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Abstract

:

Boreal forest ecosystems are regions vulnerable to climate change. Such areas act as the main atmospheric carbon sinks in the world. Wildfires are among the drivers of ecosystem modification and functioning. Boreal wildfires emit an annual average of about 10% of global fire emissions. Taking into account recent climate warming and increases in the frequency of wildfires, boreal forests might switch their functional role from carbon sink to an additional source of atmospheric carbon. Soil respiration is the second largest component of the global carbon cycle and is highly sensitive to disturbance factors, including wildfires. To study the effect of wildfires on soil CO2 emission rates, the fire chronosequence was investigated. During the first few years following the fire, the soil CO2 emission rates were lower compared with the usual levels. It was found that 23 years after a fire, the site demonstrated transition behavior in soil emission rates between disturbed and completely recovered areas. The emission rates at the earliest successional stages are mainly controlled by soil moisture during the summer period. For the other successional stages, soil temperature had a huge impact on soil emission.
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1. Introduction


The boreal zone covers around 35% of the world’s forested areas and is mainly located in Russia, Canada, Alaska and Northern Europe [1,2,3]. This zone represents the ecosystems most vulnerable to strong external factors such as climate change or anthropogenic impacts, which contain more than 60% of global forest soil carbon pools [4]; even small changes in external conditions may significantly change the carbon balance proportions, such as emission and assimilation fluxes, carbon pools, etc. [5,6].



In 2020, approximately one-third of annual anthropogenic CO2 emissions from the atmosphere was removed by global forests through increasing forest carbon (C) stock [7]. The global C stock of forests is evaluated at 662 Gt C, and 45% is concentrated in the soil organic matter (SOM) [8].



Generally, boreal forest soils of the Northern Hemisphere account for most of the net forest carbon (C) sinks in the world, releasing it slowly from decomposing organic matter [9]. However, a projected increase in forest disturbances (e.g., wildfires, storms, insect outbreaks) may significantly decrease C stocks in the forest ecosystems.



Natural disturbances have complex effects on forest ecosystems. They might increase biodiversity indicators, such as species richness [10], but at the same time put ecosystem functioning at risk, causing a reduction in a forest’s carbon storage [11]. At the present time, we observe changes in fire regimes, insect outbreaks, windstorms, droughts and other disturbances which are increasing in frequency and severity, leading to violations in the biological equilibrium in many regions around the world [12].



Wildfires are the main cause of transformation in ecosystems, contributing to the development and renovation of boreal forest structure and function [12]. Indeed, the ecological impacts of fire on vegetation and soils influences post-fire stand structure and species composition [13,14,15].



The mean time interval between the fires in boreal regions varies between 53 years in Siberia and 180 years in the northern part of North America [16]. Consequently, wildfires regulate the regional carbon balance of all these territories [5,17]. During the fire, large amounts of C are released to the atmosphere through the combustion of plant biomass and SOM.



Boreal wildfires released an annual amount of 182 Tg C, which comprises 9.1% of global fire emissions [18]. Forest fires strongly influence soil C dynamics [19,20,21]. Immediately after the fire, greenhouse gases (GHGs), including CO2, are rapidly emitted into the atmosphere [21,22].It has also been found that soil GHG fluxes that originate from the decomposition and respiration processes are affected by soil organic matter, soil microbial community and fine roots biomass; both soil temperature and water content continue to change for a long period of time after the fire [21,23,24,25].



The time of recovery of soil emission rates after wildfires is dependent on fire severity [26], geographical location [27] and environmental conditions. Usually, recovery takes 10 years after low-severity fires and up to 30 years after high-severity fires [28].



It is expected that boreal forests will be greatly influenced by climate change, possibly increasing natural disturbances even further in terms of occurrence and severity [29]. The newly released IPCC report reiterates that the global surface temperature rose by 1.09 °C (0.95 °C to 1.20 °C) from 2011 to 2020 when compared with pre-industrial periods [30], with greater levels of warming recorded in the Northern Extratropics [31]. Wildfires are projected to increase in frequency in both the boreal and Arctic zones as part of a continuing global warming trend [32].



