic
parameters, we need to perform a special study with
clear differentiation of the CO2 efflux into the three
components described above.

The most comprehensive characterization of for-
est litters in mixed coniferous—broadleaved forests of
the Sikhote Alin Range was made by Sapozhnikov
et al. [16]. Chestnykh et al. [20] developed a database
on litters in forests of Russia comprising more than
900 descriptions. In recent years, several works
devoted to the CO, emission from forest litter have
been published. These studies were initiated because
of the need to predict and model the response of soil
respiration to climate changes. Long-term monitoring
studies of the respiration of forest soils in central Rus-
sia [13] attest to considerable annual variations in the
intensity of emission fluxes. The classical study by
Karpachevskii [10] demonstrated that the reserves of
litter in natural forests may vary by seasons and have a
very high spatial variability (Cv = 40%). In this con-
text, studies summarizing data obtained during several
field seasons are of particular value.

Forest litter is formed under the influence of two
oppositely directed process: the input of plant litter fall
and its decomposition. The input of plant litter fall
onto the soil surface in boreal and temperate regions is
characterized by the pronounced seasonality with a
distinct maximum in October, during the phenologi-
cal stage of leaf fall of deciduous trees. For most of
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coniferous tree species, their needle fall off is extended
in time; in some cases, two periods of fall off maxi-
mum are observed [6]. In the undisturbed forest stand,
the mass of carbon in forest litter originating from
plant litter fall is approximately equal to the mass of
carbon participating in the two fluxes from the litter,
i.e., the efflux of CO, into the atmosphere and the
outflow of carbon into the deeper soil horizons, where
it is fixed in the soil organic matter, or its removal from
the ecosystem with water runoff. According to Vedrova
[4], the major part of carbon (77—92%) is lost from the
litter with the CO, efflux. In spruce forests of the
Komi Republic, the degree of humification of plant
residues is estimated at 7% [1]. Under the equilibrium
conditions, the CO, flux related to the decomposition
of forest litter can be estimated from data on the
annual falloff. Published data on the portions of this
flux in the total soil respiration for different regions
and different forest stands are summarized in Table 1.

As seen from this table, the contribution of litter to
the CO, emission from the surface of forest soils is
highly variable: from 5% in the broadleaved forest of
Kentucky to 60% in pine plantations of northeastern
China and spruce forests of the southern Urals.
According to the literature review (12 sources), the
average value is 31.3 *+ 3.6%.

Forest litters of mixed coniferous—broadleaved for-
ests of the Far East of Russia (Primorskii region) as
elements of the carbon cycle remain insufficiently
studied [5, 6]. Plantations of Korean pine (Pinus
koraiensis Siebold & Zucc.) in the central and south-
ern Sikhote Alin are unique multispecies plant com-
munities providing important ecosystem services. In
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Fig. 1. Seasonal dynamics of the accumulated effective
temperatures and precipitation for three studied seasons.

the past century, their area in this region has decreased
from 4 to 2.5 M ha.

The aim of our study was to determine the reserves
and seasonal dynamics of forest litter, annual plant lit-
ter fall, and the contribution of forest litter to the total
soil respiration under Korean pine plantations of dif-
ferent ages in the south of Primorskii region.

OBJECTS AND METHODS

Field studies were performed on permanent test
plots representing a chronological sequence of the

IVANOV et al.

succession of Korean pine—broadleaved forest with
the ages from 50 to 200 years. The test plots were found
in the forest area belonging to the Primorskaya State
Agricultural Academy in the southern part of the Pri-
morskii region. In the scheme of the division of the
Far East according to forest-growing conditions, this
area is found at the junction of the Amur—Ussuri,
Southern Sikhote Alin, and Khasan—Khanka prov-
inces. According to the modern floristic zoning, it is
found at the boundary between cold and slightly cold
zones and the mountainous belt [33]. It is character-
ized by the monsoon type of climate typical of the
entire Primorskii region. The mean annual tempera-
ture is 4.2°C, the mean annual precipitation ranges
from 620 to 890 mm, and the mean annual relative air
humidity is 75—80%. Data on the dynamics of climatic
characteristics are necessary to identify possible rea-
sons for changes in the litter stock and plant litter fall.
Figure 1 displays the graphs of the sum of efficient
temperatures (calculated for the period of mean daily
temperatures above 0°C) and precipitation from April
1 to September 30 for three years of observations at the
Timiryazevskaya weather station located 35 km to the
northeast of the studied plots. For the considered
years, the differences in the accumulated sums of effi-
cient air temperatures were relatively small (no higher
than 100°C for the given date), whereas the differences
in precipitation were considerable. Thus, precipitation
in the spring—summer period of 2016 was two times
higher than that in the same period of 2014.

