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Abstract: Boreal forests nowadays act as a sink for atmospheric carbon dioxide; however, their
sequestration capacity is highly sensitive to weather conditions and, specifically to ongoing climate
warming. Extreme weather events such as heavy rainfalls or, conversely, heat waves during the
growing season might perturb the ecosystem carbon balance and convert them to an additional
CO2 source. Thus, there is an urgent need to revise ecosystem carbon fluxes in vast Siberian taiga
ecosystems as influenced by extreme weather events. In this study, we focused on the soil CO2 pulses
appearing after the rainfall events and quantification of their input to the seasonal cumulative CO2

efflux in the boreal forests in Central Siberia. Seasonal measurements of soil CO2 fluxes (both soil
respiration and net soil exchange) were conducted during three consecutive frost-free seasons using
the dynamic chamber method. Seasonal dynamics of net soil exchange fluxes demonstrated positive
values, reflecting that soil respiration rates exceeded CO2 uptake in the forest floor vegetation layer.
Moreover, the heavy rains caused a rapid pulse of soil emissions and, as a consequence, the release
of additional amounts of CO2 from the soil into the atmosphere. A single rain event may cause a
5–11-fold increase of the NSE flux compared to the pre-rainfall values. The input of CO2 pulses to the
seasonal cumulative efflux varied from near zero to 39% depending on precipitation patterns of a
particular season. These findings emphasize the critical need for more frequent measurements of soil
CO2 fluxes throughout the growing season which capture the CO2 pulses induced by rain events.
This approach has inevitable importance for the accurate assessment of seasonal CO2 soil emissions
and adequate predictions of response of boreal pine forests to climatic changes.

Keywords: soil emissions; net soil exchange; boreal forest; precipitation; soil temperature; soil
moisture; lichen; CO2 fluxes; Siberia

1. Introduction

Boreal forests, as a current active sink for atmospheric CO2, represent an important
study region to trace the response of their carbon balance to the ongoing climate change [1,2].
Soils of the boreal belt are of particular importance as they contain four times more carbon
than in the respective above-ground biomass [3] and climate change is projected to increase
carbon (C) emissions from Arctic and subarctic soils [4,5]. Particularly, 37–174 Pg C in the
form of CO2 and CH4 would be potentially released by 2100 under the current warming
trajectory climate (RCP 8.5), with an average of 92 ± 17 Pg C across models [6].

Russia accounts for 46% of the total C runoff in the Northern Hemisphere, and carbon
sequestration by Russian forests accounts for 56% of the total C accumulation in forest
ecosystems of the Northern Hemisphere. Thus, the role of Russian terrestrial ecosystems in
the global carbon biogeochemical cycle seems to be very significant [1,7].
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Estimates of the sequestration capacity of ecosystems in the boreal zone vary signif-
icantly. The carbon sequestration process is influenced by a number of factors, natural
and anthropogenic, which often lead to additional CO2 release from boreal forests [1,4,6].
Net soil exchange (NSE) fluxes of CO2 in the forest floor vegetation layer represent the
difference between gross fluxes of CO2 uptake (through photosynthesis) and CO2 emissions
(through respiration from multiple soil sources), but differ from net ecosystem exchange
(NEE) as NSE does not comprise the overstore C fluxes [8]. Temperature and humidity
are key factors in the control of NSE [9,10]. Projected global warming could have serious
consequences for the NSE due to changes in its individual components. Nowadays, extreme
weather events such as heavy rainfall or, on the contrary, droughts during the summer
period have become more frequent [11–13]. To characterize the mechanism and to forecast
the future the impact of extreme weather conditions, we need recent estimates of their
input to the ecosystem carbon fluxes.

