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Abstract: Invasions of dendrophagous insects pose major threats to forest ecosystems and to the
timber industry. The alien species bark beetle Polygraphus proximus Blandf. of Far Eastern origin
has caused Siberian fir dieback in vast areas within several regions of Russia. Rapid spread of the
pest and its outbreaks raise the issue of preserving the most important functions, including carbon
sequestration, by the damaged forests. In this study, monitoring of carbon pool dynamics was carried
out during 2012-2023 on four sample plots showing various degrees of damage in the southern
taiga zone of Western Siberia in the Larinsky Landscape Reserve. Dynamics of the forest stands’
vitality were reflected in a rapid decline of the number of viable trees and an increase in amounts
of deadwood, debris, and soil composition, resulting in a transformation of the natural biological

carbon cycle in the native dark coniferous ecosystems.
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1. Introduction

Worldwide, forests represent up to 80% of aboveground carbon (C) and ~240% of un-
derground C [1,2]. The preservation of C in forest ecosystems is imperative for mitigating C
emissions and combating climate change [3]. Nonetheless, the risk of C emissions triggered
by forest disturbances must be taken into account when C budgets are estimated [4].

In recent decades, the rate of forest C sequestration has slowly declined due to the
increasing frequency and magnitude of disturbances (e.g., wildfire), leading to abrupt
and/or gradual transfers of C to the atmosphere and to dead organic matter pools. Foresters
and ecologists worldwide have been detecting the dieback of conifers across the boreal
zone [5-9]. The ongoing deterioration of the condition of dark coniferous forests in Russia
is influenced by the increasing frequency of extreme natural phenomena, mostly related to
climate change (e.g., high temperatures, droughts, fires, and strong winds). Deterioration
of the condition of forest stands is also due to aerotechnogenic impacts, unfavorable local
climatic and soil conditions, the substantial age of forest stands, the spread of fungal and
bacterial diseases, and outbreaks of insect pests [5,10-12].

The loss of forest stands resulting from natural processes is rapidly worsening due
to another problem that has been widely recognized around the world, that is, alien pest
invasions, which pose a serious threat to biodiversity and ecosystem functioning [13-15].
Over the past three decades, the presence of several alien species of dendrophages in Russia
have led to considerable environmental and economic losses and resulted in negative social
consequences [16].

One example of the consequences of the penetration of such alien species into new
territories is the invasion by the four-eyed fir bark beetle Polygraphus proximus Blandf.
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(Coleoptera: Curculionidae, Scolytinae), an endemic pest from the Far East. This has
resulted in rapid drying out of the Siberian fir Abies sibirica Ledeb. in large areas, from the
East European Plain to the south of Eastern Siberia, in only a few decades [17-20]. Despite
the known possibility of development of the alien bark beetle on various representatives of
the family Pinaceae in forests, it has been found almost exclusively on Siberian fir [21]. In
forest stands, weakened trees are colonized first. At high abundance, these beetles cause
the death of healthy fir trees in 2-3 years [21]. The rapid increase in the abundance of
pests in forest stands is associated with the presence of two generations per season, the
re-emergence of females, and sister brood establishment [21,22]. The preferred trees for P.
proximus are those with a diameter of 9-22 cm but, at high abundance of the pest, large
undergrowth is also colonized, and thicker trees are occupied together with the native
white mottled sawyer Monochamus urussovi Fisch. [23].

The factors that have led to the rapid spread of the bark beetle in the region of
invasion are the absence of effective mechanisms of resistance of Siberian fir to symbiotic
ophiostomatoid fungi spread by this pest, favorable climatic conditions for the beetle in its
new habitat, and the existence of vast territories dominated by fir [12,17,18,23,24].

Previously, it has been demonstrated that forest canopy transformations provoked by
a P. proximus outbreak cause significant qualitative and quantitative changes in the biota,
thus serving as an important factor in the latest zoogenic successions in dark coniferous
ecosystems of the Siberian taiga [25]. The death of native dark coniferous forests caused
by P. proximus (similar to cases presenting striking examples of extensive outbreaks of
other aggressive dendrophages) is also accompanied with environmental risks associated
with forest communities losing their most important functions, namely, water protection,
environment formation, and carbon sequestration. In this context, an important and
insufficiently studied issue is the quantitative assessment of the time course (dynamics) of
these functions. Assessment of the levels of carbon sequestration capacity of stands before
and after an alien pest outbreak and the rate of transition of carbon stored by wooden
phytomass into dead organic matter (debris) are of particular note, as well as the response
of soil mineral layers to these rapid ecosystem transformations.

The purpose of this study was to analyze the impact of an alien bark beetle on the
condition of trees and carbon pool dynamics in woody phytomass and in soil by means of
a case study of disturbed forest stands in the Larinsky Landscape Reserve during a 12-year
period of monitoring.

2. Materials and Methods
2.1. Study Area

The study was conducted on four permanent sample plots established in the Larinsky
Landscape Reserve, located at 56°12'43" N, 85°02/20” E, which has regional significance as
part of Kolarovskiy District forestry within Tomsk forestry, Kolarovskoye stow. This reserve,
with a total area of 1686 hectares, is located in the south of Tomsk Oblast, on the Tom-Yaya
interfluve in the lower reaches of the Tugoyakovka River (the right tributary of the Tom
River), and contains a reference section of a transition zone from the flat southern taiga to
the mountain taiga of the Kuznetsk Alatau, with patches of indigenous dark coniferous
forests dominated by Abies sibirica Ledeb. The maximum height is 180 m above sea level
(Figure 1). The climate of the study area is continental cyclonic with long cold winters and
short hot summers, and is transitional between the temperate continental Russian Plain
and the sharp continental climate of Eastern Siberia. The average annual temperature is
—0.9 °C and the frost-free period is 110-120 days. Winter is harsh and long. The average
January temperature is —17.1 °C and the average July temperature is 18.7 °C. The annual
precipitation is 568 mm and most of it falls within the warm period of the year.
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Figure 1. The map of survey sites in the study area.