Despite the currently growing number of studies analyzing the effects of fire on soil CO2 emissions in the boreal regions, there is no consensus on the progress of soil CO2 emissions after fire and responses to the main drivers at different successional stages [33]. In order to provide a better understanding of the effects of fire on boreal forests, we test hypotheses that soil CO2 emission levels depend on the length of time after the fire, and the recovery period takes around 30 years; soil temperature at the recently burned sites will be higher than at the sites with later fire instances; soil moisture will demonstrate opposing behavior and will be lower at the recently burned sites. We aimed to investigate the chronosequence of burned areas in the middle taiga forests in Central Siberia; sites 1, 14, 23, 46 and 121 years since the last fire with comparable ecological conditions and similar levels of fire severity were chosen for testing the impact of fire on soil CO2 emission and their recovery after the fire. Our main objectives were: (1) to estimate fire-induced changes in soil emission rates and in physical soil properties in each successional stage, (2) to quantify the relationship between soil CO2 emission and soil temperature and moisture for different successional stages, and (3) to explore soil organic matter recovery rates and their relation to soil CO2 fluxes along the fire succession.




2. Materials and Methods


2.1. Study Sites Description


Our research is located within the middle taiga subzone of Central Siberia (60°47′ N, 89°21′ E). In the summer of 2019, a fire chronosequence was established in pine forest areas which had five different periods of time since the last fire (Figure 1): 1 year ago (2018), 14 years ago (2005), 23 years ago (1996), 46 years ago (1973) and an area which had experienced no fires for 121 years (1898). Four of the sites are mainly located close to the ZOTTO station at distances between 1 and 5 km, and one site (1973) is around 30 km from the research station.



The ecosystem where our study areas were located is the middle taiga subzone dominated by evergreen coniferous trees—Pinus sylvestris L. The ground vegetation consists mainly of lichens—Cladonia stellaris, Cladonia rangiferina, mosses—Polytrichum commune, Cetraria islandica, Pleurozium schreberi and dwarf shrubs Vaccinium vitis-idaea, Arctostaphylos uva-ursi (Figure 2, Table 1). The ground cover at the site 1 year after fire presented with burned vegetation.



Soils of the study region have been formed on glaciofluvial deposits and feature the predominance of sand in the upper part of the profile. Clayey horizons (lenses) are usually noted at depths over 1 m. Soils cover are illuvial–ferrous podzols with depths of 3–7 cm in the organic horizon. According to the World Reference Base (WRB) soil classification system, the soils of the study sites are Podzols.




2.2. Soil Measurements


Soil CO2 emission was measured from June to September during the summer season of 2019. This period of time was chosen due to the lack of snow, when biogeochemical processes were active, including soil CO2 emission. For the whole season, we carried out measurements 5 times at each site. Before the measurements were started, the polyvinylchloride (PVC) rings 20 cm in diameter were installed in each study site 1–1.5 m from each other: five rings were installed in each site. CO2 fluxes were measured using an LI 8100A infrared gas analyzer (Li-cor Biogeosciences Inc., Lincoln, NE, USA) during the daytime, during the period from 11:00 to 16:00 using 8100-103 Survey chamber.



Measurements were carried out in three repetitions in each collar, on the basis of which the average value was further calculated. The measurement time was 2 min, with a 30-s interval between measurements. As a result, we obtained 15 emission measurements during each sampling day.



During each CO2 flux measurement, soil temperature was measured at depths of 5, 10, and 15 cm using a Soil Temperature Probe Type E (Omega, GA, USA) and soil water content (SWC) was measured at a depth of 5 cm using a Theta Probe Model ML soil moisture sensor (Delta T Devices Ltd., Cambridge, UK).



