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• Arctic soil NO3
−, NH4

+ and PO4
3− in-

creased two years after a fire.
• The fire increased soil N2O and CO2 pro-
duction whereas CH4 uptake remained
unaffected.

• The fire effects on soil GHG cycles were
inconsistent under warming conditions.
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The frequency and severity offire is increasing inArctic tundra regionswith climate change. Herewe investigated
effects of experimental low-intensity fire and shrub cutting, in combination with warming, on soil biogeochem-
ical cycles and post-fire greenhouse gas (GHG) emissions in a dry heath tundra, West Greenland. We performed
in vitro incubation experiments based on soil samples collected for up to two years after the fire. We observed
tendency for increased soil nitrate (14-fold) and significant increases in soil ammonium and phosphate (four-
fold and five-fold, respectively) two years after the fire, but no effects of shrub cutting on these compounds.
Thus, changes appear to be largely due to fire effects rather than indirect effects by vegetation destruction.
Two years after fire, nitrous oxide (N2O) and carbon dioxide (CO2) production was significantly increased
(three-fold and 32% higher, respectively), in burned than unburned soils, while methane (CH4) uptake remained
unchanged. This stimulated N2O and CO2 production by the fire, however, was only apparent under conditions
when soil was at maximum water holding capacity, suggesting that fire effects can be masked under dry
conditions in this tundra ecosystem. There were positive effects by modest 2.5 °C warming on CO2 production
in control but not in burned soils, suggesting that firemay decrease the temperature response in soil respiration.
Methane uptake was neither altered by the modest warming in shrub-cut nor in burned soils after two years,
suggesting that the removal of vegetation may play a key role in controlling future temperature response of
CH4 oxidation. Altogether, our results show that post-fire tundra soils have the potential to enhance soil GHG
emissions (e.g. N2O and CO2) especially during episodes with wet soil conditions. On the other hand, the lack
of warming responses in post-fire soil respiration may weaken this positive feedback to climate change.

© 2021 Published by Elsevier B.V.
1. Introduction

Climate change is occurring rapidly at high latitudes, particularly in
the Arctic tundra regions, where air temperature has increased by 0.75
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°C over the past decade, far outpacing the global average (Post et al.,
2019). During this period, because rising summer temperatures or
drought can extend conductive fire weather, the frequency and extent
of tundra fires have also increased dramatically (Bowman et al., 2009;
Hu et al., 2015; McCarty et al., 2020). Wildfires are often landscape
scale disturbances that have high potential to alter ecosystem carbon
(C) and nitrogen (N) stocks and cycling (Knicker, 2007; Bowman
et al., 2009). While tundra fires have been observed frequently in e.g.
Alaska and Siberia (Bret-Harte et al., 2013; Hu et al., 2015; Kukavskaya
et al., 2016), similar wildfires have rarely occurred in Greenland until
2017, when a major fire broke out in southwestern Greenland burning
for twoweeks and scorching1200haof tundra (Evangeliou et al., 2019).

Wildfires can have both direct (via heating and chars/ashes deposi-
tion) and indirect effects (via vegetation removal) on soil physical,
chemical, and biological properties. Fire may increase soil pH due to
high cation content of ashes (Jensen et al., 2001; Certini, 2005), which
may lead to a decrease in carbon dioxide (CO2) emissions by shifting
the equilibrium in favor of hydrocarbonate anions and carbonate anions
in the soil solution. Fire can increase soil temperature by removing insu-
lation layers and by decreasing the albedo due to the darkened surface
(Certini, 2005; O'Halloran et al., 2012). In the permafrost areas, rising
soil temperaturemay accelerate permafrost thawing and increase active
layer depths, leading to destabilization of deeper stores of soil C and N
and thus a pulse of CO2 and/or nitrous oxide (N2O) release to the atmo-
sphere (Yi et al., 2010; Tas et al., 2014; Ribeiro-Kumara et al., 2020). Due
to deposition of chars and ashes, fire may also alter soil moisture by in-
creasing soil water retention, or by restricting water infiltration and in-
creasing surface runoff, or by lowering the water table with deeper
thaw depths (Yoshikawa et al., 2002; Bodí et al., 2012; Bodí et al.,
2014; Potter and Hugny, 2020). Under high intensity fire (i.e., tempera-
tures >500 °C), vegetation and soil organic matter can be combusted
and substantial amounts of C and N will be released during fire in the
form of greenhouse gas (GHG) such as CO2, methane (CH4) and N2O
(Certini, 2005; Mack et al., 2011). Under low to medium fire intensity
(i.e., temperatures ca. 200–500 °C), large fractions of plant biomass are
transformed into pyrogenic matter and ash (Knicker et al., 1996;
Certini, 2005; Bird et al., 2015). The availability of soil nutrients could
be hence enhanced, either from the direct release of labile fractions
(e.g. NH4

+) or further mineralization activity due to elevated soil tem-
perature or pH (Grogan et al., 2000; Dannenmann et al., 2010; Karhu
et al., 2015). On the other hand, pyrogenic matter can be largely resis-
tant to microbial decomposition due to the neo-formation of aromatic
and highly polymerized structure (Knicker et al., 2006; Knicker, 2011).
This may contribute C sequestration in the soil and buffer atmosphere
CO2 emissions while inhibit N cycling and reduce N availability (Soong
and Cotrufo, 2015; Jones et al., 2019). Overall such changes in biotic
and abiotic soil conditions are very likely to affect soil GHG fluxes
(Davidson and Janssens, 2006; Natali et al., 2015; Koster et al., 2018).
The direction and the rates of GHG fluxes in response to fire,
however, vary depending on ecosystem types, soil properties, climatic
conditions, as well as fire intensity and the time since fire. For instance,
soil N2O, CO2 and CH4 fluxes remained unaffected eight months after
fire in a tropical grasslands, which was characterized by acidic, well
drained and nutrient-poor soil (Castaldi et al., 2010). In contrast, soil
N2O emissions were increased in Mediterranean shrub-lands due to
increased mineral N availability (Fierro and Castaldi, 2011; Karhu
et al., 2015), and soil respiration and hence CO2 emissions were
enhanced in a Mediterranean grassland as result of stimulated above-
and belowground plant growth (Yang et al., 2019). Furthermore, Koster
et al. (2017) observed that the elapsed time since the last fire was the
only factor significantly influencing those three GHG fluxes in a subarctic
boreal forest. Despite a current growing number of studies analyzing fire
effects on soil GHG emissions in the Arctic e.g., in Siberian and Alaska,
most of them only focused on forest ecosystems (Takakai et al., 2010;
Morishita et al., 2014; Taş et al., 2014; Koster et al., 2018), and still little
is known about post-fire soil GHG fluxes in tundra ecosystems.
2