One of the effects that changes the atmospheric CO2 sequestration capacity of ecosys-
tems is the “Birch effect” [14,15]. In this case, precipitation in the form of rain stimulates
the emission flux of CO2, but the contribution of fluxes produced after heavy precipitation
is not taken into account in the balance of ecosystems [16,17]. The essence of the effect is
that rewetting of soil after drought, increases the rate of CO2 emission flux significantly.
However, the reasons for this effect remain the subject of debate. A number of hypotheses
have been put forward about possible mechanisms: (1) drought and rewetting disrupt soil
aggregates and expose previously inaccessible organic substrates to decomposition [18];
(2) enhanced decomposition of microbial necromass produced during drought period
after rewetting, (3) release of nutrients [19]; (4) spontaneous rapid increase in microbial
biomass and fungal activity in response to improved water availability [20–24]; and (5) a
microbial hypoosmotic stress response manifests itself [25–28]. Another important mech-
anism of “Birch effect” is degassing of soil [29]. As mentioned earlier, the CO2 stored
in soil pores might significantly affect the amount of CO2 released after extreme rainfall
events [30,31]. The CO2 pulse magnitude and length are driven by specific pre-pulse
conditions [32], such as a severe dry period [31,33,34], availability of the substrate pool in
soil, and desiccated ground floor vegetation [35]. In total, according to the recent estimates,
rainfall may result in an increase of the annual CO2 flux from soil to the atmosphere from
20% [36] to 42% ([37] and references therein). Nevertheless, the existing data underline the
gap in our understanding of “Birch effect” mechanisms and its role for the boreal region
carbon balance.

The main goal of this study was to improve existing estimates of seasonal soil CO2
exchange fluxes in pine forests of Central Siberia by taking into account the frequently
occurring pulses of CO2 efflux following rainfall events, which were usually excluded
from quantification of seasonal CO2 release from soils. We specifically focused on seasonal
dynamics of hydrothermal conditions, which imply strong control on the magnitude and
longevity of soil CO2 emission pulses observed during three consecutive measurement
seasons.

2. Materials and Methods
2.1. Study Area

The research was carried out on the territory of the Turukhansk district of the Krasno-
yarsk Region (60◦48′ N, 89◦21′ E) on the basis of the International Observatory “ZOTTO”
(http://www.zottoproject.org, accessed on 14 December 2023).

A sharply continental climate dominates in the study area (Figure 1), within which
fluctuations in intra-annual air temperatures are observed, reaching more than 90 ◦C. On
average, the amount of precipitation during the growing season (June–September inclu-
sive) has been 263 ± 8 mm since the beginning of instrumental observations (1966–2022;
sources—http://www.meteo.ru, accessed on 14 December 2023, http://www.rp5.ru, ac-
cessed on 14 December 2023). The air temperature of this area for the frost-free period from

http://www.zottoproject.org
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June to September is, on average, 13.3 ± 4.7 ◦C (1936–2022; sources—http://www.meteo.ru,
accessed on 14 December 2023, http://www.rp5.ru, accessed on 14 December 2023).
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Figure 1. Climograph for Bor (GHCN-D station code: RSM00023884 BOR Russia): mean monthly air
temperature (1936–2022), mean monthly precipitation (1966–2022).

The study was conducted in the lichen pine forest, which is one of the dominant types
of land surface cover [38]. The tree stand layer is represented by Scots pine—Pinus sylvestris
L. The ground floor vegetation is dominated by lichens Cladonia stellaris (Opiz) Pouzaret
Vezda, and Cl. arbuscula (Wallr) Flot. with patches of mosses Pleurozium schreberi (Brid.)
Mitt, and Dicranum polysetum Michx.

The soils of the study area are formed on glaciofluvial deposits and characterized
by a predominance of sand in the upper part of the profile (top 1–2 m). The soils are
albic podzols (WBR). Carbon stocks in the forest soil are relatively small, amounting up to
4 kg C m−2 in a 2 m deep soil profile. The soil organic carbon (SOC) content varies from
460 g C kg−1 in the upper soil organic horizon (forest floor) to 1.0 g C kg−1 in the subsoil
(>40 cm) [39]. The organic soil horizon constitutes more than 30% of the total soil organic
matter stock (1.10 kg C m−2) [40]. Root phytomass reservoirs vary from 30 to 50% of soil
OM, and detritus content is about 10% [41].

2.2. Field Measurements

Seasonal measurements of CO2 fluxes were taken during three consecutive frost-free
periods (2020, 2021, and 2022) using the dynamic chamber method.

