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Abstract

Fires are an important perturbation for the carbon (C) dynamics of boreal forests, especially when
they are stand-replacing. In North American boreal forests, crown fires are predominant and,
therefore, the most studied. However, surface fires can also lead to major tree mortality with
substantial implications for the C balance. Here, we assess the short- (hours — days) to medium-
term (1 — 3 years) effects of the different fire types (surface vs. crown) on the postfire soil C effluxes
in jack pine and black spruce forest stands in the Northwest Territories, Canada. We found that
while trees were instantly killed by the four crown fires studied, trees also died within one year
after two of three surface fires studied. Associated with this tree mortality, soil autotrophic
respiration decreased after both fire types, although at different timings. The soil heterotrophic
respiration was either lower or unchanged when measured 1 — 3 years after either fire type but was
increased when measured immediately after a surface fire, possibly due to the interaction between
ash generation and wetting performed to suppress the fire. Our results suggest that both fire types
can thus substantially alter C fluxes in the short- to medium-term, both through changes in

vegetation and the soil environment.

Keywords: soil autotrophic respiration, soil heterotrophic respiration, soil CO, efflux, tree

mortality, fire disturbance
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1 Introduction

The boreal biome occupies nearly one-third of the global forested land, and about 66% and 30%
of the world’s forest carbon (C) pool is stored in their soil and vegetation, respectively (Burton et
al., 2003; Kasischke, 2000). Boreal forests are generally C sinks (0.5 + 0.1 Pg C year!), but they
can become transient C sources due to disturbances such as fires (Pan et al., 2011; Zhao et al.,
2020). Increased fire activity associated with the warming climate may lead this biome to act as a
long-term regional C source, as seen in Alaska and Canada during 1986 — 2016 (Zhao et al., 2020).
Although fires rapidly release large amounts of C to the atmosphere through the combustion of
foliage, twigs, branches, coarse woody debris, and soil organic matter, the majority of C loss occurs
during the postfire decomposition of fire-killed vegetation, where C is slowly released over decades
(Kurz et al., 2013). Postfire C effluxes from soils (soil respiration) can be divided into two main
components: 1) soil heterotrophic respiration, the decomposition of soil organic matter, and ii) soil
autotrophic respiration, derived from the metabolic activity for growth and maintenance of
autotrophic organisms living in the soil (i.e. algae and some bacteria) and of plant roots and
associated mycorrhiza (Hogberg et al., 2001). Postfire variations in these two main sources of CO,
efflux to the atmosphere are determined by the combined fire impacts above- and belowground

(i.e. by burn severity) (Kurz et al., 2013).

Wildfires are therefore a key perturbation affecting the C budget of boreal forests, with the fire
type (crown, surface, or ground fire) being a fundamental factor affecting postfire C fluxes
(Gonzalez-Perez et al., 2004). The fire regime in the North American boreal forests is characterized
by high-intensity crown fires, typically at an interval of 100 — 180 years (de Groot et al., 2013;
Johnstone et al., 2010). Such fires immediately kill most of the vegetation (i.e. stand-replacing

fires) and may consume part of the forest floor, impairing tree roots and microbes (Kdster et al.,
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2021). In the Eurasian boreal forests, surface fires dominate, which typically occur at a shorter
interval (25 — 100 years). Although they usually do not kill the trees directly, significant stand
mortality may occur through soil destabilization and heat-induced necrosis of tree stem and root
cells (Conard & Ivanova, 1997; Michaletz & Johnson, 2007). In addition, surface fires may cause
severe disturbance to the soil microbiota, which will also affect C fluxes after the fire (Koster et
al., 2021). Although only about 10% of wildfires in North American boreal forests are surface fires,
tree mortality after surface fires is overwhelmingly higher than in Eurasia due to the dominance of
thin-barked tree species (Ryan, 2002; Wirth, 2005). Comparatively few studies have focused on
the belowground effects of surface fires in North American boreal forests, probably because crown

fires are the dominant fire type here (de Groot et al., 2013).

This study aimed, therefore, to improve our understanding of the effects of fire type (crown vs
surface fires) on soil C fluxes in the short- to medium-term (0 — 3 years) in a North American boreal
forest. We assessed and compared soil C fluxes after a range of experimental fires in jack pine
(Pinus banksiana Lamb.) and black spruce (Picea mariana (Mill.) BSP) forest stands in the
Northwest Territories (Canada) during summer. We hypothesized that (1) soil autotrophic
respiration will decrease in the short- to medium-term after both crown and surface fires relative
to undisturbed forests, with a greater magnitude of change observed after crown fires; and (2) soil
heterotrophic respiration will not increase in the short- to medium-term after neither crown fires
nor surface fires. The latter hypothesis was posed because, although fires transfer C from living
pools (both above- and belowground) into decomposing dead pools located mainly at and
belowground (Campbell et al., 2016), fires may also reduce soil organic matter quantity and quality
and affect soil properties governing microbial activity (Holden et al., 2015; Koster et al., 2021).

Moreover, the decomposition of additional substrates, with either high necromass (e.g. woody
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debris, coarse roots) or high decomposition rates (e.g. foliage, fine roots), requires incorporation
into the soil and colonization by decomposers, which may take longer than the timeframe of our

study (Campbell et al., 2016).

2 Materials and methods

2.1  Study site and experimental fires

This study was conducted at the Canadian Boreal Community FireSmart Project wildfire
experimental site (formerly known as the International Crown Fire Modelling Experiment,
(ICFME)), 50 km northeast of Fort Providence, Northwest Territories (NT), Canada (61.58°, -
117.16° 160 m a.s.l.; Figure 1). The regional climate is dry and sub-humid, with short cool
summers and long cold winters. Daily mean temperatures (1981 to 2010) range from 8.5 to 20.9
°C in August and -17.5 to -25.9 °C in midwinter (Canadian Climate Normals, 2021). During the
time of this study, the mean daily temperature ranged from 16.7 to 24.1 °C. Annual precipitation
(1981 to 2010) is 387.6 mm, with about 239 mm as rainfall (Canadian Climate Normals, 2021).
The fire season typically starts with snowmelt in early May, peaks in July and may continue until
early September (Stocks et al., 2004). Soils are stony gravelly loam to stony gravelly sandy clay
loam (Alexander et al., 2004). Permafrost is discontinuous in this region and absent at the study

site.