Since the 1950s, the territory of the reserve has remained unaffected by the anthro-
pogenic impact and stressors such as outbreaks of aboriginal pests, massive windfalls, and
storm damage [25]. As a starting point for the state of the tree cover (when tracking the
dynamics of its changes caused by the pest invasion), we used data from the inventory of
forest stands that was carried out in the reserve before the development of the P. proximus
outbreak. Dendrochronological analysis of the longest-dead (including fallen) trees in
this stand with characteristic signs of P. proximus infestation had previously shown that
the drying out caused by the alien bark beetle in this stand began no later than 2005 [26].
Considering that all areas were located at a distance an order of magnitude less than the
dispersal flight range of P. proximus, they can be attributed to one outbreak focus and one
population of the pest [21,25].

In 2012, in the parts of the reserve with various magnitudes of the disturbance caused
by the P. proximus outbreak, permanent sample plots of 0.15-0.25 ha were established that
contained at least 100 dominant trees in the main canopy, for which stand inventory was
carried out (diameter at breast height [DBH], height, age, completeness, and quality class).
Tree-by-tree surveys were repeated in the years 2018 and 2023. The inventory characteristics
of the analyzed tree stands, according to the latest survey (in 2023), are given in Table 1.
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Table 1. Inventory data of stands in the sample plots.

No. Sample Area, Stand Total Number of Nt{mber of Live Stand Total Stand Average Age, Average Average Height, = Quality Stand
of h Composition * Tr h Living Trees, Volume, Volume, Year Diameter, cm n cl Densit
Sample Plot a ompositio ees, pcs/ha pes/ha m3/ha m3/ha ea iameter, ¢ ass ensity
Dead
forest
stand:
75F ** 485 25 4 372 94 28.6 £ 0.9 24.1+09 0.007
13SP 25 5 3 78 160 59.0 +12.3 250+ 0.4 0.004
11S 30 20 15 35 120 493 + 8.1 240+1.9 0.04
1P 10 10 5 5 255+ 1.6 20.8 £0.9
Single
1-12 0.2 trees 4 11
76S 20 20 4 4 47.6 £9.1 234 +21
9F 25 25 3 3 184 +1.2 16.2 £ 04
9P 10 10 15 15 255+ 1.6 20.8 £ 0.9
6SP 5 5 5 5 28 24
2 layer:
98F 655 655 38 38 11.0+£0.3 84+0.3 0.28
2S5 15 15 0.6 0.6 109+ 1.6 92+17
53F; 308 172 126 229 68 289+ 1.3 219+ 0.5 0.34
5F; 456 200 12 26 143+ 0.5 13.1+05 0.07
2-12 0.25 225P 56 24 53 142 150 47.0 £ 4.2 23.0£1.2 I 0.09
18S 44 36 42 43 33.3+4.1 233+18 0.10
2B 12 12 5 5 35 181+74 13.6 £ 3.1 0.03
535, 112 84 124 149 107 38.7 +£4.9 24.6 +0.9 0.12
26SP 32 28 61 65 133 442 +39 239 +09 0.10
11F; 140 32 35 112 106 349+ 3.1 229+1.3 0.09
312 0.25 7P 20 16 18 19 120 37.1+24 248+ 0.4 I 0.05
2F, 212 84 4 16 65 94+ 0.6 94+ 0.6 0.03
15, 20 20 1 1 63 101+ 1.1 100+ 14 0.01
54SpP 13 13 112 112 175 985+ 1.5 275+0.1 0.16
26F; 350 88 51 283 108 273 +£21 20.1 £0.9 0.15
412 0.16 155 37 31 31 23 39.0 + 2.8 242406 1 0.08
5F, 524 231 10 38 53 10.6 £ 0.5 84+04 0.04

The arithmetic mean values + standard error of the arithmetic mean is given

* The share of participation of each tree species in the total volume of the forest stand (%). ** F: Abies sibirica Ledeb., SP: Pinus sibirica Du Tour, S: Picea obovata Ledeb., P: Pinus sylvestris L.,
B: Betula pendula Roth., Fi and F,: the first and second generation of fir, S; and S;: the first and second generation of spruce. *** Composition of a sparse stand.
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Investigating the influence of a pest on forest ecosystems first involves assessing the
vitality of trees to determine the degree of degradation of forest stands at the time of the
survey and identifying dynamics and environmental consequences of the invasion. For
this purpose, in the sample plots, each tree with a diameter of 6.1 cm or more was labeled
with a number, which allowed us to track their condition over a long period during the
monitoring surveys.

Each tree in a forest stand was assessed according to a set of visual characteristics,
using a scale of vitality categories that was created taking into account the relationship
between the alien pest and its host tree species [25]. During the assessment of the tree
condition by means of this scale, equivalent weights were given to specific features of
the tree crown, the trunk, and internal features. The final evaluation of a tree’s state was
determined according to the worst grade (in a category) recorded in at least one of the
groups of features.

