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Abstract: Soil respiration (Rs) is a significant contributor to the global carbon cycle, with
its two main sources—microbial (heterotrophic, Rh) and plant root (autotrophic, Ra)
respiration—being sensitive to various environmental factors. This study investigates
the impact of ecosystem disturbances (Ds), including fire, biogenic (insects and pathogens),
and harvesting, on soil respiration in Russia’s forest ecosystems. We introduced response
factors to account for the effects of these disturbances on Rh over three distinct stages of
ecosystem recovery. Our analysis, based on data from case studies, remote sensing data,
and the national forest inventory, revealed that Ds increase Rh by an average of 2.1 4= 3.2%
during the restoration period. Biogenic disturbances showed the highest impacts, with
average increases of 16.5 & 3.2%, while the contributions of clearcuts and wildfires were,
on average, less pronounced—2.0 £ 3.1% and 0.8 4= 3.3%, respectively. These disturbances
modify forest soil dynamics by affecting soil temperature, moisture, and nutrient avail-
ability, influencing carbon fluxes over varying timescales. This research underscores the
role of ecosystem disturbances in altering soil carbon dynamics and highlights the need for
improved data and monitoring of forest disturbances to reduce uncertainty in soil carbon
flux estimates.

Keywords: heterotrophic respiration; ecosystem disturbances; forest fires; timber harvest-
ing; carbon flux; boreal forests; post-disturbance recovery; biogenic disturbances

1. Introduction

In the global carbon budget, soil respiration (Rs) is one of the largest carbon fluxes
from terrestrial ecosystems to the atmosphere [1]. It depends on several factors such as
soil temperature, moisture, plant litter [2], fine root biomass [3], nutrients” availability [4],
and features of plant communities, among others. Rs is driven by microbial respiration
(the heterotrophic flux, Rh) and by plant root respiration (the autotrophic flux, Ra). These
two components have different sensitivities to environmental change, which can lead to
an increase, a decrease, or no net change in total CO; flux from the soil, depending on the
influencing factors [5,6].

Disturbances (Ds) in ecosystems can impact Rs and its main components [7,8], depend-
ing on the type, extent, frequency, and severity of Ds, as well as the ecosystem’s specific
characteristics, such as land use/land cover, vegetation properties, and the ecosystem’s
buffering capacity and adaptive thresholds.

According to some estimates, Ds are responsible for 20%-50% of all Rh in boreal and
temperate forests [9]. In some cases, tree cover loss can increase carbon release from soil
due to increased soil temperature [10-12]. However, in the long term, tree loss may reduce
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Rs due to the removal of above-ground vegetation and the cessation of root respiration
until the forest canopy recovers [13,14]. In addition, the loss of vegetation can reduce not
only autotrophic respiration but also heterotrophic respiration by decreasing the supply of
root exudates, an important carbon source for microbial activity [15].

In northern Palearctic forest ecosystems, the most common Ds are fires, pest attacks,
and harvesting (among others, e.g., the impact of wind [16], which was not considered here
due to the lack of Rs measurements). Ds affect approximately 200 x 103 km? of forest in
Russia annually, with about 30 x 10® km? resulting in stand replacement [17]. Fire impacts
initially manifest as combustion of the surface organic layer and disturbing/replacing of
forest stands, which are important drivers of carbon flux from the soil. In boreal regions,
fire leads to biomass losses of 15%-35% above ground and 37%-70% below ground [18].
Recent satellite-based estimates showed that the average area of vegetation fires in Russia
from 2000 to 2019 was between 110 and 130 x 103 km? per year if short-term and low-
temperature fires were not included [19-21]. Specifically, the average forest fire’s area
between 2002 and 2017 was estimated at 50 to 70 x 103 km? year—! during 2001-2019,
with 53% of the burned area in stocked forests, 22% in natural grassland and shrubs, and
24% in agricultural land [22]. The area of stand-replacing fires was estimated at around
20-25 x 10% km? year~! based on remote sensing data [23,24]. While direct fire emissions
can be reliably estimated, there is variability in these estimates [17,25]. Post-fire ecosystem
development and carbon flux dynamics may play a more significant role in determining
the total efflux and the duration of carbon release than just combustion losses [3]. However,
studies on post-fire carbon effluxes remain limited.

The role of forest fires in Russia is dual. In the central and southern parts of the forest
zone, wildfires have dramatic negative impacts on the ecology, economy, well-being, and
health of the local population. Fires in remote, sparsely populated, high-latitude regions
are an inherent feature of forest development, supporting regeneration and regulating
productivity. These processes are particularly important in permafrost areas, which cover
approximately 70% of Russia’s forested regions. After intensive ground fires on permafrost,
forest regeneration shows a productivity increase of 20%—40%, especially during early
development stages [26], which, in turn, leads to increased Rh.