The study site is composed mostly of mixed jack pine and black spruce stands regenerated naturally
following a stand-replacing wildfire in 1931. As part of the ICFME, experimental burning sites
were established across a 90-ha area in 1995 to test and calibrate the Albini crown fire behavior
model for conifer forests (Alexander et al., 2004). The site was divided in small forest stands

(around 0.5-2.25ha each) divided by fire breaks (Fig. 1) The experimental fires carried out between
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1997 and 2000 are described in Stocks et al. (2004), while the characterization of the pre-fire
overstory and understory tree canopies, ground vegetation, dead-down woody fuels, and the soil
organic layer is described in Alexander et al. (2004). Since 2001, this study site has been managed
by FPInnovations Wildfire Operations Research jointly with the NT Government. Experimental
fires have been carried out almost every summer as part of the Canadian Boreal Community
FireSmart Project for firefighter training and applied research purposes (e.g. to test the effect of
various fuel treatments (thinning, mulching, underburning, etc.) on fire behavior). In addition, a
reduced group of international scientists are also allowed to participate in the burns for other

research aims (e.g. Santin et al., 2013; Santin et al., 2015; or this study).

In the present study, field sampling took place during August 2018, using burns conducted between
2015 and 2018. The three surface fires included in this study occurred in stands dominated by jack
pine, whereas the four crown fires included two jack pine- and two black spruce-dominated stands.
Postfire smoldering of the soil did not occur and smoldering pockets of down wood or tree trunks
were suppressed with water. A summary of the fires, their characteristics and associated Canadian
Forest Fire Weather Index (FWI) System values are given in Table 1. Detailed descriptions of the
individual experimental sites and how the burns were conducted are given below (in the same order

than in Table 1).

[Table 1 approx. here]

2018 surface fire (SF 2018)

Surface fire on 2/08/2018 over 10 x 10 m area at stand dominated by jack pine with sparse
understory with some shrubs, and a forest floor with needles, moss and lichen (Figure 2a). Ignition

was performed in a back-and-forth pattern with drip torches. Flames climbing up trees were

© The Author(s) or their Institution(s)
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extinguished with waterbags, resulting in a low-intensity surface fire, with mean flame height ~0.25
m. The fire consumed some fine fuels while leaving medium-sized fuels and ~80% of the forest

floor surface blackened (Figure 2b).

2017 surface fire (SF 2017)

Surface fire on 3/08/2017 over 50 x 10 m area at a stand dominated by jack pine and understory
consisting of shrubs and grasses (Figure 2c). The fire was ignited with a drip torch and resulted in
a high-intensity surface fire that could have led to a crown fire if not suppressed. Most surface fuels
were consumed including large-sized fuels and the forest floor surface was covered with white ash.

(Baxter & Sharpe, 2017).

2015 surface fire (SF 2015) and crown fire (CF 2015 A)

Two fires on 23/06/2015 over 150 x 50 m area at stand previously divided into treated and untreated
(natural forest) sections. The treated section (north half) had undergone thinning treatments in
which standing and lying deadwood were removed in 2000 and 2005, so that in 2012 stand density
in the treated and untreated sections were 2433 and 6635 stems ha!, respectively. The treated
section was mostly mature jack pine, while the untreated section had mature jack pine but, also, an
evident black spruce understory and a greater abundance of shrubs. The sections were ignited
simultaneously by throwing matches from 3-point ignition sites in each section. A surface fire
developed in the treated section (Figure 2d and 2g), while a high-intensity crown fire developed in

the untreated section (Figure 2e and 2h) (Baxter, 2015).

2015 crown fire (CF 2015 B)

Crown fire on 25/06/2015 at stand with natural jack pine overstory (mostly dead) and black spruce

understory (mostly living). The forest floor was a thin layer of needles, moss, and some lichen. The

© The Author(s) or their Institution(s)
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fire was ignited with a Terra Torch and resulted in a high-intensity crown fire, completely charring

the crowns, and homogenizing the forest floor surface (Figure 2f) (Kapcak, 2015).

2017 crown fire (CF 2017)

Crown fire on 2/08/2017 over 40-m-wide strip at stand with jack pine overstory and a black spruce
understory. About half of the jack pine trees were dead before the fire and almost all black spruce
trees were alive, resulting in an overall composition of 59% black spruce. The fire was ignited
using a ground-based Dackermin torch and resulted in a high-intensity crown fire (Figure 2j)

(Hvenegaard, 2017b).

2016 crown fire (CF 2016)

Crown fire on 30/06/2016 over 5-m-wide strip at stand of similar composition as the CF 2017
stand. The fire was ignited using a ground-based Dackermin torch and resulted in a high-intensity

crown fire (Figure 2k) (Hvenegaard, 2017a).

Unburned jack pine-dominated site (Control S) and unburned black spruce-dominated site

(Control S)

Control P is a jack-pine dominated stand with some shrubs, and a forest floor with needles, moss
and lichen. Control S has predominant black spruce in the overstory (86%) of which most was
living (71%), and in the understory (78%) of which most was dead (67%; Figure 2i) (Hvenegaard,

2020).

2.2 Sampling design and data collection

We established 10 circular sample plots (200 m?) within 4 experimental sites affected by crown

fires between 2015 and 2017, and 4 circular sample plots (200 m?) within 2 experimental sites

© The Author(s) or their Institution(s)
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affected by surface fires in 2015 and 2017 (Figure S1). Due to the small area burned (~100 m?) in
the 2018 surface fire, we used the whole experimental site as a sampling plot and the surrounding
unburned area as a control for burned experimental sites dominated by jack pine (Figure S2). We
established 7 circular sample plots (200 m?) within undisturbed black spruce-dominated stands as

controls for burned experimental sites dominated by black spruce (Figure S1).
2.2.1 Vegetation biomass and necromass

To estimate aboveground vegetation biomass, we measured basic tree characteristics (diameter at
1.3 m height and living crown length) in all sample plots. Living tree biomass calculations were
done according to Lambert et al. (2005). All standing and down deadwood longer than 1.3 m and
at least 10 cm in diameter were included as woody necromass. Woody necromass was calculated
according to Lambert et al. (2005) for standing and down trees that still had their full length using
model parameter estimates for wood and excluding bark, branches, and foliage. For dead wood
fragments, we used mathematical formulas of a truncated cone. For understory biomass
quantification, we destructively sampled 2 areas (0.04 m?) per sample plot. Understory biomass
loads were separated into shrubs and ground vegetation (i.e. grasses, mosses and lichens). From
the same locations, forest floor samples including litter and partly decomposed material were
collected. All collected samples were dried at 60 °C to constant weight. When reporting biomass

loads, biomass refers to living biomass and necromass refers to dead biomass.
2.2.2 Soil properties

Soil samples were obtained from one soil pit (0.4 x 0.4 m), excavated at each sample plot, and
taken horizontally using a cylindrical soil corer (6 cm diameter and 6 cm length). We sampled the

organic layer (excluding plant and litter material, i.e. humic material) and the underlying mineral

© The Author(s) or their Institution(s)
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soil profile at 0 — 5 and 25 — 30 cm depths. The organic humic layer depth was measured at three
walls of each excavated pit. Samples were oven-dried at 60 °C to constant weight and sieved to 2
mm. Soil pH was analyzed with a glass electrode (Standard pH meter, Radiometer Analytical,
Lyon, France) in 35 mL soil suspensions at a 1:2.5 (v:v) ratio of soil to ultrapure Milli-Q water,
left overnight to stand after mixing. Soil C and nitrogen (N) contents were determined in ground
samples by an elemental analyzer (Vario MAX CN, Elementar Analysensysteme GmbH,
Germany). Total soil C and N stocks in different soil horizons were calculated according to Hossain
et al. (2015) using: 1) the percent organic C and N from the elemental analyzer; ii) the bulk density
(g soil cm?®) calculated using soil corer volume and soil samples’ dry weight, and iii) the layer
thickness. Samples used in the incubation experiment (section 2.3.3) were kept in cold bags during

the field campaign and pre-incubated at 4 °C.

