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1. INTRODUCTION
1.1 Background
Boreal forests cover approximately 11% of Earths terrestrial area, making it the world’s
second-largest biome (Thiffault 2019, Kayes and Mallik 2020). Boreal forests grow in
high-latitude environments where freezing temperatures occur for 6-8 months and in
which trees are capable of reaching a minimum height of 5m and a canopy cover of 10%
(IBFRA 2020). In Fennoscandian boreal forests, the predominant forest tree species are
Norway spruce (Picea abies Karst.), Scots pine (Pinus sylvestris, L.), birch (Betula s L.),
and common aspen (Populus tremula, L.) (Kuuluvainen and Aakala 2011).
Boreal forests are also an important store of carbon (C), representing over one-third of
terrestrial C stocks (Bradshaw and Warkentin 2015). Boreal forest soils are typically
podzols; acidic and low in fertility, with a thin often leached A-horizon and iron-humus
complexes forming beneath (Retallack 2021). In soils, the CO2 efflux (soil respiration)
consists of: 1) heterotrophic respiration - from microbial decomposition of litter and soil
organic matter (SOM); 2) autotrophic respiration - surface vegetation, roots, mycorrhizal
fungi and free-living microorganisms in the rhizosphere (Comstedt et al. 2011). The
continued storage of C in boreal forests and forest soils is critical to mitigate climate
change; modern concentrations of greenhouse gases (GHG’s) in the atmosphere are
unprecedented compared to the last 650,000 years, primarily as a consequence of
anthropogenic activities (IPCC 2019). Areas at northern latitudes have already
experienced the largest increases in average air temperatures due to changes in climate,
and this trend is expected to continue (Wunderling et al. 2020). Currently approximately
1% boreal forests are burning annually (Köster et al. 2021), but these climatic changes
will affect the fire dynamics in the region, by increasing the fire season length and
available fuel load (Flannigan et al. 2013). Forest fires are a globally predominant
disturbance and mediator of ecosystem structure and functioning (Williams and
Abatzoglou 2016) and are the major natural disturbance agent in boreal forests (Thom
and Seidl 2015). Climate change has already caused an increase of fire frequency,
intensity and severity in many regions of the world (Flannigan et al. 2009).
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Forest fires have a variety of impacts on the forest ecosystem (outlined below), which
may occur directly and/or indirectly and differ depending on the intensity of the fire
(duration, flame temperature) and the site characteristics (Page-Dumroese et al. 2003).
The term fire intensity has been used in research to represent the physical characteristics
of the combustion process (for example, temperature and heating duration), rather than
fire severity which describes how fire affects ecosystems (organisms killed) (Keeley
2009). The combination of these factors will determine the exchange of GHG’s between
the soil and the atmosphere. This may result in the persistence of C in the forest system
or can result in a net C loss (Richter et al. 2000). These processes are briefly explored and
described in the following paragraphs of the thesis, and existing gaps in research dealing
with forest fires and its effects on northern forest ecosystems are highlighted. Given the
quantity of C currently stored in boreal forests globally, combined with the potential for
increased fire occurrence and severity in future, forest fires might significantly alter the
current C storage and dynamics of these areas. This has implications on both a local and
global scale, with potential modifications on the GHG balance of the atmosphere.

In Finland, the frequency of forest fires has been increasing since the 1990’s (Peltola
2006) and predicted changes in climate suggest that the potential for fire is going to
increase about 20% by the end of the century, particularly in the southernmost regions
(Lehtonen et al. 2016, Venäläinen et al. 2019). However, within last 50 years the annually
burned forest area in Finland has significantly declined and is at present less than 1000
ha/year, mainly limited to surface fires in pine-dominated forests (Lindberg et al. 2020,
Peltola 2014). These characteristics can be mainly attributed to the intensive forest
management practices, which has created a comprehensive network of roads that act as
firebreaks and facilitate ease of access, in addition to effective modern fire detection and
suppression methods (Lindberg et al. 2020). In contrast, the annual forest area burned in
neighbouring Sweden has on occasions exceeded 14,000 ha per year (in 2014 and 2018,
Pinto et al. 2020), despite having a similar total land area to Finland (TWB 2018).
1.2 Theoretical framework and summary of previous research
Forest fires modify numerous components of the forest ecosystem; fires directly combust
biomass, modify the availability and form of SOM and soil nutrients, increase the soil
pH, alter the soil microbial community, decrease surface albedo and modify the soil water
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content and soil temperature (Certini 2005). These effects influence the dynamics of C
within the forest ecosystem by several mechanisms.

1.2.1 Abiotic changes resulting from fire
There are many physical changes to the abiotic, non-living components of the forest
ecosystem following fire. These changes have implications for biotic components and
consequences for C storage/loss. In general, changes to soil properties following fire are
mostly affecting the soil surface horizons (Dymov et al. 2018, Neary et al. 2005, Certini
2005.
Fires can modify the soil temperature through several mechanisms. Soil is a poor
conductor of heat, which results in a strong vertical temperature gradient during/following
a fire (Stoof et al. 2013). This means that temperature changes are most evident in and
sometimes limited to the surface organic (humus) horizons, even in high intensity fires
(Certini 2005). Research suggests that higher soil moisture content prior to the burn can
considerably reduce the heat conductivity of the soil (Busse et al. 2010). Increases in soil
temperature may first occur due to direct conductive heating during the fire. Temperature
may also increase thereafter due to post-fire charred and darker-coloured ground that
reduces the albedo of the soil surface, and due to vegetation loss resulting in a higher
incidence of light (Massman et al. 2017, Köster et al. 2016, Jhariya and Raj 2014).
In addition to soil temperature, forest fires can also modify the soil moisture content. A
decrease in soil moisture can result from direct heating, but this has been found to be
dependent on the pre-fire soil water tension, with the effect being most pronounced at low
tensions (Stoof et al. 2010). Decreased soil moisture can occur after high-intensity crownfires, where a loss of shading results in increased soil evaporation. Low-intensity, surface
fires also burn the ground vegetation/litter layer which would otherwise absorb water
inputs (Atchley et al. 2018). The moisture status of the soil may decrease over time in
both instances due to the regrowth of understory vegetation (Boisramé et al. 2018).
However, soil moisture can also increase in the weeks/months following a fire event. This
is because ash particles can increase soil bulk density by infiltrating the soil and clogging
pores that would otherwise allow drainage (Stoof et al. 2010).
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Fire also affects soil pH, as soil pH is generally higher in burned forest plots compared to
unburned control areas, especially in already acidic regions (Arocena and Opio 2003,
Certini 2005). This is due to the chemical constituents of ash and the direct effects of
organic acid denaturation at high temperatures (>450-500 ºC) (Arocena and Opio 2003).
Fire-induced changes to the abiotic components of the forest soil following the fire leads
to changes in the biotic components and processes. These changes have the most profound
influence on C storage and the mechanisms of C storage/C loss are summarised below.

1.2.2 Biotic changes resulting from fire
There are several mechanisms by which soil C may be lost during and after fire. The
combustion of plant biomass and SOM during a fire result in direct and immediate C
emissions (Loehman et al. 2014). Both the surface vegetation and top layer of the soil
may be combusted, resulting in a reduction in soil humus thickness. This has implications
for soil biota (and biotic processes) since the majority of those are occurring in the soil
surface, and for the supply/store of organic C (Verma and Jayakumar 2012). Higher
intensity fires combust a greater quantity of biomass more completely via flaming
combustion. This results in higher CO2 emissions compared to lower intensity, CO and
CH4 is emitted (Kukhar et al. 2020, Levine and Cofer 2000). There is evidence to suggest
that this residual smouldering combustion can continue for many days after a flaming
front has passed through (Wiggins et al. 2020). Over time, the recovery of vegetation will
sequester C back into the system, but at the same time the recovery of vegetation also
increases autotrophic respiration and supply substrates for microbial decomposition
(Czimczik et al. 2006).
The effects of fire on microbes have been reported as both positive and negative
depending on several factors outlined here. Fires may directly impede/suppress microbial
activity and lead to increased residence of C in the forest soil, and in a reduction in soil
CO2 emissions. This suppression can be caused by heat-induced mortality, especially
during high intensity fires (Hart et al. 2005). A wide range of research suggests that fatal
temperatures for rhizomes, many fungi and bacteria can be close to 60ºC (Preisler et al.
2000, Harrington 1991, Dunn and DeBano 1977). However, a review paper by Pingree
and Kobizar (2019) suggests that this benchmark is oversimplistic; in-situ mortality
temperature thresholds can drastically vary, depending on the duration of heating in
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addition to other site-specific soil physiochemical properties. Bacteria are generally more
heat-tolerant than fungi, and fires can also modify the microbial community composition
(Whitman et al. 2019, Holden et al. 2016)
Fires can also improve soil conditions for soil microbes, but it should be noted that this is
dependent on them not being adversely affected by the initial burn, or that they are able
to recover thereafter. Improved conditions for microbes can result in increased organic
matter (OM) decomposition of above and below-ground vegetation components
following the fire, which results in increased soil microbial respiration and production of
CO2 (Zhang and Biswas 2017, Hart et al. 2005). Research has long shown that increases
in soil temperature can have an influence on post-fire CO2 emissions (Raich and
Schlesinger 1992, Reth et al. 2005, Mellander et al. 2007). This is because warmer
temperatures stimulate soil microbial activity and therefore increase soil microbial
respiration. The moisture content of the soil can also have important implications for
microbial activity in more extreme conditions; aerobic respiration is predominant in
aerated soils, compared to waterlogged soil conditions that favour anaerobic C efflux
(through CH4 production). Lastly, the increase in soil pH commonly observed in fire
research has been associated with an increase in the abundance of heterotrophic microbes,
particularly bacteria, which stimulates increased respiration and subsequent release of C
(Bárcenas-Moreno and Bååth 2009). These changes can result in the cumulative longerterm release of C after a fire event, being much larger than the original direct C pulse
during the burn (Hart et al. 2005, Richter et al. 2000).
Other than direct suppression, indirect fire effects also affect microbes, sometimes to a
larger extent than direct effects. For example, changes in the composition and quantity of
SOM can indirectly result in a reduction in soil respiration and increase the long-term
persistence of the soil C store (Singh et al. 2014). This is particularly important in case
of low intensity fires, where OM is not fully combusted but undergoes charring and
condensation reactions, resulting in increased resistance against microbial degradation
(Satín et al. 2016). Post-fire unfavourable soil conditions may also indirectly impede
microbial activity and therefore reduce emissions. For example, a reduction in soil
moisture can result from hydrophobic layers created on or near the soil surface (Hewelke
et al. 2018). Long-term soil nutrient deficiencies can result as a direct result of nutrient
volatilisation, (starting at 200 ºC) (Gray and Dighton 2006) and indirectly through
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oxidation, ash transport, leaching and erosion (Sharma et al. 2017). Soil nitrogen (N) can
also mediate post-fire C dynamics through several mechanisms. This is mainly due to the
re-establishment of plants following fire because N is the main limiting factor for biomass
production in the boreal region (Högberg et al. 2017). This means that N availability is a
key determinant of C sequestration and the location of C stocks (Hyvönen et al. 2008).
1.3 Defining the research topic: Research problem and necessities
There are several existing research gaps that this study aims to address. As earlier
highlighted, in a changing climate we can anticipate an increased frequency of wildfires
in the boreal region (Kuzyakov 2010). Individual wildfires can vary in intensity and in
how they affect different ecosystem components, through both abiotic and biotic factors
in the environment (Miesel et al. 2015). Considering that the effects of individual forest
fire events are heterogeneous, it is important to account for and understand the effects that
fires at different intensities may have to predict the impacts of boreal forest fires more
accurately.
Additionally, there are numerous studies that have investigated the long-term effects of
boreal forest fires on GHG fluxes, including chronosequences throughout the whole forest
succession (from one to over one hundred years since the last fire) (Köster et al. 2017,
Palviainen et al. 2017, Köster et al. 2015). However, there is still uncertainty about the
changes within days/months (short-term) after forest fires of different intensity/severity
(Ribeiro-Kumara et al. 2020). Given that there is a lack of short-term data, it is difficult
to accurately predict what effects and mechanisms are occurring in this time. Therefore,
research dealing with the short-term post-fire impacts of boreal forest fires is necessary.
Lastly, as earlier outlined, research has identified that the forest fire intensity has a strong
influence on soil GHG emissions and soil properties in general (Certini 2005). There is
also preliminary evidence to suggest that CO2 fluxes shortly after high- and low-intensity
fires differ between each other (Ribeiro-Kumara et al. 2020). However, there is a lack of
research, which would compare the low and high intensity fires, using the same
measurement methodology and similar site conditions (Ribeiro-Kumara et al. 2020).
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1.4 Research aims and hypotheses
This thesis describes an experimental burn (on 16/06/2020) conducted in an even-aged
Pinus sylvestris forest in southern Finland (61°11'48.8"N 25°05'39.2"E), and the post-fire
(June-October 2020) changes in soil biogeochemical processes within these areas. In
order to address the research gaps identified in section 1.3, the following aims of the study
are outlined:
1) To study the effects of low- and high-intensity surface fires on soil temperature,
moisture and soil surface CO2 fluxes over a four month period after experimental fire.
2) To study the effects of low- and high-intensity surface fires on soil physical and
chemical properties (C, N, C/N, pH, humus thickness) at the organic layer and mineral
layers (first 30 cm) immediately and four months after experimental fire.
3) To study the effects of low- and high-intensity surface fires on plant biomass
(above and below ground) immediately and four months after fire.
4) To identify the most important factors driving soil CO2 effluxes shortly (within
four months) after experimental burning.
I hypothesised that: a) the soil physical/chemical properties and ground vegetation
will be significantly altered as a consequence of fire; b) the fluxes of CO2 will change
straight after the fire and over post-fire succession; c) a greater magnitude of these
changes to emissions and soil properties are associated with higher fire intensity.

