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Abstract

Boreal forests are an important carbon (C) sink and fire is the main natural disturbance, directly
affecting the C-cycle via emissions from combustion of biomass and organic matter and
indirectly through long-term changes in C-dynamics including soil respiration. Carbon dioxide
(CO») emission from soil (soil respiration) is one of the largest fluxes in the global C-cycle.
Recovery of vegetation, organic matter and soil respiration may be influenced by the intensity of
post-fire management such as salvage logging. To study the impact of forest fire, fire and
salvage, and recovery time on soil respiration and soil C and N content, we sampled two
permanent research areas in north-western Estonia that were damaged by fire: Vihterpalu (59°13°
N 23°49° E) in 1992 and Nova (59°10° N 23°45” E) in 2008. Three types of sample plots were
established: 1) unburned control with no harvesting (CO); 2) burned and uncleared (BU); and 3)
burned and cleared (BC). Measurements were made in 2013, 21 years after wildfire in Vihterpalu
and 5 years after wildfire in Nova. Soil respiration ranged from 0.00 to 1.38 g CO, m™>h™". Soil
respiration in the burned and cleared areas (BC) was not reduced compared to burned and
uncleared (BU) areas but the average soil respiration in unburned control areas was more than
twice the value in burned areas (average soil respiration in CO areas was 0.34 CO, m™>h™, versus
0.16 CO, m™? h™', the average soil respiration of BC and BU combined). Recovery over 20 years
was mixed; respiration was insignificantly lower on younger than older burned sites (when BC
and BU values were combined, the average values were 0.15 vs. 0.17 g CO, m™ h',
respectively); soil-C was greater in the older burned plots than the younger (when BC and BU
values were combined, the average values were 9.71 vs. 5.99 kg m™, respectively); but root
biomass in older and recently burned areas was essentially the same (average 2.23 and 2.11 kg

m?, respectively); soil-N was highest on burned areas 20 years after fire. Twenty years post-fire
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may be insufficient time for carbon dynamics to fully recover on these low productivity sandy

sites.

Keywords: soil organic matter, carbon cycling, salvage logging

1. Introduction

Forest ecosystems are an important carbon (C) sink and store approximately 80% of all terrestrial
aboveground C and 40—47% of all soil organic C (Jandl et al., 2007; Jobbagy and Jackson, 2000;
Wei et al., 2014). Boreal forests are an important part of the climate system since they contain
about 35% of the C (259 gigatons) bound in global forest biomes (Pan et al., 2011) although
other estimates are considerably higher (as much as 1715.8 gigatons C; Bradshaw and
Warkentin, 2015). Forests sequester C and store it above-ground (i.e., trees) and below-ground
(i.e., soil, roots), and approximately 80% to 95% of the C stored in boreal regions is found in
forest soils and peats (Bradshaw and Warkentin, 2015; Goodale et al., 2002). In (hemi)boreal
forests, nitrogen (N) availability plays a key role in regulating the production of biomass, organic
matter decomposition and C allocation (Palviainen et al., 2017). Therefore, N is a key

determinant of C sequestration and C pools (Hogberg, 2012; Hyvdnen et al., 2008).

In forest ecosystems both anthropogenic (e.g., thinning, harvesting) and natural (e.g., fire,
windthrow) disturbances are important influences on forest structure formation, composition and
functioning (Hicke et al., 2012; Koster et al., 2009; Seidl et al., 2014). In boreal regions wildfires
greatly affect forest structure and function as they cause loss of above-ground (15-35%) and
below-ground (37-70%) biomass due to combustion (Shorohova et al., 2009). Disturbances also
impact C dynamics by disrupting C sequestration and affecting C exchange between soil and
atmosphere (Buchmann, 2000). Fire is the main natural disturbance in boreal forests and it is

expected to increase in frequency as a result of climate change (Flannigan et al., 2009). Fires
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directly affect the C-cycle via increased CO, emissions from the combustion of biomass and
indirectly through long-term changes in the C-dynamics of ecosystems including post-fire
recovery of forest stands (Goulden et al., 2011; Kdoster et al., 2014, 2016a), and by altered
chemical composition of soil organic matter (Gonzélez-Pérez et al., 2004; Knicker, 2007). It has
been found that forest fires considerably decrease N pools in biomass, while changes in soil N
pools are small (Palviainen et al. 2017). In the organic soil layer, part of the stored N is lost, but
in mineral soil the N pool usually remains mostly unchanged (Giesen et al., 2008; Nave et al.,

