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*Highlights (for review)

Highlights
e Anincrease in the active layer thickness results in higher GHG emissions.
e A fire chronosequence study reveals long-term changes in GHG emissions.
e The only factor affecting studied GHG fluxes is the time since last forest fire.

e Fire causes long-lasting changes of GHG emissions.
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Abstract

Forest fires are one of the most important natural disturbances in boreal forests, and their
occurrence and severity are expected to increase as a result of climate warming. A combination of
factors induced by fire leads to a thawing of the near-surface permafrost layer in subarctic boreal
forest. Earlier studies reported that an increase in the active layer thickness results in higher
carbon dioxide (CO,) and methane (CH4) emissions. We studied changes in CO,, CH4 and nitrous
oxide (N,0) fluxes in this study, and the significance of several environmental factors that
influence the greenhouse gas (GHG) fluxes at three forest sites that last had fires in 2012, 1990
and 1969, and we compared these to a control area that had no fire for at least 100 years. The
soils in our study acted as sources of CO;, and N,0 and sinks for CH,. The elapsed time since the
last forest fire was the only factor that significantly influenced all studied GHG fluxes. Soil
temperature affected the uptake of CH,4 and the N,O fluxes were significantly influenced by
nitrogen and carbon content of the soil, and by the active layer depth. Results of our study confirm
that the impacts of a forest fire on GHGs last for a rather long period of time in boreal forests, and

are influenced by the fire induced changes in the ecosystem.

Keywords: permafrost, greenhouse gas, forest fire, active layer, GHG flux

1. Introduction

Approximately 35% of the world’s forest area is covered by northern boreal forests that grow in
Canada, Alaska, Russia and Northern Europe (Kim and Tanaka, 2003). These forests have an

important role in global carbon (C) balance as they contain about 66% of the world’s forest soil
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carbon pools (Kasischke and Stocks, 2000), and even small changes in these pools have a
significant impact on the greenhouse gas (GHG) balance of the atmosphere. Generally boreal
ecosystems are C sinks that absorb atmospheric carbon dioxide (CO,) releasing it slowly from
decomposing organic matter (Fan et al., 1998). The presence of permafrost makes these high
latitude ecosystems especially vulnerable to changing climate (Kim and Tanaka, 2003). Increases in
the depth of the seasonally thawed active layer may increase soil temperature, and with it the rate
of decomposition (Grosse et al., 2011). Increased depth of active layer might also decrease soil

moisture, which would also increase the rate of decomposition (Zona, 2016).

Climate warming results in the increase in occurrence of forest fires, which act as one of the
predominant natural disturbances in boreal forests (Stocks et al., 1998; Kim and Tanaka, 2003). It
is estimated that around 5-15 million hectares of forests burn annually in the boreal biome (Stocks
et al., 1998; Kasischke and Stocks, 2000; Conard et al., 2002). The trend of annual fire events in
Canada has increased steadily from approximately 6000 in 1930-1960 period to 9000 fires in 1980s
and 1990s period (IFFN, 2004). A retrospective analysis of C fluxes have found that since 1980
Canadian forests have been a net source of atmospheric C primarily due to increasing fire regimes,
which is indirectly related to climate change, land use changes and fire suppression (Kurz and
Apps, 1999; Houghton et al. 2012). Fire is an extremely important factor in the dynamics of
Canadian forests, since some of the most important species require event of a fire for
regeneration to occur (Sirois, 1993). The occurrence of forest fires also determines the
successional pathways in boreal areas (Gewehr et al., 2014). Severe fires have been found to
accelerate the degradation of permafrost (Burn, 1998; Tas et al., 2014), and further succession of
the areas is likely to be modified by permafrost decline. Thus, the increase of fire severity, and
shorter fire return intervals in the Canadian forests during the last 50 years (IFFN, 2004), has led to

an increase in the distribution of younger stands and a decrease in the C storage (Stocks et al.,
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1998; van Bellen et al. 2010). Furthermore, different studies suggest that the severity of forest
fires and the overall burned area is going to increase near the end of the 21% century as the
weather will be drier and the fire season peak is going to shift towards the end of the summer

(Flannigan et al., 2000; van Bellen et al., 2010).

Forest fires strongly influence soil C dynamics (Amiro et al., 2009; Dore et al., 2008; Sullivan et al.,
2011). A pulse of CO; and other GHGs is released into the atmosphere as an immediate effect of
the fire (Nakano, 2006; Sullivan et al., 2011). It has also been found that soil GHG fluxes that
originate from the decomposition and respiration processes are affected for a long period of time
after the fire episode (Hart et al., 2005; Cairney and Basitas, 2007; Koster et al., 2015). Permafrost
areas are also strongly influenced by fire as combustion removes the insulating organic layer. This
in turn causes a decrease in surface albedo and increases the soil thermal conductivity from about
fivefold to tenfold (Hinzman et al., 1991; Yoshikawa et al., 2003). Consequently, numerous studies
have well documented the phenomenon that fire evoked changes in the permafrost and thickness
of the active layer. Several of these studies concern the effects of fire in natural conditions
(Kryuchkov, 1968; Viereck, 1982; Brown, 1983; Yoshikawa et al., 2003), but studies from controlled
field experiments are also available (Dyrness, 1982). Results indicate that heat from the fire itself
does not significantly affect the active layer (Dyrness, 1982; Viereck, 1982; Brown, 1983;
Yoshikawa et al., 2003). However, the depth of the active layer increases after the forest fire for
approximately 3-5 years, depending on the severity of fire and site conditions (Dyrness, 1982;
Viereck, 1982; Brown, 1983; Yoshikawa et al., 2003) due to changes in ground vegetation coverage
and albedo, resulting in higher ground temperatures after disturbance (Tsuyuzaki et al., 2008).
These changes directly influence the emissions of CO, and other GHGs into the atmosphere

(Kasischke et al., 1995; Kim and Tanaka, 2003; Suk, 2013).
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Forest fires directly influence ecosystem C dynamics by reducing the total C storage and increasing
the proportion of necromass in ecosystem C pools (Amiro et al., 2009; Dore et al., 2008; Sullivan et
al.,, 2011). The decomposition such a necromass typically releases about three times more CO,
from the soil than the direct emission from the burning event (Auclair and Carter, 1993; Burke et
al., 1997). This post-fire CO, release seems to be strongly dependent on soil moisture conditions

and temperature (Ullah and Moore, 2011).