The comprehensive assessment of the condition of forest stands on the sample plots
was conducted through determining the proportion (%) of trees belonging to various
vitality categories. This calculation was based on the cross-sectional area of trunks at breast
height (1.3 m) for each category. Within a forest stand, the proportion of trees in a certain
state was calculated on the basis of the following: the simplest calculation method by
means of the number of trunks was considered unreliable [27]; the technique based on
the volume of trunks was more accurate but required more effort. As a compromise, the
method of areas of cross-sections was used; this is related to the volume of trunks [27,28].

Vitality category I corresponds to healthy trees, II to weakened trees, and III to heavily
weakened trees. Trees in categories I, II, and III are viable (maintaining the basic functions
of living trees), those in category IV are dying, category V comprises trees that died in the
current year (recent dead trees), and category VI comprises trees that died in previous years
(long-dead trees). Detailed descriptions of the characteristics of each category are given in
Appendix A. To show the speed of accumulation of windfall trees and storm-damaged trees
in forest stands damaged by the pest in question during the observation period, category
VII was introduced: “fallen trees”.

2.2. Evaluation of Dynamics of the Wood Phytomass Pool

Core samples from representative trees were taken from at least 10% of all trees on each
sample plot using a Pressler incremental drill [29]. Dendrochronological analysis (radial
growth, the total radius and diameter of the trunk excluding bark, and the percentage ratio
of radial growth to the total radius) was performed on LINTAB 6 in TSAP-Win Professional
4.64 software.

The phytomass of forest stands was calculated via an allometric model designed to
assess carbon reserves and annual carbon sequestration according to V.A. Usol’tsev [30]:

InP,=a94+ayInH+a,InDBH (1)

where P; is the phytomass in the absolutely dry state of trunks (with bark), of the branch
skeleton, of needles (foliage), of aerial parts, and of roots (Ps, Py, Py, Pq, and P;, respec-
tively), kg; H is tree height, m; DBH is trunk diameter at breast height, cm; a, a1, and ap
are regression coefficients calculated from empirical data for forests of Northern Eurasia
through taking into account the species affiliation, age, and growth conditions of tree
species [30,31].

Assessment of phytomass stocks in each fraction (trunk, skeleton of branches, nee-
dles/foliage, and roots) of trees was performed on 696 trees in the 2012-2023 period.
Determination of the carbon content of the main forest-forming species was performed on
113 samples of the wood fractions under study: the trunk, branches, roots, and leaves/needles.

2.3. Debris Stock Assessment

The survey of large woody debris was carried out only in 2023 on eight survey plots
(two per sample plot) measuring 10 x 10 m. During the setup, survey plots were chosen so
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that they were at least 15 m away from edges of a sample plot and so that the distribution
of debris on a survey plot was uniform.

When the wooden mortmass was registered, all above-ground woody remains (stumps
and dead standing trees) and fallen woody remains with a diameter of 4 cm or more were
recorded. For all samples of debris, the following were registered: species, DBH for dead
standing trees, and two diameters for fallen trees (any part of the woody debris that
was outside the perimeter line was ignored); for stumps: the diameter at the root neck
and at the top; for dead standing trees and stumps: height, length of fallen trunks and
branches, and degrees of decomposition [32,33]. The volume of stumps and fallen trees
was calculated using the truncated-cone formula. Volumes of large woody debris were
summed up by species and by decomposition degree. The degree of decomposition from 1
to 5 was determined by means of several external signs such as decrease in wood density,
the presence and degree of decomposition due to saprotrophic organisms, humification,
and colonization by mosses, lichens, and higher plants of the ground cover [34].

The density of samples at various degrees of decomposition was determined through
measurement of the buoyancy force of the samples immersed in water [33].

2.4. Soil Analysis

Soil analysis was carried out using soil sections. Surface litter was collected separately.
Mineral samples were collected from the front wall of a soil profile, in a continuous column
atevery 5 cm, taking into consideration the spatial variation of genetic horizons. All samples
were placed in plastic bags. To quantify the moisture content under natural conditions
and to calculate soil density, additional sampling of mineral horizons was performed by
means of a cutting ring (to obtain a core sample 4 cm high and 4 cm in diameter) [35,36].
In total, 9 soil sections were designated in the study area, and more than 150 organogenic
and mineral samples were taken from them to determine the general properties, reserves
of nutrients, and root density. In addition, samples from the sample plots were collected
in triplicate using a soil drill within a continuous column at 10 cm intervals to a depth of
200 cm. The samples were transported to the laboratory, where they were homogenized:
all visible mineral components (soil lumps and stones) were removed from organogenic
samples, and the roots were removed from mineral samples. All samples were air-dried
and stored in plastic bags. The soil section of sample plot SP 3 was excluded from the
analysis because the site is located on a slope, and also owing to signs of turbation processes
in the soil profile.

2.5. Sample Preparation and Chemical Analysis of the Wood and Soil Samples

The preparation of wood samples for carbon quantitation was as follows: first, the
wood samples were dried at room temperature for 24 h, and then they were ground in a
laboratory mill. Each ground sample was passed through a sieve (less than 1.2 mm) to
eliminate large sawdust, and then passed through the mill and the sieve again. This process
was repeated 2-3 times to obtain sawdust of uniform size, after which the homogenized
sawdust was dried at 60 °C for 24 h, placed in a labeled paper bag, and subjected to analysis.