2011; Yermakov and Rothstein, 2006).

The balance between above-ground and below-ground production of plant litter and
decomposition of that material by soil microorganisms regulates soil C-pools (Kdster et al.,
2011, 2016b). Carbon dioxide (CO;) emission from the soil is one of the greatest fluxes in the
global C-cycle and even small changes in soil respiration may greatly impact atmospheric CO,
concentration (Schlesinger and Andrews, 2000). The notable increase in CO, emissions from soil
since the 1960s has been linked to global climate change (Buchmann, 2000). Soil respiration is
affected by several factors, among these soil temperature and humidity are considered to be the
most important (Karhu et al., 2014; Raich and Schlesinger, 1992), and these factors vary
seasonally and throughout the growing season (Kdster et al., 2016a). Altered future climate that
increases air temperature and changes rainfall patterns will also affect soil temperature and water
content, impacting soil microbial communities and thereby influencing soil respiration

(Anderson, 2011).

The investigation of soil respiration has increased significantly in recent decades and some
studies have examined the effects of disturbances (e.g. fire, windthrow) on soil respiration in
forest ecosystems (Concilio et al., 2006; Hubbard et al., 2004; Koster et al., 2011, 2016a). Most
studies are conducted either in nature reserves, where decomposable material was left in the area
after disturbance (Koster et al., 2014, 2015, 2016b), or in managed forests where the material
was removed after fire disturbance (Lopez-Serrano et al., 2016; Poirer et al., 2014). Thus, there

are few studies where post-disturbance management levels could be compared. In earlier studies
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in Vihterpalu and Nova the impact of different post-fire management treatments on forest
regeneration (Parro et al., 2015) and ground vegetation dynamics (Parro et al., 2009) was
examined. The objective of the current study was to assess the impact of forest fire and time
since wildfire on soil respiration and soil C and N content in scenarios where the area was or was
not managed after wildfire disturbance. The factors affecting soil respiration were assessed, such
as soil C and N content, the relationship between respiration and temperature, and the impacts of

disturbances (fire and salvage) on soil respiration and time needed to recover.

Soil respiration is the combination of microbial and root respiration, thus in addition to
temperature and moisture, the C available for decomposition and root biomass affects respiration
levels. Disturbances such as wildfire and logging that remove plant material reduce respiration
but as vegetation recovers, over time respiration increases. We hypothesized that 1) soil
respiration is highest in control areas where no fire or forest management has occurred; 2) soil
respiration in burned and uncleared areas where dead and live trees were left after fire is higher
compared to burned and cleared areas where trees were removed after fire; 3) soil respiration is
lower in recently burned areas as compared to older burned areas; and 4) soil respiration is

higher with higher soil temperatures.

2. Materials and methods

2.1. Study areas

Estonia belongs to the hemiboreal vegetation zone (Ahti et al., 1968) where the average annual
temperature is +5.2 °C. The coldest month is February, with an average temperature of —5.7 °C,
and the warmest month is July, with an average temperature of +16.4 °C. The average
precipitation is 550—-650 mm. This study was carried out in two permanent research areas in
north-western Estonia that were damaged by fire: Vihterpalu (59°13° N 23°49° E) and Ndova
(59°10° N 23°45° E) (Figure 1). The distance between the Vihterpalu and Nova areas is around