Forest pests and pathogens affect the carbon cycle of forest ecosystems in several
harmful ways. First, trees killed by aggressive insects or pathogens contribute large
amounts of dead organic matter, which decomposes over time, serving as a primary source
for soil organic matter and Rh [27]. Second, defoliation, growth reductions, and tree
mortality reduce the gross primary production of affected stands [28], reducing the input
of fresh organic matter into the soil both directly after the Ds and for several subsequent
years. Third, stand-replacing biogenic Ds, particularly in combination with following fires
very often become starting points of new succession [29].

Some experimental studies comparing attacked and unattacked stands showed no sig-
nificant increase in respired carbon at pest-affected plots [27,30,31]. However, other studies
indicated a decrease in Rs flux. For example, Nuckolls et al. [32] reported a 20% decrease in
soil CO, efflux in the first year following a biotic disturbance, while Hancock et al. [33] found
a 40% reduction in growing season Rs in stands infested by beech bark disease.

The decomposition of fine roots after tree die-off initially leads to an increase in
Rh [34] followed by a decline due to loss of fine root inputs as respiratory substrate [35-37].
Additionally, growth reductions over multiple years also reduce carbon transfer to above-
and belowground dead organic matter pools, which may further decrease Rh. Another
factor may be changes in the soil microclimate following infestation, as tree mortality
reduces transpiration and increases soil moisture [31,38].
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The reported results from studies on the impacts of harvesting on soil respiration are
diverse, which is attributable to a range of factors such as the harvesting method [39], tree
species’ composition [40], stand age [41], and climatic conditions [39]. Studies found that
harvesting may increase Rs [42—46], have no impact [47], or decrease Rs [48].

Most Rs measurements in the literature come from undisturbed forests and are used
to assess the effects of ecological conditions on Rs. To achieve a realistic Rs assessment
at a large spatial scale, it is essential to account for the impact of Ds. The primary aim of
this study was to summarize the existing knowledge and quantify, with a certain level of
confidence, the impact of Ds on the Rh in forest ecosystems in Russia. The specific objectives
were to compile and synthesize empirical data, to derive and parameterize disturbance
response functions, and to upscale the results to the national level.

2. Materials and Methods

Our methodology comprised three steps: (1) a literature review to compile a database
of Rs measurements and identify theoretical response curves for Rs relative changes fol-
lowing disturbance; (2) parameterization to fit the response equations using collected
measurements; and (3) upscaling to apply these response equations to the national forest
inventory to estimate, at the country scale, the impact of Ds on Rs.

We conducted a systematic literature search to select Rs measurements from both
disturbed and undisturbed (control) forest stands. We started with established databases
on Rs [1,49,50] (we checked the original source research papers) and complemented these by
searching Google Scholar, Google LLC, Mountain View, CA, USA; accessed on 1 June 2024;
and the Web of Science, Clarivate Analytics, Philadelphia, PA, USA; accessed on 1 June 2024.
Only data from studies that measured Rs in both control and disturbed forest ecosystems,
for the period more than one year after disturbance, were used in the analysis. The
main selection criteria were measurements spanning the entire vegetation period or a full
calendar year. Due to the scarcity of such data across a wide range of ecosystems, we also
included data from studies with single Rs measurements, if these measurements were taken
simultaneously in recovering and undisturbed plots. Studies that measured Rs without
removing the ground vegetation were excluded. The collected database is presented in the
Supplementary Materials.

The effects of Ds on Rs and Rh are influenced by numerous factors, and existing
knowledge gaps make accurate assessments challenging. The incomplete quantification of
key ecosystem processes affected by Ds, combined with often biased spatial and temporal
data on the extent and the severity of Ds, makes it difficult to accurately assess their impact
on soil effluxes at large scales [9]. This challenge is particularly relevant for the vast and
heterogeneous territory of Russia. In this study, we used approximations to estimate the
severity of Ds” impacts on soil carbon efflux, helping to understand how data gaps impact
the uncertainty of practical applications in soil respiration assessments.