Measurements of net soil exchange (NSE) of CO2 were carried out with an automated
Li-Cor system consisting of an infrared gas analyzer Li-8100A (Li-Cor Biogeosciences Inc.,
Lincoln, NE, USA), and a transparent chamber for measuring soil gas exchange (8100-104C
Clear Long-Term Chamber). The single chamber was installed on a PVC collar which repre-
sented the mean seasonal CO2 fluxes estimated for five replicate collars during 3 preceding
years, as described earlier [42]. Thus, we assumed that the chosen soil collar characterized
the general patterns reflecting the effects imposed by hydrothermal parameters on soil
CO2 fluxes. Measurements NSE were carried out in triplicate, each measurement 2 min
long, and the intervals between measurements were 30 s. Continuous measurements (every
30 min) were carried out from June to September (i.e., 144 measurements per 24 h in total),
with short-term interruptions for soil emission measurements (dark respiration). In 2022,
the NSE measurements were started in August due to technical issues.

Monitoring of seasonal changes in CO2 emission flux from the soil surface was also
carried out using an Li-8100A measuring system (Li-Cor Biogeosciences Inc., Lincoln, NE,
USA) with a chamber for measuring dark respiration (8100-103 Survey Chamber). The
frequency of measurements was every 5 days during the frost-free period from June to
September between 11:00 and 16:00 [42].

http://www.meteo.ru
http://www.rp5.ru
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For each CO2 flux measurement, the soil temperature (Soil Temperature Probe Type E
(Omega Engineering Inc., Norwalk, CT, USA)) at 10 cm depth and volumetric soil moisture
(Theta Probe Model ML 2 (Delta T Devices Ltd., Cambridge, UK)) at 5 cm depth were
also recorded.

Precipitation data with 10 min resolution were obtained from the ADOLF THIES
rain gauge (Adolf Thies GmbH & Co. KG, Göttingen, Germany), connected to the eddy-
covariance measuring complex, located nearby to the study area of the lichen pine forest.

2.3. Data Analysis

The calculation of primary data was carried out using a specialized software package—
LI8100_win-4.0.0 Original Software. The plot SR mean was calculated as the average of
15 measurements with 3 repetitions per five soil collars. The NSE mean was calculated
as the average of observations with 30 min resolution data for each season. Missing data
were replaced with the mean of replicates. Hourly means of NSE fluxes and daily means of
SR fluxes were used to examine the impact of soil temperature and soil moisture (SWC).
We used linear regression to explore the relationships between NSE and SR fluxes and
environmental variables, and statistical significance was set at p < 0.05. Our dataset in-
cluded >10,000 measurements from the three frost-free seasons with different precipitation
conditions. Data processing and statistical analysis of the obtained data were performed
using Microsoft Office Excel 2010 and the R statistical software (Version 4.2.2) [43] using
the dplyr [44], tidyverse [45], lubridate [46], ggplot2 [47], and shiny [48] packages.

3. Results
3.1. Precipitation Conditions of the Measurement Seasons

The precipitation varied significantly (p < 0.05) among the three compared growing
seasons (Figure 2). The maximum amount of precipitation usually occurs in the second
half of July. The year 2020 was the wettest of the three measurement seasons, when the
amount of precipitation from June to September was 303 mm (43% of MAP). In 2021, we
observed 40% less seasonal precipitation, and August was the driest month when the
monthly precipitation was only 40% of the long-term mean monthly precipitation. The
2022 season was wet, with precipitation totals similar to those of 2020. Interestingly, in June
2022, we monitored the highest amount of precipitation (104 mm), which was 45% higher
than the long-term mean monthly value.
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To analyze the rain pulses, we chose rains with an intensity of 5 mm per day and
higher. In 2020, the number of heavy rains achieved as much as 18, with the most events
occurring in June and the first half of July. In 2021, the number of heavy rains did not
exceed 12, mostly recorded at the early and late vegetation season. In 2022, the number of
heavy rains was 20 with 8 events recorded in June. The periods without precipitation in
2020 and 2022 were comparable and reached 53 and 48 days, respectively, while the dry
season in 2021 demonstrated 65 days with no rain events.

3.2. Seasonal Net Soil Exchange (NSE) and Soil Respiration (SR) Dynamics

The seasonal dynamics of daytime NSE fluxes of CO2 in pine forests across all three
observed growing seasons continuously demonstrated positive values, reflecting that soil
emission exceeded CO2 uptake by the ground vegetation (Figure 3).