Fluxes of another C based GHG, methane (CH,), are also influenced by fire. Non-paludified boreal
forest are usually sinks of CH4 (Kulmala et al., 2014; Koster et al., 2015). Some researches show
that after a fire the uptake of CH,4 increases, returning to initial unburned conditions after one year
in a southern boreal forest (Kulmala et al., 2014; Tas et al., 2014). It is suggested that the main
reason for this is the fast recovery of the microbial community in the soils (Hamman et al., 2007;
Kulmala et al., 2014). The fluxes of CH4 are controlled by soil moisture and temperature, by the
time passed after the fire event, and by the availability of organic C (Poth et al., 1995; Nakano,

2006; Sullivan et al., 2011).

The third important GHG, nitrous oxide (N,0), is produced by both aerobic (nitrification) and
anaerobic (denitrification) processes (Megonigal et al., 2004; Oertel et al., 2016). The emission of
N,O is predicted to increase after the fire, as the post fire regrowth of vegetation increases the
amount of NH4 (the basis for the nitrification processes) in the soil (Levine et al., 1988; Kim and
Tanaka, 2003). Studies have revealed that the changes in N,O fluxes are hard to predict (Poth et
al., 1995; Anderson et al., 2013; Pihlatie et al., 2007; Koster et al., 2015), however they are
influenced by several soil physical, chemical and biological factors (Megonigal et al., 2004;

Butterbach-Bahl et al., 2013; Lenhart et al., 2015).
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Although the effect of fire on permafrost forest areas has evoked the interest of scientists for a
rather long time (Kryuchkov, 1968; Hinzman et al., 1991; Yoshikawa et al., 2003; Tsuyuzaki et al.,
2008), the changes in the uptake and emissions of different GHGs caused by forest fire have
received less attention (Kasischke and Stocks, 2000; Kim and Tanaka, 2003). The main topic of the
earlier research in most cases, was C and its balance in the ecosystem (Kurz and Apps, 1999;
Kasischke et al., 1995; Kasischke and Stocks, 2000), and few studies also observed the influences
of fire on GHGs during a short period of time that had elapsed after the forest fire (Kim and
Tanaka, 2003; Takakai et al., 2008). However, according to our knowledge, there are no studies
made on long-term effects of fire on three main GHG (CO,, CHs and N,0) fluxes in permafrost
areas. As stated above, the GHG fluxes resulting from the decomposition of necromass are much
larger than the instantaneous GHG emissions released in fire. Also, the recovery of the ecosystem
C pools takes several decades (Koster et al., 2014). We investigated in this study a longer-term
chronosequence of forest fires in boreal coniferous forests that have permafrost base in the north-
western part of Canada. Areas that had differing time periods since the last forest fire, but which
had comparable ecological conditions, were chosen for testing the long term impact of fire on CO,,
CH4 and N,0 fluxes. We compared the significance of experimental factors that act over time since
the fire event, the measurement time, soil moisture, depth of active the layer, tree biomass and
ground vegetation biomass, and soil temperature that influence the GHG fluxes across a fire
chronosequence. Our key research question was: how does the time that has elapsed since the
last fire influence the CO,, CH; and N,O fluxes from soil in permafrost areas of a boreal forest. Our
hypotheses were that a) the fluxes of CO,, CH4 and N,O will change as a consequence of fire and
the magnitude of changes correlates with the time since the last fire, b) the effects of fire will be
larger for carbon-based gases CO, and CH,4 than for N,O due to low reactive N availability and

initially low N,O fluxes in the boreal permafrost forest soils, and c) the fluxes of CO,, CHs and N,0O
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are positively correlated with the depth of the active layer above the permafrost during the

vegetation period.

2. Material and methods

2.1. Study area

Our study areas were located along the Dempster Highway (total length of the highway 741 km),
close to Eagle Plains (Yukon) (66°22' N, 136°43' W) and Tsiigehtchic (NWT) (67°26' N, 133°45' W)

Canada (between the 280" and 670" kilometer points on the highway) (Fig. 1).

The altitude of the terrain in the region ranges from 150 to 600 m above the sea level and the
bedrock is composed of a Cretaceous sandstone that is overlain by ice-rich moraine,
glaciolacustrine silt and clay deposits and is underlain by continuous permafrost (Hadlari, 2006).
The climate in the area is characterized by long cold winters with mean air temperatures well
below 0°C from October till April. The mean annual air temperature in the area is -8.8°C, and the
mean total precipitation is 248 mm (Environment Canada, 2009). The ecosystem of our study
areas is taiga dominated by evergreen needle-leaved trees, Picea mariana (Mill.) BSP and Picea
glauca (Moench) Voss. The ground vegetation is dominated by mosses and lichen species such as
Sphagnum sp., Cladonia sp., Cladina sp., in addition to Ericaceous dwarf shrubs as Vaccinium vitis-
ideaa L., Rhododendron groenlandicum Oeder., Rubus chamaemorus L., Vaccinium uliginosum L.

and typical minor taiga plant species (Meikle and Waterreus, 2008).

Soils in the study areas are classified into the Cryosolic Order according to the World reference
base for soil resources (IUSS Working Group WRB, 2015). These are described as soils of the arctic

and tundra regions; soil-forming processes are dominated by the presence of permafrost (Stanek,

P
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1982; Kimble, 2004). A cryic horizon starting < 100 cm beneath the soil surface and diagnostic
horizons are affected by cryoturbation, which is the soil movement that arises from frost action.
The soils in the areas are predominately slightly acidic (Stanek, 1982, 1USS Working Group WRB,

2015).