Soil temperature (ST) and soil moisture (SM) were measured concurrently with Rg (see section
2.3.3) approximately 20 cm away from each soil collar. ST was recorded from 5 and 10 cm depth
(STs and STy, respectively) from the soil surface with an insulated Type K thermocouple
connected with a Hobo data logger (Onset Computer Corporation). SM was recorded from 5 cm
depth directly below the litter layer with a moisture sensor (Thetaprobe ML3, Delta-T Devices Ltd,
Cambridge, UK) connected to a data reader (HH2 moisture meter, Delta-T Devices Ltd,

Cambridge, UK).

2.2.3 Soil respiration

Total soil surface CO, efflux (Rs) was measured in the field over 6 consecutive days between 9
AM to 4 PM using a portable dark chamber (22 cm diameter and 24 cm height) placed on
polyvinylchloride collars. As part of the portable chamber, an insulation rubber ensured a leakproof
fit with the collars (22 cm diameter and 5 cm height). To limit local disturbance, collars were

10

© The Author(s) or their Institution(s)

Page 10 of 45



Page 11 of 45

220

225

230

235

Canadian Journal of Forest Research (Author?s Accepted Manuscript)

inserted at a depth of 2 cm into the ground, avoiding root damage, and surrounded with sand.
Neither the vegetation nor the litter was removed during the Rg measurement. This is a well-
established approach to measure Rg in well-drained upland boreal soils where soil surface
irregularities are not as common as in boreal peat soils (Koster et al., 2017; Koster et al., 2018;
Palviainen et al., 2018). Two collars were inserted in the center of each sample plot at least 3 m
apart on the day before Rg measurements, except in the control for pine-dominated sites and the
site burned in 2018, where three pairs of collars were juxtaposed in three extremities of the burned
plot (three inside burned area and three outside burned area) about 4 m away from each other as
soon as the soil surface cooled down (Figure S2). The Rg measurements in the burned and control
site were performed simultaneously in three occasions: 1 hour after the fire and on the second and

third day after the fire.

The portable chamber was made of Plexiglas covered with aluminum foil and was equipped with
a small fan (2.5 cm diameter) to mix the air inside. The CO, concentration increase was measured
with a non-dispersive infrared CO, probe (GMP343, Vaisala Oyj, Finland) at 5 s intervals for 5
min. Relative humidity and temperature in the chamber were simultaneously measured with an
HM70 sensor (Vaisala Oyj, Vantaa, Finland). Rg in each collar was calculated from the linear fit
of CO, concentration increase inside the chamber headspace over the 5 min measurement period

(Pumpanen et al., 2015).

CO, flux rates from the humic and mineral layers were measured in a laboratory incubation
experiment by adapting the procedure used by Riikonen et al. (2017). We used one soil sample per
sample plot from each soil depth (i.e. humic layer, mineral layers at 0 — 5 and 25 — 30 cm). The
samples were incubated in glass flasks (500 ml) in a climate chamber (WEISS WK11 340, Weiss
Klimatechnik, Germany) at 10 °C for 24 h with a water content similar to field conditions. Before

11
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incubation, visible roots were removed, samples were weighed, and glass flasks were flushed with
21% O, and 79% N, technical air and sealed with rubber corks. For every three incubated soil
samples, one empty flask was prepared similarly and used as a blank sample. After the incubation,
a 50 ml gas sample was taken from each flask with a 60 ml polypropylene syringe, injected into 12
ml Exetainer vials and analyzed by an Agilent Gas Chromatograph 7890A (GC, Agilent
Technologies, USA) fitted with a Flame Ionization Detector (FID). Helium (45 ml min~!) was the
carrier gas while synthetic air (450 ml min™!) and hydrogen (40 ml min™') were the flame gases,
and 5 ml min~! of N, was used as the make-up gas for the FID. The oven temperature was 60 °C
and the detector temperature was 300 °C. The mass of CO, released from each soil sample per hour

(mco,, pg CO, g soil ! h'!) was calculated by eq. (1):

(Cr—Co) Mco,Vi
MC0, =" Vs (1)
where C; (ng g') is the CO, concentration in each flask after incubation, Cy (ug g!) is the CO,

concentration in the technical air, M¢,(g mol™!) is the molecular mass of CO,, V; (m?) is the volume
of the glass flask, ¢ (hours) is the incubation duration, V,,, (m® mol!) is the molar volume of a gas
and mg,;; () is the mass of the incubated soil sample. Incubation CO; flux rates (m¢o,) were scaled

to units of area (g CO, m?d™!) using the corresponding soil bulk density and horizon depths.

As nearly 95% of the soil surface CO, fluxes represent the root/microbial CO, production in the
soil subsurface (Risk et al., 2002), we divided Ry into: (1) respiration from the incubated humus
layer (Ryy), (2) respiration from the incubated upper mineral layer (0 — 5 cm depth; Rys), and (3)
residual respiration, which represents CO, effluxes from roots and ground vegetation, and to a least
extent from deeper mineral soils (O’Neill et al., 2006). The heterotrophic respiration component

(Ry) was calculated as the sum of Ry, and Rys. To derive the autotrophic respiration component

12
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(R,), reflecting the residual respiration, the Rg was adjusted to the incubation temperature used in

this study according to the non-linear response of soil respiration to temperature given by eq. (2):

T19— 5Ty

Rr10 = RsQ4," (2)

where Rr;9 (g CO, m? d!) is the soil respiration adjusted to the incubation temperature, 7, (°C) is
the incubation temperature (10 °C), ST (°C) is the soil temperature measured at 5 cm depth to the
nearest collar, and QO is the temperature response coefficient of the respiration. The Q;, was set to
2.5 as suggested for soil respiration (Koster et al., 2014; Wang et al., 2006). The R, was, therefore,

calculated by eq. (3):

R4 = Rr10 — (Run + Rps) (3)

2.3 Statistical analysis

We assessed the effect of fire type on response variables at the experimental site level using
regression analysis based on least squares estimates. The effect of fire type on soil respiration

variables (R, and Rj) was assessed separately for each dominant tree species according to eq. 4:

j\/ = bo + b]-STS + bZSM + b3site +e (4)

where y was the predicted values of either Ry or R, STs was the soil temperature at 5 cm depth,
SM was soil moisture, and site was the experimental site with 5 levels (control P, SF 2018, SF
2017, SF 2015, CF 2015 A and B) for pine-dominated sites and 3 levels (control S, CF 2017, and
CF 2016) for spruce-dominated sites, by was the intercept, bq,b,, bz were the slopes, and e was the
residual. The effect of fire type on ST and on SM was assessed separately for each dominant tree

species according to eq. 5:

13
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j} =bo + bl t+e (5)

where y was the predicted values of either soil temperature at 5 cm (STs) or 10 cm depth (S77;) or
SM, site was the experimental site with 6 levels (control P, SF 2018, SF 2017, SF 2015, CF 2015
A, and CF 2015 B) for pine-dominated sites and 3 levels (control S, CF 2017, and CF 2016) for
spruce-dominated sites, by was the intercept, b1 was the slope for each level of experimental site,

and e was the residual.