The total carbon content of wood samples was determined via elemental analysis
coupled with isotope ratio mass spectrometry [37] on a DELTA V Advantage isotope
ratio mass spectrometer combined with a Flash 2000 elemental analyzer (Thermo Fisher
Scientific, Bremen, Germany). Measurement of the percentage content of total carbon
was based on instantaneous combustion of a sample (weighing ~ 0.450-0.500 pg) in an
oxidation-reduction reactor. Samples packed into tin capsules were burned at 1020 °C in
a flow of a carrier gas (high-purity helium, purity of at least 99.9999%, at 250 mL/min)
with simultaneously supplied pure oxygen (at 180 mL/min). The obtained CO; in the
helium flow passed along the capillary into the DELTA V Advantage mass spectrometer
through a Conflo IV gas-distributing system. Before the start of the analysis, three to
five measurements of standards [[AEA-600 (caffeine), IAEA-CH-3 (cellulose), and EMA
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P2 (certified reference material)] were carried out. The standard deviation of the carbon
percentage measurements did not exceed 0.1%.

Percentage contents of total nitrogen and total carbon in soil samples were deter-
mined on an EMA 502 elemental CHNS-O analyzer (VELP Scientifica, Usmate (MB), Italy).
Samples were burned at 1030 °C in a combustion chamber to obtain elemental inorganic
compounds. After the combustion, the gases in the carrier gas flow (high-purity helium,
purity of at least 99.9999%) entered the column where the components were separated.
Quantitative analysis of the elements present in the gas mixture was performed using a
thermal conductivity detector. The measurement error was no more than 0.2%. To analyze
soil samples, a preset “Soil method” [38] with the following parameters was employed:
gas chromatographer oven temperature, 55 °C; minimum volume of O, 10 mL; MFC; and
MEFC, He flow rates, 120 and 140 mL/min, respectively; O, flow rate, 300 mL/min; O,
factor, 0.7 mL/mg; weight of a sample, 10-20 mg.

2.6. Statistical Analysis

Basic descriptive statistics of the study sample (e.g., the mean of a characteristic, error,
and variance) were obtained using Microsoft Excel 2016. In the STATISTICA 10 software
package, the normality of the distribution of data was tested using the Shapiro-Wilk and
Kolmogorov-Smirnov tests. The distribution was not normal in most cases, and therefore
nonparametric methods were chosen for the data processing. For calculating a correlation
between parameters of debris, Spearman’s coefficient was used. Comparisons of wood
phytomass between the initial, transitional, and final stages of stands were made using
Friedman ANOVA and the Kendall coefficient of concordance. In all the statistical analyses,
the significance level (p) was set to 0.05.

3. Results and Discussion
3.1. The Time Course of Vitality of Forest Stands

Since the last inventory in the surveyed stands, significant changes have been noted in
the wood stock of growing Siberian fir trees (x?2 (N =4, df = 3) = 8.38, p = 0.04), due to the

avalanche-like rate of their death caused by P. proximus (Figure 2).
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Nonetheless, despite the consistency of changes in vitality between forest stands
(Kendall coefficient of concordance = 0.7), the level of tree mortality by 2012 varied widely
between sample plots from mild to complete death of fir trees. In a completely degraded
forest stand (sample plot SP 1-12), 99.8% of standing trees were dying or dead at the time
of the survey in 2012.

Apparently, the initial outbreak focus of the bark beetle in the reserve emerged pre-
cisely at this point. Here, throughout the entire observation period, only active accumula-
tion of fallen trees was noted: from 7% in 2014 to 51.6% in 2021.

High degradation at the time of the initial analysis was also noted in fir stands of
different ages on sample plots SP 3-12 and SP 4-12. Here, trees of the second generation
were more damaged than those of the first. Well-pronounced weakening of fir trees was
also observed in a forest stand on SP 2-12, which is the youngest of all surveyed plots
(Table 1).

Analysis of data on the state of trees in forest stands showed that relevant processes
in the investigated forest stands developed according to similar scenarios. Even at the
beginning of this study in 2012, an unsatisfactory condition of forest stands was detected
due to massive death of trees in previous years under the action of P. proximus. During
further observation, there was only a worsening of the negative trends, as evidenced by
an increase in the proportion of weakened, heavily weakened, and dead trees, as well as a
massive accumulation of fallen trees in the preceding years, mainly owing to the breaking
and falling of dead standing trees.

The peak of mortality (the sum of dying trees and recent dead standing trees at a given
time point) occurred in 2013 on all sample plots (Figure 2). The rapid rate of death of fir
trees during this period is explained by a substantial increase in air temperature in the
summer of 2011 and the dry and hot weather in 2012, which had a negative influence on
the physiological state of the trees and helped to increase the abundance and harmfulness
of P. proximus [12].

The fastest rates of degradation during the observation period were identified in the
years 2012-2014; next, massive accumulation of fallen trees was noted, and in some years,
drying out of only a few trees was observed. Recent dead wood initially accumulated
from a cohort of weakened small trees that were the first to die as a result of bark beetle
colonization. A similar pattern in the development of foci has also been noted in stands of
Abies veitchii Lindl. (1861) for P. proximus in Japan [39]. As a rule, a gradual decline in stem
pest outbreaks is mediated by depletion of the food supply (in the outbreak foci) consisting
of susceptible trees and unfavorable weather conditions [12,40].

Successional dynamics on the studied plots led either to complete degradation of a
maternal canopy (SP 1-12), where open space emerged, or to severe thinning of a forest
stand (SP 2-12 and SP 4-12). The best preservation of the forest environment was observed in
mixed forest stands owing to the participation of other tree species (SP 3-12). As previously
shown, outbreak foci of this pest develop most rapidly in monospecies tree stands, and the
rate of fir die-off is inversely proportional to the share of the accompanying tree species [23].
Here, despite the predominance of dead standing fir trees in the vitality spectrum, the
preservation of the forest ecosystem was ensured by viable trees of cohabitating species.