2.2. Study design

In the summer of 2015, four different study areas, each with a different time since the last stand
replacing forest fire (age class), were established thus: areas with last forest fire in 2012, 1990 and
1969, and fourth area was a control which had no fire for at least 100 years (Fig. 2). The dates of
the fires were determined from the Yukon and Northwest territories fire maps. A hierarchical
sampling procedure was adapted in the four study areas. At each age class area we established
three 150 meter-long-lines with three sample plots along each line at 50 meter intervals. The lines
were spaced by at least a few hundred meters from each other. We thus had nine sample plots
per age class. The study lines were placed in the areas so that they were at least 150 m from the
nearest road to avoid the disturbance of the road on the snow cover and consequently on
permafrost (Gill et al., 2014). In addition, the lines were placed in as flat topography of terrain as
possible to minimize the effect of the topographic variation. The measurements of stand
characteristics were performed on three sample plots (400 m?) as follows: ground vegetation
cover, biomass and species composition, tree biomasses and tree densities were measured and
then the mean values for each of these characteristics were calculated. Ground vegetation
biomass was measured at four 0.20 x 0.20 m squares per sample plot. Specific composition of
ground vegetation and coverages of each species were estimated visually from entire sample plot

and coverages (%) of vascular plants, lichens and mosses were estimated at 0.75 x 0.75 m squares.
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Characteristics of all trees (starting with 1 m height) inside the sample plots were measured (stem
diameter at 1.3 m height, the height of a tree, crown height and crown diameter). The diameter
for trees lower than 1.3 m was measured close to the ground. The formulas of Lambert et al.
(2005) were used for tree biomass calculations. The tree biomass for the area burned in 1990 was
calculated separately assuming 1.30 m seedling height and using an equation for spruce (Wagner

and Ter-Mikaelian, 1999).

The soil texture on our study areas was very fine-silty clay loam, and the control area had the
finest texture of silt loam. The soil moisture content was rather high during the whole
measurement period (37.2-54.9 %) (Table 1). One soil pit was excavated in the middle of each
sample plot (nine replicates per age class). Soil samples were taken from the litter and humus
layer, and if possible, from the mineral soil at 0.05 m, 0.10 m, 0.30 m and 0.50 m depths and as
close to the permafrost as possible, from three different walls of the soil pit. We used a steel corer
(0.06 m diameter, 0.06 m in length) for collecting of soil samples from the vertical face of the soil
pit for measuring basic soil profile properties such as soil C and nitrogen (N) contents, pH, texture
and for determining the temperature sensitivity of soil respiration (Q10) with soil incubations in
the laboratory. The depth of the active layer above the permafrost was also measured at each
sample plot for calculating the mean depth of the active layer for all areas. When the permafrost
could not be reached, the depth of the active layer was calculated using a linear extrapolation of
the soil temperature profile for the mineral soil. The soil pH, soil C and N contents in the present

study were measured in all collected samples at 0.05—0.50 m depths.

The soil samples used for soil incubations, soil C, soil N concentration and pH measurements were
stored at 4°C, until analyses. Prior to the analyses, roots and stones were separated from the soil

which was homogenized by sieving it through a 2 mm sieve. Soil pH was analysed using a glass
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electrode (Standard pH meter, Radiometer Analytical, Lyon, France) in 35 mL soil suspensions,
consisting of 10 mL of the soil sample and 25 mL of ultrapure Milli-Q water (left overnight to stand
after mixing). Soil dry weight was measured after incubation by drying the homogenized soil
samples at 105°C for 24 h. The dried samples were further homogenized by grinding them with a
mortar grinder (Retsch Type RMO, Bioblock Scientific, Haan, Germany) and the C and N
concentrations were then measured using an elemental analyzer (varioMAX CN elemental

analyzer, Elementar Analysensysteme GmbH, Germany).

2.3. Chamber measurements of CO,, CH,; and N,0 and soil incubation

The static chamber method was used for measurements of CO,, CH, and for N,O fluxes between
the soil and the atmosphere (Pumpanen et al., 2004; Pihlatie et al., 2013). Gas flux measurements
were taken during the summer of 2015 from metal collars (on 18 collars per fire age class with
diameter 0.21 m and height 0.05 m) that had been placed into the soil before measurements. The
lower edge of the collar was placed at 0.02 m depth in the mor layer above the rooting zone to
avoid damaging the roots. All chamber measurements were carried out during the daylight. The

vegetation inside the chamber was not damaged or removed during the measurements.

A cylindrical chamber (h=0.24 m and @=0.20 m) covered with aluminium foil (to prevent
photosynthesis), was used in the flux measurements. Circulation of air inside the chamber was
provided by a small fan (0.025 m in diameter). The CO, concentrations inside the chamber were
measured using a non-dispersive infrared CO, probe (GMP343, Vaisala Oyj, Helsinki, Finland) and
the relative humidity and temperature with RH-/T-sensor (HMP75, Vaisala Oyj, Helsinki, Finland) at

5 sec intervals for 4 min during the 5 min chamber deployment time. The first 30 sec after placing
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the chamber onto the collar were discarded from the measurement data to exclude the

disturbance effects of the chamber deployment.

The CH4 and N,O flux measurements were done separately from the CO, efflux measurements,
but they were taken from the same collars and using the same chamber as in the CO, efflux
measurements. The chamber was equipped with an outlet tube that could be closed and opened
with a 3-way valve for the air sampling (BD Connecta TM Stopcock, Becton Dickinson, NJ, USA).
The CH4 and N,0 gas samples were collected from the chamber headspace by connecting a 50 ml
polypropylene syringe (BD Plastipak 60, BOC Ohmeda, Helsingborg, Sweden) equipped with a
similar 3-way valve to the outlet tube of the chamber. Air samples were collected before the
chamber placement (0 min) and at 1, 5, 10 and 20 minutes after the chamber was placed on the
collar and injected immediately into glass vials (12 ml Soda glass Labco Exetainer®, Labco Limited,
UK) for storage and transportation. The samples were analysed by an Agilent Gas Chromatograph
model 7890A (GC, Agilent Technologies, USA) equipped with an autosampler (Gilson GX-271 Liquid
Handler) and fitted with a Flame lonization Detector (FID). Helium (45 ml min™) was used as the
carrier gas and synthetic air (450 ml min™) and hydrogen (40 ml min) were used as the flame
gases, and 5 ml min™ of N, was used as the make-up gas for the FID. Oven temperature was 60°C,
and the detector temperature was 300°C. Samples were analysed by plotting their concentration
emission readouts against a six-point standard curve (Pihlatie et al., 2013). The linear regression
fitted to time and concentration change inside the chamber headspace was used for calculations
of CO,, CH4 and N,O fluxes. Outliers from the CH4 and N,O concentrations were measured during
each chamber deployment and were then subjected to filtering by using Grubbs’ test for outliers
(Grubbs, 1969; Stefansky, 1972). The filtering of the outliers was based on the deviation of
individual data points from the slope of the linear regression line and the standard deviation of the