10 km. The area is flat with no elevation differences. Both sites originally regenerated after
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severe stand replacing fires in 1940 (Nova) and 1951 (Vihterpalu) and were covered with planted
or sown Scots pine (Pinus sylvestris L.). Stand-replacing fires removed the vegetation layer and
caused the loss of soil organic matter. The ground was covered with ash and sand was exposed in
spots. Burned and cleared areas had double-disturbances: the fire damaged area was salvage
logged. Fire occurred again in Vihterpalu in 1992 (severe stand replacing fire, 550 ha burned),
when the forest was 52 years old, and in 2008 in Nova (severe stand replacing fire, 800 ha
burned), when the forest was 70 years old. The stands had not been thinned before the recent

wildfires occurred.

Russia

)\ Lithuan%‘{"/ T
; AR (Belarus |

Fig. 1. Location of the permanent research areas in north-western Estonia.

The Vihterpalu and Nova forests belong to the Vaccinium uliginosum and Calluna site types
(Lohmus, 2004), with sandy and dry soils. Productivity in these forests was low, and stands were
in the lower site-quality classes. In both study areas, two sample plots (2040 m) were
established in each of three treatment areas: 1) unburned control (CO), unburned areas where no
harvesting (management) was carried out; 2) burned and uncleared (BU), burned areas without
management in which both dead and live trees were left on the plots after fire; and 3) burned and

cleared (BC), areas in which all dead and live trees were harvested from the plot after fire. These
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12 plots (6 plots in Vihterpalu, 6 plots in Nova) were established at least 200 m apart for
vegetation sampling (Parro et al., 2009, 2015) and sub-sampled for the current study.

2.2. Sampling

Within each of the 12 sample plots, soil respiration (g CO, m™~ h') was measured on four
permanent collars, located systematically in a line with 8 m separation between collars (Figure
2). Measurements were made in 2013, 21 years after wildfire at Vihterpalu and 5 years after fire
disturbance at Nova. One month before the first soil respiration measurement, a permanent
plastic (polypropylene) collar was inserted into the soil at each sampling site. The lower edge of
the collar was placed at 0.02 m depth of the soil. The collars were also sealed and stabilized on
the outside with sand. Large plants (e.g. Calluna) within the collar were clipped with scissors but

no plants were removed.

20m
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Fig. 2. Location of permanent collars (empty circles) and soil sampling (filled circles) in the plot.

Soil respiration was measured with a portable system consisting of a CIRAS-2 infrared gas
analyser attached to a closed, dynamic SRC-1 soil respiration chamber (PP-Systems, Hitchin,
UK). Measurements were carried out from July to September 2013 (all together 4 measurements
per collar in mid-July, beginning of August, end of August and mid-September). A closed
chamber (volume of 1170 cm’) was placed on the plastic collar (diameter 100 mm, height 50
mm) installed on the soil. The rate of increase of the CO, concentration inside the chamber was
measured using a linear fitting and a measurement time of 120 seconds. The respiration chamber
was ventilated for at least 30 seconds before a measurement to achieve stable CO, concentration.
Respiration measurements were not carried out during rain events to keep measurement
conditions as stable as possible. During the measurements in July weather was mostly sunny
(one day was a little cloudy), air temperatures ranged between 19 to 22 °C, with light breezes. At
the beginning of August weather was mostly sunny (one day was cloudy), air temperatures
ranged between 18 to 22 °C, with light breezes (one day was windy). At the end of August
weather was mostly sunny and a partly cloudy, air temperatures ranged between 17 to 21 °C,
with light breezes. In September weather was mostly sunny (one day was half cloudy), air
temperatures ranged between 17 to 18 °C, with light breezes (one day was windy). In total, 181
respiration measurements were made. Soil temperature at 5 cm depth was measured adjacent to
the first and fourth collar at the time of respiration measurements with a temperature sensor STP-
1 (PP-Systems, Hitchin, UK) connected to the portable soil-respiration system, resulting in 92

soil temperature measurements.