3. METHODOLOGY
The experimental burn was a collaborative project between the Institute for Atmospheric
and Earth System Research/Forest Sciences (Disturbance and Biogeochemistry team) in
University of Helsinki, Häme University of Applied Sciences (HAMK), University of
Eastern Finland (Department of Environmental Science, Kuopio and Joensuu), Natural
Resources Institute Finland (LUKE) (Jokioinen) and Emergency Services Academy
Finland (Pelastusopisto). The other research groups involved have differing objectives,
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including measuring soil Biogenic Volatile Organic Compounds (BVOC) emissions,
microbial biomass/composition and pyrogenic carbon (char) creation.
3.1 Study site
The study site is located in Southern Finland, in Evo, adjacent to lake Alinen Rautjärvi
and the Evo campus of HAMK (Figure 1). The site type is dry (Calluna-type,
CT/Vaccinium-vitis idea type, VT) with sandy soil, dominated by 70-80 years old Pinus
sylvestris stands. The main ground vegetation species include Vaccinium vitis-idaea L.,
Vaccinium myrtillus L., Calluna vulgaris L. Vegetation prior to burning/in unburned plots
can be seen in Appendix 1 and Appendix 2. The area is flat with no elevation differences
between sampling locations. The study site soils are categorized as podzols. In southern
Finland, the mean daily average summer and autumn temperatures range between 12-14
ºC and between 8-9 ºC, respectively, and average summer and autumn precipitation
ranges from 210-220 mm and from 220-230 mm, respectively (FMI 2010). The growing
season ends in late autumn when the mean daily temperature drops below 5°C.

Figure 1. (a) Location of study site in Finland, marked with red circle ‘x’. (b) Location of forest
plot, marked by red circle (61°11'48.8"N 25°05'39.2"E).

15

3.2 Sampling strategy
For the experimental burn, two experimental quadrants (900 m2 each) were used, each
split into four sample plots (225 m2 each) as indicated in Figure 2. A 2.5 m buffer zone
surrounded each biomass treatment in order to minimise gaining unrepresentative results
(Figure 3). The 900 m2 experimental quadrants were separated by 15 m. The total study
area covered 2700 m2, containing areas burned at high and low intensity in addition to
unburned control plots. Two plots inside each quadrant were assigned low biomass loads,
and two plots assigned high biomass loads. Fire intensity was increased by manipulating
fuel loads in the form of addition and removal of biomass to increase and reduce the
burning temperature, respectively.

Figure 2. Study site structure. Two low biomass conditions and two high biomass plot conditions
(15 x 15m) are located within each 30 x 30 m quadrant.
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Figure 3. Detailed overview of measurements taken within each subplot condition before and
after the fire. A buffer zone of 2.5m surrounds each subplot, making the measurement area
10 x 10 m.

In order to achieve a low intensity surface fire (burning temperatures aiming for 200300°C) the low biomass condition included only ground vegetation; dead woody
biomass, including stems and branches, were removed from the area (Figure 4.)
Comparatively, the high biomass condition (burning temperatures around 500-600°C)
included the addition of some dead woody biomass (ca 0.3-0.4 kg/m2) from lower
intensity plots/clear-cut area, spread evenly on the sample plot. Lastly, four unburned
control plots (225m2 each) were located beside the experimental locations.

Figure 4. Addition of biomass in plot H3 (a) compared to plot without additional biomass and
lying deadwood removed (L3, b).
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3.3 Experimental burn
The experimental burn occurred on 16/06/2020. Representatives of HAMK were
responsible for compiling a burning plan and applying the prescribed burn, and ignition
occurred along several lines perpendicular to the wind direction (Figure 5). Ignition
occurred in half of the plots (L3, L4, H3, H4) at 15:15 EET and in the other half on the
adjacent side (L1, L2, H1, H2) at 17:00 EET (Table 1). Comprehensive pictures before
and after the fire can be seen in Appendix 1 and Appendix 2.

Figure 5. Pictures taken during the prescribed burn in high (a and b) and low (c and d)
intensity plots.

The air temperature at the study site (just before the start of the experiment at 15:00) was
26.7 ºC and relative air humidity 47%. Water was pumped up from the adjacent lake
(Alinen Rautjärvi) to protect the surrounding of the experimental fire area. Descriptions
of the fire characteristics in each plot can be seen in Table 1:
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Table 1. Table containing background fire information for low and high intensity plots (no. 1-4).

Area (high
Relative
Observed
Max
MaxTemp
and low
Fire
Air
air
Wind
average
observed
(°C) (soil
intensity 16.06 at temp humidity (m/s) flame height flame height surface + 15fires)
(%)
(m)
(m)
20 cm)

Post-fire
Post-fire
char
fluffy
Post-fire
Time >300C
height
white ash white ash
(seconds)
on the
coverage height (m)
trees
(%)
(m)

L1

17

26.8

47

0-1

0.4-0.5

1.5

599.5

200

60

0.25

2

L2

17

26.8

47

0-1

0.3-0.5

0.6

252.8

n.d.

65

0.21

0.8

L3

15.15 29.2

38.9

0-1

0.2-0.5

2

241.2

n.d.

50

0.2

1.7

L4

15.15 29.2

38.9

0-1

0.2-0.3

0.8

202

n.d.

65

0.21

1.2

80

0.34

1.2

H1

17

26.8

47

0-1

0.7-1.1

1.5

H2

17

26.8

47

0-1

1.1-1.2

2.5

n.d.

n.d.

75

0.35

2.4

624.2 (338) 250 (+290)

H3

15.15 29.2

38.9

0-1

0.5-0.7

1.5

416.2

238

80^

0.29

1.5

H4

15.15 29.2

38.9

0-1

0.9-1.2

2.5

394.3

70

80

0.33

2.6

3.4 Primary data collection

3.4.1 Temperature measurements
Four metal tags painted with temperature sensitive paint were placed per sample plot,
whereby the paint stripes melt according to temperature reached up to 156, 204, 253, 302,
371, 454 and 510 °C. These tags were used to confirm the temperature reached on the
sample plots during the fire. The tags were also used to mark the locations of soil surface
CO2 efflux measurement collars during the fire as the collars were removed before the
burn. With the help of metal tags we were also able to distinguish the burn depths (depth
of the organic layer burned away). In addition to the paint tags, 2 x thermocouples per
sample plot connected to a data logger (partially buried in the buffer zone) continuously
measured the temperature above ground (+25 cm) and below ground (humus layer, -5cm)
at one-hour intervals from 04/06/21 until 30/08/21 (Appendix 4 and Appendix 5). During
the experimental burn day thermocouples were set to measure temperatures at 10 sec
intervals. Cumulative temperature increases were later obtained using the thermocouple
data (Appendix 4b and Appendix 5b). The thermocouples located above ground in the
control plots malfunctioned during the first month after the fire, therefore cumulative
temperature increases obtained during that time do not represent the real situation. Lastly,
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on every sample plot 3 x iButton temperature sensors were used to measure the soil
temperature at three different depths (-5, -10, -20 cm from soil surface) at two-hour
intervals from 04/06/21 until 31/08/21 (Appendix 6 and Appendix 7). Both temperature
measurement methods were used in order to maximise the number of measurements per
sample plot and to compare each method for the use in future experimental burns.