Nonetheless, on all analyzed plots, by the year 2023, a change in the vitality profile was
observed (i.e., a slight increase in the proportion of viable fir trees); this can be explained
by processes of restoration of the damaged forests through undergrowth of advance regen-
eration. For instance, in the dead forest stand on plot SP 1-12, processes of restoration of
fir trees by young stock were noted; these accounted for ~18% of the total fir stock on the
sample plots (Tables 1 and 2, Figure 2).

Due to the rapid rate of degradation of forest stands under the influence of P. proximus
and to the accumulation of a large number of dead standing and fallen trees in the stands,
there was a qualitative transition of the carbon sequestration function from a live component
of ecosystems to a dead one.



Forests 2024, 15, 542 90f 19
Table 2. Dynamics of some inventory parameters of forest stands.
Stand Total
Year of No. of SP Stand Composition Stan'd Volume, Number of
Research Density 3
m°/ha Trees, pcs/ha
1-12 75F13SP11S1P * 1.1 490 540
Before 2-12 59F32SP8S1B 1.0 426 752
invasion 3-12 45534F,5F,10SP5P 1.0 300 412
4-12 57F16F,;20SP14S3AS 1.0 506 760
Single trees **
1-12 50SP44S3P1E 0.2 123 75
2012 2-12 425P47F10S1B 0.8 333 444
3-12 52525F;14SP8P1F, 0.5 219 228
4-12 355P44F;2051F, 0.6 291 259
Single trees **
1-12 50SP44S3P1F 0.2 123 75
2018 2-12 45SP42F1251B 0.7 334 412
3-12 54520F15SP10P1F, 0.5 199 180
4-12 555P25519F; 1F 0.5 251 153

* F: Abies sibirica Ledeb., SP: Pinus sibirica Du Tour, S: Picea obovata Ledeb., P: Pinus sylvestris L., B: Betula pendula
Roth., AS: Populus tremula L., F; and Fy: the first and second generation of fir. ** Composition of a sparse stand.

3.2. Dynamics of the Woody Phytomass Pool

On the sample plots, S. caprea is extremely rare in the species profile (two trees on
two sample plots with a total weight of 460.1 kg); therefore, according to the IPCC guide-
lines [41], the carbon content of living wood was calculated and found to be 50%. For other
species, it was empirically found that the C content varies from 47.41% for birch to 51.47%
for Siberian pine. Upon examination of wood fractions, the C content proved to be the
lowest in the needles of Scots pine (42.54%), whereas the highest C content was detected in
branches of Siberian pine (53.46%) (Appendix B). Our data indicate a higher C content (by
an average of 1%) in dark coniferous species compared to deciduous species, in agreement
with results reported in the literature [42].

After a comparison of the results of allometric modeling to the elemental carbon
content of the analyzed wood fractions from the several species under study, a quantitative
estimate of the reserves of carbon was obtained. Throughout the entire study period, the
total reserves of carbon sequestered by forest stands increased by 5.45% or 18.91 t/ha
(Figure 3).

The increase in carbon reserves on the plots was implemented mainly by Siberian pine
and fir, whose proportion of the total amount of carbon deposited in forest stands in the
year 2023 was 85.87%.

Despite the increase in deposited carbon within forest stands, the phytomass of vi-
able trees (vitality categories: I-1II) was decreasing overall from 373.56 t/ha in 2012 to
337.79 t/ha in 2023. The dynamics of the proportion of viable trees differed among sample
plots. For plot SP 1-12, where viable trees in 2012 constituted only 22.25%, their proportion
diminished to 16.79% in 2018, owing to the death of mainly Siberian pine and spruce.
Despite the transition of fir undergrowth into the main layer in the 2018-2023 period, the
proportion of viable trees is currently only 18.26%. SP 2-12 is characterized by a grad-
ual reduction in the proportion of trees in vitality categories I-III from 83.11% in 2012 to
61.63% in 2023. The main losses in tree stand phytomass affected Siberian pine and fir:
Siberian-pine phytomass in the year 2012 decreased by 64%. In spruce-fir stands on SP 3-12,
between the years 2012 and 2018, a gradual decline in the proportion of viable trees was
detected, i.e., from 77.8% to 62.12%. These dynamics are due to the death of fir stands and
partly due to recent spruce deadwood. In this area of the forest, an outbreak of the fungus
Heterobasidion annosum (Fr.) Bref. was identified; this causes destructive rot of the root
system, which led to a partial fall of spruce under the conditions of a slope. Nevertheless,
on this sample plot, we registered an increase in the ratio of live phytomass of forest stands
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to mortmass of dead standing trees because of the preservation and increase (since 2019)
of the phytomass of mainly spruce and Siberian pine owing to the growth of trees as well
as the emergence of undergrowth into the main layer. On SP 4-12, there was a gradual
decrease in the proportion of viable trees from the year 2012 (51.85%) to 2018 (38.78%),
owing to the death of fir; phytomass diminished by 63%. Since 2018, however, because of
the emergence of fir undergrowth into the main layer and the growth of Siberian pine, the
proportion of viable trees increased by 8.27%.

/.
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/o——o——-o-—-o——o——o’

o>}
o

.
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Carbon stock, t/ha
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Figure 3. The time course of carbon in wood phytomass and mortmass on the sample plots

under study.