Fire can directly affect GHG fluxes via the removal of vegetative
covers, in particular cryptogamic plant covers that play an important
role as both sink and source for GHGs. For example, Elbert et al.
(2012) estimated that cryptogamic covers were responsible for 7% of
the net primary production of terrestrial vegetation, with a C uptake
of 3.9 Pg per year. Lenhart et al. (2015) also estimated that cryptogamic
covers accounted for 4–9% of global annual terrestrial N2O emissions.
Meanwhile, fire immediately causes reductions in vegetative cover,
which could indirectly enhance soil N availability due to decreases in
plant N uptake and hence accelerate soil N cycling processes such as ni-
trification anddenitrification (Prieto-Fernández et al., 2004; Karhu et al.,
2015; Ludwig et al., 2018). In addition, the vegetation combustion in-
creases dead root deposition and hence belowground organic C input
with the potential to stimulate shorter to longer-termmicrobial decom-
position of organic C (Pumpanen et al., 2004; Kulmala et al., 2014). On
the longer time scale, aboveground litter inputs are reduced as the pri-
mary production of the ecosystem is usually suppressed, and the exuda-
tion of labile organic C compounds from living roots into rhizosphere
soil is accordingly decreased (Butenschoen et al., 2008). These condi-
tions altogether can alter the post-fire quantity and quality of soil or-
ganic matter as well as soil organic matter decomposition and
nutrient mineralization, associated with changes in soil GHG fluxes.

Thus, to discern consequences of fire disturbance due to direct ef-
fects and to indirect effects caused by vegetation destruction is critical
to understanding and predicting the impacts of climate change on C
and N cycling. However, still little is known about how fire affects soil
GHG fluxes bymeans of vegetation destruction or changes in soil chem-
ical and physical conditions.

In general, the wetting of dry tundra soils following episodic rainfall
event can increase microbial metabolism and the availability of soil nu-
trients, or hinder the diffusion of oxygen (O2) in soil (Lupascu et al.,
2014; St Pierre et al., 2019). Thus, higher soil respiration aswell as nitri-
fication (e.g. nitrifier denitrification) and denitrification may occur
under such moist soil conditions, accompanied by pulses of CO2 and
N2O emissions (Elberling et al., 2008; Pacific et al., 2009; Elberling
et al., 2010). The dry tundra soils can act as a sink of CH4 as a result of
oxidation of atmosphere CH4 by methanotrophic bacteria, but CH4 pro-
duction by methanogenic microbes may be enhanced under moist con-
ditions, since CH4 uptake is primarily limited by the diffusion of
necessary substrates (CH4 and O2) (Jørgensen et al., 2015; D'Imperio
et al., 2017; St Pierre et al., 2019). However, the post-fire effects on
soil GHG emissions from the Arctic heath tundra after episodic rainfall
have not yet been investigated, although fire effects might be amplified
under such moist conditions (Niboyet et al., 2011).

With temperature being a key factor for regulating biogeochemical
processes in the Arctic ecosystems, even gentle warming (0.95 °C) can
promote the release of GHGs (Voigt et al., 2017). The effects of climate
warming have not yet been examined in combination with tundra fire
disturbances, although these effectsmight play important roles in shap-
ing the future Arctic tundra ecosystem processes. Furthermore, such
combined effects are far from certain as reported for other ecosystems
(Bergner et al., 2004; Allison et al., 2010b; Jia et al., 2012; Strong et al.,
2017). For example, there is considerable variability in the warming re-
sponses of soil surface CO2 fluxes in post-fire boreal ecosystems among
these studies with some showing increased rates (Bergner et al., 2004;
Niinistö et al., 2004) and others showing decreased rates or no re-
sponses (Bronson et al., 2008; Allison et al., 2010b).

To address this knowledge gap, we quantified the changes in soil nu-
trients and soil N2O, CO2 and CH4 cycles followingdetrimental perturba-
tions to a dry heath tundra inWest Greenland, viz. shrub cutting only (to
simulate aboveground vegetation destruction by fires) and an experi-
mental fire, and both treatments combined with experimental
warming. The study was carried out in vitro with incubations of top
soil columns under controlled laboratory conditions. Overall, the objec-
tives of this study were: to (1) examine the post-fire effects combined
with warming on soil nutrients and GHG fluxes over a two-year time
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span; (2) discern the impacts of fire due to direct effect and due to indi-
rect effect caused by vegetation destruction. The underlying hypothesis
was that fire increased soil nutrients and GHG production primarily due
to indirect effect caused by vegetation destruction, and these fire effects
were amplified under warming conditions.

2. Material and methods

2.1. Site description

The study site is located at Blæsedalen Valley (69°16′N, 53°27′W),
on the south of Disko Island, Western Greenland (Fig. S1). This valley
is in the transition zone between the Low andHigh Arctic and has a typ-
ical Low Arctic climate (Borggaard and Elberling, 2007). Based onmete-
orological data (1991–2011) from nearby Arctic station, the annual
mean air temperature is−3 °C, with monthly mean temperature rang-
ing from 8 °C in July to−14 °C inMarch. The annual mean precipitation
is 436 mm in the period of 1991–2004, of which 42% is snowfall
(Hansen et al., 2006; Hollesen et al., 2015). The site lies within a discon-
tinuous permafrost zone and the active layer is estimated to be 1.5 m
deep (Blok et al., 2016). The soils are haplic cryosols, consisting of basal-
tic rock fragments covered by a thin organic layer of 5–10 cm(Blok et al.,
2016). The mean annual soil temperature at 5 cm depth is−1.9 °C and
frozen soil conditions prevail fromOctober to lateMay (D'Imperio et al.,
2018). The dry heath tundra in this site is dominated by low shrubs
(<10 cm) of deciduous dwarf birch (Betula nana L.), gray willow (Salix
glauca L.) and bog bilberry (Vaccinium uliginosum L.), evergreen black
crowberry (Empetrum nigrum L.) and Arctic bell-heather (Cassiope
tetragona (L.) D.Don) with a mixture of lichens (Cetraria islandica (L.)
Ach. and Stereocaulon paschale (L.) Hoffm.) and mosses (Tomentypnum
nitens (Hedw.) Loeske and Aulacomnium turgidum (Wahlenb.)
Schwägr.) covering the ground.