Model assumptions were checked using residual distributions. We used a natural log
transformation on soil respiration variables to ensure homogeneity of variance. When experimental

site was significant, Tukey HSD all pairwise comparisons were conducted.

Since we only had one real treatment replicate (CF 2015 A and CF 2015 B), our experimental units
are the experimental sites. This means that plots and collars inside each experimental site were
dependent replicates. To deal with the dependency structure between repeated measurements inside
the same plot which are from or near the same collar, mixed-effects models are usually used.
However, the small sample sizes of each experimental site in this study hinders the use of a
multilevel model (Hox, 2010), making the linear regression a more adequate choice. All statistical
analyses were performed with a significance level of P <0.05 using R (version 4.1.1, R Core Team,

2021) and JMP Pro (version 14.1, SAS Institute Inc., 2021).

3 Results

3.1 Vegetation biomass and necromass

The pine-dominated control site (Control P) had a low tree density (1416 stems ha!) and very little
woody necromass (Figures 2 & 3). Most of its plant biomass was standing mature jack pine trees

(Figure 2). The spruce-dominated control site (Control S) had a higher tree density (2271 stems ha-

14
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1, partly composed of standing woody necromass, along with substantial down woody necromass
(Figures 2 & 3). Total living aboveground biomass was higher in both control sites than in the

burned sites, whereas total woody necromass was lower (Figure 3).

Among all burned sites, only the one burned by a surface fire in that same year (i.e. 2018) had
living trees at the time of the field measurements (Figure 3). Most of the dead trees were still
standing in all sites at the time of measurements regardless of the fire type (Figures 2 & 3).
Generally, burned sites had little or no moss biomass, but grass and shrubs were present in most
sites at varying quantities (Figure 3). Within those, pine-dominated sites, except the one burned in
2018 by a surface fire (SF 2018), had larger understory plant biomass than spruce-dominated sites.
A substantial amount of tree foliage (albeit dead) was still present in the site burned by surface fire

in 2017 but not in the site burned by surface fire in 2015 (SF 2015; Figure 2).

3.2 Soil properties

Control S site was characterized by a much thinner humic layer depth (2.6 cm) compared to control
P (6.1 cm), and consequently lower total soil C and N stocks in the humic layer (Table 2 & Figure
S3a-d). The total soil C and N in the humic layer of control P were about one-third of those in
control S (Figure S3a-d). The mean C stock in the humic layer of burned sites ranged from 1 to 1.6
kg C m?, except in the site burned by a crown fire in 2015 (CF 2015 B) where the mean C stock
was only 0.56 kg C m. The mean N stock in the humic layer of the same site was also below (20.2
g N m?) the range of observed mean total soil N (36.7 — 62.8 g N m?) in the other burned sites.
The mean C stock in the mineral layer of fire-affected pine sites was generally higher at 0-5 cm
(except in SF 2018) and lower at 25-30 cm than in control P, whereas in fire-affected spruce sites
an opposite trend was observed (Figure S3a-c). No distinguishable pattern in the mean N stock in
the mineral layer of neither fire-affected pine nor spruce sites was observed (Figure S3e-f).

15
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The mean soil pH of all sites ranged from 7 to 8 and increased with soil depth (Figure S3g-i). Soil
pH of the humic layer tended to be higher in the burned sites compared to unburned sites (Figure
S3g). Whereas most burned pine-dominated sites had higher mean soil pH in the mineral layer than
control P, burned spruce-dominated sites tended to have lower mean soil pH than control S (Figure

S3h-).

There was a clear distinction in the distribution of the ST} in the unburned (control) sites. In control
P, ST, observations were mostly above the median (12.6 °C) of the unburned sites, while in control
S, ST, observations were mostly below the median (Figure 4a). After surface fires, the mean ST
was significantly higher in the site burned in 2015 than in control P (Table 2). After crown fires in
pine-dominated sites, the mean ST, was significantly higher in the site burned in 2015 (B) than in
control P, whereas after crown fires in spruce-dominated sites, the mean ST,y was significantly

higher in the sites burned in 2016 and in 2017 than in control S (Table 2).

There was no clear distinction in the distribution of the STs between control P and control S (Figure
4b). Within the burned sites, the range of STs varied by 7.1 °C in crown fire-affected sites, and by
3.6 °C in surface fire-affected sites (Figure 4b). After surface fires, the mean STs only differed from
control P in the site burned in 2015 (SF 2015), where it was 2.3 °C higher (Table 2). In all pine-
and spruce-dominated sites burned by crown fires, the mean STs was significantly higher than in

the unburned sites (Table 2).

In contrast, there was a clear distinction in the distribution of the SM between control P and control
S (Figure 4c). In control P, SM observations were mostly below the median (28.1 % volumetric
water content), while in control S, SM observations were mostly above the median (Figure 4¢). At
the pine sites, the sites burnt by surface fires had a similar mean SM than the control P (Table 2);

however, all the sites burnt by crown fires had higher mean SM than the control P. At the spruce-
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dominated sites burnt by crown fires, the mean SM was either lower or did not change compared

to control S (Table 2).

3.3 Soil respiration

The total CO, efflux measured in the field (Rg) ranged from 4.3 to 43.0 g CO, m2 d-!, whereas the
CO, efflux adjusted to 10 °C (Rto) ranged from 1.5 to 24.9 g CO, m2d-! (Figure 5a-b). The upper
range values of the CO, effluxes were from measurements performed immediately after the surface
fire in 2018 (Figure 5a-b). The mean R, (i.e. residual respiration: CO, efflux from roots, ground
vegetation, and deeper mineral soils) was 8.97 + 4.69 (standard deviation) g CO, m d'! in the
unburned sites, 6.67 + 5.57 g CO, m?2 d! in the surface fire-affected sites, and 1.87 +2.23 g CO,
m2 d! in crown fire-affected sites. After surface fires, the mean R, differed significantly only
(lower) from control P in the site burned in 2015 (3 years after fire; Figure 6a). The site burned in
2018 (hours — days after fire) had the highest mean R, within sites burned by surface fires (Figure
6a). The response of R to crown fires differed between pine- and spruce-dominated sites. In the
fire-affected pine sites, R4 did not differ from the control P, whereas in fire-affected spruce sites,
Ra was significantly lower than in the control S (Figure 6a). The percentage ratio of Ra:Rry,
reflecting the contribution from roots, ground vegetation, and deeper mineral soils to total soil CO,
efflux, decreased following both surface and crown fires (Figure 6a). In the burned sites, the mean
Ra:Rtyp ratio was always lower than in unburned sites, averaging 48% and 37% in surface- and

crown-fire affected sites, respectively.