In 2020, we observed two periods with maximal NSE rates (Figure 3a), specifically in
the first half of June (early season) and the second half of August (late season). This year
can be characterized by the largest number of CO2 pulses during the growing season and
the amount of CO2 released into the atmosphere. Figure 3a demonstrates that all recorded
NSE pulses were related to the sharp changes in soil moisture, while soil temperature was
almost at the same level. During the growing season, most of the pulses occurred at the
beginning and the second half of the season. A single rain event (>5 mm a day) caused a
5–11-fold increase in the NSE flux compared to the pre-rainfall values. Interestingly, the
response of the NSE to the rain event was fast and usually observed within the first hours
after rainfall.

The observed SR rates were nearly equal to the NSE flux values (Figure 3a). Monthly
NSE fluxes and soil emissions demonstrated similar values in June, achieving 8.2 ± 2.4 and
7.7 ± 1.3 mol m−2, respectively. In July and August, we found 26% and 14% higher SR
fluxes compared to the NSE that reached 13.7 ± 1.2 and 9.3 ± 2.1 mol m−2, correspondingly.
However, in the first half of July, we recorded that SR rates were 2-fold larger than the
NSE fluxes. In September the NSE fluxes were about 26% less than soil emission rates, not
exceeding 5.9 ± 2.2 mol m−2, except for the periods with CO2 rain-driven pulses.

The SR rates in 2021 (Figure 3b) demonstrated much higher values compared to 2020
(p < 0.05). The monthly mean SR has ranged from 2.0 ± 0.4 mol m−2 in September up to
10.9 ± 2.0 mol m−2 in July (mean seasonal SR rates were 0.5 ± 0.2 mol m−2 day−1). Despite
the fact that both soil emissions and NSE flux behavior were characterized by a classical
curve with the maximum in the middle of the season and driven by soil temperature,
the NSE flux had a lower magnitude and the mean monthly NSE CO2 flux rates reached
4.2 ± 0.8 mol m−2. The peaks of NSE in 2021 were measured at the end of July, when the
NSE rates rose up to 2-fold during the daytime.

The highest SR fluxes among the compared seasons occurred in July 2022 (Figure 3c)
and achieved 9.0 ± 2.4 mol m−2. The soil emissions in August demonstrated a value of
7.2 ± 2.8 mol m−2. A further decline of soil CO2 emission fluxes was observed in Septem-
ber, when monthly SR did not exceed 5.4 ± 1.3 mol m−2 and was well correlated with
temperature decrease. Due to technical reasons, the NSE fluxes for 2022 were monitored
only in the late growing season, specifically starting in the second half of August. The NSE
fluxes that were observed in the rest of August and September were comparable to the
previous seasons and reached 4.9 ± 2.5 and 3.9 ± 1.7 mol m−2, respectively. Within the
observed period in August 2022, the amount of CO2 released after rain events (>5 mm a
day) was up to four times larger compared to the background NSE rates.
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3.3. NSE and SR Relationships with Soil Temperature and Soil Moisture

The relationship between SR rates and soil temperature (Figure 4a) illustrated an
exponential growth of SR fluxes in response to soil temperature growth. Soil moisture is
considered the second limiting factor that modulates soil emission rates during frost-free
periods. Based on our long-term observations, we found that the optimal moisture value
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fluctuates around 0.23 m3 m−3 or 23% (Figure 4b). As we have observed, beyond these
optimal soil moisture conditions, SR flux declines.
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The relationship between NSE and soil temperature (ST) demonstrated a more complex
behavior (Figure 4c). We observed the sporadic pulses demonstrating the sharp increase of
NSE flux up to values as high as 35–39 µmol m−2 s−1 throughout the whole ST gradient.
The largest NSE pulses were observed in 2020.

Despite the NSE dependence on soil moisture (Figure 4d), demonstrated by the similar
patterns observed for SR, we found two optimal moisture intervals at ca. 0.23 m3 m−3 and
0.31 m3 m−3. Moreover, rain-induced pulses demonstrated their own specific dependence,
lying significantly above the SR curve and characterized by descending limbs at higher
moisture levels.