2.2. Experimental setup and design

In summer 2017, we conducted a combined experimental tundra
fire and shrub cutting within an area of 20 × 20 m on a gentle north-
east facing slope (5.7°). Three different treatments were included in
the experiment, i.e., control (CTO), cutting down shrubs to 5 cm above-
ground and leaving the shrubs in the plots afterwards (VCO), and burn-
ing of aboveground vegetation (VBO). The burning and shrub cutting
was deployed in 1.2 × 1.2 m experimental plots distributed in five rep-
licate blocks. The treatment of shrub cutting was included to compare
immediate fire effects (i.e., vegetation removal in combination with
heating)with the effects only due tomechanical vegetation destruction.
It was also included to compare fire effects in the longer term (i.e., less
nutrient uptake by plants in combinationwith effects of chars/ashes de-
position) with the effects of vegetation destruction only (i.e., less nutri-
ent uptake by plants). All treatments were paired with experimental
warming by mounting year-round hexagonal open top chambers
(OTC) immediately upon the burning and shrub cutting (CTX, VCX
and VBX) giving a total of six combination treatment plots (including
the non-manipulated control) distributed randomly in each block
(Fig. S2). The OTCs were made of transparent polycarbonate, 35 cm
tall and with a base diameter of 150 cm and top diameter of 85 cm
(Marion, 1996). The experimental fire was achieved by using a
butane-gas burner deployed for 7 min per plot. The aboveground vege-
tation biomass was on average 3.382 ± 0.112 kg dw m−2. The 7 min
were chosen after a test burning in a small dry heath area next to the
study site for estimating the approximate length of a natural dry heath
tundra fire in that area. During the fire, the ground surface temperature
reached 180 °C and soil temperature at depth of 2 cm reached 60 °C
(Figs. S3 and S4). After the fire, aboveground vegetation was burned
completely leaving chars and ashes on the soil surface, the cryptogamic
cover and litterwas likewisemostly burned away though unburned, but
scorched, patches remained atop the soil.
3

2.3. Soil in vitro incubation experiments

Soil sampling was performed under similar weather conditions
among three sampling dates, i.e., 19th August 2017 (three weeks after
the fire), 9th August 2018 (one year after the fire), and 19th August
2019 (two years after the fire). We used a steel cylinder of 6 cm diame-
ter and collected one soil sample in the top 3.5 cm layer from each of the
30 plots. The intact soil cores (top 0–3.5 cm, 99 cm3) were kept under
frozen condition (−18 °C) and shipped to laboratory in Copenhagen,
Demark. Frozen samples were thawed stepwise, first to −8 °C for one
day and then to 0 °C for one day prior to use. The soil cores (one sample
per plot), sealed at the bottom, were then transferred into the incuba-
tion jars (365 mL with screw lids) and pre-incubated to equilibrate for
three days. Based on average in situ soil temperature at 2 cm depth dur-
ing growing seasons (from late June to early September) in the study
site (Table S1), we pre- and incubated soil cores from the plots without
and with OTCs at 7 °C and 9.5 °C, respectively. Therefore, incubation
temperatures used can generally mimic in situ soil conditions during
growing seasons. We assume there was no in situ warming effects by
OTCs in 2017, since the OTCs were mounted more or less at the same
time as soil sampling. The warming effects in 2017 indicated hereafter
were only driven by higher incubation temperature. Pre-incubation
was conducted at experimental temperature to equilibrate soil cores,
and then GHG flux rates pre-wetting were measured, followed by
GHG post-wetting measurement. In order to make incubation condi-
tions comparable in terms of soil moisture and aeration, all cores gently
received sufficient water (ca. 30 mL water per soil core) to saturate the
soil, and excess water was subsequently drained at the bottom via grav-
ity during 3 h to reachmaximumwater-holding capacity. Soil gravimet-
ric water content increased to 57% after wetting, regardless of
treatments (Fig. S5). This high soil moisture condition can be observed
in our study site during snowmelt or rainfall event. The jars were cov-
ered with pierced Para-film and water loss was corrected every week
by gravimetrical determination. The GHG production or uptake rates
were measured at days −5 and −1 before wetting, and at days 1, 3, 5,
7, 14 and 21 after wetting. For samples from all three years, the mea-
surement of CO2 production rates was conducted by closing the jars
air-tightly and connecting in a closed loopmode to CO2 infrared gas an-
alyzer (EGM-5, PP Systems, Amesbury, USA). Changes in jar headspace
CO2 concentrations were recorded every second for 6 min. For 2017
and 2018 samples, the measurement of soil N2O production were
achieved in a similar manner by connecting the sealed incubation jar
to a N2O laser (N2OIA2-914, Los Gatos Research, San Jose, CA, USA).
The N2O concentrations were recorded every 10 s for 12 min. For
2019 samples, soil N2Oproduction andCH4 uptake ratesweremeasured
simultaneously by connecting the jar to a N2O/CH4 analyzer (N2OM1-
919, Los Gatos Research, San Jose, CA, USA). Gas concentrationswere re-
corded every 5 s for 12 min. The measurement of CH4 uptake was done
only for 2019 samples. Upon the termination of GHG measurements,
each soil core was removed from the steel cylinders, gently mixed for
removal of coarse roots and stones by hand, and kept under the same
conditions as the incubation experiments (7 °C and 9.5 °C, respectively)
until the biogeochemical analyses, which occurred within two days.
2.4. Soil biogeochemical analysis

Soil moisture was calculated using oven weight loss (105 °C for 24
h). Soil extractionsweremade by suspendingmoist soil (from one sam-
ple per plot) in deionizedwater (10 g soil; 50mLwater), shaking for 1 h
at room temperature terminated by filtration through 2.7 μm mem-
brane filter (Whatman GF/D). Filtrates were kept frozen until analysis
for ammonium (NH4

+-N) and nitrate (NO3
−-N) using flow-injection

analysis (Tecator 5000 FIAStar, Höganäs, Sweden). Soil dissolved or-
ganic C (DOC2.7) and total dissolved N (TDN2.7) from the filtered ex-
tracts were measured using a TOC-TN analyzer (Shimadzu, Kyoto,
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Japan). Dissolved organic N (DON2.7) was calculated as the difference
between TDN2.7 and (NO3

−-N + NH4
+-N).