The sampling of ground cover was carried out from 7 plots of 10 cm2 from each plot with subsequent processing in the laboratory. Soil sampling was carried out for the organic horizon (O-horizon) since the podzol soil type is characterized by low reserves of organic matter, which are mainly concentrated in the near-surface layer. Samples were processed and analyzed according to standard methods [34].





3. Results


3.1. Seasonal Meteorological Characteristics


During 2019, the total precipitation was 318 mm (from May to September), and the mean air temperature was +12.9 °C. If we compare the sum of monthly precipitation (Figure 3) of 2019 with long-term mean values, we observe quite close numbers. The only exception was in July, when the sum of precipitation was 44% smaller than the long-term sum of precipitation.



The air temperature of the season was higher than mean long-term values by 1.3 °C. The hottest month was July, when the mean temperature was +19.7 °C (source: http://www.meteo.ru, accessed on 15 May 2023, Bor meteorological station). However, the biggest difference in the mean long-term temperature noticed in August was that mean air temperature in August was 20% higher compared with the long-term mean value. These meteorological conditions allow us to exclude extremes from the weather perspective, and the main differences in fluxes and soil properties will be related to the successional stage after fire.




3.2. Fire Impact on the Soil CO2 Emission and Environmental Factors


3.2.1. Soil Temperature and Moisture


Soil physical properties such as soil temperature and soil moisture represent the main consequences of the wildfire [35,36] and their values may suggest first estimates of recovery process for specific ecosystem. In this case, we monitored the lichen pine forests at various successional stages at intervals of 1 to 121 years since the last fire.



If we look at our succession stages (Figure 4), the highest soil temperature was detected at the site 14 years after fire. The coolest site for all depth was 121 years after fire with a well-developed lichen ground cover.



The difference in soil temperature 1 year after fire between three depths is 1 °C. The mean temperature was 14.4 ± 4.9 °C. The second succession stage 14 years after fire distinguishes higher temperature gradient with the depth. The soil temperature was around 20 °C at the 5 cm depth, 19.1 °C at 10 cm depth, and 18 °C at the greatest depth. Interestingly, that same site 14 years after fire demonstrates a higher temperature gradient than the site 1 year after fire.



At the site 23 years after the fire, the impact is still pronounced, and the temperature gradient is more than 1 °C with a depth during the season. Also, we found similarities in soil temperature values with the site 1 year after fire.



Soil temperature 46 years after fire characterized the most gradual temperature gradient with a depth around 0.2–0.4 °C. The mean soil temperature was around 13.2 °C at the 5 cm depth, 12.8 °C at 10 cm depth and 12.7 °C at 15 cm depth.



For site 121 years after fire, the soil temperature at the first depth is 12.3 ± 3.3 °C, at the second depth is 12 ± 3.2 °C and at the third depth is 11.8 ± 2.9 °C. Additionally, the mean temperature gradient as presented here equals just 0.5 °C.



Soil moisture is one of the main factors regulating all biogeochemical cycles in the boreal zone [37,38]. In our study sites (Figure 5) the lowest soil moisture was at sites 1 and 14 years after fire.



The site at 23 years following fire marked a transition to recovery within the fire-impacted area. The site with the longest time since fire showed the highest soil moisture values during the measurement period. The maximum soil moisture values were observed in the middle of June and the minimum values were observed in the middle of September.




3.2.2. Soil Carbon Emissions


In the chronosequence, we analyzed soil CO2 emission fluxes even at the site 1 year after we observed the seasonal dynamic (Figure 6). The maximum fluxes at each site were established in the middle of July. The smallest soil CO2 emission rates were fixed in the middle of June and the middle of September.



Low CO2 emissions from the soil were characterized at the site 1 year after fire. Seasonal variation was also quite small, from 0.51 ± 0.15 µmol CO2 m−2 s−1 in the middle of September to 1.96 ± 0.43 µmol CO2 m−2 s−1 in the middle of July.