We developed a model of Rh response to major forest Ds and response factors for
assessing Rh during the period of restoration (PoR). The PoR was divided into three specific
stages. Stage I, the immediate post-disturbance response, usually lasts from 1 to 5 years,
depending on the type of Ds, and continues until the direct consequences of the Ds are
realized (e.g., post-fire tree mortality). Stage II, the initial restoration, ends when the net
primary production of a young, restored generation of trees returns to pre-disturbance lev-
els. This stage is usually defined by indices of biological productivity, which are estimated
via satellite observations, and lasts until 10-20 years after the Ds. Stage III lasts until soil
effluxes return to pre-disturbance levels, usually 30-60 years after Ds. This stage involves
the decomposition of an extra amount of coarse woody debris (CWD) produced by the Ds.
The end of Stage IIl marks the completion of the restoration period. The durations of these
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stages were determined based on the literature review and an analysis of the Rs database
(see Supplementary Materials).

Our analysis indicated that the restoration period in coniferous and hardwood decidu-
ous forests lasts approximately 60 years, while for softwood deciduous forests dominated
by pioneer species, such as birch and aspen, it requires about 30 years. These periods cover
the young and middle-aged forest age groups.

Note that the described succession dynamics during the PoR phase after stand-
replacing disturbances are typical for the boreal zone, particularly in the middle and
southern subzones, which make up approximately 85% of Russian forests. In ecotone
regions, succession dynamics have specific characteristics. To the north, in the forest-
tundra ecotone, the PoR phase significantly lengthens, and some forest areas affected by
fire undergo a prolonged period of ‘green desertification” [51]. To the south, in the forest—
steppe and steppe regions, forest management activities influence the restoration process
by supporting natural regeneration and planting new forests.

For this study, it was assumed that (1) typically Rs measurements were not con-
ducted in stands with recent signs of Ds (except for certain Ds-specific studies, such as fire
chronosequences); (2) the efflux from on- and above-ground coarse woody debris (CWD)
decomposition is not included in soil respiration but estimated separately; and (3) in the
case of combined Ds (e.g., fires in stands previously affected by insect defoliators), the
estimates were attributed to the most pronounced destructive agent (fire in this case).

The assessment approach incorporated several simplifications. First, it was assumed
that there are no long-period temporal trends in disturbance regimes, allowing constant
response factors to be used during the PoR. This assumption is valid for fire and biogenic
Ds between 1990 and 2020. Second, the current age structure of Russian forests formed
by Ds (60 years for coniferous and 30 years for deciduous tree species) was used. Third,
all calculations were provided for stand-replacing Ds to minimize inconsistencies in the
empirical data for weak and moderate Ds, which to some extents are reflected by forest
stands’ inventory. This includes crown and steady soil (peat) fires, which frequently occur
on permafrost that covers approximately two-thirds of Russian forests. The PoR was
estimated to be 60 years, divided into three stand age groups used in the Russian forest
inventory. Initial data on Russian forests and Ds were derived from IIASA databases [52],
official forest statistics from the Federal Forest Agency of the Russian Federation, and
scientific publications [53].

Due to limitations in available observations, we adopted a hybrid approach that
combined ecosystem dynamics theory with empirical data. The form of the Rh response
to disturbances were based on Odum’s [54] classic ecosystem theory and the framework
of Harmon et al. [9]. We then parametrized the Rh response curve by applying regression
analysis to the available measurements [55].

To assess the impact of Ds on the Rh estimates for Russia, we applied the response
factors to the modeling system developed to assess Rh [50]. The calculation was based on
matrices describing recognized temporal dynamics of Rh, taking into account the specifics
of Russian forest management and regional Ds’ regimes.

3. Results

Ds such as fire, biogenic agents, and harvesting exhibited distinct Rh dynamics during
the PoR (Figure 1). The parameterization of equation 1 (Table 1) was based on the soil
respiration database (see Supplementary Materials). Because soil Rh responses to distur-
bances are highly variable and often contradictory, we limited our empirical dataset to
stand-replacing Ds.

D(t) = a-t-e"! + c-t-et 1)
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where D(t) is the deviation of heterotrophic respiration from the pre-disturbance level
(in %); a, b, c, and d are the model parameters; and ¢ is the time since disturbance, in years.
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Figure 1. Relative change in heterotrophic soil respiration after disturbances (% to undisturbed Rh):
A—post-fire; B—after biogenic agents; C—post-harvest dynamics.

Table 1. Model parameters (Equation (1)).

Model Parameters (Equation (1))

Disturbance Agents SE
a b c d

Fire —2207.98 —0.1423 2180.24 —0.1413 3.3

Biogenic 0 —3.00 56.05 —0.19 3.2

Harvest 4.24 —0.1848 10.00 —0.4772 3.1

SE—standard error.