Potential denitrification enzyme activities (PDA) was determined as
reported by Pell et al. (1996). Ten grams of moist soil was immersed in
30 mL of solution containing 1 mM KNO3, 0.5 mM glucose, 0.5 mM so-
dium acetate and 0.5 mM sodium succinate in 100-mL glass bottles.
The bottle was sealed with a rubber stopper and aluminum crimp cap
and headspace air was replaced with pure nitrogen gas (N2) by repeat-
edly evacuating and pressurizing three times. Then, 15 mL of acetylene
(C2H2) was added, the bottles were shaken on a horizontal shaker at a
moderate shaking level at room temperature and 3mL of the headspace
was collected at 1 h, 2.5 h, 4 h and 5 h for N2O analysis. Headspace
samples were transferred to 3-mL pre-evacuated Exetainers (Labco
Scientific, High Wycombe, UK). Concentrations of N2O were detected
by gas chromatography (Agilent7890 GC, Agilent Technologies UK
Ltd., Stockport, UK) with an electron capture detector (ECD).

Substrate induced respiration (SIR) was measured according to
Anderson and Domsch (1978) with minor modification. Five grams of
moist soil was immersed in 10 mL of 20 mM glucose in a 100-mL incu-
bation bottle. The bottle was sealed with butyl rubber stopper and alu-
minum crimp and then added with 14 mL air. The bottles were
incubated at either 7 °C or 9.5 °C and shaken by hands every 25 min.
After 10 min, 60 min, 110 min and 160 min, a 3-mL headspace sample
was collected and transferred to a 3-mL Exetainer vial. Concentrations
of CO2 were detected by gas chromatography with a flame ionization
detector (FID).

2.5. Calculations and statistics

For calculation of in vitro gas production or uptake an initial lag
phase of 2 min for each measurement was discarded to exclude arte-
facts that occurred when samples were sealed to the gas analyzers.
GHG flux rates were estimated as the slope of the linear regression be-
tween concentration and time. Gas concentrations were corrected for
water vapor increase in the jar. Cumulative GHG flux rates over 21
days after wetting in each year were calculated by using a trapezoidal
integration method. The GHG fluxes post wetting at eachmeasurement
day (days 1, 3, 5, 7, 14 and 21)were integrated over the number of days
between two consecutive measurements. The final integrated fluxes
duringpost-wettingperiodwere estimated as the sumofGHG fluxes in-
tegrated over up to six time intervals (trapezoid method). PDA and SIR
were calculated by linear regression of N2O and CO2 concentration
against the sampling interval, respectively.

Prior to analysis, the data were checked for normal distribution and
homogeneity of variance by inspecting the QQ-plots as well as by using
Shapiro-Wilk normality test and Levene's test (p > 0.05). To meet the
assumptions, the data of soil CO2 production were square root trans-
formed while the data of soil N2O production and soil NO3

−-N as well
as NH4

+-N were log transformed. Effects of vegetation (control, shrub
cutting and burning) andwarming (non-warming and warming) treat-
ments and their interacting effects on CO2, N2O andCH4 and their cumu-
lative production or uptake rates as well as soil properties were
analyzed separately for each sampling year. These treatment effects
were tested by using two-way ANOVA in linear mixed effects models
with the lme4 and car packages (Bates et al., 2015; Fox and Weisberg,
2019). In this test, replicate block was specified as a random factor ac-
counting for spatial variability within the site, and due to no significant
differences in GHG flux rates among measurement days post wetting
(days 1, 3, 5, 7, 14 and 21), the day after wetting was specified as re-
peated factor. Post hocpairwise comparisons between levels of all signif-
icant factors were then conducted using the emmeans package, with
Tukey's Honestly Significant Differences (Tukey HSD) p-value adjust-
ment (Lenth, 2020). The significant treatment effects are based on p ≤
0.05, but tendencies towards significance (0.05 ≤ p ≤ 0.10) are also re-
ported, considering large variability between replicate blocks. All analy-
sis above was performed using R software v. 3.6.1 (Team, 2019).
4

Structural equation modeling (SEM) is a multivariate statistical tool
that uses the covariance amongmany variables to buildmodels that test
pathways of influence among those variables. We used SEM with
piecewiseSEM package (Lefcheck, 2016) to examine and quantify the
direct and indirect effects of soil properties and PDA as well as SIR on
soil cumulative N2O production, separately in each soils. Based on bivar-
iate regressions, the explanatory variables that poorly correlated with
one another and with our response variable were excluded (Colman
and Schimel, 2013). Model fits were measured by a non-significant
Shipley's test of d-separation, with Fisher's p > 0.05 indicating that no
paths were missing, and low Akaike information criterion being used
to choose among competing models (Shipley, 2000). Finally, soil NH4

+-
N, NO3

−-N, DOC2.7 and PDAwere only included in ourmodel, with direct
or indirect pathways to cumulative N2O production. The coefficient for
each causal relationship was expressed as a standardized form that
were more easily compared across the model structure. The standard-
ized path coefficients are the amount of change in units of standard de-
viations of the dependent variable per one standard deviation change in
the independent variable (Grace, 2006). For every response variable
there is an R2 value which indicates the level of variance explained by
each componentmodel. In addition, linear regressions were used to ex-
amine relationship between cumulative N2O productions and PDA in
each soils, and relationship between cumulative CO2 productions and
soil DOC2.7 concentrations across soils.

3. Results

3.1. Soil properties

Basic physical and chemical soil properties in 2017, 2018 and 2019
(three weeks, one year and two years after burning, respectively) are
shown in Fig. 1. Before wetting, the lowest water filled pore space
(WFPS) of 17.79% across treatments was observed in 2019 (data not
shown). After wetting, there were no significant treatment differences
in WFPS in each year, and the average numbers across treatments
were 70.9%, 70.2% and 69.4% in 2017, 2018 and 2019, respectively
(Fig. 1f).