In each sample plot, soil samples within 0.5 m of the soil respiration collars were taken to
estimate soil C (kg m™) and N (kg m™) content. One soil core was taken next to three respiration
collars at the 1st, 2nd, and 4th positions (total of 36 cores) (Figure 2). The soil cores measured 50
mm in diameter and 500 mm in length; they were transported to the laboratory and stored at —18
°C. In the laboratory, soil cores were divided according to morphological horizons. The

thickness of each horizon was measured to determine volume, sieved with a 2 mm sieve and
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roots removed, then dried at 100 °C and weighed to calculate bulk density of each horizon. Roots

were dried at 60 °C and weighed for biomass.

Soil was classified as a gleyic podzol (IUSS Working Group WRB, 2015.), with loamy sand. Its
profile (O—-E-BHF-BCg—Cg) consists of the organic (O) horizon (2-6 cm), discontinuous
bleached sandy podzolic (E) horizon of varying thickness, iron-illuvial loamy sand (BHF)
horizon, and a gradual transition towards an unevenly colored (from grey to yellowish brown

color) sandy parent material (Kdster et al., 2016a).

Soil C and N content were determined with an elemental analyzer (varioMAX CN

Elementaranalysator, Elementar Analysensysteme GmbH, Hanau, Germany).

2.3. Statistical analysis

Statistical analyses were conducted using R (R Core Team, 2017). Data were checked for
normality with the Shapiro-Wilks test. Because the respiration data were not normally
distributed, a non-parametric Mann-Whitney-Wilcoxon test (also known as Mann-Whitney U
test) was used to analyse differences between groups. Means, standard deviations and standard
errors were calculated for soil respiration and temperature for each sample plot (6 plots at each
location, 2 for each treatment at each location). All calculations and statistical analyses used the

sample plot as the experimental unit and significance level of a = 0.05.

3. Results

3.1. Soil respiration
Average soil respiration values during the measurement period (from July to September 2013)

across all treatments at Vihterpalu (1992 fire) varied from 0.00 to 1.38 g CO, m”>h™' and at Nova

9
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(2008 fire) from 0.00 to 0.94 g CO, m™>h' (Table 1). Average soil respiration was greatest in the
beginning of August (0.52 g CO, m™~h™") and lowest in July (0.09 g CO, m~>h™).

Table 1. Soil respiration at two sites measured four times from July to September 2013 on three
treatments: control (CO), burned and cleared (BC), and burned but uncleared (BU). Data are

averages of two plots per treatment, four respiration measurements per plot on each date (n=8).

Year of fire

1992 (Vihterpalu)

2008 (Nova)

Treatment CO BC BU CO BC BU
Month July

Minimum 0.00 0.08 0.03 0.00 0.06 0.03
Maximum 0.43 0.18 0.22 0.38 0.13 0.28
Average 0.23 0.13 0.13 0.14 0.09 0.10
Month August 1

Minimum 0.07 0.07 0.04 0.22 0.15 0.07
Maximum 1.38 0.35 0.28 0.69 0.21 0.47
Average 0.52 0.17 0.17 0.43 0.18 0.19
Month August 2

Minimum - 0.03 0.02 0.09 0.05 0.03
Maximum - 0.20 0.41 0.84 0.25 0.52
Average — 0.11 0.18 0.42 0.13 0.14
Month September

Minimum 0.03 0.07 0.01 0.02 0.03 0.03
Maximum 0.45 0.76 0.35 0.94 0.29 0.62
Average 0.24 0.33 0.13 0.39 0.14 0.26

Note: the data for August 2, CO, 1992 (Vihterpalu) is missing due to technical obstacles.

10
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Fig. 3. Effect of treatments on soil respiration on two sites (1992=Vihterpalu, 2008=Nodva) with
different times since wildfire. Values of soil respiration (g CO, m™ h') are averages of
measurements on two plots, each sampled on four dates in 2013. Control areas (CO) were
unburned and unmanaged; burned and cleared (BC) were harvested after fire; and burned and

uncleared areas (BU) had all dead and live trees left on the area after fire.