3.4.2 Vegetation biomass inventory
An assessment of the ground vegetation within all sample plots was undertaken, including
species presence, coverage (%) and biomass (kg m2) measurements. This information was
primarily collected for use in mixed model analysis to determine if vegetation
components have an impact on soil surface CO2 fluxes. Coverage (%) of each ground
vegetation group (mosses, lichens, shrubs, grasses) was determined once before the fire
from two photos per sample plot using a randomly located 1 x 1 m square. Ground
vegetation biomass (kg m2) was determined from three randomly located 20 x 20 cm
squares from each sample plot (Figure 3). The ground vegetation biomass samples were
separated into different vegetation groups (mosses, lichens, grasses, shrubs), and dried at
60ºC for 24 hours or until constant mass was achieved.

Tree characteristics (diameter at 1.3 m, height and living crown length) were measured
for living trees. These calculations were conducted for pine and spruce trees according to
Repola (2009), and for birch trees according to Repola (2008). All standing and laying
deadwood longer than 1.3 m and at least 10 cm in diameter were included as dead wood,
and their biomass was calculated according to Repola (2009) for standing and laying trees
that were still in full length (we used model parameter estimates for wood, and excluded
the bark, branches and foliage). For dead wood fragments, mathematical formulas of
truncated cone were used.

3.4.3 Soil sample collection
Soil cores were collected three times during the measurement campaign: 1) on the day of
the burn just before the fire; 2) few hours after the fire; and 3) four months after the fire
(on October 5th). One soil sample per sample plot was taken during each of these three
time periods using a soil corer and hammer (Figure 3). Each soil core was 5 x 30 cm, and
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in total 36 soil cores were collected. These cores were collected to quantify the changes
in humus depth, belowground root biomass, soil moisture content (%), soil C and N
content and pH. After collection, soil samples were stored in the deep freezer at -21 ºC
until further analysis. Separate litter and humus samples 3 x (20 x 20 cm) were taken
within each sample plot (the same spots from where the ground vegetation biomass
samples were collected) to quantify soil litter biomass, humus depth and later the C and
N content of the humus layer. After the burn (2 hours), char and ash samples (from 0.038
m2) were collected from every sample plot.

3.4.4 Soil CO2 efflux and associated chamber measurements.
Two collars (22 cm diameter and 5 cm height) per sample plot (both burned and unburned
plots) were set up for soil surface CO2 efflux measurements (Figure 2 and Figure 3). The
same collars were used also for CH4 and N2O flux measurements, but this study
concentrates only on the CO2 measurements. Soil CO2 fluxes were measured using a
portable chamber (22 cm diameter, 24 cm height), including a Vaisala non-dispersive
infrared CO2 probe (GMP343, Vaisala Oyj, Vantaa, Finland, Figure 6). A Vaisala RH/T-sensor (HMP75B, Vaisala Oyj, Vantaa, Finland) was also connected to the chamber
to measure the relative humidity and temperature inside the chamber.

For CO2

measurements, we recorded the CO2 concentration inside the chamber at 5 s intervals for
5 minutes (first 30 seconds from each measurement discarded to reduce disruption). Prefire CO2 measurements were conducted in plots L1-4, H1-4 a few hours before the fire
and in unburned control plots after the experimental burn took place. Post-fire CO2
measurements were obtained a total of nine times after the fire, on 16/06/2020
(approximately two hours after the fire), 18/06/2020, 22/06/2020, 26/06/2020,
02/07/2020, 16/07/2020, 18/08/2020, 18/09/2020 and 12/10/2020. All gas flux
calculations were conducted in R Studio V. 1.4.1143. From these calculations, the CO2
fluxes could be calculated at different time periods before and since the fire (minutes,
days, weeks, months) and compared to the control conditions and different burning
intensities. The soil surface CO2 effluxes (F, mg CO2 m-2 s-1) were calculated based on the
change in CO2 concentration in the chamber headspace in time:
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(Equation 1)

𝐹=

∆ ($! %" )
∆'

Where Vc is the volume of the chamber, Ci is the CO2 concentration inside the chamber and t is
time.

Alongside soil CO2 efflux measurements, the soil temperature and moisture data was
recorded directly adjacent to the GHG measurement collars, in order to compare these
variables to the resulting soil CO2 efflux. Soil temperature was recorded at -5 and -10 cm
using a OMET Multi-Logger temperature probe and soil surface moisture content just
below the litter layer was measured using a soil moisture sensor (ThetaProbe ML3, DeltaT Devices Ltd., Cambridge, UK) connected to a data reader (HH2 moisturemeter, DeltaT Devices Ltd., Cambridge, UK).

Figure 6. Chamber setup at the study site on August 18th including soil moisture meter,
temperature meter and reader, portable gas chamber, CO2 probe with reader and humidity probe.
CH4 and N2O samples were obtained simultaneously (with syringes) but data is not used in this
thesis.
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3.5 Laboratory methodology and calculations
All laboratory work was conducted at the Forest Science building at the University of
Helsinki (Metsätalo, Helsingin Yliopisto) between August-October 2020. The soil core
samples (Figure 7) were thawed, the vegetation layer (if applicable) removed, the
thickness of the humus layer measured (organic horizon) and the mineral soil horizons
separated (from the end of humus to 5cm (mineral layer 1), 5-10cm (mineral layer 2), 1030cm (mineral layer 3). The horizons have been simplified in this way for the purpose of
statistical comparison. The wet weight of each layer was recorded, and then samples
were dried at 60 °C until constant mass was achieved (24 hours). Gravimetric soil
moisture content (g, %) was obtained based on the resulting dry weight of each layer
compared to the original fresh weight (as described in Hossain et al. 2015):
(Equation 2)

𝐺𝑟𝑎𝑣𝑖𝑚𝑒𝑡𝑟𝑖𝑐 𝑠𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 (𝑔, %) =

!"#$ &'()*# +#,-.$ (-)1234 &'()*# +#,-.$ (-)5
234 &'()*# +#,-.$ (-)

∗ 100

The soil bulk density (g/cm3) was calculated for each soil sample based on their thickness,
the dimensions of the soil core and the dry weight (based on Hossain et al 2015):
(Equation 3)
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑟𝑒 = 𝜋 ∗ 𝑅( ∗ ℎ
where R = radius of soil core, h = height of soil core.

(Equation 4)
𝑆𝑜𝑖𝑙 𝑏𝑢𝑙𝑘 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑔 𝑐𝑚)* ) =

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑜𝑖𝑙 (𝑔)
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑖𝑙 𝑐𝑜𝑟𝑒 (𝑐𝑚)

Each individual sample was sieved at 2 mm and the remaining stone content and organic
material > 2 mm was weighed separately. Roots > 2 mm has been set as the lower limit
for the coarse root system (Kalliokoski et al. 2008, Ouimet et al. 2008) and is referred to
as such in this study. Of the < 2 mm dried samples for each soil layer, a small subset of
each sample from the high- and low-intensity fire plots, and from control plots was ground
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with a ball mill (Retsch, Han, Germany). A subset of char and ash sample was also milled.
Lastly, a portion of three samples (1 x debris, 1 x moss, 1 x shrubs) earlier collected from
a high intensity plot and three samples from a low intensity plot were milled to later
confirm the C and N content of the organic portion.

Figure 7. Soil sample cores defrosting following freezer storage (a). Separating soil horizons and
placing them into separate containers for drying (b).

A LECO CN828 analyser was used to obtain the C and N content of each ground soil
sample. The C and N contents of all ash samples and 1 x debris, 1 x moss, 1 x shrub
samples were also analysed. The total C (kg C m-2) and N (kg N m-2) were calculated for
each soil samples as:

(Equation 5)
Total element (x) concentration (kg m-2) =

+ (%)
-..∗0123 4536 78902': (; <=#$ )∗>1?2@19 '>2<69800 (<=)∗-.

Where ‘x’ signifies either C or N content (%).

Lastly, pH of all dried < 2mm samples and all ash samples was measured. For that, 30ml
of sample was mixed with 50ml of ultrapure Milli-Q water and was left to stand for 24
hours before analysing with a glass electrode (Standard pH meter, Radiometer Analytical,
Lyon, France).
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3.6 Statistical analysis
All statistical analyses were conducted in JMP Pro v. 15.0.0 (JMP Pro, 2021). Analysis
of variance (ANOVA) were used to determine the effect of fire intensity and time after
fire on soil physical and chemical properties and on plant biomass. Linear mixed-effect
models were used to assess the response of soil CO2 efflux to different fire intensities
over time and to detect other potential factors driving the soil CO2 efflux in this study site.
The data was unbalanced over the measurement time because the unburned high and low
intensity burned plots were only sampled on the day of the burn, and not on any other
measurement date. For this reason, the interaction between time and fire intensity was
only included in models in which the control level of fire intensity only included control
plots. Model assumptions were checked by visually inspecting the residuals distribution
and when required using a Levene’s test for normality and a Shapiro-Wilk test for
homogeneity of variances on the model residuals. Variables that did not meet model
assumptions were transformed as follows: soil moisture square-root(x), C:N ratio
(arsin(square-root(x)), soil pH (square-root(x+0.5)), root biomass (log10(x+1)) and bulk
density (x2). Where parametric model assumptions could not be fulfilled, non-parametric
tests were conducted, and Bonferroni corrections applied. Full statistical output can be
seen in Appendix section 7.5.

3.6.1 Fire effect on soil CO2 efflux
Two linear mixed-effects models were used to test the influence of different explanatory
variables on the measured soil CO2 efflux over time. Since it was a repeated-measures
design, both models were fitted with unequal covariance structure (Equation 6) to account
for the dependence between observations measured over time within the same collar. In
this structure, the variances are allowed to differ across the levels of the repeated column
and the covariances between observations at different levels are zero (JMP Pro 2021, JMP
2018):
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(Equation 6)

Where the variance among observations taken at measurement time j is

.