There was a general warming effect on both DOC2.7 and DON2.7 con-
centrations in 2018 (p< 0.05), with an increase in DOC2.7 and DON2.7 at
control (1.5-fold and two-fold; p = 0.0768 and p = 0.0628, respec-
tively) and shrub-cut plots (two-fold and two-fold; p = 0.0299 and p
=0.0867, respectively), but not at burned plots (Fig. 1a and b). In addi-
tion, the burned plots had two-fold higher DOC2.7 and DON2.7 concen-
trations in 2019 than 2017 (p = 0.0424 and p = 0.0193, respectively;
Fig. 1a and b).

There was a significant effect of vegetation treatment on soil NO3
−-N

concentrations (p=0.013; Fig. 1c). Soil NO3
−-N concentrationswere on

average 14-fold and 18-fold higher at burned plots (VBO) compared to
control (CTO) and shrub-cut plots (VCO) in 2019 (p = 0.095 and p =
0.082, respectively), resulting in 44-fold and 20-fold higher concentra-
tions at these burned plots (VBO and VBX) in 2019 than 2017 (p =
0.0006 and p = 0.0286, respectively; Fig. 1c).

A significant effect of the vegetation treatment on soil NH4
+-N con-

centrations was observed in 2019 (p = 0.003), but not in prior years
(Fig. 1d). Soil NH4

+-N at burned plots (VBO) increased consistently
from0.01mgkg−1 in 2017 to 3.47mgkg−1 in 2019 (p<0.05), resulting
in four-fold higher numbers than control plots (CTO) in 2019 (p =
0.0139). Also, the burned plots with OTCs (VBX) had 1.8-fold higher
soil NH4

+-N concentrations in 2019 compared with 2017 (p < 0.001;
Fig. 1d). The warming increased soil NH4

+-N concentrations by 4.5-
fold and 6.3-fold at control and shrub-cut plots in 2018 (p = 0.0228
and p = 0.0065, respectively), but had no effect on soil NH4

+-N at
burned plots (Fig. 1d).

Soil PO4
3−-P significantly varied among vegetation treatments in

2019 (p= 0.0047), with five-fold and three-fold higher concentrations
at burned plots (VBO) than the other plots (CTO and VCO; p = 0.0054



Fig. 1. Effects of burning in combinationwith warming on soil (a) dissolved organic carbon (DOC2.7), (b) dissolved organic nitrogen (DON2.7), (c) nitrate (NO3
−-N), (d) ammonium (NH4

+-
N), (e) phosphate (PO4

3−-P) (mg kg−1dw) and (f) water filled pore space (post-wetting) in 2017, 2018 and 2019. Treatments: control andwarming (CTO and CTX), shrub destruction and
in combination with warming (VCO and VCX), burning and in combination with warming (VBO and VBX). Error bars are standard errors. Significant effects of vegetation and warming
treatments as well as their interactions in each year, and significant warming effects within each vegetation treatment are shown as §≤0.1, *p ≤ 0.05, and **p ≤ 0.01. Lowercase letters
indicate significant differences or trend towards significance (in italics) between vegetation treatments under non-warming conditions.
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and p = 0.0309, respectively; Fig. 1e). Soil PO4
3−-P at burned plots was

also increased by 4.8-fold and 4.4-fold under both non- and warming
conditions in 2019 compared to 2017 (p = 0.0108 and p = 0.0239, re-
spectively; Fig. 1e).

3.2. Greenhouse gas fluxes

3.2.1. Nitrous oxide
Nitrous oxide (N2O) production of soil cores from2017 (threeweeks

after burning) are shown in Table 1 and Fig. S6a. After wetting, the
warming treatment generally decreased N2O production across days
(p = 0.0086), which was particularly significant in soils from the plots
subjected to shrub cutting (68% decrease, p = 0.002; Table 1 and
Fig. S6a). Since OTCs were not deployed before soil sampling in 2017,
this warming effect can only be ascribed by the higher incubation tem-
perature. Soil N2O production was 33% lower in soils from burned plots
5

(VBO) than shrub-cut plots (VCO) afterwetting (p=0.001; Table 1 and
Fig. S6a). Therewere also similar tendencies for decreased rates (41%) in
burned soils (VBO) relative to control soils (CTO) throughout post-
wetting period (p = 0.0779; Table 1 and Fig. S6a).

The soil N2O production in 2018 (one year after burning) generally
showed low variation among the treatments across days after wetting
(Table 1 and Fig. S6b). In contrast to 2017, there were tendencies to-
wards higher rates in burned soils (VBO) compared with shrub-cut
soils (VCO; p = 0.0863; Table 1 and Fig. S6b).

The in vitro soil N2O production in 2019 (two years after burning)
varied among in situ vegetation treatments after wetting (p < 0.001),
with maximum rates observed in burned soils (Table 1 and Fig. S6c).
After wetting, there were about three-fold higher production rates ob-
served in burned soils (VBO) than in the other soils (VCO and CTO; p
< 0.05) across days (Table 1 and Fig. S6c). Under warming conditions,
the burned soils (VBX) also exhibited five-fold higher rates compared



Table 1
Mean soil nitrous oxide (N2O), carbon dioxide (CO2) and methane (CH4) production/uptake across days after wetting.

Variable Year Warming treatments Vegetation treatments Vegetation effect Warming effect

Control Shrub destruction Burning

Soil N2O production
(ng N2O-N g−1dw day−1)

2017 Non-warming 0.85 ± 0.17b 1.15 ± 0.18b 0.50 ± 0.12a * **
Warming 0.59 ± 0.12 0.37 ± 0.07⁎⁎ 0.43 ± 0.09

2018 Non-warming 0.84 ± 0.21ab 0.61 ± 0.21a 1.64 ± 0.49b

Warming 1.39 ± 0.40 0.67 ± 0.16 1.21 ± 0.36
2019 Non-warming 1.99 ± 0.56a 1.93 ± 0.56a 5.54 ± 1.09b ***

Warming 2.04 ± 0.32AB 0.64 ± 0.18A 3.33 ± 0.75B

Soil CO2 production
(μg CO2-C g−1dw h−1)

2017 Non-warming 1.79 ± 0.33 1.90 ± 0.27 1.24 ± 0.17 ** **
Warming 3.08 ± 0.51B⁎ 2.19 ± 0.34A 1.66 ± 0.25A

2018 Non-warming 1.93 ± 0.23 1.78 ± 0.21 2.76 ± 0.40 ***
Warming 4.65 ± 0.93B⁎ 3.41 ± 0.27B⁎ 2.43 ± 0.34A

2019 Non-warming 2.33 ± 0.22a 2.31 ± 0.27a 3.06 ± 0.10b ***
Warming 3.87 ± 0.26B⁎ 1.93 ± 0.17A 2.17 ± 0.20A

Soil CH4 uptake
(ng CH4-C g−1dw h−1)