The site 14 years after fire demonstrated almost the same flux rates as the previous site and even smaller mean soil emission seasonal values at around 1.06 ± 0.55 µmol CO2 m−2 s−1. The highest soil CO2 emission is presented in July (1.84 ± 0.33 µmol CO2 m−2 s−1), and the lowest in September (0.44 ± 0.06 µmol CO2 m−2 s−1).



Unexpectedly, we found that, firstly, 14 years is not enough time for recovery after a strong wildfire; secondly, initial forest trees composition may play a crucial role in fire recovery; thirdly, the height above the sea level and natural microrelief characteristics could modify the emission rates in even small distances between sites.



As we mentioned before, when analyzing soil moisture conditions, the site 23 years after fire demonstrates the features of a well-organized undestroyed ecosystem. In terms of flux rates, we found the confirmation of our concept. The soil CO2 emission at this site during the summer measurements period varied from 1.02 ± 0.18 to 5.57 ± 1.33 µmol CO2 m−2 s−1. The maximum emission monitored in the middle of July.



Previously, it was found in this area that 25 years after heavy fire, the lichen pine forest obtained a sink of CO2 fluxes [39]. Additionally, this could partly explain the features we gained.



However, in another study of boreal forests [37], exactly 23 years after fire, soil CO2 emission rates in most of the forests affected by fires became indistinguishable from the forests.



The next successional stage 46 years after fire illustrated a well-defined seasonal dynamic. The seasonal cycle started in June from 2.59 ± 0.59 µmol CO2 m−2 s−1, then reached the maximum level of 5.10 ± 1.08 µmol CO2 m−2 s−1 in July, down to 1.95 ± 0.54 µmol CO2 m−2 s−1 in September.



At the site 121 years after fire, the highest soil CO2 emission was found. The seasonal variation moved from 2.20 ± 0.33 µmol CO2 m−2 s−1 in the middle of June up to 7.42 ± 1.4 µmol CO2 m−2 s−1 in the middle of July.



The patterns of CO2 flux over the chronosequence were similar to those of soil moisture. The regression analysis showed an increase in emission rates over time (R2 = 0.93). It was found the soil CO2 emissions from the most recent burn area were lower compared with the site 121 years after fire in four instances.





3.3. Soil Emission and Soil Physical Properties


Seasonal soil CO2 emissions are strongly correlated with soil temperature (Figure 7a) for all sites of chronosequence, indicating exponential dependence. At sites 1, 23, 46 and 121 years after fire, the coefficient of determination (R2) was higher than 0.4, meaning that soil temperature at these sites plays a significant role in soil emission dynamics during the summer season. The site 14 years after fire was the least sensitive to the soil temperature changes (R2 = 0.2).



Relations to soil moisture regime are opposite to soil temperatures at the burned sites. For sites longer than 14 years following fire, CO2 emissions first increased then decreased within increasing levels of soil moisture (Figure 7b). Surprisingly, the most recent burn site was similar to the latest successional stage response. The highest CO2 emissions appear to be around 0.3 m3 m−3 [40].




3.4. Soil Emission and Organic Matter


From the sites of the chronosequence, the lowest organic matter for the two studied fractions was determined at the area burned most recently (Table 2). The highest pools were observed at the site 121 years after fire. The O-horizon contained twice as much organic matter than lichen ground cover for the sites 14, 23, 46 and 121 years after fire. The site 1 year after fire demonstrates the bigger differences in organic matter pools: O-horizon contains 10 times more OM than lichen cover. However, in this case, it should be remembered that the site 1 year after fire contained almost no lichen in its ground cover. Usually, the first recovery stage of lichens after wildfire started 10 years after fire.



The soil emission rates controlled by the presence of ground cover consist mainly of lichens (Figure 8), even if their recovery takes a long time. The analysis showed that seasonal soil CO2 emissions had a lower correlation with organic matter in the O-horizon than in the lichen ground cover.