3.4. Rain-Induced CO2 Pulses

The pulse of CO2 following Huxman (2004) [30], occurs when the daily rainfall exceeds
5 mm. We followed this threshold and distinguished all CO2 pulses after 5 mm and more
rain per day. Since CO2 pulse magnitude and its longevity were rain event-specific, in our
study we divided all identified pulses into three types:

- The first type was characterized by the descending behavior of CO2 efflux after a pulse
(Figure 5a), i.e., after a heavy rain one observes a sharp increase in the CO2 flux rates,
and then after the peak point it starts to decline;

- The second type, the most common, is represented by multiple pulses following
several consecutive rainfall events (Figure 5b). The first pulse is the strongest and the
following pulses are usually less intense;

- The third type of pulse has more complex behavior (Figure 5c). This type of pulse was
observed in the 2020 season when after heavy rains, the sharp CO2 pulse lasted for



Forests 2024, 15, 355 8 of 16

a long period of time (up to 33 h), followed by a sharp decline of NSE rates. These
pulses have the largest magnitude of NSE flux rates reaching 35–39 µmol m−2 s−1.

Forests 2024, 15, x FOR PEER REVIEW 8 of 17 
 

 

The relationship between NSE and soil temperature (ST) demonstrated a more 
complex behavior (Figure 4c). We observed the sporadic pulses demonstrating the sharp 
increase of NSE flux up to values as high as 35–39 µmol m−2 s−1 throughout the whole ST 
gradient. The largest NSE pulses were observed in 2020.  

Despite the NSE dependence on soil moisture (Figure 4d), demonstrated by the 
similar patterns observed for SR, we found two optimal moisture intervals at ca. 0.23 m3 
m−3 and 0.31 m3 m−3. Moreover, rain-induced pulses demonstrated their own specific 
dependence, lying significantly above the SR curve and characterized by descending 
limbs at higher moisture levels. 

3.4. Rain-Induced CO2 Pulses 
The pulse of CO2 following Huxman (2004) [30], occurs when the daily rainfall ex-

ceeds 5 mm. We followed this threshold and distinguished all CO2 pulses after 5 mm and 
more rain per day. Since CO2 pulse magnitude and its longevity were rain event-specific, 
in our study we divided all identified pulses into three types: 
- The first type was characterized by the descending behavior of CO2 efflux after a 

pulse (Figure 5a), i.e., after a heavy rain one observes a sharp increase in the CO2 flux 
rates, and then after the peak point it starts to decline;  

- The second type, the most common, is represented by multiple pulses following 
several consecutive rainfall events (Figure 5b). The first pulse is the strongest and the 
following pulses are usually less intense;  

- The third type of pulse has more complex behavior (Figure 5c). This type of pulse 
was observed in the 2020 season when after heavy rains, the sharp CO2 pulse lasted 
for a long period of time (up to 33 h), followed by a sharp decline of NSE rates. These 
pulses have the largest magnitude of NSE flux rates reaching 35–39 µmol m−2 s−1.  

 
(a) 

 
(b) 

Forests 2024, 15, x FOR PEER REVIEW 9 of 17 
 

 

 
(c) 

Figure 5. Changes in NSE (net soil exchange) and soil water content (SWC) for the different types of 
CO2 pulses: (a) Type 1, (b) Type 2, and (c) Type 3 (see Section 3.4 for details). 

To compare the effect of rainfall with intensity >5 mm a day, we conducted the es-
timation of NSE flux rates for each season (Table 1). The strongest “Birch effect” was ob-
served in 2020, with a mean NSE flux after rainfall almost 5-times exceeding the mean 
seasonal NSE. In 2021 and 2022, the NSE flux after rain events was much smaller, just 
1.5–2.5 times higher than the mean NSE rates. 
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CO2 pulses: (a) Type 1, (b) Type 2, and (c) Type 3 (see Section 3.4 for details).

To compare the effect of rainfall with intensity >5 mm a day, we conducted the
estimation of NSE flux rates for each season (Table 1). The strongest “Birch effect” was
observed in 2020, with a mean NSE flux after rainfall almost 5-times exceeding the mean
seasonal NSE. In 2021 and 2022, the NSE flux after rain events was much smaller, just
1.5–2.5 times higher than the mean NSE rates.
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Table 1. Seasonal NSE fluxes (mean daily flux ± standard deviation).