data points along-side the regression line.
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Soil temperature was measured at each chamber during the flux measurements at 0.1 m depth
with a digital thermometer. Soil water content measurements were taken using soil moisture
sensors (Thetaprobe ML2x, Delta-T Devices Ltd, Cambridge, UK) that had been connected to a data

reader (HH2 moisture meter, Delta-T Devices Ltd, Cambridge, UK)) at each chamber.

The temperature sensitivity of soil respiration was measured from the homogenized samples in
field moisture by incubating 25 ml of sample in glass bottles (500 ml in volume) at 1, 7, 13 and
19°C for 24 h. The bottles, and also the blanks without the soil, were first flushed with technical air
(AGA, Finland) and closed air tightly with rubber stoppers. After each 24 h incubation air samples
were taken from the headspace of the bottles by 50 ml polypropylene syringe (BD Plastipak 60,
BOC Ohmeda, Helsingborg, Sweden). The air samples were injected immediately into the glass
vials (12 ml Soda glass Labco Exetainer®, Labco Limited, UK). The CO, concentrations were
measured from the headspace samples as described above and the respiration rates were
calculated from the CO, concentration increases in the headspace samples over the 24 h
incubations. The respiration rates were used to determine the respiratory temperature coefficient,

Quo.

2.4, Data analyses

The CO, effluxes between different age classes were compared and the CO, emissions measured
in the field were corrected for soil temperature, as soil surface CO, efflux has been shown to
display a nonlinear response to temperature (Rayment and Jarvis, 2000). Soil CO, efflux was

corrected assuming that respiration (R) is an exponential function of temperature.
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(T-Tref)/10
Reorr =R Q10 !

(M

, Where R, is the T corrected soil CO, efflux, Qi is the respiratory temperature coefficient, T is
the measured soil temperature and T, is the reference temperature where the CO, effluxes were
corrected. In this case, the T,r used was the mean soil temperature at 10 cm depth during all CO,

efflux measurements.

A separate temperature sensitivity coefficient, Q;o, was calculated for every age class to prevent
the differences induced by soil properties, vegetation and different measuring temperatures
(Katterer et al., 1998; Wang et al., 2006; Koster et al., 2014). The Q fitting was performed using
Python programming software. The analysis and calculations for the temperature sensitivity
coefficients (Qqo) of the different age classes were: 2012 = 2.98, 1990 = 2.61, 1960 = 2.94, control
area = 2.60. The CH4 and N,0 temperature sensitivity coefficient Q;o were not calculated. Data was
checked for normality using the Shapiro-Wilk test and a logarithmic transformation was made for
the recorded CO; fluxes. A Tukey’s HSD post hoc test was used for comparison of age class effects

for all measured GHG fluxes (P < 0.05 were considered to be significant differences).

Linear mixed effect model was used for explaining experimental factors affecting the GHG fluxes.
Time since the fire (age class) (Yr), soil temperature at 0.1 m depth (ST), moisture (MOI), active
layer depth (AD), tree biomass (TB) and ground vegetation biomass (GB) and the interaction
between soil temperature and active layer depths (ST x AD) were included as fixed effects in the
initial model, whereas the collars in each sample line (YL) were treated as a random effect We

selected the best model using stepwise selection. We started with a full model and reduced the
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number of variables using the AIC as the selection criteria. This was done using the drop1 function
(Chamers, 1992) in R. The time since the fire, as our experimental treatment was always retained

in the model.

The initial model including all factors was:

GHG=a+bYr+cST+dMOI+eAD + f TB + g GB + h(ST x AD) + 1YL (2)

, Where GHG is the greenhouse gas flux (non-temperature corrected CO,, CH; and N,O separately),
a is the intercept of the model, b, ¢, d, e, f, g and h are the regression coefficients for the factors.
The models’ are presented in Table 2 with the AIC and adjusted pseudo r? values. The best model,
with the lowest AIC and highest pseudo r? value. For each gas model, the normality model
residuals were visually checked using quantile-quantile plot (Q-Q plot) (Faraway, 2002) method in
R (RStudio, version 1.0.136, RStudio, Inc.). The linear mixed effect model analyses were carried out

with R using “Ime4” package (Bates et al., 2015).

3. Results

3.1. Fire impacts on soil properties and vegetation

Mean temperature in the area during July 2015 (when measurements were done), was 14.4°C and
the mean monthly precipitation was 44 mm. The mean depth of the active layer on top of the
permafrost in the areas ranged from 0.28 m in the control area to 1 m in the most recently burned
areas (Table 1). The comparison of the areas showed that permafrost depths in the 2012, and
1990 areas were significantly different from the older burns (P < 0.05) whereas the difference
between the control and the 1969 fire was not significant (P = 0.054). The recovery of the