A decrease in the vitality of trees in a forest stand directly causes a reduction in the
carbon accumulation function of forest communities. In addition, the negative dynamics
of sequestration potential among the species present in the forest stands in question were
associated primarily with the death of Siberian fir as a consequence of damage by P.
proximus and with the mass death of Siberian pine (observed in the past few years) under
the action of another invasive bark beetle, i.e., the small spruce bark beetle Ips amitinus
Eichh. (Coleoptera: Curculionidae, Scolytinae) [43]. For instance, the phytomass of viable
fir diminished by 42.11 t/ha from 2012 to 2018. Nonetheless, due to the transition of some
young trees into the main canopy, by the year 2023, phytomass indicators of live fir trees
reached the values of 2012. For Siberian pine, there was a rapid reduction in phytomass
having sequestration ability. According to our findings, despite the increase in deposited
carbon reserves due to annual growth, the proportion of viable Siberian pine trees decreased
by 29.29%, i.e., in phytomass equivalents, from 154.34 t/ha in 2012 to 109.13 t/ha in 2023.
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Throughout the entire observation period, there was an increase in the phytomass of
viable spruce trees from 71.81 to 75.17 t/ha. Positive dynamics of phytomass were also
documented for birch, willow, and Scots pine. As studies on North American hemlock
stands show, damage by aggressive dendrophages induces alterations in successions, in
which, after the death of a coniferous species, there is gradual replacement with deciduous
trees that have a higher rate of C sequestration [44]. In this context, it is necessary to take
into account that a change in species composition of the forest stands we examined is being
hampered by the initially low number of deciduous species in the maternal canopy, by
rapid overgrowth of disturbed areas with tall grasses, and by the presence of abundant
undergrowth of Siberian fir of advance regeneration.

3.3. Estimation of Carbon Reserve Contents of Debris

The carbon content of whole-wood samples of Siberian-fir debris ranged from 44.20 to
52.27%, with an average value of 47.04% (£2.20%; Table 3).

Table 3. The total carbon content (C, %) of whole-wood samples of Abies sibirica at different decompo-
sition degrees.

Decomposition Degree %

Min Max Mean £+ SD

1st 45.68 46.65 46.30 £+ 0.54

2nd 44.85 46.08 45.51 £ 0.45

3rd 45.63 49.83 47.63 £ 1.67

4th 4441 52.00 47.36 £ 2.75

5th 4420 52.27 47.72 £ 3.02

all samples (1 = 35) 44.20 52.27 47.04 £2.20

For the 1st and 2nd decomposition degrees, the percentage content of carbon was
45.75% =+ 0.60% (mean =+ SD). For the 3rd-5th decomposition degrees, the percentage
content of carbon was high: 47.56% =+ 2.40%. Overall, the C levels in whole-wood samples
of fir are consistent with the literature data on Picea abies Karst. in Finland and Picea mariana
Britton, Sterns, and Poggenb in Canada [45,46].

As a result of empirical measurements, an inverse correlation with the degree of
decomposition was revealed for the density of fir wood (rs = —0.74, p < 0.5), as was a very
high positive correlation with its carbon content (rs = 0.94, p < 0.5) (Figure 4).

At the first degree of decomposition, the density was 412.8 4- 37.26 kg/m? and gradu-
ally decreased by almost 76%, reaching 234.8 + 60.5 kg/m? at the fifth degree of xylolysis,
in agreement with the literature data regarding a physicochemical analysis of decomposing
wood [33].

According to our measurements, the percentage content of carbon (by weight) in live
stem wood of Siberian fir is 46.8%. Thus, as a consequence of heterotrophic decomposition,
from degree 1 to 5, fir wood loses ~70% of its carbon.

Dark coniferous fir forest stands are characterized by high values of deadwood stocks,
ranging from 208 to 463 m>/ha, which exceed live wood stocks by 1.2-6.8-fold (Table 4).

Table 4. Stocks of live and dead wood in dark coniferous fir forest stands on the surveyed
sample plots.

SP Living Trees, Stocks of Carbon in the Weighted Average
m3/ha Debris, m3/ha Debris, t/ha Category of Stand Vitality
1-12 65.6 445.38 514 4.5
2-12 238 438.39 60.5 2.7
3-12 243 208.11 23 2.8

4-12 204 463.58 60.2 3.8
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Figure 4. Correlations of the carbon content and of Abies sibirica Ledeb. wood density with the degree
of decomposition.

Furthermore, according to our analysis taking into account the degree of decomposi-
tion, a species ratio, and the results of chemical analysis of deadwood, the level of carbon
in forest stands varies between 23 and 60.5 t/ha.

The main stocks of large woody remain (75-100%) on all four surveyed plots have been
formed by Siberian fir, with the exception of plot SP 1, where there is a minor admixture of
P. sibirica, Picea obovata Turcz., Populus tremula L., Sorbus sibirica Krylov, and S. caprea. In the
examined forest stand on SP 3-12, Siberian spruce represents 9% of debris; on SP 4, aspen
and Siberian pine constitute 18% and 7%, respectively.

Stocks of fir debris by degrees of decomposition on all sample plots were found to be
distributed unevenly. The largest amount of woody remains corresponded to the second
and third degrees (42.68% and 30.21%, respectively); these remains formed mostly during
the peak of the mass reproduction outbreak of the pest. The fourth and fifth degrees were
represented by trees that died during the phase of pest abundance growth and by trees
that died of other natural causes (16.21% and 10.63%, respectively). The smallest amount
of fresh debris at the first degree of decomposition (0.27%) indicates a sharp slowdown
of processes of fir death in forest stands because of the depletion of the food supply most
suitable for the pest.