To assess the effect of Ds on forest soil Rh at the national scale, we considered the
following components: (1) the age structure of the Russian forest, based on national forest
inventory data; (2) the proportion of the forest area affected by different types of Ds (fire,
harvest, biogenic), derived from inventory and remote sensing sources; (3) the average
response factors for Rh during the stages of the PoR, linked to stand age and based on
model (1). Table 2 presents data on the state of Russian forests in 2020 and the results of
applying the above models to estimate forest soil Rh.

According to official statistical data, three types of Ds—fires, biogenic factors, and
harvest—affect approximately 200 x 10° km? of land in Russia annually, with about 30 x
10% km? resulting in stand replacement [17]. Overall, the data of Table 2 are higher at about
20% because they additionally accounted for mortality in affected forests during the next 5
years after the year of disturbance. Using data on forest area distribution by age groups
and ratios between the major disturbance types, along with response factors, we estimated
the impact of each type of D on the Rh from soils across Russia.
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Table 2. Assessment of the impact of disturbances (Ds) on heterotrophic soil respiration (Rh) in
Russian forests.

Values by Age Groups of Forest Stands

Indicators
Unstocked Yngl Yng2 MidAge Total
Forest land, 103 km? 8002.42
Area of MFFS, 103 km? 341.47 577.03 755.61 2116.86 3790.97
Fire
Impacted area, 10> km? 220.93 37334 488.88 1369.61  2452.76
Effect on Rh for disturbed area, % +SE —36.6 2.7 11.9 2.3 0.8 +33
Effect on Rh for all forest lands, % +SE —1.01 0.13 0.73 0.39 0.24 +1.01
Biogenic
Impacted area, 10 km? 20.15 34.04 4458  124.89 223.67
Effect on Rh for disturbed areas, % -SE 86.3 52.3 34 0.13 16.5 + 3.2
Effect on Rh for forest lands, % +SE 0.22 0.22 0.02 0.00 0.46 + 0.09
Harvest
Impacted area, 10% km? 100.39 169.65 22215 622.36 1114.55
Effect on Rh for disturbed area, % +SE 13.0 4.8 0.3 0.01 2.0+3.1
Effect on Rh for forest lands, % +SE 0.16 0.10 0.01 0.00 0.27 4 0.44

Unstocked—forest area that currently lacks sufficient tree cover due to disturbances but is expected to naturally
regenerate or be reforested; Yngl—young of the first age class (20-year age classes for larch, pine, spruce, and oak;
10-year classes for birch and aspen); Yng2—young of the second age class (next 20 or 10 years); MidAge—middle-
aged; MFFS—main forest-forming species of Russia’s forests.

Fire. The annual area affected by stand-replacing fire was assessed at 22 x 10° km?,
accounting for 65% of the total area impacted by stand-replacing Ds of major forest-forming
species, based on remote sensing estimates [56,57]. Results indicated that stand-replacing
fires increased Rh by 0.8% during the PoR, contributing an additional 0.24% to the total
annual Rh across all forest areas (Table 2).

Biogenic factors. On average, biogenic agents cause stand-replacing tree mortality
across 2 x 10% km? per year under “normal” conditions. Considering periodic pandemic
outbreaks and drought waves, which occur two to three times per decade in different
regions, the impacted area was estimated to increase by one-third, reaching 3 x 103 km?.
The response factor for Rh during the PoR was estimated at 16.5% (Table 2), resulting in an
additional annual correction of +0.46% for the entire forest area of Russia.

Timber harvesting. Assuming an annual harvested area of 10* km?, this D resulted in
an average increase in Rh of 2.0% during the PoR (Table 2). The harvested area represents
approximately 29% of the total annually disturbed area, leading to an additional +0.27% to
Rh from harvesting activities across Russia.

4. Discussion

Soil respiration is a key component of the ecosystem carbon budget, with even small
variations potentially shifting a forest from a carbon sink to a carbon source. While the
effects of forest disturbances on soil respiration are recognized, documented observations
remain limited, particularly at large spatial scales. Given the increasing frequency and in-
tensity of disturbances associated with climate change, their role in shaping soil respiration
dynamics is becoming more critical.

This study advances previous research by providing a large-scale assessment of how
different disturbances modify soil respiration estimates at a national scale. Unlike many
existing studies that focused on localized site-specific effects, we combined empirical
observations with expert-based assessments to develop a more comprehensive framework
for evaluating disturbance-driven changes in soil respiration. Our approach allows for a
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broader and more scalable estimation of soil respiration responses to disturbances, even in
cases where direct field measurements are scarce.