To assess the response of soil CO2 efflux to different fire intensities during the entire
measurement period, a mixed model was fitted including surface fire intensity (unburned
control plots, unburned high-intensity plots, unburned low-intensity plots, burned highintensity plots and burned low-intensity plots), measurement time (eight time periods),
soil temperature (- 5 cm) and surface soil moisture. Soil temperature and moisture were
included in the model to improve the distribution of the residuals. Multicomparison tests
using Tukey HSD were conducted within individual time-periods to evaluate the effect
of fire intensity on soil CO2.
To identify the most important factors driving soil CO2 effluxes in this study site, a second
mixed model was fitted including both soil and vegetation biomass measurements. This
model includes just the first and last measurement days when soil samples were obtained
(16/06/2020 (pre and post fire) and 12/10/2020). The number of covariates included in
the model was optimised to achieve the simplest model with the most informative
explanatory factors. To select the explanatory variables to go into the model,
multicollinearity was avoided by limiting the variance inflation factor (VIF) between
covariates to 3 (Gareth et al. 2013). This model included soil temperature at - 5cm and
surface soil moisture content (%) in addition to vegetation measurements (standing CWD,
mosses/lichens (kg m2) and plant debris (kg m2)) and soil humus characteristics (C (kg
m2), C/N and root biomass (kg m2)).
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3.6.2 Fire effect on soil temperature and moisture content
Shapiro-Wilk tests suggested heterogeneity of variance in soil temperature at either -5 or
-10 cm. However, visual analysis of residuals versus fitted values determined that the
assumption violation was due to a temperature drop between summer (June-August) and
autumn (September-October) measurements that caused a ‘gap’ in the measurement data.
Since among these different time periods of temperature measurements (summer,
autumn), there was no violation of model assumptions, statistical analysis was conducted
separately for both seasons.

3.6.3 Fire effect on soil physical and chemical properties and root content.
A two-way ANOVA was conducted for data collected obtained soil cores in June and
October (C/N, pH, root biomass) to assess the effect of time, fire intensity and the
interaction between time and fire intensity. Data obtained from pre-fire unburned plots
(unburned H, unburned L) were excluded from analysis to have balanced data required
for 2-way ANOVAs. Wilcoxon signed ranks tests were used as a non-parametric
alternative to detect significant differences in C and N content within soil horizons
because data could not be normalised.

4.0 RESULTS
4.1 Fire impact on soil temperature and moisture content
At both depths (–5 cm and –10 cm), fire intensity (p < .05) and time since fire (p < .001)
affected significantly soil temperature (1-way ANOVA, Appendix 11). Directly after the
fire, the soil temperature was significantly higher in burned areas compared to the same
plots before the fire at both depths (p < .05). There was no significant variation in soil
temperatures between the sample plots which were burned at different intensities at any
time after the fire, and at either soil depth. Maximum soil temperatures at both depths
occurred straight after the fire on June 16th, and minimum temperatures occurred on Oct
12th. Plots burned at a low intensity had higher soil temperatures than control plots at –5
cm depth, until August 18th, when this trend reversed and control plots became warmer
(Figure 8a, p < .05), but plots burned at high-intensity never had significantly different
soil temperatures when compared to the unburned control or low-intensity plots (p > .05).
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Similar trend was observed at –10 cm: burned plots had higher temperatures compared to
unburned control plots until August 18th, since when control plots were warmer (Tukey
HSD, p < .05, Figure 8b).

Figure 8. Mean soil temperature (ºC) estimates (estimate from ANOVA (Appendix 11) and Tukey
HSD post-hoc results) at -5 cm (a) and -10 cm (b) over time and between fire conditions (unburned
low intensity, unburned high intensity, burned low intensity, burned high intensity, unburned
control). Error bars display lower 95% and upper 95% confidence limits based on the model.
Letters above the bars denote a statistically significant difference within time period (p < .05).

Prior to the burn, the average soil moisture (according to probes alongside chamber
measurements) was 7.1 ± 4.2%. The maximum soil moisture content for burned plots was
registered on September 18th, when plots burned at a high intensity had soil moisture
content of 29.9%, and plots burned at low intensity had soil moisture content of 20%. The
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minimum soil moisture was 6.8% for high intensity plots and 4.4% for low intensity plots,
both occurring on 26th June. Both fire intensity (p < .01) and time since fire (p < .001) had
an influence on the soil moisture content (1-way ANOVA, Appendix 12). An increase in
average moisture content was apparent in both the high and low intensity burned plots
directly after the fire (34% and 2%, respectively, from raw values) compared to the same
plots before the burn (p > .05). Directly after the fire, plots burned at high intensity had a
significantly higher soil moisture content compared to plots burned at a low intensity (p
<. 05), but neither burned plots were significantly different to unburned control plots (p
> .05). Thereafter, unburned plots and plots burned at a high intensity maintained a higher
soil moisture content compared to those burned at a low intensity (Tukey HSD, p <.05,
Figure 9).

Figure 9. Mean soil moisture (%) estimates (estimate from ANOVA (Appendix 12) and Tukey HSD
post-hoc results) over time and between fire intensities (unburned low intensity, unburned high
intensity, burned low intensity, burned high intensity, unburned control). Error bars display lower
95% and upper 95% confidence limits based on the model. Letters above the bars denote a
statistically significant difference within time period (p < .05).

4.2 The effect of fire intensity on soil physical and chemical properties
Soil pH was never affected by the time since fire, fire intensity, or by the interaction of
these two (Two-way ANOVA, Appendix 13, p > .05). In mineral layer 3 (10-30 cm) in
June, high intensity burned plots had a lower pH compared to unburned control plots
(Figure 10), according to an independent samples t-test (p < .05).
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Figure 10. Soil pH in for each treatment (control - C, high intensity - H, low intensity - L) in June
(soil humus, mineral layers 1, 2 and 3) and October (mineral layer 2 and 3). Letters above the
bars denote a statistically significant difference (p< .05).

Fire intensity did not influence the humus thickness within each time-period (p >.05),
whereas time since fire had a significant influence on soil humus thickness (p < .001, 2way ANOVA, Appendix 14); Plots in October had significantly thinner soil humus
compared to plots in June (Tukey HSD, p < .001, Figure 11).

Figure 11. Soil humus thickness (cm) of each treatment (control - C, high intensity - H, low
intensity - L) in June and in October. Letters above the bars denote a statistically significant
difference (p < .05) between treatments (fire intensities).
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Within soil horizons, soil bulk density did not significantly differ between fire intensities
or between time when the samples were taken (June and October) (Two-way ANOVA,
Appendix 9), and increased with soil depth across treatments.
Prior to the burn, average C stocks in soil humus layer were 1.3 ± 0.81 kg m2 and in
mineral layer 1 (first 5 cm of mineral soil) the soil C stock was 0.8 ± 0.31 kg m2 (Figure
12). The highest soil C stock for both high and low intensity burned plots were found in
mineral layer 1 immediately after the fire in June and were 6.165 ± 4.62 kg m2 and 4.39
± 3.5 kg m2 respectively (Figure 12). The soil humus layer in low intensity plots contained
less C in October compared to June (p < .05). In mineral layer 1, there was an increase in
C in both the high intensity plots (p < .05) and low intensity plots (p < .05) in June
compared to the unburned control. In June, low intensity fire plots contained more C
compared to the same plots in October (p < .05). There were no differences in soil C
stocks in mineral layer 2 (p > .05), but in mineral layer 3, high intensity burned plots had
a higher C stocks compared to the same plots in October (p < .05, Figure 12, Appendix
15).
Average N stocks across all unburned plots prior to the burn in the soil humus were 0.04
± 0.03 kg m2 and in mineral layer 1 the average N stocks were 0.03 ± 0.01 kg m2. Similarly
to C stocks, the highest soil N stocks were found in mineral layer 1 directly after the fire
for both the high (0.19 ± 0.13 kg m2) and low (0.16 ± 0.12 kg m2) intensity plots (Figure
12). Soil humus layer in high intensity plots contained less N in October compared to
June (p < .05, Appendix 15, Figure 12). In mineral layer 1, there was an increase in soil
N stock in both the high and low intensity plots compared to the unburned control in June
(p < .05). The June low intensity plots also contained more N compared to the same plots
in October (p < .05). There were no differences in soil N stocks within mineral layer 2 or
3.
The average C/N ratio of all unburned plots (before the fire) was 32.5 ± 5.5 in the soil
humus and 28.1 ± 4.8 in mineral layer 1. The C/N ratio was found to be almost exclusively
higher in October compared to June in all soil horizons and (burned) fire intensities
(except for the high intensity fire in mineral layer 1, Figure 12). Time since fire was the
only significant factor affecting soil C/N ratio in mineral layer 1 (p < .05, Appendix 16),
2 (p < .01) and 3 (p < .05), whilst the interaction between time since fire and fire intensity
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was never significant (p > .05). Directly after the fire, the C/N ratio of the soil humus
horizon was not significantly different to mineral layer 1 in either the high or low intensity
plots (p > .05).

Figure 12. Boxplots displaying C stocks (kg/m2), N stocks (kg/m2) and the C/N ratio in June and
October for each treatment (control - C, high intensity - H, low intensity - L) in each soil horizon
(soil humus, mineral layers 1, 2 and 3) in June and October. Letters above the bars denote a
statistically significant difference within soil horizon (p < .05).

4.3 Vegetation biomass inventory
Table 2 includes vegetation characteristics for each condition recorded before the fire for
use in mixed model analysis. Pre-fire ground vegetation biomass quantities are similar
between sample plots. Both high and low intensity fires resulted in the mortality of almost
all ground vegetation, however tree biomass remained largely unchanged.
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Table 2. Average site vegetation biomass characteristics ± standard deviation, obtained prior to
the burn in high, low and control plots.

Fire
intensity

Stem
biomass
(kg/m2)

Branches
& needles
(kg/m2)

Total
aboveground
tree biomass
(kg/m2)

Belowground
tree biomass
(kg/m2)

Mosses &
lichens, dry
weight
(kg/m2)

Shrubs, dry
weight
(kg/m2)

Total
deadwood
(standing
and lying)
(kg/m2)

Total
aboveground
biomass
(kg/m2)

No.
trees/ha

High

9.9 ± 3.4

2.7 ± 0.81

12.5 ± 4.2

2.17 ± 0.59

0.42 ± 0.12

0.19 ± 0.12

2.71 ± 0.19

15.8 ± 4.15

334 ± 172

Low

11 ± 2.4

3 ± 0.68

14 ± 3.1

2.48 ± 0.49

0.46 ± 0.26

0.14 ± 0.08

2.03 ± 0.69

16.5 ± 2.36

422 ± 138

Control

10.4 ± 2.3

2.8 ± 0.59

13.3 ± 2.9

2.32 ± 0.42

0.44 ± 0.15

0.16 ± 0.08

2.37 ± 0.28

16.2 ± 2.77

378 ± 106

Only the time since fire had a significant impact on the total root biomass per sample (>2
mm, g) in the soil humus layer (2-way ANOVA, Appendix 17), where a higher root
content was found in plots directly after the fire compared to the same plots in October
(Tukey HSD, p < .0001, Figure 13).