permafrost was observed, as in the area burnt in 1990 the active layer depth had already
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decreased to 0.88 m and in the area burned in 1969 the active layer depth was 0.49 m (Table 1). A
negative correlation was observed between the time of the forest fire and soil temperature at 0.1
m depths (R =-0.503, P < 0.001) (Table 1). Mean soil temperature at 10 cm depth was the highest
in the more recently burned (forest fires in 1990 and in 2012) stands where it was found to be
around 7°C, i.e. about 3°C higher than in the control and in the 1969 burnt areas (Table 1). There
was a positive correlation between soil moisture, measured at 10 cm depth, and the time of the
forest fire (R = 0.334, P = 0.005) (Table 1). The lowest soil moisture was detected in the most
recently burned area, and the soil moisture was highest in the control area (Table 1). Soil pH
varied between 4.8-6.7, and was found to be lower in recently burned areas (R = -0.243, P =
0.045) (Table 1). The vegetation cover at our study areas was strongly affected by the time of the
last forest fire (Table 1, Fig. 2). The ground vegetation of the undisturbed control area was
characterized by full moss cover (Sphagnum sp. and Pleurozium sp.), covered by Ledum
groenlandicum Oeder,Vaccinium vitis-idaea L. and V. uliginosum L. shrubs and some Rubus
chamaemorus L. plants. The lichens of Cladina sp. were present in several plots. The ground
vegetation of the area burned in 1969 was rather similar to the control area, but there were fewer
lichens and more vascular plants present (L. palustris, V. uliginosum and Betula nana L.). The
Dicranum species could be found in addition to the Pleurozium in the mosses. The composition of
ground vegetation of the area burned in 1990 was mainly the same as described above, but there
were still some bare patches of soil present at that area. Several Cladonia species of lichens were
present in addition to Cladina species. The area burned in 2012 was characterized by many bare
patches of soil and obvious traces of burning on the ground, and there were still no living trees in

the area. The main species of vascular plants in the area was Equisetum sylvaticum L. (Fig. 2).
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3.2. Fire impact on the fluxes of CO,

We found that the temperature corrected CO, emissions in our study were significantly lower in
the 2012 fire area) (Fig. 3). The CO, emissions increased throughout time period since the fire, and
were highest for the area that had burned in 1969. The area burned in 2012 could be distinguished
from all the others by having the lowest CO, emission (Fig. 3). The variation of CO, fluxes inside

fire age classes (between the measured lines A, B and C) was found to be non-significant (Fig. 4).

When we used the mixed effect model analysis between CO, fluxes and experimental factors, we
found that, of the variables measured, CO, emission was best predicted by the time since the fire
(Table 2). The AIC and p—value indicated that the best model was model 7. The years after fire

explained as much as 50% of the variation in CO, fluxes.

3.3. Fire impact on the fluxes of CH,

Soil was found to be a sink for CH, in all the areas in our study. The CH4 uptake was highest in the
area burned in 1990. This was the only age class that had significantly different CH; fluxes
compared with the others (P < 0.001). The uptake of CH,4 did not differ between the areas burned
in 1969 and the control areas (Fig. 5). The flux of CH; showed a clear negative correlation with soil
temperature (R = -0.384, P = 0.001) and positive correlation with soil moisture (R = 0.270, P =
0.026) and both soil moisture and soil temperature remained significant in the mixed model

analysis.

The differences in CH4 fluxes between the lines within the fire age classes were significant for
areas burned in 1969 and in 1990 (P = 0.031 and P = 0.027, respectively). Although we observed

the emission of CH4 from control area and the area burned in 1969 on lines A, and lines B and C
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acted as sink for CHy, the differences in fluxes between the lines within the age classes were not

statistically significant (P = 0.161) (Fig. 6).

The best model for explaining the CH, fluxes (Table 2), indicated that the CH,4 flux was influenced
by the time passed since the last forest fire (P = 0.007), soil temperature (P = 0.017), active layer
depth (P = 0.011) and tree biomass (P > 0.05), whereas it was not affected by soil moisture and
ground vegetation biomass. During the model selection, we removed the ground vegetation
biomass from the original model to obtain the best model (Table 2, CH4, model 2), and this model

explained 33% of the variation in CH4 fluxes.

3.4. Fire impact on the fluxes of N,O

Soil was a source of N,0 in all the studies areas. The N,0O emissions showed a slight decrease after
a forest fire, and were lowest in the area burned in 1990. This was also the only fire age class that
was significantly different from the others (Fig 7). The N,O fluxes between the lines within each

age class were not significantly different from each other (Fig. 8).

The best model that explained the N,0 fluxes was Model 2, and it explained 30% of N,O variation,
with lowest AIC and p-value. The model found no significant correlation between the N,O flux and
the time passed since the last fire, whereas soil temperature (P < 0.001), active layer depth (P =
0.012) and the interaction of soil temperature and active layer depth (P = 0.002) were significantly

related to the N,O emission.

4. Discussion

4.1. Fire impacts on soil properties and vegetation



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

We found that the depth of the organic layer strongly affected the permafrost depth, and the
organic layer depths will increase over many decades or even centuries after a fire. We also
showed in our study that forest fires, and in particular the time that had passed since the last fire
event had substantial effects on the depth of the active layer that lies on top of the permafrost.
Other studies have reported that the permafrost level reaches the pre-fire depth in 60 to 100
years (Viereck, 1983; Dyrness and Norum, 1983; Kasischke et al., 1995). There was a rapid increase
in the active layer depth shortly after a forest fire in our study areas. The active layer extended to
a one meter or more in depth in three years after the forest fire, but the permafrost recovered
quite quickly over time (Table 1). A possible reason for this is the rather rapid recovery of ground
vegetation in our study areas, which is one of the key factors for enabling the permafrost to
recover to the pre-fire depth. Another important factor that was previously reported to increase
the depth of the active layer is the combination of higher soil temperature and lower soil moisture

(Kasischke et al., 1995).

We observed the highest soil temperatures in the area that had burned most recently (in 2012)
and the lowest in the control area (Table 1), which can be explained by the change of soil top layer
colour (due to the loss of vegetation cover reduction of humus layer and deposition of ash), and
larger exposure to solar radiation (Viereck, 1982; Burn, 1998; Lyons et al., 2008; Pereira et al.,
2013; Zavala et al., 2014). A number of studies about the effects of fire on the ground thermal
regime have been published (Klock and Helvey, 1979; Liang et al., 1991; Yoshikawa et al., 2003;
Takakai et al., 2008), but none of them studied the long-term effects of fire, unlike the present
study. Nevertheless, all studies reported the soil temperature to increase shortly after the forest
fire due to the combustion of protective vegetation and organic layer, and soil colour changes
induced by ash cover (Sharrow and Wright, 1977, Yoshikawa et al., 2003; Sullivan et al., 2011;

Koster et al., 2015). The vegetation is expected to re-establish over time, and this in turn will allow
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the ground temperatures to cool down. Our results suggest that it takes about 50 years for sites to

re-gain their respective pre-fire thermal conditions.