4. Discussion


4.1. Soil Emission and Times Since Fire


Some authors suggested that fire severity is the main driver of soil emission dynamics, especially in the mountain regions of the boreal zone. The soil emission in the high burning severity sites was significantly lower than that in the control plot [41]. In our study, the fire severity was similar at all the sites and the differences between them stem mainly from the time since the fire event.



In contrast to our study, in a Canadian boreal forest, CO2 emissions were three times higher at 16 years after a fire than at the site 32 years after fire. The main consequences of it could be the domination of heterotrophic component in the emission process in the younger scars [41].



Interestingly, for our study area containing pine forests, at the sites 1 and 14 years after fire, there are no significant differences in soil CO2 emissions. Firstly, one of the suggestions might be that 14 years is not enough time to recover emission rates due to the destroyed ground cover, dead roots, low microbiological activity, etc. The second reason could be an additional disturbing factor at the site 14 years after fire, which is windfall. This came after the fire in 2005, which created specific conditions for this site. Previously, for evergreen broad-leaf forests in China, it was found that forest gaps may decrease soil microbial community diversity, soil nutrients, and, as a consequence, the heterotrophic part of soil emission [42].



The defined time of ecosystem transition in 23 years after fire is the period which shows the characteristics and behavior of the site as an undisturbed ecosystem. Additionally, here it should be emphasized that previously, [37] exactly the same time period for recovery of the soil CO2 emission rates was identified in the boreal region.




4.2. Soil Properties in Different Stages of Fire Succession


Soil properties, along with other environmental conditions, greatly change after wildfire. The soil depth until which some differences could be observed depends on fire se-verity characteristic [36]. After stand-replacing fire in the permafrost region, the depth of active layer may reach approximately 1 m depth [35]. In another study, it was indicated the depth of the active layer increases after the wildfire for approximately 3–5 years, depending on the fire severity and site conditions due to changes in ground vegetation coverage and albedo, resulting in higher ground temperatures after disturbance [43]. Soil temperature is related to this process and increases after fire compared with the control area.



For our succession sites, soil temperature decreases from 1 to 121 years after fire (Figure 4). However, at the site 14 years after the fire, we observed the highest soil temperature in each depth. The specific origin conditions of this site may also explain this situation. Due to the presence of dead wood and coarse woody debris, the ground cover is receiving more solar radiation than the other sites. Most likely due to these conditions at this site, we fixed the higher temperature gradient with a higher depth compared to the other stages after the wildfire.



Soil moisture is another important factor affecting soil CO2 emissions [44]. In the study of Arctic areas, it was concluded that wildfires may reduce soil moisture by destroying vegetation cover and forest stand composition [45]. In most of our sites, except 121 years after fire, ground cover was partly or completely destroyed. Usually, the presence of ground vegetation cover may act as a layer of conservation of some permanent soil environmental condition [46]. Additionally, the lack of this layer will disturb the functioning of the whole ecosystem. Soil water is needed for life cycles of soil microorganisms, organic decomposition process and carbon sequestration as well [47]. In drought conditions, as an adaptation mechanism, the “Birch effect” has been observed, where additional CO2 is released to the atmosphere [48,49,50].



In our study, at the two sites 1 and 14 years after fire, we monitored low soil moisture levels (Figure 5). For the other sites, we can notice the optimal range of soil moisture values when soil emission is highest. After 23 years since fire, there is a border when the increased soil water content allows for the detection of an optimal soil moisture range for max efflux. During the summer season, moisture conditions have an especially strong role in regulating soil emission dynamics.