A study on the time course of stocks of large woody debris in fir forests damaged by
the bark beetle P. proximus in Krasnoyarsk Krai shows that there is a sharp increase in the
accumulation of debris with an increase in the degree of damage to fir stands [32]. The total
reserves of debris in the Krasnoyarsk foci range from 73 to 195 t/ha; this is comparable to
the reserves of debris in the Larinsky Landscape Reserve, which amount to 62-160 t/ha.

Similar indicators of debris accumulation have been shown in association with degra-
dation processes in boreal forest stands observed during outbreaks of other aggressive
dendrophages; for example, in outbreak foci of a phyllophage native to Siberian dark
coniferous forests, i.e., the Siberian moth Dendrolimus sibiricus Tscetv. (Lepidoptera: La-
siocampidae). In Krasnoyarsk Krai, in a post-outbreak period, debris stocks in damaged
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Siberian-pine stands reached 200-400 m3/ha [47]. In the United States, a similar picture
has been observed in outbreak foci of the mountain pine beetle Dendroctonus ponderosae
Hopk. (Coleoptera: Curculionidae, Scolytinae) [48] and in outbreak foci of other forest
pests, among which most are invasive species [49].

In dark coniferous forests that do not have a pronounced zoogenic load, the main
factors of debris accumulation are the age of a tree stand, quality class, and the main
forest-forming species, in which, in the absence of large fires, considerable accumula-
tion of deadwood takes place. The latter parameter that we determined is more than
10 times higher than the average value for Russian forests: 32.2 m3 debris/ha [50]. In
addition, for middle-taiga dark coniferous forests of Siberia, the volume of accumulated
deadwood according to the literature data averages 48-62 t/ha [51], which is comparable
with our findings.

3.4. Soil

On the analyzed sample plots, qualitative and quantitative transformations of the soil
profile occurred over 6 years. The change in some horizons was due to the transformation
of organic residues and to intensification of their humification. Under conditions of bio-
coenosis alteration, as ground litter horizons degraded, they first increased their thickness
by 2-4-fold, and then their lower part acquired the properties of humus. Thus, a shift in
the boundaries of mineral horizons was observed. As a consequence, more potent humus-
accumulating horizons formed, next giving way to transitional humus-eluvial horizons.
The mineral strata below almost did not transform, but the mass and boundaries of the
horizons changed.

The levels of soil carbon and nitrogen, similar to their distribution in the soil profile,
underwent changes, especially in the upper 3040 cm layer. In the forest stand at SP 4-12,
the differences in soil carbon content were small and amounted to less than 1% in mineral
and organic horizons. In the forest stand (SP 2-12), there was an increase in the amplitude
of the divergence of values (up to 1%-2%) in the upper horizons of the profile. At the stage
of complete degradation, collapse of the tree layer, and transformation of the biogeocenosis
(SP 1-12), the amplitude of the discrepancy in the values of carbon content in mineral
horizons reached 4% (Figure 5).
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Figure 5. The distribution of carbon, nitrogen, and their ratio within the soil profile during the period
from 2017 to 2023.
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In addition, the nitrogen content at the beginning and end of the study diminished by
an average of 2-fold, and the C/N ratio rose substantially.

Soil carbon reserves in the mortmass and mineral horizons of soils (down to a depth
of 50 cm) varied considerably both among the degradation degree of the fir component of
the forest and within the time series of observations (Figure 6). For instance, in the less
damaged forest stand (SP 2-12), carbon reserves in ground litter horizons were slightly
higher than in the soil; however, even at the stage of greater weakening of the tree layer
(SP 4-12), there was a slight increase in the carbon reserves of the mineral horizons of soils.
At the stage of complete death and decay of the forest stand (SP 1-12), the highest carbon
reserves were confined to ground litter horizons because of the accumulation (on the soil
surface) of mortmass of both soil cover and of deadwood.

SP 2-12 SP 4-12 SP 1-12
T
A

200 — — _
160 ; ; ;

120 ; — ]

80 ]

) ]l ]

- Mortmass - Soil

Figure 6. Carbon reserves in mortmass and in mineral horizons of the soil profile (for a layer of
0-50 cm) at the less damaged (SP 2-12), at the stage of medium degradation (SP 4-12), and at the stage
of severe degradation (SP 1-12) for time points A (2017) and B (2023).

Carbon stocks, t/ha

When assessing carbon reserves in the time series, it is evident that during the obser-
vation period (Figure 6), a decrease in carbon reserves was detected in mortmass, with a
slight increase within mineral horizons.

As reported previously, the death of fir trees in forest stands as a result of constant
damage by P. proximus induces microenvironment alterations, such as an increase in illumi-
nation and soil surface temperature and a qualitative change in soil cover [12]. Such shifts
in microclimatic parameters can lead to a whole cascade in ecosystem processes, such as an
increase in the rate of decomposition, higher availability and velocity of nutrient cycling,
and lowered soil respiration [52-55].

Our examination of the pattern of distribution of several elements, including biogenic
elements (C and N), points to a re-distribution of mineral material within the soil profile
and to the polycyclic nature of pedogenesis. Thus, the important damping role of soil lies
in the sequestration of large amounts of biogenic carbon released in disturbed forest stands.

4. Conclusions

During the observation period, changes in species composition were revealed in all
studied forest stands, along with a decrease in the proportion of fir trees as a consequence
of pathological attrition caused by P. proximus. Depending on the severity of damage to the
fir component of the forest by the alien bark beetle, inventory parameters such as density
and completeness of the forest stands were diminished, even down to the appearance of
open spaces.
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The increase in the amount of deposited carbon in the pool of woody vegetation is
due to a number of factors: radial growth of live trees, the emergence of undergrowth into
the main layer, and the accumulation of substantial amounts of mortmass represented by
dead standing trees that retain the sequestration function.