The mean Ry, (CO, efflux measured at the humus layer) was 1.21 £+ 0.49 (standard deviation) g
CO, m2 d! in the unburned sites, 0.95 + 0.5 g CO, m2 d'! in crown fire-affected sites, and 1.54 +
0.28 g CO, m2 d! in surface fire-affected sites. The mean Ry;5 (CO, efflux measured at the 0 — 5

cm mineral layer) was 1.08 + 0.29 g CO, m2 d"! in the unburned sites, 1.29 +0.83 g CO, m2 d!'in

17

© The Author(s) or their Institution(s)



375

380

385

390

395

Canadian Journal of Forest Research (Author?s Accepted Manuscript)

crown fire-affected sites, and 2.1 + 0.25 g CO, m d'!in surface fire-affected sites. The mean Ry3
(CO; efflux measured at the 25 — 30 cm mineral layer) was 0.97 + 0.12 g CO, m2 d'! in the
unburned sites, 0.95 + 0.42 g CO, m%2 d"!' in crown fire-affected sites, and 1.70 + 0.72 g CO, m™
d'!in the surface fire-affected sites. After surface fires, the mean Ry (i.e., the sum of Ry, and Rys)
in the site burned in 2018 (hours — days after fire) was significantly higher than in control P,
whereas the other sites had similar Ry (Figure 6b). The response of Ry to crown fires also differed
between pine- and spruce-dominated sites, but in the opposite direction than R,. In the fire-affected
pine sites, Ry was significantly lower than in control P, whereas in the fire-affected spruce sites,
Ry was similar to control S (Figure 6b). The percentage ratio of Ry:Rry, reflecting the contribution
from decomposition in the humic and mineral (0 — 5 cm depth) layers to total soil CO, efflux,

increased following both surface and crown fires (Figure 6b).

4  Discussion

4.1 Fire types and associated tree mortality

Between 1 and 3 years after fire, only one of the burned sites had living trees, indicating that all
but one of the experimental fires examined were stand-replacing within this timeframe, irrespective
of fire type. Most of the trees in the site burned in 2018 had not died by 2021, thus this site
represented the only non-stand-replacing fire in this study. Stand replacement following either type
of fire is an important natural process for the vegetation and C dynamics of boreal forests (Bond &
Keeley, 2005). While crown fires kill the trees immediately by directly combusting their crowns,
surface fires can kill the trees through tissue necrosis from heat transfer (Michaletz & Johnson,
2007). The heat lethality is determined by the interaction of the tree functional traits and fire
characteristics (e.g. intensity and temperature residence time) (Bér et al., 2019). Tree mortality and

potentially entire stand mortality may occur after surface fires when, for instance, dry fuel and
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weather conditions lead to higher fire intensities and higher associated impacts on vegetation and
soil (McRae et al., 2006). The sites burned by surface fires had lower tree density and surface fuels
in comparison to experimental sites burned by crown fires, thereby mimicking stands where surface
fires tend to occur naturally (Wirth, 2005). Although all experimental surface fires had substantially
lower estimated intensities than the experimental crown fires, the numeric ratings of fire intensity
from the Canadian Forest FWI system (initial spread index (ISI), buildup index (BUI), and FWI)
of the surface fires were within the range of the crown fires, except the 2018 surface fire (Table 1).
Since these ratings reflect fire spread and fuel moisture, we can infer that the weather conditions

had not been conducive to high-intensity fires at the time of the experimental fire in 2018.

Jack pine and black spruce, the dominant tree species in our sites, are both fire embracers. They
are adapted to promote high-intensity crown fires and quickly regenerate from seeds after the fire
event, rather than to survive fire (Johnstone et al., 2010). In contrast, scots pine (Pinus sylvestris
L.) and larch (Larix spp.), which dominate Eurasian boreal forests, are fire resisters, able to survive
low- and medium-intensity surface fires due to traits such as self-pruning, high leaf moisture, and
thick bark (Wirth, 2005). Due to the overlap between fire resister trees and a higher proportion of
surface fires (e.g. ~80% in Siberia, (Conard & Ivanova, 1997)), fire-induced tree mortality can be
as low as 20% in the boreal Eurasia (Ryan, 2002; Wirth, 2005). In North America, however, stand-
replacing crown fires are predominant, as most conifers are fire embracers (Rogers et al., 2015).
As a result, surface fires represent only 10% of fires in North American boreal forests (Wirth,
2005). With most tree species studied here being thin-barked, stand survival would only occur
when surface fires were patchy or of low intensity (Wirth, 2005), as it was the case for the surface
fire in 2018.

4.2  Fire types and soil properties
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Nearly all experimental sites in this study experienced stand-replacing fires, but differences in ST
and SM between burned and unburned sites were greater after crown fires. All sites burned by
crown fires had higher ST (most of them down to 10 cm), which could be explained by the increase
in incoming solar radiation due to the lack of canopy foliage, and the reduction of the insulating
moss and soil organic layer, and in surface albedo (Hart et al., 2005). Regarding SM, within the
sites burned by crown fires, spruce-dominated sites had either lower or equal values compared to
unburned spruce sites, whereas pine-dominated sites had higher SM. Recently burned forests tend
to have lower SM due to an increase in soil evaporation despite a decrease in plant transpiration
and canopy evaporation (Bond-Lamberty et al., 2009). It was, therefore, surprising to observe

higher SM in the pine sites burned by crown fires.

Since surface fires do not combust the overstory canopy and do not immediately kill the trees,
changes in temperature and moisture shortly after fire supposedly occur mostly through fire
impacts on the understory and the forest floor. We did not detect changes in either SM or ST in the
first 3 days after the surface fire, which combined with the inferences based on vegetation mortality,
suggests that the low-intensity surface fire had low severity also belowground. The surface fire in
the site burned in 2018 was, however, extinguished with water, thus, our measurements of SM and
ST taken within 3 days after the fire were not representative of natural soil conditions immediately
after the fire. The only fire effect on the studied soil properties in the other sites burned by surface
fires was in the one burned in 2015, where ST was significantly higher down to 10 cm. This may
have reflected the lower canopy coverage compared to the site burned in 2017 rather than a higher

soil burn severity, as all surface fires lost equally ~30% of their humic layer.