The studied forest stands are developed on typical
brown forest soils (burozems, Dystric Cambisols) [17].
Average ages of the stands on the four plots comprised
50, 80, 130, and 200 years (Table 2).

The stand on the first test plot was characterized by
post-fire succession. Therefore, pioneer tree species
constitute 60% of the stand and are represented by
birch (Betula platyphylla Sukaczev) and aspen (Popu-
lus tremula L.). All the studied plots represent the
stages of restoration succession of the Korean pine. At
the age of 80 years (plot 2), the stand contains typical
broadleaved species. According to the classification of
forest litters by Sapozhnikov with coauthors [16], the
litters in the studied stands are characterized by two
subhorizons. The A0l subhorizon is a brown-colored
compact weakly decomposed needle and leaf falloff; it
is easily separated from the underlying AO2—0O3 sub-

Table 2. Taxation characteristics of forest plantations on test plots (TPs)

No. of TP Age, yrs. Species composition N, ind./ha d,, cm G, m%/ha M, m3/ha
1 50 4K5A1B+M, O, F, E 1096 19.4 37.5 353.1
2 80 5K1F101LIMIA + E, As, H 752 22.3 37.9 342.6
3 130 5K201LIMIA + F, E, H 944 20.0 43.4 360.1
4 200 5K3FILIM + B, O, H 856 23.1 61.5 642.5

Tree species are designated as follows: K—Korean pine, F—needle fir, O—Mongolian oak, A—Manchurian ash, L—Amur lime, M—
mono maple, As—common aspen, E—mountain elm, and B—Japanese white birch. Taxation characteristics: N—stand density, d,,—
average diameter, G—absolute stand density, and M—stem wood storage.

EURASIAN SOIL SCIENCE  Vol. 51 No. 10 2018
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horizon consisting of decomposed falloff with layered
structure and densely penetrated by fungal mycelium.
Coprolites can be seen in its lower part. This subhori-
zon cannot be easily separated from the underlying
humus (A1) horizon. Such a morphology corresponds
to the falloff—raw-humus type of forest litters.

The sampling of forest litter was performed with
the use of a squared frame (25 X 25 cm) in three repli-
cates on each plot during spring—summer—fall (from
April to November) seasons of 2014, 2015, and 2016
with a frequency of one sampling per 7—15 days. The
frames were placed in the most typical places on the
soil surface at a distance of no less than 1 m from tree
trunks and fallen trees; the places with evident distur-
bance of the litter by animals, loci with bare soil sur-
face, and microlows were excluded from the sampling.
The small number of replicates (3) was compensated
for by the high sampling frequency. The thickness of
the litter was measured in three points for each sample.
The samples were placed into hermetic bags. In labo-
ratory, we determined the dry mass of the samples and
their volumetric water content; the litter storage was
calculated in tons of dry matter per 1 ha. To sample
falloff, special falloff traps of 0.8 m in diameter were
used. On plots 3 and 4 (130 and 200 years), seven fall-
off traps were installed. In 2016, plant falloff was taken
from them three times in the fall (on October 2, 16,
and 23) with the latter sampling after the end of falloff
season for deciduous trees. Additional sampling was
performed on April 15, 2017 to determine falloff from
the trees in the winter. On plot 3, the winter falloff was
only partly estimated, because some of the traps were
destroyed by vandals. Winter falloff for this plot was
calculated using data on its portion in the annual fall-
off obtained for the plot under the 200-year-old stand.
Thus, this is an expert estimate rather than the experi-
mental value. The collected samples were dried in a
drying chamber at 101°C to determine their mass in
the absolutely dry state. The weighing of the samples
was performed after they reached the constant weight.
To calculate the mass of carbon from data on the dry
mass of litter and falloff, the coefficient of 0.37 recom-
mended by the Intergovernmental Panel on Climate
Change [20] was used.