Soil respiration was higher in CO areas than in BC and BU areas (p < 0.0001) (Table 1; Figure
3). The average soil respiration was 0.34 g CO, m™> h' in CO areas (Vihterpalu and Nova
combined), which was 0.18 g CO, m™>h™" higher than on BC and BU areas (Vihterpalu and Nova
combined), where respiration averaged 0.16 g CO, m™h™'. The BC and BU treatments were not

significantly different from each other (p = 0.851).

Comparison of two sites with differing times since wildfire showed that soil respiration was
lower (on average 0.15 g CO, m™ h’', from both BC and BU areas) on areas where fire had
occurred more recently (2008 fire in Nova) than on areas burned in 1992 in Vihterpalu (on
average 0.17 g CO, m™” h™', from both BC and BU areas), but the difference was not significant
(p = 0.105) (Table 1). At Vihterpalu (1992 wildfire) the average CO; release on the control areas
(CO) was 0.33 g m™ h™', on burned and cleared areas (BC) 0.19 g m™ h™', and on burned and

uncleared areas (BU) soil respiration averaged 0.15 g CO, m™>h™'. Despite the different intervals

11
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since wildfire, the average soil respiration at Nova (2008 wildfire) was almost the same as

Vihterpalu (CO = 0.35 g CO, m?h', BC=0.14 g CO, m?h",and BU=0.17 g CO, m>h™").

3.2. Soil temperature

During the measurement period soil temperatures varied from 9.5 to 23.5 °C, with the highest
temperatures at both sites in early August and lowest temperatures in September. The average
temperature for all measurements was 15.28 °C. Average temperatures for treatments were:
14.01 °C on CO areas, 16.63 °C on BC areas and 15.06 °C on BU arecas. However, there was no

significant relationship between soil respiration and soil temperature (Figure 4; p = 0.068).
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Fig. 4. Soil temperature and respiration at Vihterpalu (1992) and Nova (2008), indicating no
significant relationship. Treatments are CO=control, BC=burned and cleared, and BU=burned

and uncleared.

3.3. Soil thickness and root mass

Top soil layer was thickest in CO areas (6.0 cm in average, from both Vihterpalu and Ndva
areas), followed by BC areas, BU areas, 2.85 and 2.3 cm, respectively (combined values from
Vihterpalu and Nova areas) (Table 2). In 1992 areas the top soil layer thickness in CO areas was
on average 6.4 cm, followed by BC areas that averaged 3.2 cm and BU areas that averaged 2.3
cm. In 2008 areas the respective top soil layer thickness values for CO, BC and BU areas were

5.6 cm, 2.5 cm and 2.3 cm, respectively.

Table 2. Average soil horizon thicknesses (cm) from each of two sites, by treatment

(CO=control, BU=burned and uncleared, BC=burned and cleared).

Vihterpalu Néva

Treatment Treatment
Horizon CO BU BC Horizon CcO BU BC
O 64+04 23+0.7 32+0.7 O 56+£1.0 23+04 25+1.0
E 7.8+0.3 6.8+0.6 83+04 E 99+0.6 7.6+0.8 7.8+0.5
BHF 10.8+0.6 9.8+09 11.1+£ 04 | BHF 119+£06 9.6+0.6 9.8+0.5
BCg 121+£05 10.8+1.9 10.5+1.9 | BCg 11.1+14 10.8+1.6 11.0£0.9
Cg 171+£25 12.1+39 109+22 |Cg 11.7£1.9 13.3+£0.9 182+4.5

Average root dry mass was highest in control areas (3.70 kg m™), followed by burned and
uncleared areas (2.31 kg m™) and burned and cleared areas (1.92 kg m™). Root dry mass from
control areas was significantly different from fire-disturbed areas (p = 0.020). Dry mass of roots
was higher in the older burned area (Vihterpalu 1992) 2.23 kg m™, than in the more recent
burned area (Nova 2008), 2.11 kg m™.