4.3 Fire types and total soil surface CO, efflux (Rg)
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The variation in the chamber-based Rg in the studied sites experimentally burned by surface fires
was greater than in sites burned by crown fires due to the high CO, effluxes recorded immediately
after the non-stand-replacing fire in 2018, which were almost entirely above the median CO, efflux
including all 3 studied sites affected by experimental surface fires. The Rg measurements conducted
immediately after the non-stand-replacing surface fire in 2018 ranged from 9.7 to 43 g CO, m2 d-
I, This is substantially higher than the mean CO, efflux (3.4 g CO, m d'!) registered immediately
after a prescribed low-intensity surface fire in a larch forest in China (Hu et al., 2016). Conversely,
our measurements of the Rg (6.5 to 20.8 g CO, m?2 d!) 1 — 3 years after the stand-replacing surface
fires were close to mean CO; effluxes measured 4 (15.7 g CO, m2 d!) and 5 years (4.1 g CO, m™
d-") recorded after stand-replacing surface fires in larch forests in eastern Siberia (Sawamoto et al.,
2000; Takakai et al., 2010). The Rg measurements in the sites experimentally burned by stand-
replacing crown fires ranged from 4.3 to 16.7 g CO, m? d-!, which is within the range of mean
CO; efflux (0.6 — 22 g CO, m? d'!) measured 0 — 5 years after crown fires conducted in studies of
the North American boreal forests (Ribeiro-Kumara et al., 2020). For instance, 3.2 g CO, m?2 d-!' 2
years after fire in black spruce in interior Alaska (O’Donnell et al., 2008), 22 g CO, m2 d'! 3 years
after fire in black spruce near Eagle Plains, Canada (Koster et al., 2017), and 5.1 g CO, m2 d-!' 2
years after fire in black spruce and 3.7 g CO, m?2 d! 5 years after fire in jack pine in Manitoba,

Canada (Burke et al., 1997).
4.4 Fire types and soil autotrophic respiration (R,)

Fire is an important driver of change for the C dynamics in boreal forests, especially when causing
stand-replacement. A stand-replacing fire changes the quantity and/or quality of the living and dead
C pools above- and belowground, and therefore, also the C exchange of the stand (Kurz et al.,
2013). A period of net C loss, negative net ecosystem production (NEP), is introduced by the fire

21

© The Author(s) or their Institution(s)



465

470

475

480

485

Canadian Journal of Forest Research (Author?s Accepted Manuscript)

impact on the vegetation and soils (Kurz et al., 2013). Boreal forests generally recover their net C
uptake, positive NEP, about 10 years after fire, with this recovery strongly driven by the postfire
recovery of plant biomass (Hicke et al., 2003; Mack et al., 2008). Changes in C allocation, between
biomass production and (root and foliar) respiration, throughout vegetation reestablishment has a
critical role in the atmosphere-land C exchange following fire. Root respiration originates from an
internal C storage pool comprised of C fixed up to several years in the past and from recent
photosynthates with a days-to-weeks lag, and is a major component of the soil autotrophic

respiration (Czimczik et al., 2006; Hogberg et al., 2001; Pumpanen et al., 2015).

We hypothesized that the soil autotrophic respiration, here represented by R, would decrease
sooner and more drastically after crown fires (i.e. higher instant tree mortality) than after surface
fires (i.e. lower and delayed tree mortality). We indeed detected a 4-fold decrease in R, 1 —2 years
after crown fires and a 2-fold decrease in Ry 3 years after surface fires. We did not have the
opportunity to measure R, immediately after a crown fire but based on the drastic R, decrease
observed 1 year after a crown fire when already some understory vegetation had recovered, an even
larger decrease in R, immediately after a crown fire could be expected. Meanwhile, we did not
detect a significant decrease in R, immediately after the non-stand-replacing surface fire. We,
therefore, attribute the decrease in R postfire to the stand-replacing nature of all but one of the

fires studied here.

The stand-replacing surface fires studied here killed the trees within 1 — 3 years (probably even
earlier than 1 year). This result is slightly lower compared to the general postfire tree mortality
time (2 — 5 years) documented for a series of low-intensity experimental burns that occurred over
a decade in a ponderosa pine (Pinus ponderosa Dougl.) forest aged ~74 — 85 years (Swezy & Agee,
1991). In Swezy and Agee (1991), tree mortality was associated to the fine-root sensitivity to
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burning temperatures above 60 °C exceeding a 5-h burning period on the soil surface. Root necrosis
might occur even at temperatures below 60 °C provided there was enough heating duration, thus
roots are more likely to die when the soil organic layer burns for long periods through smoldering
(Bér et al., 2019; Hart et al., 2005; Michaletz & Johnson, 2007). The duration at which heating
temperature remained above 300 °C at the forest floor during the most intense surface fire (SF
2017) was below 5 min on average (and 30 min on average for 60 °C), with all other examined fires
scoring even lower heating durations (Table 1). Moreover, any smoldering was extinguished and
substantial changes in the humus layer depth were not observed between sites burned by stand-
replacing surface fires and non-stand-replacing surface fires. Other non-smoldering fires, for
instance in the same study site and in a Scots pine forest did not greatly affect the soil at a depth of
5 cm due to the absence of smoldering or ground fire at the soil subsurface (Kohli, 2021; Santin et
al.,2016). It is, therefore, more likely that the surface fires killed trees mostly through stem necrosis
in this study. Despite the stand-replacing surface fires studied here killing most trees within 1 year,
we observed that R, had not significantly decreased during this period in relation to control. This
could be due to the incompletion of the heat-induced girdling, allowing some parts of the phloem

to be active, or to C reserves still being available 1 year after fire.

Regarding crown fires, one unanticipated finding was that, although R, significantly decreased 1
and 2 years after fire in spruce-dominated sites, R did not differ from control in pine-dominated
sites 3 years after fire. We were not able to measure Ry 1 — 2 years after crown fires in pine-
dominated sites, or R 3 years after crown fires in spruce-dominated sites. This result could, thus,
be attributed to the time after the fire and associated understory recovery since our R, included
CO; efflux of the understory vegetation in addition to overstory tree roots. The experimental fires

studied here were as severe in terms of tree mortality in the spruce- and pine-dominated sites, but
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we observed differences in the postfire regeneration of the understory. Although the understory
vegetation is usually killed by even low-intensity surface fires (Dzwonko et al., 2018), the vascular
portion regenerates quickly afterward, becoming temporarily the main living component after
stand-replacing fires (Seedre et al., 2011). Here, grasses and shrubs in the understory strata in pine-
dominated sites showed signs of quicker regeneration than in spruce-dominated sites, while the
moss and lichen layer remained mostly absent even 3 years after fire. For comparison, the moss
layer in a black spruce forest in western Canada took over 4 decades to recover to prefire levels,
whereas the vascular plants recovered in half that time (Kdster et al., 2017). It is also possible that
the crown fires in the spruce-dominated sites burned proportionally deeper into the soil (~50%
humic layer loss observed here) compared to the surface fires and at least to one of the crown fires
(CF 2015 A) in the pine-dominated sites, damaging the seedbed and consequently hampering
vascular plants' regeneration. For instance, understory regeneration in the first 3 years after the fire
in a Scots pine forest was associated with the burn severity of the forest floor (Dzwonko et al.,
2018). According to the authors, vascular plants regenerated in lightly to moderately burned forest
floor from buried seeds and buds, whereas in severely burned forest floors, regeneration relied on

dispersion.