Our results also found that the unburned control area had the highest soil moisture content,
whereas the driest soils in this study were at the areas burned in 2012 (Table 1). These findings are
similar to those observed by the working group chaired by Liang (1991) who also reported lower
soil moisture contents shortly after forest fire events in permafrost areas in China. Some studies
indicate that the soil moisture is expected to remain stable after the forest fire because decreased
plant transpiration compensates for the reduction of a protective plant canopy (Castaldi and
Fierro, 2005; Oertel et al., 2016). However another study has found that burnt and open areas
have lower rates of evapotranspiration compared to undisturbed areas (Kasurinen et al., 2014).
Yet other studies of permafrost areas have shown that the soil moisture content increases after
forest fires (Yoshikawa et al., 2003; Takakai et al., 2008). Both groups of authors reported that the
fires were followed by increase in soil moisture with the absence of vegetation (larch trees) and
reduced evapotranspiration (Yoshikawa et al. 2003; Takakai et al. 2008). Nevertheless, Takakai et
al. (2008) took their measurements in a rather wet year, and the Alaskan soils studied by
Yoshikawa et al. (2003) are known to be usually somewhat moist to wet. We suppose that the
lower soil moisture content observed in our study in the more recently burned areas can be
caused by the changed porosity of the top layer of the soil, as the soil moisture content was
measured at 10 cm depth. In addition the ground of more recently burned areas was darker
because of deposited ashes, and this in turn has caused the higher soil temperatures (Table 1). All

these factors in combination can be the reason of reduced soil moisture.

Soil pH of recently burned areas was found to be slightly lower than those of the areas with the

longer time intervals since the forest fire. We had expected to find the opposite, as the pH of fire
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areas is strongly influenced by the alkaline ashes deposited on the ground (Pereira et al., 2013). It
is possible that the pre-fire vegetation cover of recently burned areas was more characteristic to
the paludal ecosystem, however it is hard to estimate as forest fires in the areas have been stand-

replacing.

The vegetation cover in our study areas were strongly influenced by the forest fires, as all areas
that had the fires also had stand replacement. We also noted a rather fast recovery at ground
vegetation level in the areas where the fire had occurred in 1990, where the ground vegetation
biomass and coverage were almost at the same level as those found in the control area. This
indicates that succession of ground vegetation required only about 25 years to complete in our

study areas.

4.2. Fire impact on the fluxes of CO,

The effects of forest fires were not same for each GHG species investigated in our study. Soil CO,
efflux was significantly decreased in the first years after the fire. The lowest CO, efflux was
observed in the area burned in 2012, which was only three years before the measurements were
taken and where the decrease after the forest fire was 53%. Our mixed effect model analysis
indicated that the time since the fire event was the only factor that significantly distinguished the
areas in case of CO, emissions. This result was expected and it could be partly caused by reduced
root respiration in the absence of vegetation and changed soil pH (Kim, 2013; Oertel et al., 2016).
Moreover, a substantial amount of SOM was combusted in the fire, and pyrogenic matter which is
resistant to further decomposition, has been reported to form on the soil surface (Pereira et al.,
2013; Knicker et al., 2017). A recent study observed that the immediate C losses from the burning
of the forest floor corresponded to soil CO, effluxes for several years (Koster et al., 2014).

Substantial changes were taking place in the proportion of autotrophic and heterotrophic
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respiration in soil CO, efflux (Kulmala et al., 2014). We also observed that the surface soil C
storage decreased by 40% and soil CO, effluxes by 80% immediately after the fire. These changes
can be explained by alterations in the activities of fire affected extracellular enzymes in soil (Késter
et al., 2014, 2016). Similar results have been obtained in a series of studies, which reported a
reduction of 40-59% in CO, effluxes shortly after the forest fires (Kasischke and Stocks, 2000;
Richter et al., 2000; Sullivan et al., 2011). Many of these studies have stated that it takes no longer
than a decade, for CO; effluxes to recover after a forest fire (Burke et al., 1997; Kulmala et al.,
2014; Koster et al., 2015). We observed a clear increasing trend in CO, efflux over the 46 year
chronosequence after a forest fire, and the increase was the highest in the area burned in 1969
(Fig. 3). The CO; effluxes observed in the control area were smaller compared to those measured
in the area burned in 1969 and we suppose, therefore, that in permafrost areas the recovery of
CO, emission levels after the forest fire takes longer than generally assumed. We also suppose
that at the beginning of the recovery the CO, effluxes are correlated with the recovery of the
vegetation and the depth of the active layer. However the tree regeneration, that also affects CO,
efflux, takes longer and this also has an effect on CO, efflux from the soil. Factors such as soil
temperature, soil moisture, C and N content of the soil can cause changes in CO,; effluxes (Oertel
et al., 2016). Higher C and N content in the soil increases soil respiration (Oertel et al., 2016).
Although we had higher soil C and N concentrations in the control areas, we still observed lower
CO, effluxes when compared to the older areas. Saiz et al. (2006) have shown significantly higher
respiration rates at younger stands compared to more mature sites, but these sites were not

influenced by the fire.