Season Mean Season NSE,
µmol m−2 s−1 ± SD

Pulse NSE
(Rain > 5 mm),

µmol m−2 s−1 ± SD

Sum Mean NSE Per
Season, g C m−2

Sum Pulse NSE
Per Season, g C m−2

Pulse NSE Input
(Rain > 5 mm)
Per Season, %

2020 3.7 ± 5.1 18.0 ± 8.2 394.9 154.5 39%

2021 1.6 ± 0.7 1.8 ± 1.3 156.8 3.8 2%

2022 * 1.4 ± 1.2 4.5 ± 2.9 34.8 5.4 15%

* In 2022, we carried out measurements in August and September.

4. Discussion
4.1. Seasonal Dynamic of Soil CO2 Emission (SR) and Net Soil Exchange (NSE)

In general, soil temperature is considered as the major factor of seasonal dynamics of
soil CO2 emissions [49,50]. The seasonal dynamic of SR usually displays a bell curve distri-
bution with the peak of daily mean soil respiration in July following the general pattern for
temperate, boreal, and tundra biomes, which reflect the soil temperature dynamics [49–52].
The NSE, as the balance of emission and assimilation fluxes, follow the variations in soil
temperature, although can be also dependent on the vegetation phenology [53]. Soil mois-
ture controls soil CO2 flux in dry regions [54] and might be a periodic limiting factor in
temperate [54–57] and boreal forests [58,59].

Seasonal soil CO2 emissions for the studied region varies in a high range, and the
mean daily fluxes vary from 0.4 to 10.9 µmol m−2 s−1 [60–62]. Even in the wettest seasons,
the momentum SR rate does not exceed 16.5 µmol m−2 s−1 [63]. In general, these values are
in agreement with existing estimates for boreal regions where the daily mean soil emission
rates during a growing season ranged from 0.5 to 4 µmol m−2 s−1 [2,49,59]. However, the
intensity of summer CO2 emissions might be sufficiently larger in the moister monsoon
climate of the Russian Far East, where it ranges from 2.3 to 11.0 µmol m−2 s−1 [64].

The key limiting factor for plant productivity in the continental part of Siberia is
low precipitation [65,66] and, thus, a shortage of available water in soils. The extended
drought periods in summer cause the inhibition of all biological and biogeochemical
processes. The optimal range of soil moisture in different forest ecosystems is between
21 and 40% [33,59], and it controls the mechanism of soil CO2 efflux. Our earlier findings
demonstrated that despite contrasting weather seasons, the highest SR rates in pine lichen
forests occur at soil moisture values ~30%, which is considered optimal [67]. Conversely,
the study [68] conducted in the similar ecosystem, i.e., pine forest of the middle taiga
subzone in Komi Republic, reported no statistically significant relationship between the
average daily soil CO2 emissions and soil moisture. In current research, which included
NSE measurements, we detected one more soil moisture interval around 23% that generates
peaks in soil CO2 emission efflux (Figure 4b). Based on our previous results [69], the
higher optimal moisture value (~30%) likely reflects the heterotrophic component of net
soil flux. We hypothesize that the lower optimal moisture interval can be associated with
the photosynthetic component of lichens consisting of two components—heterotrophic
fungus and photosynthetic algal or cyanobacterial cells [70]. On the other hand, during
the growing season, lichens experience frequent drying–rewetting cycles and, thus, their
physiological status is highly dynamic. As such, droughts significantly limit both carbon
dioxide uptake and respiration. Therefore, the specific physiological characteristics of
ground vegetation, through their assimilation and respiration activities, determine the CO2
balance of forest floor [71,72] together with CO2 production in soil, controlled by physical
and chemical soil properties [73].