2019 Non-warming −0.63 ± 0.15 −0.53 ± 0.13 −0.69 ± 0.08 ** *
Warming −1.19 ± 0.10B⁎ −0.67 ± 0.07A −0.61 ± 0.08A

Significant effects of vegetation andwarming treatments in each year, and significantwarming effects within each vegetation treatment are shown as *p ≤ 0.05, **p ≤ 0.01 and ***p ≤ 0.001.
Lowercase letters indicate significant differences or trend towards significance (in italics) between vegetation treatments under non-warming conditions. Uppercase letters indicate sig-
nificant differences or trend towards significance (in italics) between vegetation treatments under warming conditions. Warming effects on soil GHG production in 2017was only due to
higher incubation temperature.
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with shrub-cut soils (VCX) across days after wetting (p = 0.0305;
Table 1 and Fig. S6c).

3.2.2. Carbon dioxide
The in vitro soil CO2 production in 2017 was affected by both in situ

vegetation treatment (p = 0.0015) and incubation temperature (p =
0.0058) across days afterwetting, with peak activity observed in control
soils (CTX) and the lowest activity in burned soils (VBO; Table 1 and
Fig. S7a). The warming treatment (higher temperature) only enhanced
CO2 production in control soils (CTX) by 1.7-fold across days post wet-
ting (p = 0.0091; Table 1 and Fig. S7a). Hence, the respiratory CO2

loss in burned soils (VBX) was two-fold lower than that in control
soils (CTX) over the post-wetting period (p = 0.0021; Table 1 and
Fig. S7a).

In comparison with 2017, a wider range of soil CO2 production rates
was observed in 2018 from 1.44 to 5.13 μg CO2-C g−1 h−1, with the
highest rates in control soils (CTX; Table 1 and Fig. S7b). The warming
treatment increased post-wetting CO2 production across soils (p <
0.001), and this stimulation was particular apparent in control soils
(two-fold; p = 0.0042) and shrub-cut soils (two-fold; p = 0.0218;
Table 1 and Fig. S7b). Interacting effects between vegetation and
warming treatments over post-wetting period (p = 0.003) appeared
as 48% and 29% lower CO2 production rates in burned soils (VBX) than
the other soils (CTX and VCX) under warming conditions (p = 0.0042
and p = 0.0218, respectively; Table 1 and Fig. S7b).

In 2019, soil CO2 productionwas significantly enhanced as a result of
wetting (p < 0.001), and the control soils (CTX) revealed the highest
rates (Fig. S7c). The effects of vegetation treatment (p < 0.001) and in
combination with warming (p < 0.001) were also observed across
days after wetting (Table 1 and Fig. S7c). The burned soils (VBO) had
32% higher rates compared with the other soils (CTO and VCO; p =
0.0024 and p = 0.001, respectively; Table 1 and Fig. S7c). However,
this stimulatory fire effect was not apparent under warming conditions.
The control soils exhibited increased production rates by warming
(CTX; p < 0.001), leading to two-fold higher CO2 production than the
other soils (VCX and VBX; p < 0.001; Table 1 and Fig. S7c).

3.2.3. Methane
Methane in vitroflux rates in 2019 are shown in Fig. S8. Generally, all

samples exhibited net CH4 uptake that was decreased by 47% due to the
experimental wetting (p < 0.001; Table 1 and Fig. S8). The CH4 uptake
was two-fold higher in control soils (CTX) relative to the other soils
across days afterwetting (VCX andVBX; p=0.0003 and p=0.0013, re-
spectively; Table 1 and Fig. S8). This effect was primarily a consequence
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of increased CH4 uptake rates only in control soils under warming con-
ditions (p = 0.002; Table 1 and Fig. S8).

3.3. Cumulative greenhouse gas fluxes

The cumulative N2O production over 21 days after wetting showed
significant year-to-year variations across all treatments (p < 0.001),
with the highest production up to 101 ng N2O-N g−1 observed in
burned soils (VBO) in 2019 (Fig. 2a). The burned soils exhibited two-
fold higher cumulative production under non-warming conditions in
2019 than in 2018 (p = 0.0139), as well as four-fold and seven-fold
higher production under non-warming and warming conditions than
in 2017 (p < 0.001 and p = 0.0019, respectively; Fig. 2a). Similarly,
five-fold higher cumulative N2O production was observed at shrub-cut
soils under warming conditions in 2019 relative to 2017 (VCX; p =
0.0703; Fig. 2a). A significant vegetation treatment effect was also ob-
served in 2019 that was three-fold higher cumulative N2O production
in burned than the other soils (CTO and VCO; p = 0.10 and p = 0.097,
respectively), and three-fold higher in burned (VBX) than shrub-cut
soils (VCX) under warming conditions (p = 0.081; Fig. 2a).

The cumulative CO2 production generally varied among years across
all treatments (p=0.013), with 2.5-fold higher production observed in
burned soils (VBO) in 2019 relative to 2017 (p = 0.0135; Fig. 2b). In
2019, a significant effect of vegetation treatment was also observed (p
= 0.029), with two-fold higher production in control soils (CTX) than
the other soils (VCX and VBX; p = 0.016 and p = 0.032, respectively)
under warming condition (Fig. 2b).

There were no treatment effects on the cumulative CH4 uptake in
2019, but it is noteworthy that the control soils showed a tendency for
increased CH4 uptake as a result of warming (p = 0.073; Fig. 2c).