Disturbances caused by P. proximus led to an increase in the thickness of ground
litter and to the concentration of biogenic elements in it (especially carbon and nitrogen).
This tendency clearly manifests itself at the final point in the time-series of the observed
successional changes. Meanwhile, there was an increase in the C/N ratio, due to intensified
processes of transformation of mortmass, its mineralization and humification, partial
transition of nitrogen into forms accessible to plants, and its entry into the biological cycles,
or owing to the removal of N from the landscape. Therefore, in disturbed ecosystems, soil
plays a major role in the sinking of biogenic C.

Due to the rapid rate of degradation of forest stands under the influence of P. proximus,
a large number of dead standing and fallen trees accumulate in forest stands. Spikes of
bark beetle abundance cause an appreciable transfer of carbon from the live carbon pool
(stored in live trees) to the dead carbon pool, which is a source of future C emissions from
heterotrophic decomposition and forest fires. Nonetheless, outbreaks of the pest are limited
by the presence of a suitable food supply and favorable weather conditions.

Our study was not exhaustive regarding the effects of alien pest outbreaks on the
carbon balance, as this work does not cover the entire diversity of soil-related and plant-
related conditions of ecosystems affected by such a strong factor of zoogenic successions.
Furthermore, effects on soil cover and undergrowth were not evaluated. Nevertheless,
knowledge of the time course and patterns of re-distribution of carbon reserves is important,
as a scientific basis for the management of forest stands disturbed by alien bark beetles.
The dynamics of this adverse process and its cyclical nature will require further research.
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Appendix A

Table A1. Scale of vitality categories of fir trees in the outbreak foci of Polygraphus proximus Blandf.

Tree Category

Crown Features Trunk Features Internal Features

I. Healthy, with no signs of
weakening. Not attacked by
P. proximus.

Crown is thick and expansive; Mechanical damage and streaks of

. L Bast is not damaged.
needles are green and shiny. resinosis are absent. 8
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Table Al. Cont.

Tree Category

Crown Features

Trunk Features

Internal Features

II. Weakened. Attacked by
P. proximus but the pest has
not settled (unsuccessful
attempts at colonization).

Crown may be similar to that of a
healthy tree, with no signs of
weakening, or it may be thinned,
flag-like; several branches have
needles colored bright red at the
ends. There may be signs of fir
broom rust (witches’ brooms).

Moderate numbers of fresh and/or old
streaks of resinosis on the trunk.
Entrance holes of P. proximus are resin
soaked (unsuccessful attempts at
colonization). There may be signs of fir
broom rust (possibly 1-3 cerous ulcers
on the trunk, growths on the branches).

Bast is fresh, white, necrotic
spots of various sizes in places
of unsuccessful attempts at
colonization by P. proximus.

III. Heavily weakened.
Attacked by P. proximus but
not colonized.

Crown, depending on the time and
intensity of colonization, may be
healthy but sparser, with pale-green
needles, or more than half of the
branches carry drying out needles.
Witches’ brooms are common.

Intense fresh and/or oldresin bleeding.
In someplaces at the bottom of the trunk,
there are entrance holes of P. proximus,
which are not resin soaked. Signs of fir
broom rust (numerous cancerous ulcers,
growths on the branches) are common.
Cracks on the trunk.

Bast is the same as in trees from
category II. An entrance
channel and nuptial chamber
are resin soaked, failed attempts
of colonization by P. proximus.

IV. Drying (dying).
Colonized by P. proximus.

Needles in the upper part of the
crown are still green; beneath, they
have a bright red color.

Old streaks of resinosis may be seen.
Numerous entrance holes without
resinosis on the surface of bark.

Families of P. proximus under
bark. Bast is mostly fresh, with
necrotic spots near the nests of

the bark beetles.

V. A recent dead tree.

Needles in the crown are completely
dead, red, retained.

Exit holes of P. proximus can be seen
on bark.

Different stages of P. proximus
development under bark. Bast
is moist, growing brown.

VL A tree died in previous
years (long-dead tree).

Crown is dead, gray. Needles fall

off, down to their complete absence.

Depending on the year of drying,
branches of various orders fall off.

Numerous exit holes of P. proximus on
bark. The bark is dry, easily comes off,
and falls off when considerably
damaged by insects.

Bast is brown and dry. Sap
wood has tunnels of P. proximus,
pupal chambers.

Appendix B

Table A2. The mean carbon concentration in various fractions of wood of the taxa under study.

The Genus of Trees

Fractional Part of Phytomass

Average Carbon Content, %

The Average Value of the Tree
Species, %

Standard Error

Stem 46.9682 0.71

Branches 50.11382 1.19

Betula Foliage 1673186 47.41 0.79
Root 4583282 0.93

Stem 48.11803 02

. Branches 48.28587 0.23

Picea Foliage 47.4407 48.85 1.95
Root 5154453 0.47

Stem 1676737 1.04

. Branches 48.8517 0.52

Abies Foliage 51.22855 49.14 2.02
Root 49.7323 0.49

Stem 50.6009 0.15

. o Branches 53.45648 0.69
Pinus sibirica Foliage 51.05883 51.47 0.7
Root 50.7784 22

Stem 48,9508 0.73

Branches 48.66423 0.52

Populus tremula Foliage 484591 47.76 113
Root 449507 0.83

Stem 5035818 0.66

. . Branches 52.63315 0.05
Pinus sylvestris Foliage 425419 48.76 6.85
Root 4949117 0.61
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