In contrast to SR, temperature plays a minor role in control of NSE. The analysis of
NSE seasonal dynamics of lichen-covered soil in a Central Siberian pine forest showed
surprisingly low temporal variability during the growing season. The dominance of
positive NSE and rare negative flux values, even at the period of potentially highest
photoassimilation activity, reflect that lichen ground floor vegetation in Central Siberian
pine forests acts mainly as a net CO2 source. These findings corroborate earlier results
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obtained in East Siberian larch forests of Yakutia [65] which demonstrated positive NSE
(1–2 µmol m−2 s−1) during the growing season, i.e., soil respiration also exceeded CO2
photoassimilation by ground vegetation. Interestingly, arid ecosystems presented by a
so-called “biocrust” have also demonstrated the positive rates of soil CO2 exchange fluxes
that occur in the late spring and are characterized by the maximum activity of vascular
plants [74]. In contrast, a NSE of peatland ecosystems of Western Siberia demonstrated
negative values throughout the summer season, reflecting the high photosynthetic activity
of peatbog vegetation [75]. So far, the steady state NSE behavior in the studied Central
Siberian lichen pine forest during the entire frost-free season also suggests CO2 uptake
offsets the peak of soil emissions in the middle of the growing season.

4.2. CO2 Pulses in NSE Seasonal Dynamics

Observed CO2 pulses to the atmosphere driven by a rainfall water input significantly
alter the CO2 balance. In general, CO2 pulses triggered by rain events are common for
the majority of bioclimatic zones [15], but have been rarely reported for the boreal regions.
Despite the observed steady state NSE during the frost-free season, intense sporadic
pulses in the CO2 efflux from the ground floor surface have been observed after heavy
rains. These pulses of CO2 are the direct demonstration of the “Birch effect” in boreal
forests [14,17,30]. The 2020 season had the most numerous and intense pulse events (up
to 11-fold increase above initial levels), which were related to the distribution patterns of
precipitation throughout the season and higher rain intensity. This resulted in the stronger
peaks of SWC and deeper penetration of precipitation to the subsoil, likely responsible
for enhanced pulse generation. In the drier season of 2021, we monitored only a few CO2
pulses from the soil and their intensity was much lower (i.e., up to 4-fold increase). The
2021 season was also characterized by an extended drought period in the mid-summer
(Figure 2) and lower intensity rains, which leaded to the lower soil moisture and shallower
layer rewetting. Thus, the distinctions in CO2 pulses among these seasons are caused by
the difference in environmental settings responsible for CO2 pulses generation.

The importance of CO2 pulses is due to the quantity of CO2 released after heavy rains
which significantly change the carbon balance. For example, in arid regions [76,77], bursts
in CO2 emissions significantly affect the overall net ecosystem productivity. The study by
Jenerette (2008) [78] noted that within 5 days after the pulse, there is an increase in the
CO2 flux rates by 21% compared to the initial values. In this case, the magnitude of the
emission pulses itself was determined by the type of ecosystem and topography of the
landscape. In the study of Sponseller (2007) [79], a 30-fold increase in the CO2 emission
flux was observed during the first 48 h after applying a different amount of precipitation.
As noted there, the magnitude of the pulse itself depended not only on the precipitation
amount, but also on the initial values of the CO2 flux, determined by the time between
pulses and, accordingly, the period of the season when the emission pulse occurs [79].

The most common type of CO2 pulse [30,80] corresponds to our first type pulse curve
(Figure 5a) which is characterized by a fast increase phase and a further steady decline
of emission rates. The majority of observations of such pulse types were obtained in the
laboratory experiments under controlled conditions [81] and are hypothesized to be driven
by microbial activity and its components [22–24,82]. The pulse origin is associated with an
increase of microbial activity induced by water input or, conversely, the CO2 release occurs
as an adaptation of the microbial community to the water deficit following water input.
These hypotheses should be supported by the period of time which requires microbes for
their life cycle changes. However, from our in situ observations, the changes in CO2 flux
rates are immediate (i.e., minutes) after a rain event, which suggests little changes in soil
microbial activity in response to increasing soil moisture. Thus, at least for the studied
boreal forest, the microbial role in pulse generation is mostly unlikely.

The second type (Figure 5b) of pulse behavior represents a commonly observed situation
when several rain events occur within a day or in consecutive days. The first peak of CO2
pulse is characterized by the larger amount of released CO2 and the following fast decline. The
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second peak magnitude is lower possibly due to the combining effect of the first peak. The
origin of the first peak is probably related to the physical extrusion of CO2 from the soil [32],
while the following peaks are lower due to already depleted soil CO2 gas reservoirs [31,32,37].