Figure 13. Boxplot displaying total root biomass (> 2 mm, g) of each treatment (control - C, high
intensity - H, low intensity - L) in June (soil humus, mineral layers 1, 2 and 3) and October
(mineral layer 2 and 3).

4.4 Mixed models – soil CO2 efflux
Fire intensity and time since fire were the main factors driving soil CO2 flux during the
measurement period (p < .001, Table 3). Although soil moisture and soil temperature
were not as important, they were kept in the model to estimate different variable effects
on soil CO2 fluxes. Across all months, the estimated mean soil CO2 flux of unburned plots
was 0.19 ± 0.06 mg s-1 m-2, for plots burned at a low intensity fires the mean soil CO2 flux
was 0.16 ± 0.06 mg s-1 m-2 and for plots burned at a high intensity fires the mean soil CO2
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flux was 0.18 ± 0.06 mg s-1 m-2 (Figure 14). Highest soil CO2 fluxes in high-intensity
burned plots was observed on 16th of June (0.363 mg s-1 m-2) and for low intensity burned
plots on 18th June (0.220 mg s-1 m-2). Lowest fluxes were recorded on October 12th for
both high (0.107 mg s-1 m-2) and low (0.099 mg s-1 m-2) intensity burned plots. The soil
CO2 efflux increased immediately after the fire in both high and low intensity plots but
was not significantly different between fire intensities or compared to unburned plots
(Figure 14, p > .05). After the fire, burned areas always had a lower model-estimated soil
CO2 flux compared to unburned control plots (p < .05), but emissions did not differ
between (burned) intensities (p > .05).
Table 3. Significance test for each fixed effect in the mixed model. df = degrees of freedom, F
Ratio = test statistic, p-value.

Covariates
Fire intensity
Time
Soil moisture -5 cm (%)
Soil temperature -5 cm (ºC)

df
4
8
1
1

F Ratio
p-value
22.08202 <.0001**
21.21439 <.0001**
1.392969 0.2417
0.282628 0.5959

Figure 14. Mean soil CO2 flux (mg/m2/s) estimates from mixed model analysis (after accounting
for intensity, time, soil moisture and soil temperature, Table 3) between fire intensities (unburned
low intensity, unburned high intensity, burned low intensity, burned high intensity, unburned
control) over time. Error bars display lower 95% and upper 95% confidence intervals for the
means. Letters above the bars denote a statistically significant difference between fire intensities
within time by Tukey HSD post-hoc test (p < .05).

When only accounting for June 16th (pre-fire and post-fire) and October 12th, soil
temperature at -5 cm (p < .01) and fire intensity (p < .05) were the most important factors
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driving the soil CO2 flux (Table 4). Parameter CO2 flux estimates from this mixed model
can be seen in Appendix 18.
Table 4. Mixed model of CO2 flux, test results for factors. Nparm = number of parameters in
factor, DFNum = degrees of freedom, DFDen = denominator degrees of freedom, F Ratio = test
statistic, Prob > F = the p-value for the test.

Source
Soil temperature -5 cm (ºC)
Fire intensity
Humus C/N
Soil moisture -5 cm (%)
Standing coarse woody debris
Humus root biomass (>2mm, g)
Mosses/lichens (kg m2)
Plant debris (kg m2)
Humus C content (kg m2)

df
1
4
1
1
1
1
1
1
1

DFDen
21.7
21.1
23
14.1
27
18.8
17.5
20.8
21.8

F Ratio
11.9808
3.10204
1.378748
1.341173
0.931022
0.8844
0.424924
0.164954
0.053874

p-value
0.0023**
0.0373**
0.2523
0.2661
0.3432
0.3589
0.523
0.6888
0.8186

5. DISCUSSION
This study found that some soil physical and chemical properties were significantly
altered after the experimental surface fire (temperature, moisture, C and N stocks, C/N),
whereas some remained unchanged (pH, humus thickness). Soil moisture was the only
variable which increased as a result of higher fire intensity. Fires at both intensities
resulted in the surface mortality of ground vegetation whilst tree biomass remained
unchanged. Lastly, soil CO2 fluxes reduced in burned areas compared to control plots over
time, but this change was not significantly different between burning intensities.
5.1 Fire effect on soil chemical and physical properties

5.1.1 Soil temperature
This study addressed how fires of differing intensity affect soil temperatures, both at 5
and 10 cm below the soil surface, using thermocouples and soil temperature probes
associated with chamber measurements. Burned plots (burned at both intensities) had
significantly higher soil temperatures immediately after the fire compared to the same
plots before the burn. This is an expected finding given that many of these plots were
likely still undergoing combustion and conductive heating from the fire when first
measurements were obtained (Massman et al. 2017). However, despite this temperature
increase, maximum temperatures obtained by both temperature probes and thermocouples
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in the soil humus of burned plots were still found to be very low, reaching a maximum of
25ºC during the fire (Appendix 4a, Appendix 5 a, Appendix 6a). Previous research has
found similarly low temperatures in the soil humus during burning (Ngole-Jeme 2019,
Stoof et al. 2013, Bradstock et al. 1992). For example, Mataix-Solera (1999) found that
the maximum temperatures reached to +22ºC, and they attributed this phenomenon to soil
being a poor conductor of heat. Further to this point, continuous iButton temperature
measurements demonstrate that by 20 cm in the mineral soil, there was no perceptible
change in temperature even during the burn.
From the next measurement day after the fire (18th June) at 5 cm below the soil surface,
low-intensity burned plots were always significantly warmer than control plots during the
summertime, whereas high-intensity burned plots were never significantly different than
the control, or the low-intensity plots. Comparatively at -10 cm, both burning intensities
were always warmer than control plots during the summertime. These results therefore
go against the earlier hypothesis that a greater magnitude of change in soil temperatures
would result from increased burning intensity. The observed soil temperature increases
in our experimentally burned plots mirror the findings of previous research (Liu et al.
2019, Lyons et al. 2008). These findings can be attributed to the direct conductive heating
to the soil during the burn, but also thereafter due to darker-coloured charred ground
following the translocation of fluffy white ash (Köster et al. 2016). The collected soil
temperature data also clearly demonstrates that overall temperature and the temperature
difference between burned and unburned plots diminishes with sampling depth in soils.
(Appendix 6a-c).
It is possible that the significant temperature difference found between the high intensity
condition compared to the control was only present at –10 cm due to the effect of
cumulative long-term heating. This cumulative temperature change in the surface soil (5 cm) of burned plots can be seen from thermocouple readings in Appendix 5b.
Contrastingly, surface soil layers are more affected by fluctuations in the weather and
solar radiation, especially due to the reduced albedo of the soil surface after a fire (Waring
and Running 2007). In addition, air temperature readings (Appendix 4a) above low
intensity and control plots seemed to be higher compared to high intensity plots for the
duration of the measurement period following the fire. This apparent air temperature
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difference may therefore also be responsible for offsetting some of the temperature
increases in the surface soil of high intensity plots.
From September 18th, control plots were always warmer than low intensity burned plots
at 5cm and warmer than plots burned at both intensities at -10 cm. This is most likely
because of the vegetation and litter layer in control plots acting as an insulating layer
above the soil (Heim et al. 2021). As soil surface temperatures are dependent upon air
temperatures, and in the autumn average air temperatures will decrease, the soil
temperatures will decrease faster on burned plots where the insulating vegetation cover
is missing. This temperature drop between summer and autumn is clearly shown in the
temperature trends at both probe depths in this study (in addition to continuous
temperature measurements, Appendix 4a and Appendix 5a). Potential implications of this
on the soil CO2 flux are discussed in section 5.2.
Finally, no significant temperature difference could be found between burning intensities
within any time period at either -5 or -10 cm. This may be due to burning intensities not
being significantly different between high and low intensity fire plots to have different
severity effects on the forest floor. For example, while both fires combusted most of the
ground vegetation (refer to Table 2 for pre-fire biomass quantities, Appendix 1 and
Appendix 2), none of them affected humus layer thickness. In future investigations, it
might be interesting to test how larger differences in burning intensities affect soil
properties. Since burning intensities were mimicked by addition of different amounts of
biomass, unequal distribution of biomass within plots are to be expected. To mitigate this,
the location of the probes and measurements was systematically assigned before the burn
so that the effect of spatial variations in burning on soil properties could be captured
impartially. As a result, it was possible to record measurements in some areas within the
burned plots which did not include vegetation and therefore did not burn at all. Similarly,
there were fire hotspots in plots burning at low intensity which experienced a higher
burning temperature compared to some of the plots burning at high intensity. Despite this,
fire data that can be seen in Table 1 demonstrates that high intensity burned plots had
higher average flame heights, higher post-fire fluffy white ash coverage and thickness,
higher post-fire charred marks on trees and a higher maximum soil surface temperature
compared to low intensity plots.
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5.1.2 Soil moisture
According to the results, soil moisture content obtained by chamber-probes in burned
plots did not significantly differ compared to the same plots before the fire. However, an
increase in soil moisture after fire was detected in soil samples collected immediately
after fire (Appendix 10, 43% increase in low intensity plots, 26% increase in high
intensity plots). Since most studies suggest that soil moisture content decreases directly
after fire due to increased water evaporation (Iverson and Hutchinson 2002, Hartford and
Frandsen, 1992), the increase observed in soil samples obtained in this study can be
attributed to the application of water used to extinguish the fire after the flux chamber
measurements.
After the day of the burn, plots burned at a low intensity always had lower soil moisture
contents compared to plots burned at high intensity and unburned control plots. Since
there was no significant difference between high intensity burned plots and unburned
control, these findings disagree with the earlier hypothesis that a greater magnitude of
change would result from higher fire intensities. One possible explanation is that higher
burning temperatures created a higher quantity of/better formed pyrogenic matter (char
and ash) particles. Ash particles have been shown to infiltrate soil and clog pores that
would otherwise allow drainage (Alcañiz et al. 2018, Bodí et al. 2014, Stoof et al. 2010).
In this study, soil bulk density did not significantly change across time or burning
intensities (Appendix 9), suggesting that this latter point might have not been a significant
contributing factor. However, the formation of pyrogenic matter can increase soil water
holding capacity and water retention at field capacity due to its small pores (Licht et al.
2020), especially when formed in course-textured soil such as those in this study. This
can in some cases be enough to reconcile water loss that occurs due to the loss of surface
vegetation (Razzaghi et al. 2020).