3.4. Soil carbon and nitrogen content

13
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Soil carbon (C) stocks were greatest in CO areas (9.078 kg m™~, combined value from Vihterpalu
and Nova areas), followed by BU areas (7.989 kg m™) and lowest on BC areas (6.963 kg m™).
Total soil C stocks were significantly lower (p < 0.05) in the recently burned areas (2008 BC and
BU) compared to other areas (Figure 5). Average C content for all treatments in organic (O)
horizons was 6.336 kg m™, which was higher than in mineral soil horizons, which were between
0.089 and 1.114 kg m™. The total soil C in the control plots of the two areas was essentially the
same (8.971 vs. 9.184 kg m™). In the older burned area (Vihterpalu 1992) the soil carbon levels
had returned to control levels (BC = 9.158 and BU = 10.261 kg m™), but soil carbon levels in the
managed plots in the more recently burned area (Nova 2008) were significantly lower than
controls (BC = 5.5 and BU = 6.474 kg m™). Soil carbon content and soil respiration were

significantly correlated (p = 0.008).
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Fig. 5. Average carbon content in forest soil in Vihterpalu (fire in 1992) and Nova (fire in 2008)
study areas (kg m™ and standard deviation). Control areas (CO) — unburned and no management
activities carried out; (b) burned and cleared (BC) — harvested after fire; and (c) burned and
uncleared areas (BU) — dead and live trees were left onsite after fire. Soil horizons are O=litter
and humus combined, E=eluvial spodic horizon, BHF=iron-illuvial loamy sand, BCg=illuvial

sandy horizon, and Cg=sandy parent material.

14
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Soil nitrogen (N) stocks averaged 0.334 kg m™ in CO areas, 0.303 kg m™ in BU areas and 0.297
kg m™ in BC areas (Figure 6). Similar to soil C stocks, soil N stocks were significantly lower (p
< 0.05) in the recently burned site (Nova 2008) BC and BU areas compared to other areas
(Figure 6). Average N content in the organic (O) horizons across all treatments was 0.239 kg m™,
which was higher than in mineral soil horizons (0.018 kg m™). Soil N recovered in a similar
pattern to soil C in that the control plot N content was similar (0.371 and 0.297 kg m™ in
Vihterpalu and Nova, respectively) while soil N in managed plots of the older burned site
recovered to higher levels (0.447 and 0.399, BC and BU respectively) as compared to the more
recently burned site (0.197 and 0.239, BC and BU respectively). Nevertheless, unlike soil C, soil

respiration and soil N content were not significantly correlated (p = 0.139).
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Fig. 6. Average nitrogen content in forest soil in Vihterpalu (fire in 1992) and Nova (fire in
2008) study areas (kg m™) and standard deviation. Control areas (CO) — unburned and no
management activities carried out; (b) burned and cleared (BC) — harvested after fire; and (c)
burned and uncleared areas (BU) — dead and live trees were left onsite after fire. Soil horizons
are O=litter and humus combined, E=eluvial spodic horizon, BHF=iron-illuvial loamy sand,

BCg=illuvial sandy horizon, and Cg=sandy parent material.

Soil C/N ratios mostly varied by horizons. The highest average C/N ratios were found in the E

horizons: 39.3 in control areas, 33.2 in burned and cleared areas and 33.1 in burned and

15
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uncleared areas. Average E horizon C/N ratios in control areas were significantly different from
fire-disturbed areas (p = 0.012). High C/N ratios were observed also in BHF horizons where the
highest values were observed in control areas (36.5) followed by burned and uncleared areas
(30.3) and burned and cleared areas (29.8). The average C/N ratios in O horizon were 29.4 in
control areas, 25.9 in burned and uncleared areas and 24.2 in burned and cleared areas. The

lowest C/N ratios were observed in deeper horizons where the values stayed below 20.