The third pulse type (Figure 5c) is the most interesting due to the observed high and
long-lasting flux rates, which are likely explained by both groups of factors—physical and
biological. The physical processes might have generated the pulse [82], while soil biological
processes (i.e., microbial decomposition of SOM) further maintain high CO2 efflux. A sharp
decline may indicate that pulse behavior might be limited by time of the pulse and related to
the deeper carbon pools and capacity of exact soils [22] or the development of the microbial
community and its activity [25], which is also attributed to the climate zone and external
factors such as temperature and moisture providing the supporting pulse conditions [33].

Our findings only partly agree with earlier demonstrated causes of soil CO2 pulses
related mainly to drought length [11,33] and severity [18,20,82], pointing out the prevalence
of the biological controls over CO2 pulses [32]. A key role in CO2 pulse generation in
the study region is played by the texture of soils developed on Quaternary fluvioglacial
sand deposits [83,84]. The water infiltration through the sandy soils is significantly faster
(19–24 mm per hour [85]) compared to the other texture type soils. Thus, during a pulse,
water rapidly penetrates into the subsoil and fills the soil pores [86,87]. One more likely
component involved in pulse generation is the forest floor vegetation layer itself. Lichen
tissues have large pore space that might be replaced by water during rain events. All the
above mentioned processes presume pulses of CO2-enriched air from these pores.

4.3. The Role of CO2 Pulses in the Overall Frost-Free Season CO2 Flux

Previously, other research has focused on soil CO2 emissions for the studied area
was carried out [60,88]. The first estimation of the seasonal CO2 emissions was around
285 g C m−2 [60], which is close to our estimations without including CO2 pulses
(Figure 6). Another study carried out in this region reported the annual heterotrophic respi-
ration rates for our research area [88] and the number for the lichen pine forest is around
180 g C m−2 [88]. However, in this case the high differences could be also related to different
methods of CO2 measurements. Both studies represented the underestimation of the soil
CO2 emissions.
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Our study of three frost-free seasons demonstrated that the CO2 pulses might have
contributed from 2 up to 39% of the total net soil CO2 emissions. The greatest input was
observed in the wettest season of 2020. In the 2021 dry season, the pulse contribution to the
total seasonal emission was 2% which is not a significant (p < 0.05) input to the seasonal
CO2 efflux. In total, the cumulative seasonal NSE flux in 2020 (Figure 6) had as addition
of 119 g C m−2 when the CO2 rain-induced pulses were included into our estimates. The
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highest discrepancy between NSE cumulative curves was observed from the second half
of August up to the end of the growing season. Thus, including the soil emission pulses
occurring during and after rain events into seasonal flux calculations may significantly
increase the total efflux from the soil surface.

5. Conclusions

The quasi-continuous diurnal measurements of the net soil exchange, representing
the difference between an uptake and efflux of CO2 from soil surface, were performed in a
Siberian lichen pine forest to estimate the cumulative seasonal release of soil CO2 which
comprise the CO2 pulses induced by precipitation events during a frost-free season. To
our knowledge, this study during three seasons, differed by precipitation patterns, is the
first to investigate the effect of rainfall events on soil respiration in a large boreal region.
Our findings demonstrated that heavy rains cause a rapid pulse of soil emissions and, as a
consequence, the release of additional amounts of CO2 from the soil into the atmosphere.
The input of CO2 pulses to the seasonal efflux varied from near 0 to 39% when the sum CO2
release from the soil to the atmosphere amounted for from 4 to 155 gC m−2, depending on
precipitation patterns of particular season. Soil CO2 pulses have a higher magnitude and
longevity in wetter seasons. The main conditions to produce the stronger CO2 pulses are
rain intensity and the optimal soil moisture values stimulating the activity of lichen and
soil microbiota.

Thus, there is the critical need for at least hourly scale measurements of soil CO2
fluxes throughout the growing season which, in part, capture the CO2 pulses induced
by rain events. This approach has inevitable importance for the accurate assessment of
seasonal CO2 soil emissions and adequate predictions of responses of boreal pine forests to
climate changes.
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