5.1.3 Soil pH
The soil pH of analysed samples was acidic, reaching a maximum of 4.5 in the soil humus
of unburned plots (Figure 10. This is similar to other podzol soils, due to the processes of
chelation, leaching of base minerals and surface acidifying processes (Jordanova 2016).
Generally, pH increased with depth (Figure 10); this is another common feature of podzol
soils owing to alkalizing processes such as the subsurface weathering of parent material.
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This study could not identify any significant differences in pH within soil horizons
between time, fire intensity or their interaction, going against the earlier hypothesis that
there would be an increase in soil pH with increased fire intensity. These results are also
in contrast with existing research which suggests that soil pH is generally higher in burned
forest plots compared to unburned control areas, especially in already acidic regions, such
as those in this study (Certini 2005). These findings could be attributed to several factors.
For instance, it has been found that soil heating can directly increase the pH due to organic
acid denaturation, but only at high temperatures (>450-500 ºC) (Arocena and Opio 2003).
It is possible, therefore, that organic acid denaturation would not have made any
considerable impact on soil humus pH since the temperature above the soil surface (at
+25 cm) only exceeded 450 ºC in two recorded locations (Table 1) and remained low in
the subsoil (Figure 8a). In addition, a post-fire increase in pH can result from the high
calcium (Ca), magnesium (Mg) and potassium (K) contents of ash, which over time can
increase the soil pH by displacing the hydrogen (H) and aluminium (Al) ions that are
adsorbed to the negative charge of colloids (Ahlgren and Ahlgren, 1960, Xue et al. 2014).
This study found that directly after the fire, the high intensity experimental plots had a
higher cover and depth of fluffy white ash compared to the low intensity plots. In addition,
ash samples obtained in this study (Appendix 8) were recorded to have a much higher pH
than mineral samples, and the pH of ash obtained in the high intensity condition (7.7 ±
0.45) was found to be significantly higher than in the low intensity plots (6.8 ± 0.45).
There is a possibility that the biomass added to high intensity plots resulted in a higher
pH of resultant ash, since woody material contains high Ca and Mg concentrations
(Prasad et al. 2020, Kofman 2016). This may have an impact on soil pH the timeframe of
this study, and the relationship between the original biomass that ash is derived from with
resulting changes to soil properties could be an interesting area for future investigation.
Another possibility is that insufficient time may have passed after the deposition of ash
to displace the H and Al ions in the soil to a detectable extent within the short-term time
frame of this study (especially for the first post-fire measurements). This process can take
from one to several months to cause significant pH changes, and these changes are
sometimes ephemeral (Pitman 2006, Kim et al. 2003). It is also possible that ash was
displaced from the forest plots by wind or rain in the days following the fire. Additionally,
Figure 10 indicates that a trend could be emerging by October sampling whereby the soil
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pH of burned sites appears to be surpassing that of the unburned control plots, although
standard deviations are too large to confidently say. Overall, these results suggests that a
longer measurement period or more frequent sampling within the same time frame could
perhaps demonstrate a significant change in soil humus pH.

5.1.4 Soil humus thickness
Results of this study revealed that in October soil humus was significantly thinner
compared to measurements taken in June, but fire intensity had no significant effect on
soil humus thickness. Additionally, no significant difference in humus thickness could be
detected between fire intensities directly after the fire or compared to the unburned control
plots. Since soil humus thickness in unburned plots also decreased in October (similarly
to burned areas), the differences in results obtained can most likely be attributed to
discrepancies between sampling periods or issues with soil corers. For example, the soil
corer can compress soil layers when obtaining samples in the field and separate layers
when taking the soil out of the core in the laboratory. Therefore, results regarding soil
humus layer thickness data must be interpreted with caution.

5.1.5 Soil carbon and nitrogen stocks
Although previous research indicates that the total C and N content of the mineral soil
does not remarkably change following fire (Butnor et al. 2020), a significant increase in
content of these elements in mineral layer 1 was detected in both high and the low
intensity burned plots directly after the fire, compared to the unburned control plots.
Pyrogenic material could not be formed in the mineral soil directly since the temperature
reached during the fire in mineral layer 1 was insufficiently low (maximum of 17 ºC).
Therefore, the most likely cause for the increased C and N content is that enriched
pyrogenic materials (in this study mostly ash), were created at the soil surface (pyrogenic
carbon (PyC) /nitrogen (PyN)), and later translocated into the deeper soil. This study did
not detect any significant difference in C or N stocks following the fire between the
different intensity fires at any soil depth. Studies suggest that although the total C and N
stocks may remain the same, the form of C and N in soil can drastically change.
Incomplete biomass combustion from burning at around 350 °C results in organic rich
ash, compared to more intense combustion at higher temperatures 450-900 °C which
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reduces organic compounds but can still have high C contents in the form of carbonates
(Goforth et al. 2005, Santín et al. 2012, Pereira et al. 2012). Therefore, it is possible that
the form of C and N may differ within treatments, whilst the overall quantities remained
largely similar. Furthermore, different C and N compounds can have differing solubility,
mobility and residence in the soil, indicating a possible study area for future burning
experiments.
The translocation of surface ash and its C and N rich components to the mineral soil can
most likely be attributed to fire extinguishing with water from the nearby lake (Alinen
Rautjärvi), moving these compounds vertically through the soil profile in their soluble
forms (dissolved organic carbon/nitrogen, DOC/DON). Pyrogenic material (particularly
PyC) can be highly mobile (Bellè et al. 2021), and it is subsequently commonly reported
that higher concentrations of DOC and DON are found in stream waters of fire-affected
watersheds following ‘intense precipitation events’ (Uzun et al. 2020, Hohner et al. 2016,
Murphy et al. 2015). In this thesis, soil water content was found to increase in burned
plots after the fire (section 5.1.2, Figure 9, Appendix 10). In addition, the two plots with
highest C and N stocks in mineral layer 1 also had the highest moisture content in the soil
humus layer. One other minor possibility is that the N concentrations in the lake were
very high, and by extinguishing the fire using this water, N stocks were inadvertently
increased (though the lake water was not analysed for any chemical properties). In future,
one way to determine whether this N increase was due to PyN formation and translocation
would be to also add lake water to control plots. Nevertheless, this remains a remote
possibility considering the magnitude of change, the simultaneous increase in soil C and
the findings of previous research. There are many plausible explanations for why an
increase in C and N in burned plots compared to control areas was not detected deeper
than the first 5 cm of the mineral soil in this study. For example, due to soil textural
properties, a lack of solid ash particles, and/or because that the quantities of water used
to extinguish the fire were not large enough to permeate deeper during the time of
sampling.
The results found in this thesis support that of existing research by Butnor et al. (2020),
who aimed to quantify whether ephemeral changes in mineral soil C and N were occurring
after fire (within the first 1-12 post-fire months) and could not detect any increases. The
authors speculated that this could be due to an earlier rainwater pulse moving these
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compounds beyond the depth studied (up to 10 cm) before they sampled the soil (earlier
than one month following the fire). Similarly, a recent study by Bellè et al (2021)
attempted to assess the key drivers of wood derived PyC redistribution following a
simulated rainfall event, concluding that redistribution through the soil profile is highly
dependent on soil particle size, porosity and density. Importantly, they determined that
PyC is largely redistributed during the first major rainwater event. The results of this
thesis support findings of these studies, since an increase in C and N in the mineral layer
suggests that surface compounds were already translocated several hours after the fire.
There has been a recent investigation into PyC redistribution such as those mentioned,
given its contemporary relevance regarding climate change, but less has been investigated
regarding the redistribution of N. The results found in this thesis therefore raise an
interesting question for future research regarding whether components of both C and N
can be tracked as they move through the soil profile in the hours following the addition
of water after a fire event in the natural environment.
By October, C and N content on burned plots had returned to pre-fire levels and were no
longer significantly different from control plots (Figure 12). This implies that these
compounds have moved out of the studied soil profile sometime within these four months,
probably facilitated by groundwater/lateral water flow. The possibility that water input
has translocated C and N through and out of the soil profile is an important finding. This
is because it reflects that fire can alter local soil C and N stocks temporarily in the very
short timeframe following a fire. This also represents a small loss of C and N from the
forest floor since C and N have been redistributed from biomass, to ash, to soluble forms,
and eventually out of the local forest system. This has further local-scale implications for
microbial activity and nutrient availability within the forest areas (Certini 2005). For
example, on a larger scale this can affect the recovery of local vegetation, since N is a
limiting factor for biomass accumulation in the boreal region (Högberg et al. 2017).
Additionally, existing research implies that leaching of DON from burned sites can
continue for extended periods (> 1 year, Uzun et al. 2020).
Regarding the C contained in pyrogenic components, it may act as a mechanism for
recalcitrant, long-term C storage since it will eventually be buried off-site, creating
depositional C sink in sediments such as lake gyttja (Lehmann et al. 2008, Forbes et al.
2006, Bodí et al. 2014). However, other studies suggest that an initial pulse of soil

42

pyrogenic C and N into the soil may act to prime the decomposition of otherwise stable
mineral-associated soil C and therefore lead to an initial net C loss until vegetation is
recovered (Butnor et al. 2017). In addition, it is important to note that besides ash and
dissolved C compounds, some immobile recalcitrant pyrogenic material will have been
formed at the soil surface through aromatization and charring processes, and therefore
still contribute to long-term C storage in-situ (Satín et al. 2016). These conclusions are
purely speculative in this thesis, as only total C and N stocks were observed, rather than
the contribution of different forms. However, this provides new insights for future
experimental burning studies.
Lastly, given the evidence for the fires extinguishment being responsible for the post-fire
results found, there are some methodological issues which should be addressed.
Foremost, that the experimental methodology altered the results and objectivity of this
study—any further burning experiments should consider the impact of extinguishing the
fire on modifying the dynamics of C and N in the experimental area and perhaps also add
water to unburned plots. There are also other methodological issues that may have
contributed to results worth mentioning; for example, soil coring and lab-analysis process
may have resulted in ash translocation into the mineral soil. This can explain why
increases in soil C and N appear to be occurring in mineral layer 3. However, this does
not sufficiently explain the comparatively significant increases occurring in the upper
mineral horizon, since the carbon content of the soil humus is comparatively low (Figure
12), and the high C content was found in several mineral samples which also had high
moisture content.