4.3. Fire impact on the fluxes of CH,
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The soils in our study were mostly sinks for CH,. Under aerobic conditions soils are predominantly
found to be CHy sinks (Fiedler et al., 2005; Oertel et al., 2016) as methanotropic microorganisms
are able to use CH, as a sole carbon and energy source (Megonigal et al., 2004). Therefore, CH, is
consumed rather than produced in dry arctic and boreal soils (Whalen et al., 1992; Hanson and
Hanson, 1996), whereas peatlands are mostly CH4 sources. Some of the measurement plots in the
control area, and in the area burned in 1969, were found to be sources of CH, in the present
study. The emission of CH, from these plots was probably caused by the existence of peaty spots
within specific places within the plots of those two areas. This increase the variation in fluxes
within these two areas, but both areas were still predominantly found to be sinks of CH, as
indicated by their mean CH,4 fluxes. In addition to soil moisture content, fluxes of CH4 have also
been found to be sensitive to soil temperature in conditions of lower temperatures, the processes
of methanogenesis decreases (Hanson and Hanson, 1996; Megonigal et al., 2004). The rather low
soil temperatures, which are characteristic of arctic and boreal soils are also a limiting factor for
the methanotrophic bacteria (Hanson and Hanson, 1996; Megonigal et al., 2004). We found
temperature to be a significant factor that influenced soil CH4 fluxes and a positive correlation
could be observed between the soil temperature and increase in CH4 uptake (Table 1, Fig. 5). We
observed a slight increase in the CH4 uptake shortly after the fire (Fig. 5). The soil moisture was
also lower in the most recently burned areas (Table 1). This might result in smaller methanogenic
activity or higher methanotrophic activity leading to a small increase in methane uptake in the
recently burnt areas. Similar tendency has also been reported by several preceding studies (Burke
et al., 1997; Takakai et al., 2008; Sullivan et al., 2011; Kim, 2013; Kulmala et al., 2014; Koster et al.,
2015). The highest CH,4 uptake in most of these studies was observed shortly after the fire event
(Burke et al., 1997; Sullivan et al., 2011; Kulmala et al., 2014; Koéster et al., 2015), whereas in our

current study the area that had burned 25 years prior to the measurements had significantly
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higher CH4 uptake compared to the others (Fig. 5). This can be accounted for the slightly higher

soil temperature measured in the area burned in 1990.

4.4, Fire impact on the fluxes of N,O

All our study areas (age classes) acted as sources of N,O, although some studies on GHG fluxes
reported boreal ecosystems to be a minor sink for N,O (Pihlatie et al., 2007; Ullah and Moore,
2011; Koster et al., 2015). Our mixed effect model analysis revealed that the factors that influence
N,O fluxes significantly were the N content of the soil, the C content of the soil, and also the depth
of the active layer. There are two main processes involved in N,O production: denitrification under
anaerobic conditions, and nitrification under aerobic conditions (Ussiri and Lal, 2013; Butterbach-
Bahl et al., 2013; Suk, 2013; Oertel et al., 2016). Apart from reactive N availability, the main driver
of the aforementioned processes is soil moisture content (Butterbach-Bahl et al., 2013; Oertel et
al., 2016), and as the conditions change the N,O production processes can switch rapidly between
the nitrification and the denitrification pathways (Skiba and Smith, 2000; Suk, 2013). The highest
N,O efflux was observed in the control area (Fig. 7), where the soil moisture content, which is
considered to be the main driver for controlling N,O emission (Megonigal et al., 2004; Oertel et al.,
2016), was the highest (54.87 %). We believe that the soil moisture content of the control area
was high enough to support denitrification, but still low enough for the nitrification processes to
occur, which could explain the highest emission values from this area. Shortly after the fire the flux
of N,O started to decrease, and was significantly lower in the area burned in 1990. The soil
moisture can be the limiting factor for denitrification in the more recently burned areas, which
leads to the lower N,O emissions measured there. Another reason for lower N,O fluxes can be the
charcoal left on the forest floor after a forest fire (Kim, 2013; Oertel et al., 2016). It has been

observed that biochar amendment decreases N,O emissions (Van Zwieten et al., 2015). This



520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

finding can be applied to our work, as during the forest fire rather large amounts of charcoal were
left on the forest floor and its action will still be similar to biochar, which ephemerally modifies the
physical, chemical and biological properties of the soil (Van Zwieten et al., 2015). Earlier studies
have reported lower N,O emissions following the forest fires (Kim and Tanaka, 2003; Takakai et al.,
2008). We noted that at more than 40 years after the forest fire the flux of N,O increased and
almost reached the pre-burning level (Fig. 7). Another aspect that can explain the N,O emissions
from our fire chronocequence areas is the ground vegetation composition. Soils are not the only
sources that affect N,O emissions. Cryptogams (lichens, bryophytes, etc.) can be a quite large
sources for N,O emissions (Lenhart et al., 2015). We also measured the emissions from the plants
as the vegetation was not removed from the collar when the chamber was placed on top of it for
the GHG measurements. Thus, the reasons why the N,O emissions were higher in the control area
compared to other areas can also be because there were more lichens and mosses that were

emitting more N,O.

We observed that forest fire had a substantial effect on all of the three measured GHGs and the
effects were lasting for several decades after fire. There are numerous studies that deal with
changes in GHG fluxes after fire disturbances (Burke et al., 1997; Sullivan et al., 2011; Koster et al.,
2015), but only a few of them have studied the long term post-fire development of GHG fluxes on
permafrost areas (Kim and Tanaka, 2003; Takakai et al., 2008). In addition to short-term effects,
the impact of forest fires on soil GHG fluxes should be studied over decadal time scales due to the

long lasting effects of forest fire on soil processes.

5. Conclusions
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The long-term effects of fire on the fluxes of three main GHGs (CO,, CH; and N,O) in boreal
coniferous forest areas with underlying permafrost were investigated in this study. We used
existing knowledge to hypothesize that fire has an important influence on the fluxes of CO,, CH,
and N,0, and the elapsed time since the last fire is the main factor that drives changes in fluxes of
these three GHGs. Our mixed model analysis revealed that the only factor that influenced all
measured GHGs was the time passed from last the forest fire. We also found that the impacts of a
forest fire on GHGs of our studied areas lasted for a rather long period of time. Soil CO, efflux
decreased after the fire, but increased thereafter for several decades and appeared to reach its
peak about 40-4 5 years later. Subarctic boreal forests acted as sinks of CH, in our study, but
changes in CH, fluxes lasted for a shorter period of time as the uptake of CH,; did not differ
between the area burned in 1969 and the control area. Increases in active layer depth, in our
areas, did not lead to large increases in CH; fluxes. We also found that soil CH; uptake was
affected by soil temperature. A slight decrease in N,O emission was observed in the comparison of
different fire age classes, and factors that appeared to influence fluxes of N,O were C and N

contents of the soil, and also the depth of the active layer.
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Table 1. Mean soil temperatures (°C), soil moisture (%), soil pH, soil C and N contents (%) (Control n=24, 1969 n=22, 1990 n=23, 2012 n=26; soil
samples collected from depths of 0.05 m, 0.1 m, 0.3 m, 0.5 m and on top of the permafrost), depth of active layer (m), ground vegetation

biomass (kg m'z) and coverages (%), and living tree biomass (kg m'z)of the studied fire chronosequence areas. Letters besides the mean values

mark the significant differences (p < 0.05) between the analyzed fire age classes. Correlation coefficients for fire age classes (n=68), statistical
significance for measured variables (P < 0.05) is marked with *.