5. Conclusions


The study was directed to explore soil CO2 emission responses to wildfires as the main natural disturbance factor in the boreal region. We identified a four-fold reduction in soil CO2 efflux at the first successional stage of the fire chronosequence compared with one fourth of that in the 121 years since fire area. The next successional stage 14 years after fire demonstrated similar emission fluxes and highlighted that this period of time represented the still-destroyed stage of ecosystem functioning. The successional stage of 23 years after fire combines observable fire impact and features of the natural undisturbed area. Between 46 years and 121 years following the fire, the emission fluxes increased by 30%. Successional stages at 1 and 14 years were characterized by the lowest values of soil moisture and highest soil temperatures. Soil CO2 emissions reacted differently to the soil temperature and soil moisture changes across the fire chronosequence. At the successional stages 1, 23 years and older, soil temperature plays an important role in the regulation of soil emission fluxes. The soil moisture mostly modifies the fluxes at the site 14 years after fire. The presence of ground cover causes more soil CO2 emissions than the first organic horizon of mineral soil.



Our results suggest that wildfires have a huge impact on the soil CO2 emission dynamics and can completely change the functional role of the boreal region as a carbon sink in the global climate system.
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Figure 1. Map of the study sites: 1898—121 years after fire; 1973—46 years after fire; 1996—23 years after fire; 2005—14 years after fire; 2018–1 year after fire; ZOTTO—Zotino Tall Tower, International research station (http://www.zottoproject.org, accessed on 15 May 2023). 
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Figure 2. Stands and ground vegetation on the study sites. 
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Figure 3. Seasonal meteorological conditions (May–September). The mean values were calculated from 1936 for air temperature and from 1966 for precipitation for Bor meteorological station (http://www.meteo.ru, accessed on 15 May 2023). The error bars show the standard deviation. 
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Figure 4. Soil temperature changes with the depth of fire chronosequence. Data represent the seasonal mean (25 measurements per season) with standard deviation bars. 






Figure 4. Soil temperature changes with the depth of fire chronosequence. Data represent the seasonal mean (25 measurements per season) with standard deviation bars.



[image: Land 12 01544 g004]







[image: Land 12 01544 g005 550] 





Figure 5. Seasonal soil moisture for fire chronosequence. 
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Figure 6. Dynamic of the soil CO2 emissions during the summer season. Error bars present the standard deviation for each period of measurements. 
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Figure 7. Dependencies of soil emission on soil temperature (a) and soil moisture (b). 
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Figure 8. Relationship between organic matter of two fractions (lichens and O-horizon) and their sum with soil CO2 emissions on a seasonal scale. 
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Table 1. Ecological conditions of the study sites. 10P—Pinus sylvestris, lichen pine forest.
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	Site
	Elevation, m a.s.l.
	Forest Type
	Ground Cover
	Tree Species
	Stand Density, Trees per Ha





	1898
	77
	10P
	Cladonia stellaris, Cladonia rangiferina
	Pinus sylvestris L.
	1703



	1973
	94
	10P
	Cladonia stellaris, Cladonia rangiferina, Pleurozium schreberi, Vaccinium vitis-idaea
	Pinus sylvestris L.
	2212



	1996
	62
	10P
	Cladonia stellaris, Cladonia rangiferina, Polytrichum commune, Cetraria islandica, Vaccinium vitis-idaea
	Pinus sylvestris L.
	1625



	2005
	97
	10P
	Cladonia stellaris, Cladonia rangiferina, Polytrichum commune, Cetraria islandica, Vaccinium vitis-idaea, Arctostaphylos uva-ursi
	Pinus sylvestris L.
	-



	2018
	96
	10P
	-
	Pinus sylvestris L.
	1448
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Table 2. Organic matter in fractions, in kg m−2. Mean values presented with standard deviation (SD).
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Fraction

	
Years after Fire




	
1

	
14

	
23

	
46

	
121






	
Lichen

	
0.18 ± 0.20

	
0.90 ± 0.64

	
1.34 ± 0.73

	
0.90 ± 0.51

	
1.52 ± 0.93




	
O-horizon

	
1.74 ± 1.44

	
2.23 ± 0.81

	
2.29 ± 1.47

	
1.95 ± 1.09

	
3.73 ± 1.53
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