5.1.6 Soil carbon/nitrogen ratio
Earlier studies have suggested that burning can reduce the quantity of soil available C/N
due to the formation of stable, inaccessible C from charred organic matter near the soil
surface (Zhou et al. 2019, Knicker 2007). Despite the lack of statistically significant
differences between treatments, the results of this study (Figure 12) appear to indicate
some emerging trends. Based on results, one can only speculate, that increases in C and
N were present in a similar ratio at different burning intensities and in relation to unburned
plots. In general, the C/N ratio of soils was found to be higher in October compared to
June across all experimental conditions, except for the high intensity burned plots in
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mineral layer 1. This temporal change is explained by reduced decomposition rates during
the autumn, since less soil C is lost via respiration (Manzoni et al. 2010). This is also
evident in current study where CO2 fluxes reduced toward the end of the growing season
(Figure 14). However, the comparatively higher C/N ratio in June high-intensity plots
compared to October points to a slightly higher average C content compared to the N.
The conclusions that can be drawn from this are slightly limited since significant
differences between treatments could not be found. In addition, the standard deviations
associated with total C and N stocks in mineral layer 1 are very large, and this means that
some of the trends in the C/N ratio between treatments or horizons are unclear. Therefore,
more sub-plots could be used in future experiments to increase statistical power whilst
avoiding additional disturbances to the study site. Lastly, if the effect of water addition is
explored, some effort should be made to ensure a relatively homogenous application as
would occur after a rainwater event for example.

5.2 Effects of fire intensities, soil properties and vegetation characteristics on soil
CO2 fluxes
When all measurement dates were taken into account, fire intensity and time since fire
were found to be the main drivers of soil CO2 flux (first linear mixed-effect model, Table
3, Figure 14). Directly after the fire, burned plots demonstrated a higher soil CO2 flux
compared to the same plots (same measurement spots) before the fire, particularly in high
intensity burned plots (on average 64% higher). This effect was however statistically
insignificant, and so the stated hypothesis cannot be confirmed. The observed increase in
emissions following the fire could be attributed to the continued combustion of organic
matter in burned plots, since the first chamber measurements were conducted only a few
hours after the burn and the ground was still smouldering. In addition, the lack of
significant difference could be attributed to high variability in CO2 emissions during
measurements immediately after the fire since the flush of CO2 was constantly dispersed
by wind. Therefore, some chamber measurements performed inside different plots of the
same biomass treatment recorded a large range of CO2 fluxes, resulting in large standard
deviations from the mean. To reduce variability of soil CO2 efflux immediately after fire
within treatment, future research would benefit from conducting simultaneous gas
measurements inside the different plots of similar treatments. In addition, to increase
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comparability between treatments, gas measurements between different treatments
should start approximately at the same time after the fire was extinguished.
Soil CO2 effluxes in the experimental plots after the fire were always significantly lower
than the control plots (Figure 14). The observed reduction in CO2 flux following the fire
was expected and is usually attributed to fire-induced mortality of ground vegetation and
a reduction in SOM quantity (section 4.3, Loehman et al. 2014). This results in a reduction
of autotrophic respiration from ground vegetation and from below-ground roots and
associated mycorrhiza, in addition to a reduction in heterotrophic microbial SOM
decomposition due to the potential direct reduction in microbial biomass and change in
SOM quality and quantity. This reduction in CO2 flux is however unlikely related to the
direct mortality of soil biota and the denaturing of microbial enzymes on a significant
scale at any depth other than at the very surface. This is because maximum soil
temperature in the humus layer was observed to be 25ºC, and fatal temperatures start at
around 60 ºC (Appendix 5a) (Fang and Moncrieff 2001, Preisler et al. 2000).
Vegetation recovery did not sufficiently occur within the four months following the fire
(especially relative to pre-fire quantities, Table 2), this explains why soil CO2 fluxes are
significantly lower than unburned control plots for the duration of this study. However,
vegetation should begin to recover over time and over the next growing season; many
boreal forest ground vegetation species are well adapted to recovering after a fire and will
do so given time (Gauthier et al. 2015). For example, it was observed in this thesis that
young trees and shrubs which experienced surface combustion began to recover from the
roots in less than two months following the burn (Appendix 3a-d). It is worth considering
that whilst in this case fires at both intensities reduced the soil CO2 efflux, the overall
change in C storage may drastically vary in either burning condition, depending on
whether the trees experience delayed mortality due to indirect fire-effects after the time
period encompassed by this study (Kane et al. 2017). The survival of the trees is an
important factor which could make the site a potential C source following the fire,
suggesting further monitoring of the study site should perhaps be undertaken in order to
evaluate any longer-term effects such as these.
Some previous research has found opposing results to this study, instead observing an
initial increase in CO2 flux following the fire before a reduction thereafter (Hart et al.
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2005, Richter et al. 2000). This is because fire can stimulate soil respiration and the
abundance of certain soil microbes (particularly bacteria) through the changes in soil
conditions such as increased pH, warmer temperatures, increased soil moisture and
DOC/DON input into the soil, provided that fire did not negatively affect native soil
microbial biomass. Besides the direct mortality of vegetation and possible mortality of
soil biota, there are several other reasons that the soil CO2 flux was not observed to
increase compared to unburned plots. For example, although C stocks increased after the
fire, soil C stock was not found to be a significant factor affecting CO2 flux (Table 4).
This could plausibly be attributed to fire converting C into a more recalcitrant form
through aromatization and charring processes which are more inaccessible to surviving
microbes (Satín et al. 2016). Another possibility is that most of the observed increase in
soil C was observed in the upper mineral horizon; since most soil microbes are located in
the organic layer, it is possible that the C was spatially inaccessible to them (Eilers et al.
2012). Lastly, this study did not detect a significant difference in soil pH at any depth, so
the increase in heterotrophic bacteria found as a consequence of increased pH, observed
in earlier studies cannot be expected in studied sites (Bárcenas-Moreno and Bååth 2009).
In this study, burned plots never contained significantly different quantities of root
biomass (> 2 mm) compared to control plots in any soil horizon. This is because the
underground rootstock remained unperturbed by the fire at both intensities, given that soil
temperatures remained low (section 5.1.1) and the soil humus layer was not significantly
altered (Figure 11). However, there was a significant reduction in coarse root biomass
between June and October in the soil humus layer across all treatments. The significance
of this difference should be viewed with caution due to the unlikely damage to
underground rhizomes and because coarse root turnover would not be reflected in the
results in this study, since it occurs over a multi-year timescale (Lukac 2012). Therefore,
the results likely reflect coincidental changes given the relatively small sample size, the
large range in results, the relatively simplistic sampling methodology and spatial
heterogeneity of roots (Mao et al. 2015).
Similarly, to soil C, N, C/N, root biomass, pH and temperature, no significant differences
in soil CO2 fluxes between burning intensities could be identified within any time period
(Figure 12). This result contradicts the hypothesis that increased fire intensities would
result in a greater magnitude of change to CO2 emissions. This is most probably because
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there was not a large enough temperature difference between the experimental conditions
earlier mentioned in section 5.1.1, suggesting that in future burning experiments, closer
attention should be paid to these parameters, most importantly a greater difference
between burning temperature of high and low intensity plots.
When accounting for the effect of soil properties, vegetation characteristics, time and fire
intensity on soil CO2 efflux from June 16th and October 12th (first and last measurement
days, (second linear mixed-effect model, Table 4, Appendix 18), soil temperature at - 5cm
was found to have a significant influence on the soil CO2 flux (p < .05). Warmer
temperatures stimulate microbial activity and therefore soil respiration, and an increase
in CO2 efflux. For this reason, studies suggest that environmental conditions such as soil
temperature can largely mediate post-fire CO2 fluxes (Raich and Schlesinger, 1992, Reth
et al. 2005, Mellander et al. 2007). Despite reduced CO2 efflux observed after either fire
intensity studied here, soil temperature was still identified as a major driver for soil CO2
effluxes. Given the combustion of most ground vegetation and negligible fire effect on
the humus layer, it is possible that tree roots and microbes are the main agents for soil
respiration during this time after fire covered in this study. However, seasonal monitoring
of soil CO2 should continue in order to investigate whether the relationship between CO2
flux and soil temperature would change, as it is possible that a short-term positive priming
effect due to addition of pyrogenic organic matter offsets some of the fire-induced
decrease in CO2 efflux (Maestrini et al. 2014).

6.0 CONCLUSIONS
Overall, the earlier hypothesis that soil physical and chemical properties will be
significantly altered as a consequence of fire can be accepted in some instances
(temperature, moisture, root biomass, C, N, C/N), but not in others (pH, humus thickness).
Further, the hypothesis that a greater magnitude of changes to emissions and soil
properties with higher burning intensities was only confirmed with soil surface moisture
(higher intensity resulted in higher moisture content). Lastly, soil CO2 fluxes changed
(reduced compared to control plots) over time and as a consequence of fire, but this
change was not associated with higher fire intensities.
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There are several research areas for future studies which can be explored further, based
on results obtained in this study. Mainly, we would benefit from the investigation of the
mechanisms of C and N translocation vertically through the soil profile following the
addition of water (either precipitation or fire extinguishing water). Other areas for future
investigation include the relationship between soil temperature and resulting soil CO2
efflux, and how this changes between fire intensities and over an extended post-fire time
period. It could also be interesting to investigate how burning different biomass
components (at different temperatures) changes the composition of ash, and what the
subsequent implications are for soil properties and microbial composition. Additionally,
might be interesting to test how larger differences in burning intensities affect soil
properties and soil CO2 effluxes. Lastly, continued monitoring of the study site could be
conducted to account for any delayed effects such as tree mortality which can drastically
modify the C balance of the area.
There are also several ways in which the results of this study can be built on in further
research and to increase confidence in accepting results, particularly by modifying the
research methodologies. However, there is of course a trade-off between employing these
approaches with requiring additional time and resources. Future research should try to
account for extraneous variables which could significantly affect results, such as
measuring lake nitrogen concentrations before extinguishing the fire and accounting for
the chemical properties of biomass additions. To reach clear conclusions about the effect
of fire, water should be added relatively homogenously and onto both burned and
unburned control plots. In addition, the effect of variations in soil properties, temperature,
moisture and CO2 flux which are occurring cannot be investigated in the context of normal
inter-annual variation, so the use of a multi-year time scale will help to objectively
pinpoint changes resulting from the fire if resources allow. A longer study timescale could
also reveal changes in soil humus pH and C/N ratio, since some trends appear to be
emerging in this study. An increased sampling frequency (especially directly after the
fire) and increased sampling within each plot (or increased number of plots to avoid
disturbance) would help to minimise the range in results and make statistical analysis
more robust. Lastly, simultaneous CO2 measurements inside the different plots of similar
treatments should occur in order to minimise the variability in emissions occurring in the
hours after the fire. Similarly, gas measurements between different treatments should start
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approximately at the same time after the fire was extinguished in order increase
comparability between treatments.
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7. APPENDICES
Appendices 7.1 - Study site photographs

Appendix 1. Photographs of high-intensity plots 1-4 before the fire (a), during the fire (b) and
directly after the extinguishment of the fire (c) on 16/06/20.
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Appendix 2. Photographs of low-intensity plots 1-4 before the fire (a), during the fire (b) and
directly after the extinguishment of the fire (c) on 16/06/20.
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Appendix 3. Photographs of vegetation recovery in burned plots on August 18th, a) plot H2, b)
Betula pubescens, c) Sorbus aucuparia and d) Populus tremula.
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Appendices 7.2 - Continuous temperature measurements

Appendix 4 a) Line graphs displaying thermocouple recorded temperature above ground (+25
cm) at one-hour intervals from 04/06/21 until 30/08/21 in high and low intensity burned plots in
addition to unburned control plots. b) Line graph displaying cumulative temperature change over
the measurement period. Thermocouples located in control plots malfunctioned from 16/06 until
16/07. Red line indicates time of fire.
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a)

b)

Appendix 5 a) Line graph displaying thermocouple recorded temperature below ground (humus
layer, -5cm) at one-hour intervals from 04/06/21 until 30/08/21 in high and low intensity burned
plots in addition to unburned control plots. b) Line graph displaying cumulative temperature
change over the measurement period. Vertical red line indicates time of fire.
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Appendix 6. Line graphs displaying mineral soil temperature recoded by iButtons at three
different depths, a) -5, b) -10, c) -20 cm from soil surface at two-hour intervals from 04/06/21
until 31/08/21 in high and low intensity burned plots in addition to unburned control plots.
Vertical red line indicates time of fire.