Measurements of the CO, emission from the soil
surface (soil respiration) were performed by the cham-
ber method. In 2014, they were performed 13 times in
the period from April 27 to November 3; in 2015,
17 times in the period from May 2 to October 17; in
2016, 7 times in the period from May 8 to October 2.
On each plot, eight plastic cylinders (chambers) of
110 mm in diameter and 250 mm in height were
installed into the soil along 15- to 20-m-long tran-
sects. Before measurements, they were hermetically
closed by lids equipped with air ducts. Changes in the
CO, concentration in the closed chambers were deter-
mined with the help of a portable gas analyzer with an
infrared sensor AZ 7722 (AZ Instrument Corp.) and a
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pump E 134-11-120 (Hargraves Technologies Corp.).
The time of exposure was about 4 min; the first minute
was necessary to ensure the even distribution of CO,
concentrations in the entire measuring system (cham-
ber, air ducts, and gas analyzer). Then, the CO, con-
centration was measured four times (0, 1, 2, and 3 min).
The convergence of measured concentrations during
this time was a criterion for the correctness of the mea-
surements. Simultaneously, we measured the tem-
perature of the aboveground air and the soil (at the
depth of 10 cm) using a Checktemp 1 thermometer
(Hanna Instruments). Data on the rate of changes in the
CO, concentration in the chamber, the volume of the
measuring system, the base area, and the temperature
were used to calculate the CO, emission per unit area
according to the Mendeleev—Clapeyron equation [9].

The statistical treatment of the results was per-
formed using Microsoft Excel and R-studio software.
To determine reliability of the differences between the
means, Student’s 7-test was used after the preliminary
verification of the equality of variances according to
Fisher’s criterion.

RESULTS AND DISCUSSION

Figure 2 presents data on variation in the forest lit-
ter storage under the 200-year-old stand of Korean
pine during three seasons. The intraseasonal changes
of the litter storage take place under the impact of its
continuous decomposition by microorganisms and
supply with new falloff. The most active loss of litter
takes place in the second half of summer, when mean
daily air temperatures reach their maximum. For
xylotrophic basidiomycetes—the main destroyers of
dead organic material in forest ecosystems—tempera-
ture is the major limiting factor [14]. The mass leaf
falloff in October together with falloff of twigs,
branches, and bark compensates for the decomposi-
tion of forest litter, so that the maximum litter storage
is observed from November to March. Our data do not
allow us to estimate the loss of litter owing to its decom-
position in winter. According to other studies [21], it
may reach about 10%.

The dependence of the forest litter storage on the
age of tree stands was proved to be similar for the stud-
ied seasons (Fig. 3); interannual changes in the litter
storage on all the plots also had close patterns.
According to the earlier published data, the average
litter storage in the pine—broadleaved forests of the
Primorskii region is about 20 t/ha [15] (Verkhnechu-
guevskii experimental station of the Far East Branch of
the Russian Academy of Sciences in the central Sik-
hote Alin); the average value for Korean pine stands is
14 t/ha according to Zolotarev (cited from [19]).

In 2015, the storage of forest litter on all the plots
was lower in comparison with that in 2014. In the
130-year-old and 200-year-old stands, this decrease
was estimated at about 3 t/ha of dry matter, or 17—18%
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Fig. 2. Seasonal dynamics of the litter stock in the 200-year-old Korean pine stand.

of the litter storage. Karpachevskii [10] reported on an
even higher interannual variability of litter storage in
coniferous forests of the Russian Plain. This may be
explained by differences in weather conditions of the
considered seasons. Thus, precipitation in 2014 was
low, and the plants developed under relatively dry con-
ditions, which became the reason for the high falloff of
Korean pine and fir species and for a sharp decrease in
the intensity of litter decomposition. It can also be
supposed that the decrease in the forest litter storage in
2015 was related to a smaller falloff, because needles of
previous years were subjected to the intense falloff in
2014. An increase in the forest litter storage in 2016 was
a consequence of more active falloff (in comparison
with that in 2015), on the one hand, and the strong
typhoon in August—September 2016, when it rained
for two weeks, which slowed down the decomposition
of litter, on the other hand. The coefficients of varia-
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Fig. 3. Relationships between the average litter stock and
the age of Korean pine stands for the studied seasons
2014-2016.

tion in the litter storage for different plots during the
studied years were 7.7—10.1%; within the particular
plots, they were from 5.5 to 8.4%.

The differences in the forest litter storage for most
of the plots were statistically significant (p < 0.05)
(Table 3). The comparison of the plots was based on
the entire sets of data obtained during the three sea-
sons.

Data on the litter storage were used to calculate the
pools of carbon in the litter horizons. For the 50-year-
old stand, the carbon pool of litter comprised 4.25 *+
0.13t C/ha; for the 80-year-old stand, 4.21 = 0.11t C/ha;
for the 130-year-old stand, 4.59 + 0.16 t C/ha; and for
the 200-year-old stand, 5.25 £ 0.19 t C/ha. The pools
of carbon in the aboveground phytomass of the stands
on the studied test plots were estimated earlier [8]. The
carbon storage in the litter on the four studied plots
was estimated at 3.7, 3.8, 3.7, and 3.7% of the carbon
storage in the aboveground phytomass. For the south-
ern part of the Primorskii region, a positive correlation
between these two pools of carbon in Korean pine
stands is observed: with an increase in the carbon pool
of the aboveground phytomass, the carbon pool of lit-
ter also increases, so that the ratio between these two
pools remains virtually stable.