3.4. Potential denitrification activity

Potential denitrification activity (PDA) varied substantially among
soils, with peak rates of 35 ng N2O g−1 h−1 observed in burned soils
(VBO) in 2019 (Fig. 3a). There were 29-fold and 51-fold higher PDA ac-
tivities in 2018 and 2019 comparedwith 2017 in burned soils (VBO; p=
0.0081 and p=0.0008, respectively; Fig. 3a). Also, the PDA activities in
shrub-cut soils under warming conditions (VCX) increased 37-fold and
20-fold in 2018 and 2019, respectively, compared with 2017 (p =
0.0007 and p = 0.011, respectively; Fig. 3a). The PDA was affected by
the warming treatment in 2018 (p = 0.0296), although notably higher
activities were only observed in control soils (four-fold; p = 0.0364;
Fig. 3a). There were significant interacting effects between vegetation
and warming treatments in 2019 (p = 0.0143), with five-fold and 11-



Fig. 2. Effects of burning in combination with warming on soil cumulative (a) N2O (ng N2O-N g−1dw) and (b) CO2 (mg CO2-C g−1dw) production in 2017, 2018 and 2019, and (c) CH4

uptake (μg CH4-C g−1dw) in 2019 (no data for 2017 and 2018 due to lack of observations), over post-wetting 21 days. Treatments: control and warming (CTO and CTX), shrub
destruction and in combination with warming (VCO and VCX), burning and in combination with warming (VBO and VBX). Error bars are standard error. Significant effects of
vegetation and warming treatments as well as their interactions in each year, and significant warming effects within each vegetation treatment are shown as §≤0.1, *p ≤ 0.05 and **p ≤
0.01. Lowercase letters indicate significant differences or trend towards significance (in italics) between vegetation treatments under non-warming conditions. Uppercase letters
indicate significant differences or trend towards significance (in italics) between vegetation treatments under warming conditions. Warming effects on soil cumulative GHG
production in 2017 was only due to higher incubation temperature.
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fold higher PDA activities in burned (VBO) than the other soils (CTO and
VCO; p = 0.0978 and p = 0.0108, respectively), but only under non-
warming conditions. This could be due to the fact that warming de-
creased the PDA activities by 75% in burned soils (p = 0.0446; Fig. 3a).

3.5. Substrate induced respiration

Substrate induced respiration (SIR) showed significant year-to-year
variations (p < 0.001), and these variations were particularly apparent
in burned soils, where higher activities were observed in 2018 and
2019 relative to 2017 under both non- (p = 0.0047 and p = 0.0011,
Fig. 3. Effects of burning in combinationwithwarming on (a) potential denitrification activity (P
2017, 2018 and 2019. Treatments: control and warming (CTO and CTX), shrub destruction and
(VBO and VBX). Error bars are standard error. Significant effects of vegetation and warming tr
each vegetation treatment are shown as §≤0.1 and *p ≤ 0.05. Lowercase letters indicate signific
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respectively) and warming conditions (p=0.0032 and p=0.0183, re-
spectively; Fig. 3b).

3.6. Drivers of soil N2O production

To quantify direct and indirect properties by which the burning
treatment can affect soil N2O production (cumulative N2O production
over the entire post-wetting period), we used structural equation
model (SEM) and the following soil properties: NH4

+-N, NO3
−-N,

DOC2.7 and PDA across years and non-warming and warming treat-
ments, but separately for the vegetation treatments (Fig. 4). For the
DA; ngN2O g−1dwh−1) and (b) substrate induced respiration (SIR; μg CO2 g−1dwh−1) in
in combination with warming (VCO and VCX), burning and in combination with warming
eatments as well as their interactions in each year, and significant warming effects within
ant differences between vegetation treatments under non-warming conditions.



Fig. 4. Structural equation models for (a) control and (b) burned soils. Solid lines represent significant paths (p ≤ 0.05), and dashed lines represent non-significant paths (p > 0.05).
Numbers beside the lines are standardized path coefficients. NH4: NH4

+-N, NO3: NO3
−-N and N2O: cumulative N2O production over post-wetting 21 days. The R2 values beside the box

indicate the variance of response variable explained by the model.
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control soils (CTO and CTX), the model exhibited a good fit for observa-
tions (Fisher's C = 3.979, p = 0.137, AIC = 25.979), and revealed soil
NH4

+-N concentrations as the only driver explaining cumulative N2O
production (p = 0.001; Fig. 4a). For the burned soils (VBO and VBX),
there was also a close fit between the observations and proposed
model (Fisher's C=2.056, p=0.725, AIC=28.056; Fig. 4b). The cumu-
lative N2O production were positively correlated with soil NH4

+-N (p=
0.0467), and to similar extent with NO3

−-N (p = 0.0308) as well as
DOC2.7 concentrations (p = 0.0225; Fig. 4b). In addition, higher soil
NH4

+-N concentrations indirectly increased cumulative N2O production
by increasing NO3

−-N concentrations (p = 0.0002; Fig. 4b). For both
control and burned soils, potential denitrifying activities (PDA) in-
creasedwith increasingNO3

−-N concentrations (p< 0.05) and also indi-
rectly with increasing NH4

+-N via increasing NO3
−-N concentrations

(Fig. 4a and b). Due to bad fit for observations, a SEM for shrub-cut
soils (VCO and VCX) could not be realized.

According to the linear regression analysis, cumulative N2O produc-
tion across warming treatments and years was significantly correlated
with PDA in burned soils (R2 = 0.347, p < 0.001) but not in the other
soils (Fig. S9). There was also a significant correlation between cumula-
tive CO2 production and DOC2.7 across treatments and years (R2= 0.52,
p < 0.001; Fig. S10).

4. Discussion

4.1. Changes in soil nutrients

There were higher concentrations of NH4
+-N, NO3

−-N and PO4
3−-P in

burned than control soils in 2019 (two years after burning; Fig. 1). In a
boreal forest, Kulmala et al. (2014) observed that theNH4

+-N concentra-
tions increased to about 250 mg kg−1 in the humus layer and NO3

−-N
concentrations increased to about 1.5 mg kg−1 in the mineral layer
two years after the burning. The magnitude of increases in NH4

+-N con-
centrations (30-fold) was much higher than that in our study (four-
fold), likely due to higher amount of burnt vegetation biomass and
soil organic matter in that forest ecosystem. The uptake of nutrients
remained low due to the complete absence or a small biomass of vege-
tation, leading to the nutrient pulses in burned soils (Karhu et al., 2015).
However, this could not to be the case in our study, as no significantly
increases in soil nutrients were observed in soils subject to only shrub
cutting (Fig. 1). Accordingly, the nutrient release from pyrogenic or-
ganic matter and ashes was the likely cause of higher nutrients in
burned soils (Knicker et al., 1996; Certini, 2005). In addition, changes
in nutrient availabilitymay be due to changes in themicrobial processes
related to C, N and P cycles. Other studies have shown that the sum of
8