The contribution from R, to total soil CO, efflux in our unburned sites (~70% in control P and S)
was somewhat lower (88%; O’Neill et al., 2006) and substantially lower (~39% upper range; Bond-
Lamberty et al., 2004) than that estimated in black spruce forests of comparable age. In the latter
study, autotrophic respiration only included root respiration and may also have been
underestimated by 5 — 10%, which might decrease the difference between our results. The
contribution from R, to total soil CO, efflux decreased after both fire types, averaging at 48% and

37% in surface and crown fire-affected sites, respectively. These results, although moderately
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higher, corroborate earlier findings that the proportion of autotrophic respiration is lower in the
short-term (1 — 4 years) after fire in spruce and pine forests (-25 — 25%; Bond-Lamberty et al.,

2004; O’Neill et al., 2006; Song et al., 2019).

4.5 Fire types and soil heterotrophic respiration (Ry)

The mean CO,; efflux in the humus layer of the sites affected by crown fires (0.95 g CO, m? d-!)
in our study was within the range of soil heterotrophic respiration observed in the short-medium
term after high-intensity crown fires in North America. For example, 1.83 g CO, m™ d-! less than
1 year after fire, 1.75 g CO, m d-! 4 years after fire, and 0.26 g CO, m d-! 5 years after fire, all
in Canadian boreal forests (Bond-Lamberty et al., 2004; Czimczik et al., 2006). The mean CO,
efflux in the humus layer of the sites affected by the surface fires (1.54 g CO, m d!) studied here,
although slightly higher than in crown fire-affected sites, was lower than the mean efflux (4.14 g
CO, m2 d") 1 year after a low-severity surface fire in Siberia, and the mean efflux (5.27 g CO, m™
d") 5 years after a high-severity surface fire in Siberia (Sawamoto et al., 2001). The lower values

observed here were partly due to the sampling of the humus layer rather than the whole forest floor.

We hypothesized that soil heterotrophic respiration, represented here by Ry (i.e., the sum of CO,
efflux form the humus and 0 — 5 cm depth mineral layer), would not increase in the short-medium
term after either surface or crown fires due to reported negative fire effects on soil decomposers
and soil organic matter decomposability (Holden et al., 2015; Koster et al., 2021; Koster et al.,
2014). This was the case for Ry in most of the burned sites, however, R was significantly higher
immediately after the 2018 non-stand-replacing surface fire. None of the main abiotic drivers of
Ry (ST, SM, soil pH) significantly changed after the non-stand-replacing surface fire, indicating
that other factors may be driving the change in Ry. Inputs of both labile C and nutrients from ash
and pyrogenic organic matter can affect the dynamics controlling soil decomposition by stimulating
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microbial activity (Maestrini et al., 2015; Sanchez-Garcia et al., 2021). The stimulating effect of
ash deposition is transient — substantial amounts of ash may be easily removed by water and wind
erosion and rapidly assimilated by microbes and plants (Cerda & Doerr, 2008; Holden et al., 2015)
— and may be observed within days after deposition/application (Bang-Andreasen et al., 2021).
While ash is generally positively related to increases in both Rg and microbial activity, other factors
such as SM and fire severity also affect these responses (Bodi et al., 2014; Fritze et al., 1994;
Pereira et al., 2012). For instance, artificial wetting of experimentally burned African savannah
soils followed by the addition of ash caused a brief but significantly higher Ry pulse compared to
wetted soils without ash (Sanchez-Garcia et al., 2021). Similarly, a Scots pine forest experienced
an Ry pulse after wetting and ash addition, although in this case ash was added to unburned soils
(Fritze et al., 1994). It is possible, therefore, that the wetting performed to suppress the surface fire

also contributed to the higher Ry observed here.

5 Conclusions

This study assessed the short- to medium-term effects of fire type on soil C fluxes of mixed jack
pine and black spruce forest stands in Canada. In summary, this study shows that both fire types
can alter C fluxes in the short- to medium-term through changes in vegetation and the soil
environment. Confirming our first hypothesis, soil autotrophic respiration, represented here by the
CO, from tree roots, mycorrhiza, and the regenerating ground vegetation, decreased in sites
affected by both crown and surface fires. In crown fire affected sites, autotrophic respiration was
lower for at least 1 — 2 years after fire, whereas in surface fire affected sites, the decrease in
autotrophic respiration was only significant 3 years after fire. In general, therefore, the instant tree
mortality caused by crown fires drove the faster decrease in autotrophic respiration, whereas

delayed mortality caused by surface fires delayed it. Contrary to our second hypothesis, however,
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soil heterotrophic respiration in the humic and mineral layer (0 — 5 cm depth) increased
immediately after the non-stand-replacing surface fire, possibly due to an agent (or combination of
agents) not measured in this study. Therefore, future research could determine (1) whether the
duration of the heterotrophic CO, pulse following a non-stand-replacing surface fire is due to the
interaction between ash and soil moisture, and (2) whether the soil CO, flux differ in the short- to

medium-term between stand-replacing surface and crown fires.
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Table 1. Details of experimental sites, fires, weather during ignition (T,;, air temperature, RH, relative humidity, WS, wind speed),
heating indicators at the forest floor during fire (T,,.x, mean maximum temperature, T,.;, mean duration at which temperature >