4. Discussion

Soil respiration values found in this study ranged from 0.00 to 1.38 CO, m™” h™' and were similar
to other published work in boreal forests (Concilio et al., 2006; Czimczik et al., 2006; Kdster et
al., 2011). Fire, especially wildfire, has been found to negatively affect soil respiration (Czimczik
et al., 2006; Sullivan et al., 2011), which was supported by results of this study. The highest soil
respiration values were recorded in control (CO) areas that were not affected by forest fires,
which was more than twice the value of respiration in burned areas (average soil respiration in
CO areas was 0.37 CO, m™ h'l, versus the average of the BC and BU areas combined, which was
0.16 CO, m™h™). Fire destroys the litter and upper organic layer (F-horizon) and the underlying
humus layer (H-horizon) is severely damaged. It is in these soil horizons, however, that most soil
respiration takes place in the form of decomposition processes and root respiration. Thus, fires
significantly affect soil respiration by removing carbonaceous material and reducing root mass,

thereby affecting post-fire recovery of burnt areas.

Post-fire management, including the removal of dead and live trees, greatly influences the
physical and chemical composition of soil (Luo and Zhou, 2006). The effect of harvesting on soil
respiration depends on several factors, such as cutting method (Luo and Zhou, 2006), tree
species composition (broadleaf litter decomposes faster than coniferous litter; Berg and
Laskowski, 2006), stand age (Concilio et al., 2006) and climatic conditions (Luo and Zhou,
2006). Temperature has a significant impact on CO; fluxes (Buchmann, 2000; Kdoster et al.,
2011) but studies of the effects of clear-cutting have found opposing results. Wang et al. (1999)
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and Striegl and Wickland (1998) found that clear-cutting did not affect soil respiration. However,
Lytle and Cronan (1998) found decreased soil respiration after harvesting. The current study
examined whether removing or leaving dead and live trees after burning affected soil respiration
differently. The expectation was that soil respiration would be higher in burned and uncleared
(BU) areas than on burned and cleared areas (BC) but our results failed to confirm this
hypothesis. A possible explanation is that removing the trees raised the soil temperature thus
improving conditions for vegetation growth and increasing the amount of litter produced. More

litter would in turn lead to more decomposition and increase the release of CO, from the soil.

No direct relationship was found between respiration and soil temperature from July to
September. The lowest average soil temperature was measured in burned and uncleared (BU)
areas (9.5 °C) and the highest in burned and cleared (BC) areas (20.5 °C). In spring and autumn
soil temperature in burned and harvested areas rises faster than in unburned forests. In areas
where tree crowns are damaged or missing, soils warm quicker than under an intact canopy
(Certini, 2005) because solar radiation reaches the ground unimpeded (Griffiths and Swanson,

2001). In addition, post-fire soil is darker and therefore actively absorbs sunlight.

It was hypothesized that recently burned areas (wildfire in 2008) would have lower soil
respiration values than areas burned more than 20 years ago (wildfire in 1992). The results
confirmed this expectation (0.15 g CO, m™ h™ versus 0.17 g CO, m™ h™', respectively). The
difference was not statistically significant, however, even though all the preconditions were there
for soil respiration to be higher in the 1992 fire areas, including a thick litter and F-horizon and
higher soil C content. It can be argued that in our study areas, dominated by relatively infertile
sandy soils, 20 years is too short a period for the soil C and soil respiration to recover. It has been
found that it may take 3—10 years in boreal forests for post-fire soil CO, efflux to recover (Koster
et al., 2015), and the recovery is affected by vegetation type, vegetation coverage and post-fire
biomass recovery (Raich and Tufekcioglu, 2000). The pine forests in our study areas were

growing on sandy soils where the soil organic layer was thin and the stand replacing fire
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consumed almost all the soil organic layer making it difficult for trees to regenerate and ground

vegetation to establish on pure sand (Kdster et al., 2016a).