By integrating observational data and expert judgment, this study refined existing
models and enhanced their applicability to large-scale carbon cycle assessments. Fur-
thermore, the findings contribute to improving the representation of disturbance-induced
carbon fluxes in ecosystem models, ultimately enhancing the accuracy of carbon budget
projections in the context of a changing climate.

We examined the effects of three key disturbance agents: fire, biogenic disturbances, and
harvesting. However, we acknowledge that other disturbances exist and that combined effects
are frequently observed in nature. For example, fire often follows insect outbreaks, where
the increased fuel load can intensify fire severity. Despite the ecological significance of such
interactions, the combined effects of multiple disturbances on soil respiration remain poorly
documented in the literature and were, therefore, not considered in this study.

4.1. Fire

Fire severity is a critical factor in assessing its impacts on forest ecosystems and
its influence on Rs and Rh, particularly during initial development stages [3,15,58-60].
This variability likely explains the wide range of estimates in the literature regarding Rh
dynamics following a fire. A classic ecosystem theory on secondary succession suggests an
increase in Rh following a fire, with a reduction in Rs [9,61]. Most studies supported this,
reporting either a reduction or no significant change in Rs after a fire [3,62-68].

Soils become sterile at a temperature around 200 °C [69], whereas severe fires can
raise surface temperatures to 600-800 °C. Managed prescribed burns, commonly used
to reduce fuel loads and wildfire intensity, generally do not alter soil respiration and its
components [70,71]. The effect of fire on both Rs and Rh is strongly dependent on the
season of the fire event [71]. Low- to moderate-intensity superficial ground fires in spring,
which are not stand-replacing, also do not significantly affect soil processes, although even
such fires can temporarily increase pH and nutrient availability, potentially leading to
restoration or altering the dominant vegetation [72]. Rs and Rh may increase over time
after these types of fires [73,74].

Severe fires, including crown, peat (soil), and steady ground fires, commonly occur
in summer and early autumn during dry periods. These fires destroy pre-burn forest
ecosystems and cause major changes in ecosystem functions and restoration pathways.
Stand-replacing fires account for 20%—40% of the total burned area in Russia [17]. These
fires significantly affect ecosystem properties and processes, such as species composition,
biometric characteristics of stands, stock and structures of organic matter, temperature
regime and moisture, and other physical and chemical properties of upper soil layers.
The forest environment is due to a change in the microclimate conditions, as well as
major components of the production process such as NPP and Rh [75,76]. Over time,
such fires change the course of forest-forming processes, succession patterns, and the
dynamics of future generations of forests [26,77]. Post-fire (pyrogenic) successions of
different development stages cover about 30%—40% of boreal coniferous forest areas [78].
While the classical view suggests a consistent increase in post-fire soil effluxes, emerging
research proposes multiple periods of carbon sinks during recovery [9].

Depending on the burning intensity, both increases and decreases in Rs were observed
during the immediate reaction (Stage I: 1-3 years, and in some cases up to 5-7 years). On
the one hand, enhanced microbial activity, up to twice the usual rate, often follows due to
increased nutrient and substrate availability in the soil and enhanced soil temperatures [79].
In the permafrost regions near Yakutsk, severe fires in larch forests substantially increased the
depth of the active soil layer from about 0.5-0.7 m to 1.5-2 m, which resulted in double Rh
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but an overall decline in Rs, due to reduced autotrophic respiration [66]. Post-fire ecosystems
generally have warmer soils [80,81], which can affect Rs rate (e.g., [82,83]). Warmer conditions
increase the sensitivity of soil carbon flux due to moisture fluctuations. The release of available
C and N upon heating promotes microbial recovery, even under a low water potential
condition [84]. In boreal high-latitude ecosystems, soil warming usually increases the depth
of the active soil layer, enhancing the decomposition of carbon previously immobilized in
permafrost [85] and promoting a faster recovery of the next tree generation, which is often
more productive than the previous one during the restoration period [26].

On the other hand, stand-replacing fires often reduce soil microbial activity or even
result in microbial mortality due to intense heating, leading to significant reductions in
soil effluxes during Stage I of the PoR. These effects, combined with the death of fine
roots and the green forest floor (i.e., mosses, lichens), can lead to reductions in Rs of up to
twofold [63,86]. Most studies reported a reduction in the CO, flux after fire compared to
pre-fire levels [8,39,86-89]. For example, Amiro et al. [90] reported a 25% reduction in Rs
during the 15-year period following a fire. A recent global meta-analysis of 1327 individual
observations from 170 studies found that wildfires reduced Rs, Rh, and Ra by 20.4, 25.0,
and 33.5%, respectively [71].