Appendix 7. Line graphs displaying soil temperature recoded by iButtons at three different
depths, a) -5, b) -10, c)-20 cm from soil surface at two-hour intervals on the day of the fire
(16/06/20) in high and low intensity burned plots in addition to unburned control plots. Vertical
red lines indicate the two ignition times (at 15:15 and 17:00 EET).
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Appendices 7.3 - Ash properties

Appendix 8. Boxplot displaying the pH of ash samples obtained from high and low intensity
burned plot directly after the fire.

Ash samples collected from the high intensity plot had a significantly higher pH (7.7±
.45) compared to samples taken from low intensity plots (6.8 ± 0.45, p < .05).
Appendices 7.4 - Soil sample data

Appendix 9. Boxplot displaying soil bulk density (g/cm3) of each treatment (control, high
intensity, low intensity) in June and October (mineral layer 2 and 3).

56

Appendix 10. Table displaying raw soil moisture content, % (According to Equation 2) in each
layer, fire intensity condition, month, and individual plot.

Gravimetric moisture content (g, %)
Soil humus

Low

High

Control

1
2
3
4
1
2
3
4
1
2
3
4

Mineral layer 1

Mineral layer 2

Mineral layer 3

June

October

June

October

June

October

June

October

56.36
112.79
57.39
85.86
36.91
61.07
88.09
55.72
51.84
37.51
27.48
19.21

36.30
68.03
40.78
92.23
50.46
40.35
59.39
96.46
36.29
36.04
47.42
59.91

14.48
17.82
10.95
19.09
8.87
8.40
15.15
13.77
11.49
21.05
11.05
13.08

11.91
11.10
7.79
16.01
12.44
16.12
23.58
22.93
11.04
17.48
18.17
11.56

16.37
8.75
7.77
12.99
10.92
12.93
7.77
12.95
6.94
12.23
7.93
5.18

9.96
5.46
6.91
13.08
12.52
8.58
11.46
17.30
5.60
13.02
13.09
9.45

7.73
0.09
4.80
8.52
6.14
7.57
3.30
7.18
28.74
4.62
3.29

9.13
6.96
8.27
9.56
8.59
4.77
4.95
11.68
8.94
11.75
8.16
6.31

Appendices 7.5 - Full statistical output
Appendix 11. Table displaying output of 1-way ANOVAs examining the effect of time and fire
intensity on soil temperature at 5 cm and 10 cm in summer and autumn. Df = degrees of
freedom. F = test statistic, p = significance.

Factor
Fire condition
Time
Factor
Fire condition
Time

Soil temperature (ºC)
5 cm summer
df
F
p
df
4
10.5916 <.0001**
2
6
152.08 <.0001**
1
10 cm summer
df
F
p
df
4
12.2567 <.0001**
2
6
71.505 <.0001**
1

5 cm autumn
F
p
3.5268
.0399*
34.31
.0001**
10 cm autumn
F
p
9.5678
.0005**
58.0478 0.0001**

Appendix 12. Table displaying output of 1-way ANOVAs examining the effect of time and fire
intensity on a soil moisture. Df = degrees of freedom. F = test statistic, p = significance.

Factor
Fire condition
Time

Soil moisture (%)
df
F
4
8

4.1421
71.5757

p
<.0032**
<.0001**
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Appendix 13. Table displaying output of 2-way ANOVAs for soil humus and mineral layer 1, for
each factor (time, intensity, time x intensity) affecting soil pH. Df = degrees of freedom. F = test
statistic, p = significance.

Soil pH
Factor
Time
Intensity

df
1
2

F
2.4011
0.4562

p
0.1386
0.6408

Time x Intensity

2

1.3503

0.2842

Time

1

0.3194

0.5789

Intensity

2

1.8916

0.1796

Time x Intensity

2

2.0145

0.1624

Layer
Soil humus

Mineral layer 1

Appendix 14. Table displaying output of 2-way ANOVAs for each factor (time, intensity, time x
intensity) affecting soil humus thickness. Df = degrees of freedom. F = test statistic, p =
significance.

Soil humus thickness (cm)
Factor

df

F

p

Time

1

13.3845

0.0018**

Intensity

2

2.3627

0.1227

Time x Intensity

2

0.4055

0.6726

Appendix 15. Table displaying significant (p < .05) Wilcoxon signed ranks test comparisons and
outputs for Carbon and Nitrogen (kg/m2) in each soil layer. S = total rank sum, z = test statistic,
p = significance.

Layer
Humus
Carbon
(kg/m2)

Nitrogen
(kgm2)

Comparison
Jun (L) vs Oct (L)

Mineral layer 1

Jun (C) vs Jun (H)
Jun (C) vs Jun (L)
Jun (L) vs Oct (L)

Mineral layer 2
Mineral layer 3
Humus

Jun (H) vs Oct (H)
Jun (L) vs Oct (L)

Mineral layer 1

Jun (L) vs Oct (L)
Jun (C) vs Jun (H)
Jun (C) vs Jun (L)

Mineral layer 2
Mineral layer 3

Jun (L) vs Oct (L)
Jun (C) vs Jun (L)

S
26
25
26
26
26
26
26
25
26
26
6

p

z
2.16506
1.87639
2.16506
2.16506

.0304
.0433
.0209
.0304

2.16506
2.23253
2.21853
1.88766
2.17807
2.17807
-1.98023

.0304
.0256
.0265
.0421
.0202
.0294
.0308

58

Appendix 16. Table displaying output of 2-way ANOVAs for each soil layer and factor (time,
intensity, time x intensity) affecting soil C/N ratio. Df = degrees of freedom. F = test statistic, p =
significance

Layer
Humus

Mineral 1

Mineral 2

Mineral 3

Soil C/N ratio
Factor
df
Time
1
Intensity
2
Time x Intensity
2
Time
1
Intensity
2
Time x Intensity
2
Time
1
Intensity
2
Time x Intensity
2
Time
1
Intensity
2
Time x Intensity
2

F
3.8413
0.4192
0.3796
6.0737
2.9517
3.4325
12.9003
0.6303
2.5787
5.2614
0.3122
2.8466

p
0.0657
0.6638
0.6895
0.0240*
0.0779
0.0546
0.0021*
0.5438
0.1036
0.0348*
0.7360
0.0858

Appendix 17. Table displaying output of 2-way ANOVAs for each soil layer and factor (time,
intensity, time x intensity) affecting soil root biomass content. Df = degrees of freedom. F = test
statistic, p = significance.

Layer
Humus

Mineral 1

Mineral 2

Mineral 3

Root biomass (> 2 mm)
Factor
df
F
Time
1
25.4255
Intensity
2
0.1509
Time x Intensity
2
0.7067
Time
1
1.0251
Intensity
2
0.0031
Time x Intensity
2
0.7537
Time
1
0.0115
Intensity
2
2.2037
Time x Intensity
2
0.7101
Time
1
.0052
Intensity
2
.1196
Time x Intensity
2
.0367

p
<.0001*
.8611
.5064
.3267
0.997
.4849
.9158
.1393
.5048
.9433
.8880
.9641

Appendix 18. Parameter CO2 flux estimates from mixed model (Table 4) coefficients, test results
for factors. Nparm = number of parameters in factor, DFNum = degrees of freedom, DFDen =
denominator degrees of freedom, t Ratio = test statistic, Prob >|t| = the p-value for the test; 95%
Lower and Upper = 95% confidence limits.
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Term

Estimate

Std Error

DFDen

t Ratio

Prob>|t|

95%
Lower

95%
Upper

Intercept

-0.114508

0.2385004

19.1

-0.48

0.6366

-0.613584

0.3845687

Soil temperature -5 cm (ºC)

0.0127771

0.0036914

21.7

3.46

0.0023*

0.0051153

0.020439

Fire intensity [unburnedC]

0.1056295

0.0336761

22.9

3.14

0.0046*

0.0359535

0.1753055

Fire intensity [burnedH]

0.0070588

0.0294335

24.7

0.24

0.8124

-0.053595

0.0677122

Fire intensity [burnedL]

-0.02605

0.0270729

20.8

-0.96

0.347

-0.082388

0.0302883

Fire intensity [unburnedH]

-0.040154

0.0445835

15.4

-0.90

0.3817

-0.134979

0.0546719

Standing coarse woody debris

-0.283274

0.2935808

27

-0.96

0.3432

-0.88566

0.3191105

Humus root biomass (>2mm, g)

0.0189331

0.0201324

18.8

0.94

0.3589

-0.023228

0.0610943

Plant debris (kg m2)

0.0240676

0.0592587

20.8

0.41

0.6888

-0.09923

0.147365

Mosses/lichens (kg m2)

0.1273761

0.1954034

17.5

0.65

0.523

-0.284053

0.5388052

Soil moisture -5 cm (%)

-0.001214

0.0010482

14.1

-1.16

0.2661

-0.003461

0.0010334

Humus C stocks (kg m2)

-0.008251

0.0355477

21.8

-0.23

0.8186

-0.082014

0.0655122

Humus C/N

0.0011009

0.0009375

23

1.17

0.2523

-0.000839

0.0030404
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