On the plots under 130-year-old and 200-year-old
stands, plant falloff was sampled in the period from
September 1, 2016 to April 20, 2017. The falloff value
for the spring and summer seasons was taken equal at
15% of the annual falloff according to the earlier esti-
mate by Sapozhnikov et al. [16] (Fig. 4).

A larger part of the annual litter fall enters the litter
in the autumn (64%); the litter fall in the winter and
spring seasons reaches 21% of the annual litter fall and
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is mainly represented by the needle falloff of Korean
pine and fir.

The ratio between the pools of litter and annual lit-
ter fall is characterized by the litter stock-to-litter fall
coefficient; for the studied plots, it reached 3.5. This is
a relatively small value for the forests of Russia. Thus,
according to Bobkova with coauthors [2], this coeffi-
cient in the mature spruce forests of the Komi Republic
reaches 27. With respect to the world forests, the
obtained value of the litter stock-to-litter fall coeffi-
cient attests to the slow decomposition of litter (the
coefficient is >1) [27]. According to Sapozhnikov
et al. [16], this coefficient for Korean pine stands in
the Primorskii region varies from 3 to 5. The annual
influx from litter fall on the plots with 130-year-old
and 200-year-old stands amounted to 4.28 + 0.18 and
4.13 = 0.29 t/ha, respectively. Earlier, we tried to esti-
mate annual litter fall on the basis of allometric equa-
tions linking the phytomass of the leaves to the breast-
height diameter of the trees d, ; [6]. For this purpose,
we used the data obtained by Kasatkin et al. [11, 12] in
the stands of the forest site of the Primorskaya Agri-
cultural Academy. The estimates obtained by this
method for the 130-year-old and 200-year-old stands

Table 3. Significance of differences between the mean
stocks of forest litter on test plots with different ages of forest
stands (z-test)

Stand age, yrs.
Stand age, yrs.
80 130 200
50 0.8188 0.10280 0.00006
80 0.04854 0.00012
130 0.01095

EURASIAN SOIL SCIENCE  Vol.51 No. 10 2018

1169

were 4.23 and 3.64 t/ha, i.e., they differed from the
experimental values by 1 and 12%, respectively,
which attests to the adequacy of the allometric calcu-
lations. We plan to confirm this statement via long-
term year-round observations over the litter fall on all
the test plots.

Measurements of the soil respiration by the cham-
ber method [7] were performed simultaneously with
the litter sampling in the same areas. The results of
these measurements in 2016 were used to calculate
annual carbon efflux from the soils of the studied
stands. For the 130-year-old and 200-year-old stands,
they comprised 69.08 and 93.75 mole C/m?, respec-
tively. To determine the contribution of litter to the
total soil respiration, we supposed that the influx and
efflux of substances for the litter horizon are balanced,
because an increase in the litter storage with the tran-
sition of the forest stands to overmature state was
weakly pronounced and comprised 0.02—0.03 t/ha in
the interval from 130 to 200 years. The annual flow of
carbon from the litter to the soil organic matter was
taken equal to 10% of the influx of substances from the
annual falloff according to [3, 4]. The remaining part
of the annual litter fall (90%) was recalculated into the
carbon equivalent mass using the coefficient of 0.37
[20]. As a result, we obtained that the fluxes of carbon
from the forest litter in the 130-year-old and 200-year-
old stands comprised 11.83 and 11.42 mol/(m? year),
or 16 and 12% of the total soil respiration, respectively.

CONCLUSIONS

Korean pine forests in the southern Sikhote Alin
Range are characterized by a considerably smaller
contribution of forest litters to the carbon efflux from
the soil surface in comparison with that in forests of
other regions. This difference may be related both to
the difference in methodological approaches for the
assessment of fluxes from litter decomposition (with
application of destructive and nondestructive meth-
ods) and to the specificity of the Korean pine—broad-
leaved forests as the object of our study in the south of
the Far East. The botanical specificity of this region
consists of the development of the elements of the
Okhotsk (northern) and Manchurian (southern) flora
under conditions of the monsoon climate, which is
reflected in the structure of the phytomass of forest
stands and its impact on the organic matter turnover
and pedogenic processes.
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