The recovery time for Rs in boreal forests varies, typically averaging between 3 and
10 years [73] but may extend to around 20 years at sites affected by high-intensity fires [91].
Chronosequence studies following stand-replacing fires generally showed lower Rs in
younger post-fire stands compared to undisturbed forests, but very old sites often exhibit
lower respiration rates than middle-aged stands [3,81,92]. Reporting that Rs in severely
burned forests was significantly lower than in intact forests means that the Rh flux after
a fire can increase by up to, and exceed, the pre-burn level. Generally, a fire results in a
reduction in Rs [39,58,66,87-89,93-95]. According to a meta-analysis by [71], Rh is more
sensitive to fire-induced disturbance than Rs, with recovery times for Rh from 3 to 24 years,
depending on biome type and fire severity.

The restoration stage (Stage II) after a fire lasts between 7-8 and 13-20 years, depending
on the quality of the growth conditions. Recovering NPP after stand-replacing fires in
boreal forests, based on satellite-derived indices of bioproductivity, requires over 13 years
for the restoration of forests in Central Siberia. Restoration of evergreen needle-leaved
forests occurs faster than for deciduous needle-leaved forests [96]. The average lengths of
restoration of NPP for all of Russia’s forests was shorter—around 10 years [21], but this
was basically caused by the dominance of ground fires. Estimates from boreal regions in
North America are similar—between 7 and 14 years [63,97,98]. Rh after severe fires initially
declines during the first 1-3 years (Stage I), gradually grows further, remains, on average,
lower than the pre-burn values up to 10-12 years after the fire, and exceeds the pre-burn
level up to the end of the PoR.

4.2. Biogenic Disturbances

Russia’s forest inventory estimates that the national total area of dead stands due to
biogenic disturbances (i.e., insects and pathogens) remained relatively stable at approx-
imately 20 x 10% km? during 2001-2018 (i.e., less than 0.3% forested area), with a stable
annual loss of approximately 2 x 103 km?. According to scientific publications, there were
nine major outbreaks of the Siberian moth (Dendrolimus sibiricus Chetverikov), which is
the most dangerous defoliator of taiga forests, between 1978 and 2017 in southern Central
Siberia [99]. Russian experts estimate that the damage caused by biogenic disturbance is
nearly equivalent to wildfire damage [100]. The Russian pathological monitoring system
reported that areas affected by biogenic agents were around 55 x 10° km? year ! during the
aforementioned period. In these territories, tree mortality exceeds the natural level by more
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than twofold. Outbreaks of insects and pathogens largely do not occur in high-latitude
boreal forests due to low temperatures limiting the development of biogenic agents. Official
estimates of tree cover losses due to biogenic factors and unfavorable weather conditions
during the last decade were reported between 1.6 and 2 x 10% km? year~!, with around 45%
attributed to insect outbreaks, 25% to pathogens, 20% to unfavorable weather conditions,
and 10% to other factors [101].

Forest pests and pathogens affect the Rh flux in forest ecosystems, providing inputs
of large amounts of dead organic matter—the main source for Rh [27]—while reducing
the gross primary production of stands [28], which decreases the input of fresh organic
matter into the soil. However, the decrease in NPP in the early stages of post-disturbance
development is partially offset by the rapid development of grasses on the forest floor. The
significant biomass productivity of grasses and herbaceous perennials may increase Ra
from the rhizosphere, in addition to increased Rh driven by higher organic matter inputs
and elevated soil temperatures [102]. The complete defoliation of dark coniferous forests
in Central Siberia can deliver up to 10 t ha~! of zoogenic fall (i.e., excrement and dead
larvae) [103,104]. Many studies and models predicted an increase in Rh following a distur-
bance by pests [102,105,106] associated with an increase in decaying organic input [107].
For example, carbon efflux from soils of Central Siberian forests that were completely
defoliated by the Siberian moths was 1.5 times higher than in undisturbed forests during
the third year after the invasion [103]. However, other studies showed variable impacts
of biogenic agents on soil and forest floor carbon, ranging from decreased carbon stocks
and soil CO; efflux [108] to no change in these variables [109]. These discrepancies can be
explained by differences in pre-existing understory vegetation, tree mortality rates, and the
size of canopy gaps formed after disturbance [102].