Page 36 of 45

825 300 °C), and numeric ratings of the Canadian Forest Fire Weather Index System (FFMC, Fine Fuel Moisture Code, DMC, Duff
Moisture Code, DC, Drought Code, BUI, Buildup Index, ISI, Initial Spread Index and FWI, Fire Weather Index; n.d., no data).
Dominant Type of fire Time of fire Tree Ta RH WS Flame Estimated Tmax” Tres® Canadian Forest Fire Weather Index System
tree density length fire
species intensity
(stems (°C) (%) (kmh7?) (m) (kW m1) (°C) (s) FFEMC DMC DC BUI ISI FWI
ha')
Jack pine  Surface fire 2Aug 2018 1416 29 43 10.7  0.25- <500 n.d. n.d. 85 n.d. n.d. 54 33 9.6
0.5
Surface fire 3Aug 2017 nd. 28 35 10.0 15 2500 294 298 91 92 491 126 8.0 30.0
Surface fire 23 Jun 2015 2433 28 27 8.2 0.25- <500 n.d. n.d. 90 106 645 151 7.0 29.0
0.5
Crown fire 23 Jun 2015 A 6635 28 27 8.2 2.5-4 6000 n.d. n.d. 90 106 645 151 7.0 29.0
Crown fire 25 Jun 20158 6500 27 28 6.6 >4 8000 758 218 90 86 640 129 6.0 26.0
Black Crown fire 2Aug 2017 8222 30 25 94 25-3 6000 546 398 93 89 483 122 10.0 35.0
spruce Crown fire 30 Jun 2016 8222 31 30 14.1 >4 >8000 825 189 93 54 400 81 12.6 331
* Determined as in Santin et al. (2013); Santin et al. (2015).
Table 2. Mean soil properties in the unburned sites and sites burned by experimental surface and crown fires. Values for soil temperature
and soil moisture are least squares means + standard error. Values for humic layer depth are observed means.
Dominant tree Type of fire Time of fire Time after fire Humic layer Soil temperature (°C) Soil moisture (%)
species depth (cm) 5 ¢cm depth 10 cm depth 5 cm depth
Jack pine Control 1931 87 years 26 14.94 + 0.40¢ 14.21 + 0.32¢ 17.73 + 1.70<
Surface fire 2018 0 year 1.9 15.01 + 0.40¢ 14.42 + 0.32bc 14.84 + 1.70d
Surface fire 2017 1 year 18 16.13 + 0.49bc 15.43 + 0.392bc 16.04 + 2.08<
Surface fire 2015 3 years 19 17.29 + 0.60° 16.11 + 0.482b 24.04 + 2.54b¢
Crown fire 2015 A 3 years 3.0 17.40 + 0.38P 14.99 + 0.302bc 31.77 £ 1.61%
Crown fire 2015 B 3 years 11 21.03 £ 0.60° 16.63 + 0.482 3549 + 2.54°
Black spruce Control 1931 87 years 6.1 14.74 + 0478 11.53 + 0.278 38.54 + 2.54A
Crown fire 2017 1 year 31 17.26 + 0.62~ 15.74 + 0.36* 28.69 + 3.36"8
Crown fire 2016 2 years 2.7 19.26 + 0.58~ 15.32 + 0.347 23.72 + 3178
830  Different lowercase superscript letters represent significant differences between pine-dominated experimental sites at Tukey (P < 0.05). Different

uppercase superscript letters represent significant differences between spruce-dominated experimental sites at Tukey (P < 0.05).
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Figure captions

Figure 1. Geographical location of the Fort Providence Wildfire Experimental Site (Fort
Providence, Northwest Territories, Canada) with the approximate location of the experimental sites
where the field sampling took place. Map created using ArcGIS® software by Esri. Base map from
Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN,
and the GIS User Community (Esri, 2021).

Figure 2. Photographs of experimental sites for a: Unburned jack pine-dominated site (Control P).
b: 2018 surface fire (SF 2018) immediately after the fire. c: 2017 surface fire (SF 2017) 1 year after
the fire. d: surface fire (SF 2015) 3 years after the fire. e: 2015 crown fire (CF 2015 A) 3 years after
the fire. f: 2015 crown fire (CF 2015 B) 3 years after the fire. g: surface fire (SF 2015) immediately
after the fire. h: 2015 crown fire (CF 2015 A) immediately after the fire. i: Unburned black spruce-
dominated site (Control S). j: 2017 crown fire (CF 2017) 1 year after the fire. k: 2016 crown fire
(CF 2016) 2 years after the fire.

Figure 3. Mean aboveground biomass and necromass (kg m=) in pine (P)- or spruce (S)-dominated,
unburned sites and sites burned by experimental surface (SF) and crown (CF) fires. a-c: Understory
biomass. d-f: Woody necromass. g: Living tree stem biomass. h: The sum of mean living tree stem,
regeneration sapling, and understory biomasses. Dots are positioned according to the observed
means.

Figure 4. Box plots of soil temperature and soil moisture values in pine (P)- or spruce (S)-
dominated, unburned (control) sites and sites burned by experimental surface (SF) and crown (CF)
fires. a: Soil temperature at 10 cm depth (ST, °C). b: Soil temperature at 5 cm depth (STs, °C). c:
Soil moisture (SM, %). Filled symbols represent spruce-dominated sites and unfilled symbols pine-
dominated sites. CF 2015 includes both CF 2015 A and CF 2015 B experimental fires.

Figure 5. Box plots of soil surface CO, efflux (Rs) and temperature-adjusted soil surface CO, efflux
(Rt) values in pine (P)- or spruce (S)-dominated, unburned (control) sites and sites burned by
experimental surface (SF) and crown (CF) fires. Filled symbols represent spruce-dominated sites
and unfilled symbols pine-dominated sites. CF 2015 includes both CF 2015 A and CF 2015 B
experimental fires.

Figure 6. Least squares means of soil CO; efflux (g CO, m d!) partitioning from autotrophic (R4)
and heterotrophic respiration (Ry) in unburned (control) and burned experimental sites by
experimental surface and crown fires. a: Mean temperature-adjusted (10 °C) soil surface CO, flux
(Rt10) excluding CO, efflux from incubated humic and mineral (5 cm depth) layers (i.e., Ry). b:
Mean soil CO, efflux from the sum of incubated humic and mineral (5 cm depth) layers at 10 °C
(i.e., Ry). Lowercase letters indicate significant differences at Tukey (P <0.05) between CO, efflux
means within pine-dominated sites. Uppercase letters indicate significant differences at Tukey (P
<0.05) between CO, efflux means within spruce-dominated sites. Error bars show upper and lower
95% confidence intervals. % values denote the ratio of either R:Rio or Ryg:Ryo. CF 2015 includes
both CF 2015 A and CF 2015 B experimental fires.
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Supplementary information
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Experimental sites

S1. Experimental sites at the Canadian Boreal Community FireSmart Project wildfire
experimental site (Fort Providence, Northwest Territories, Canada) including information on
the number of sample plots, vegetation and soil samples, collars, and measurements. Each
photo represents the state of each experimental site during the field sampling time (August
2018).

Three pairs of collars were juxtaposed in three extremities of the burned plot about 4 m away
from each other, according to shown in Figure S2.

S2. Disposition of collars in burned (brown) and unburned (green) plots. Not to scale.
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S3. Mean soil properties in the humic and mineral layer (at 0-5 and 25-30) of unburned
(control) and burned sites by experimental surface (SF) and crown (CF) fires in pine (P)- and
spruce (S)-dominated sites. a-c: Total soil carbon (C) content. d-f: Total soil nitrogen (N)
content. g-i: Soil pH. Dots are positioned according to the observed means.
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