Soil Average Soil pH  Soil C Soil N Depth of Ground vegetation Ground vegetation Living tree
temperature  soil (%) (%) active coverage (%) biomass (kg m?) biomass
at 10 cm moisture layer (m) (vascular (vascular (kg m?)
depth (°C) (%) plants/moss + plants/moss +
lichens) lichens)
Control 43" 549 5.06" 284" 09" 0.28"* 37.4%/87.4" 0.6%/1.0* 5.24"
1969 5.3° 49.1"® 673" 165° 08" 0.49° 47.2%/63.2° 0.7%/0.6° 3.50°
1990 7.7 40.3%¢ 516° 155°  0.5° 0.88%¢ 33.4%/66.1° 0.7%/0.7° 0.09°
2012 6.8" 37.2¢ 418° 108 05° 1.01° 15.5%/4.0° 0.3%0.2° 0°
Correlation  -0.503* 0.334* -0.243* 0.583* 0.387* -0.549* 0,354* 0.360* 0.703*

coefficients




Table 2
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Table 2. Linear mixed effect models fitted against CO2, CH4 and N20 fluxes and experimental factors. The fixed effects in the model were CO,,
CHg, N,O — greenhouse gas concentrations; YR — time since last fire (yrs.); ST — soil temperature at 0.10 m depth (°C) ; AD — active layer depth
(m); TB —tree biomass (kg m™); GB — ground vegetation biomass (kg m™); r(YL) means the random effect (collars in sample line) and ¢ the error
term. The models in bold are the best fitted model.

CO, Mixed effect model Equations r P Intercept AlIC df

Model 1 CO,=a+ bYR + ¢ST + dMOI + eAD + fTB + gGB + h(ST x AD) + r(YL) 0,51 0,0045 0,483 80,91’3: 12
Model 2 CO;=a+ bYR + cST + dAD + eTB + fGB + g(ST x AD) + r(YL) 0,50 0,0024 0,451 82,907- 11
Model 3 COz=a+ bYR +cST + dAD + eTB + (ST x AD) + r(YL) 0,49 0,0012 0,429 84,835- 10
Model 4 CO,=a+ bYR + ¢ST + dAD + f(ST x AD) + r(YL) 0,49 0,0006 0,406 86,66(; 9
Model 5 CO,=a+ bYR + ¢ST + dAD + r(YL) 0,50 0,0003 0,442 88,50é 8
Model 6 CO;=a+ bYR +cST + r(YL) 0,50 0,0001 0,436 90,4353 7
Model 7 CO.=a+ bYR + r(YL) 0,50 3,69E-05 0,455 92,226- 6
CH,

Model 1 CHs=a+ bYR + c¢ST + dMOI + eAD + fTB + egGB + h(ST x AD) + r(YL) 0,32 0,0265  -2,08E-05 1402,E; 12
Model 2 CH4=a+ bYR + cST + dMOI + eAD + fTB+ g(ST x AD) + r(YL) 0,33 0,0158  -1,63E-05 -1405 10
N0

Model 1 N2O = a + bYR+ ¢ST + dMOI + eAD + fTB+ gGB + h(ST x AD) + r(YL) 0,30 0,0015 2,47E-06 1666,9 12

Model 2 N,O =a + bYR + ¢ST + dMOI + eAD + fTB + g(ST x AD) + r(YL) 0,30 0,00086 2,65E-06 1668,6 11
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Figure 1. Location of the study areas along the Dempster Highway, Yukon and Northwest

Territories, Canada.
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Control

Figure 2. Appearance of different study areas along the Dempster Highway, Yukon and Northwest

Territories, Canada (stand level and ground vegetation level).
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Figure 2. Averages of temperature corrected carbon dioxide (CO,) fluxes during the summer of
2015 (n = 58 per measurement period). Hanging bars represent the analyzed fire age classes (date
of forest fire marked under the bars). Vertical bars represent standard errors. Letters above the

bars indicate the statistically significant difference (P < 0.05).
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Figure 3. Average fluxes of temperature corrected carbon dioxide (CO,) during summer 2015 on
three lines (marked as A, B, C) per fire age class (date of forest fire marked under the columns) (n =

18 per site). Vertical bars represent standard errors.
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Figure 4. Average fluxes of methane (CH,4) during summer 2015 (n = 59 per measurement period).
Hanging bars represent the analyzed fire age classes (date of forest fire marked under the bars).
Vertical bars represent standard errors. Letters below the data points indicate the statistically

significant difference (P < 0.05).
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Figure 5. Average fluxes of methane (CH,) during summer 2015 on three lines (marked as A, B, C)
per fire age class (date of forest fire marked under the columns) (n = 16 per site). Vertical bars

represent standard errors.
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Figure 6. Average N,0 fluxes measured in the summer of 2015 (n = 46 per measurement period).
Hanging bars represent the analyzed fire age classes (date of forest fire marked above the bars).
Vertical bars represent standard errors. Letters below the data points indicate the statistically

significant difference (P < 0.05).



Figure8
Click here to download Figure: Figure8.docx

3.50E-06

BA mB m(C

3.00E-06 -

2.50E-06 -

2.00E-06 -

1.50E-06 -

mg N,O sm?

1.00E-06 -

5.00E-07 -

0.00E+00 -

-5.00E-07
Control 1969 1990 2012

Figure 7. Average fluxes of nitrous oxide (N,0) during summer 2015 on three lines (marked as A, B,
C) per fire age class (date of forest fire marked under the columns) (n = 16 per site). Vertical bars

represent standard errors.