Damage to or death of deciduous trees results in significant leaf litter deposition on the
soil surface in the year of insect or pathogen outbreaks. The carbon from this labile material
is mainly released into the atmosphere during the first two years, and a substantial part
(up to 20%—25%) is washed away by runoff [103]. Coniferous needles, on the other hand,
remain on dead trees for 1-3 years, delaying their decomposition [109]. Dead tree stems
can persist standing for an extended period [109-111]. The decomposition rate of standing
deadwood can be extremely low, with carbon release through decomposition over decades
to centuries [111-113]. In intensively managed forests, the occurrence of fire at locations
previously infested by insects is not reported [114,115]. However, about half of Russian
forests are unmanaged, and areas affected by insect mortality (so called shelkoprjadniki) are
often subjected to severe fire.

Climate changes, such as reduced minimum winter temperature, increased summer
temperatures, and altering summer precipitation, can lead to an expansion of climatically
suitable habitats for insects [116,117]. Consequently, both native and invasive alien insect
species are affecting forests. The last two decades have demonstrated some impressive
examples. Outbreaks of the Siberian silk moth in 2000-2001 enveloped the area above 10°
km? in Central Siberia—an area where historically large outbreaks of this pest had not been
observed [118]. The four-eyed fir bark beetle Polygraphus proximus Blandf, not known in
Siberia 20 years ago, now poses a significant threat to millions of hectares of fir forests in
southern Central Siberia [119].

Despite numerous publications on the topic, the impact of insects on the carbon
dynamics in ecosystems and their response to global climate change remain poorly doc-
umented [120]. The possibility to include the consequences of biotic disturbances in the
calculations of soil heterotrophic carbon flux is particularly limited by our understanding
of disturbance severity, which can have many linear and nonlinear effects [107]. Another
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source of uncertainty is the lack of knowledge about the long-term impacts on carbon
cycling from insect and pathogen outbreaks.

This study focused on the impacts of insects and pathogen outbreaks located in the
southern part of the forest zone of Russia. These most important groups contribute about
half of the total impact of all biogenic Ds affecting heterotrophic respiration in forest
ecosystems. During the initial 4-6 years, Rh is elevated up to twice the pre-disturbance
level. In the following 5-15 years, Rh declines, approaching pre-disturbance levels, and
then gradually decreases until the end of the PoR. Note that a substantial portion of dead
stands originating from insect and pathogen outbreaks are later affected by severe fires.

4.3. Harvest

Wood harvesting in Russia has fluctuated since the 1990s, with a notable decline from
about 350 M m? year ! in the early 1990s to 150 M m? year~! by the end of the 1990s. It
gradually increased to 219 M m? year~!—in 2019, followed by a decrease to 188 M m?
year~! in 2023. The corresponding logged area ranged between 18 and 9 x 103 km? year~!.
These figures include industrial harvests from mature stands and about 10%-15% from
other clearcuts (mostly for sanitary reasons).

Clearcutting is the primary logging method in Russia, often causing substantial soil
disturbance. Typically, the proportion of undisturbed patches, skidding trails, and loading
sites is estimated at 59%—71%, 18%—29%, and 6%—15% of the total logging area in boreal
forests [121], and in many cases, the destruction of the soil surface can reach 40%—-60% [122].
The transformation of logged areas leads to a mix of organic layers, CWD, and mineral
soil horizons, prompting some soil scientists to classify soils in clearcut areas as a specific
type called “detritus turbozems” [123]. Introducing Scandinavian harvest technologies
can reduce soil disturbance by up to 20%, but the extent of this technology’s adoption in
Russia is unclear. Following a harvest, large amounts of logging residues, including broken
trees (which could reach up to 40%-50% of pre-disturbed growing stock volume), remain
on site [124]. In taiga forests, low-quality coniferous trees and deciduous trees are often
left after a harvest. Under the current system of forest management in Russia, more than
80% of harvested areas are left for natural reforestation, with 60%—-70% dominated by early
successional species like birch and aspen.

Reported effects of harvesting on Rs vary due to factors like the harvesting method [39],
tree species’ composition [40], stand age [41], and climatic conditions [39]. Studies show
that harvesting might increase Rs [42-46], have no effect [47], or decrease Rs [48]. The
results of a global meta-analysis [125] indicated that harvesting and thinning did not
significantly change Rs. The authors attributed this to a compensation effect: a reduction
in root Ra due to tree cover loss was offset by an increase in Rh, resulting from canopy
opening and the associated rise in soil temperature.