The amount of C available for decomposition affects soil respiration and soil respiration
increases with the addition of organic C into soil (Schlesinger and Andrews, 2000). The C
content was higher in the biologically most active O horizon. Comparison of different fire years
showed that the C content was substantially higher in areas that burned several decades ago (fire
in year 1992) compared to recently burned areas (fire in year 2008). The relationship between the
increase of C content and time since fire was described by Johnson and Curtis (2001) as the soil
C content starting to increase ten years after a fire due to the thickening of the litter and organic
layers. In addition, in our study the soil respiration was higher over the growing season in areas
where the soil C concentration was higher, for example in control (CO) areas soil respiration

values were two times higher than fire areas.

Higher soil N content increases C sequestration (De Vries and Posch, 2011). N content was
highest in the litter and F-horizon but we found no relationship between the soil N content and
soil respiration. Curiously, the N content in the mineral soil horizons of the 1992 burned plots
was greater than the control plots, something that has been observed under prescribed burning in
Spodosols in Florida, USA (personal observation, J. Stanturf). The unburned control areas had
higher C/N ratios than both burned areas. The C/N ratios of the O, E and BHF horizons of
control areas were greater than in the burned classes, indicating that a small amount of C was lost
and/or N was gained, potentially through leaching of unburned forest floor material. Similar to
the current study, Yermakov and Rothstein (2006) showed a decrease in C/N ratios for both
forest floor and upper mineral soils in recent fires when compared with older (72 years after fire)

sites.

The increase in average N content after the 1992 fire might have been the result of increased

decomposition of vegetation. In 2013, when measurements were carried out, 21 years had passed
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since the fire in 1992. There had been vigorous vegetation growth after the fire (Parro et al.
2015); competition and change in soil nutrients affected the young deciduous trees that started to

die about 15 years after fire.

Root respiration forms a large part of soil respiration (Widén and Majdi, 2001). Recovery of root
biomass, and thereby root respiration, after fire and logging disturbances may follow two
pathways. Firstly, vegetation recovers over time in both above-ground and below-ground
biomass. Secondly, soil organic matter content increases, which improves soil structure, making
it easier for roots to penetrate through soil. For example, Saha et al. (2010) reported that below-
ground biomass was increasing remarkably 25 years after the fire compared to areas where fire
had occurred three years ago. In our study the amount of root dry mass was highest in control
(CO) areas and smallest in burned and cleared (BC) areas, which can be explained by the double-
disturbance effect. Older burned areas had slightly higher (average 2.23 kg m™) root biomass
than recently burned areas (average 2.11 kg m™). Control (CO) areas had the highest root

biomass, the thickest litter and F-horizon, and the highest soil respiration.

5. Conclusion

Respiration was significantly higher on control plots than burned plots. No difference in
respiration rates, however, was detected on burned and cleared plots compared to burned and
uncleared plots; possibly the fire efficiently removed the surface organic layers and understory
vegetation, so that combined with spatial variability, no difference could be detected.
Alternatively, removing the remaining overstory trees in the cleared plots increased light to the
soil surface and promoted sufficient new vegetation to offset what was removed. An increase in
respiration with higher soil temperatures would have supported this explanation but no direct

relationship between temperature and respiration was found.
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Respiration was lower on younger than older burned sites (0.15 vs. 0.17 g CO, m™ h™") but the
difference was not significant. This was puzzling since the C available for decomposition was
greater in the older burned plots than the younger (9.71 vs. 5.99 kg m™, respectively) and soil C
content and respiration were significantly correlated. Conversely, root biomass in older and
recently burned areas was essentially the same (average 2.23 and 2.11 kg m™, respectively) so
that a difference in root respiration, which forms a large part of soil respiration, was unlikely to
account for the lack of temporal difference in soil respiration. We suspect that the sandy and
relatively infertile nature of these sites accounts for the apparent lag in recovery of soil

respiration; 20 years was insufficient time for recovery of soil respiration.
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