Studies reporting both Ra and Rh rates showed an increase in heterotrophic CO; flux
of about 20% [125]. However, most studies on harvest technologies used in Russia reported
a reduction in Rs (up to 40% of pre-harvest levels) due to soil destruction and tree root
mortality [47,126], though Rh was reported to increase compared to intact forests [127].
The decomposition of dead roots and logging residuals are responsible for rising Rs and
particularly Rh at a later stage of restoration [42,128]. It was also reported that forest
root production generally increases up to a stand age of 70-100 years [129,130], leading to
increased Ra. Increased belowground production could also stimulate Rh by providing
greater amounts of fresh root litter and exudates [131]. Tree stand productivity and leaf
area also increase from young to middle-aged boreal forests, followed by a decline in older
forests [131,132], influencing above-ground litter input and the long-term dynamics of Rh.
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Opverall, harvest impacts on soil fluxes in Russia’s boreal forests can be categorized as
occurring in distinct stages, similar to other Ds. The initial response stage lasts 3-7 years
after harvest, during which a substantial part of the broken trees and undergrowth die.
A dense green forest floor develops, particularly in more southern regions, gradually
offsetting the decline in total and autotrophic respiration. The restoration stage of the
new tree generation usually ends in 5-15 years. In the southern regions with intensive
forest management, forests were planted on logged areas, but recent active reforestation
did not exceed 2 x 10° km? year~!. On average, about 10%-20% of logged areas are not
successfully restored during this period.

The restoration process may last up to 30 years, depending on the bioclimatic zone
with typical restoration successions (with or without a change in species). By the end of
the PoR, the dominant species and ecosystem structure resemble the pre-disturbance state.
Decreases in Rs of different intensities are typical for the first two stages, with a gradual
increase in the third stage, often exceeding pre-disturbed levels due to the decomposition
of harvested residues, the destroyed soil surface, and after the downing of snags (10-50
years after the harvest, depending on the bioclimatic zones). Mean annual Rs was reported
to be about 12% higher in 40-50-year-old clearcut stands compared to undisturbed stands,
with Rs decreasing again as stand age increased [131].

4.4. Caveats and Limitations

Despite our efforts to assemble the most comprehensive, harmonized dataset and to ground
our modeling in both theory and observation, several important limitations remain, including:

o The temporal and spatial coverage of Rs measurement, including short measure-
ment windows (many studies reported Rs only over part of the growing season) and
geographic gaps (remote and infrastructure-poor regions were underrepresented).

e Disturbance severity and characterization. Severity gradients and the compound of
multiple disturbances were not fully captured.

e  Methodological variability among studies, including different instruments, techniques,
and the lack of direct partitioning between Ra and Rh.

e  Modeling assumptions. We assumed that post-disturbance response curves and their
parameters remained constant over multi-decadal restoration periods, neglecting
potential shifts under changing climate or soil conditions, as well as neglecting trends
in disturbance regimes.

e  Uncertainty quantification. Formal error propagation through our multi-step workflow
was hindered by missing variance and covariance information in the underlying
studies; we therefore relied on standard error estimates at each stage and expert
judgment to gauge overall uncertainty.

By acknowledging these caveats, we framed our national-scale estimates of disturbance-
driven changes in heterotrophic soil respiration as provisional and highlighted priority
areas for future field campaigns, standardized measurements, and model refinement.

5. Conclusions

Our findings indicate that major disturbances lead to elevated Rh in disturbed areas
throughout the Period of Restoration, with an annual average increase of +2.1 & 3.2%, in-
cluding +0.8 & 3.3% in burnt areas, +16.5 £ 3.2% of areas affected by insects and pathogens,
and +2.0 & 3.1% in harvested areas. Assuming the current age structure of Russian forests
and the length of the PoR of 60 years, the overall increase in Rh due to disturbances for all
the forest land of Russia is estimated to be approximately +1.0 £ 1.5%.

The uncertainties associated with these results are difficult to quantify using formal
methods. We estimate uncertainties by calculating the standard error of the model result
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compared to available measurements. Expert estimates suggest that uncertainties resulting
from simplifications in accounting, limitation in available data, multiplicity of potential im-
pacts, and inconsistency or contradictions in empirical estimates imply an overall potential
error within the range of 30%—40%.

Heterotrophic soil respiration is not only a key indicator of the destructive component
of production processes in forest ecosystems but also an important measure of their overall
stability. The results of this study show that, during the recovery period following stand-
replacing disturbances in Russian forests, there is a weak and statistically insignificant
positive trend in heterotrophic respiration. These findings support the conclusion about
the current resilience of the world’s forests [133], even in the face of elevated disturbance
levels—such as those experienced in Russia over the last decade.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/f16060925/s1: Figure S1. Reported changes in heterotrophic
soil respiration after fire events. Figure S2. Reported changes in heterotrophic soil respiration after
harvest events. Figure S3. Whittaker biome diagram showing field measurements of Rs. Table S1.
Reference data on heterotrophic soil respiration response to disturbances.
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