NH4
+ and NO3

− were significantly increased one year after fire in a
larch forest in the northeastern Siberian Arctic, which was likely attrib-
uted to reduced immobilization rates as opposed to an increase in gross
production rates (Ludwig et al., 2018). Regardless of vegetation types,
the nutrient increases ranging from days to two years after the experi-
mental or wild fire were also reported in the literature (Kulmala et al.,
2014; Karhu et al., 2015; Dannenmann et al., 2018) and the magnitude
of increases was found to depend on the intensity of fires (Kennard and
Gholz, 2001; Ludwig et al., 2018). In our study, soil temperature peaked
at 60 °C during burning and then dropped quickly (Fig. S4), indicating
that the fire was of low intensity and little heat was transferred
downward in the soil (Badía et al., 2017). Hence, this minimized the
direct effect of heat on microbial growth and soil properties
(Gutknecht et al., 2010; Pingree and Kobziar, 2019), and no changes
were observed immediately (three weeks) after burning. However,
this needs to be interpreted with caution, as soil nutrient analysis in
this work was only based one sampling each year and soil nutrient con-
centrations that we know are very dynamic, which could thus mask
treatment differences. Soil nutrients can also be influenced by sample
handling from the field sampling to extractions. The soil freezing
followed by thawing can lyse microbial cells and result in C and N
releases (Grogan et al., 2004), which could also be associated with a
stimulation of soil GHG emissions (Mørkved et al., 2006). Consequently,
the absolute concentrations of NO3

−-N andDOC2.7may be higher than in
August during sampling.

4.2. Soil nitrous oxide production

Generally N2O production was low in accordance with previous
studies in Arctic dry tundra soils, where a combination of environmental
factors contribute to keeping N2O fluxes low: good soil drainage, low
temperature and low nutrient status (Elberling et al., 2010; Chen
et al., 2014; Voigt et al., 2017; Voigt et al., 2020). Under ambient rela-
tively low soil moisture, we observed no significant treatment effects
on N2O production, which is in accordance with in situ measurements
throughout three growing seasons at the same experimental site (un-
published data). However, under moist conditions N2O production
rates in burned soils exceeded that in control soils in 2019 (Table 1
and Fig. S6c), which indicates that fire effects on soil N2O productions
in this tundra ecosystem were most likely event-driven e.g., after
heavy rainfall. This is consistent with Castaldi et al. (2010) who ob-
served significant fire effects on soil N2O fluxes eight months post fire
in a tropical grasslands only after simulated rain events that could kick
start denitrification and an associated release of N2O. The production
of N2O in soils is primarily driven by microbial processes such as
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nitrification and denitrification (Braker and Conrad, 2011), and soil
water regulates oxygen availability to soil microbes and thus controls
whether nitrification or denitrification dominate within the soil
(Inclán et al., 2010; Ussiri and Lal, 2013).

Although increased water content in burned soils has enabled
greater N2O production, other mechanisms must have been in play.
The availability of NO3

− and NO2
− are the key substrates for denitrifica-

tion and N2O production in soils (Butterbach-Bahl et al., 2013). In this
study, N2O production in unburned soils remained unchanged under
moist conditions, probably as a result of the low NO3

−-N concentrations.
However, concentrations of NH4

+-N and NO3
−-N had increased two

years after fire (on average 4-fold and 12-fold, respectively; Fig. 1c
and d) and these increases supposedly have eased N limitation on N2O
production in burned soils (Table 1). In line with this, the structural
equation model suggests that NO3

− and DOC2.7 concentrations were di-
rect drivers of cumulative N2O production from burned soils (Fig. 4b).
Growth and activity of denitrifiers are regulated by the availability of
these two substrates (Marushchak et al., 2011), which indicates
denitrification-associated N2O production to be the cause of the N2O in-
crease. This is also evidenced by the tendency for increased potential de-
nitrification activities (PDA) in burned soils in 2019 combined with the
fact that PDAwas correlatedwith cumulative N2O production in burned
soils (Figs. 3a and S9). The increase in PDA can be attributed to changes
in denitrifier abundance and/or community composition (Attard et al.,
2011). Post-fire shifts in the soil microbial communities have been ob-
served nine months post fire in a grassland (Yang et al., 2019), and it
can be speculated if a similar mechanisms can explain the longer-term
changes in PDA in current study. However, PDA was excluded as a key
driver for N2O production in the structural equation model (Fig. 4b)
due to lack of correlation, emphasizing the importance of other
predictors.

The positive direct effect of NH4
+-N concentrations on cumulative

N2O production points at nitrification to be a noteworthy source of
N2O in this study (Fierro and Castaldi, 2011). However, we suggest
that this is unlikely because N2O production was low in these soils be-
forewettingwhen soilwater content favored soil aeration andhence ni-
trification (ca. 17.8% WFPS). In addition, the soils reached maximum
water holding capacity (ca. 70%WFPS) afterwetting, whenN2Oproduc-
tion via nitrification is inhibited due to restricted O2 diffusion (Ma et al.,
2007; Zhu et al., 2013). For example, Bateman and Baggs (2005) found
that N2O emitted from arable soils at 70%WFPSwas produced via deni-
trification. Consequently, this positive direct effect of NH4

+-N concentra-
tions on N2O production in the current soils could be explained by
increased N2O production via nitrifier denitrification at O2 restricted
conditions resulting from high soil NH4

+-N availability (Kool et al.,
2011; Wrage-Mönnig et al., 2018). Nitrifier denitrification has been
shown as the dominantN2O producing process occurring in someArctic
tundra soils (Ma et al., 2007; Siciliano et al., 2009; Gil et al., 2017).

Moreover, the strong indirect effect of NH4
+-N on N2O production

throughNO3
−-N indicates that nitrification is needed prior to denitrifica-

tion, which can lead to N2O production. In other words, after a fire, it
needs one to two dry summers to kick start mineralization and nitrifica-
tion, and only after a certain time, denitrification becomes important.
This is particularly the case in August 2019 when soil NO3

−-N tends to
accumulate, possibly due to the lack of rain which potentially could
have leached NO3

−-N out of the top soil layers, or due to reduced plant
uptake. Hence, the sampling time and actual summer conditions (after
two years) become important for assessing fire effects on soil N2O
emissions.

4.3. Soil respiration

We observed no burning effects on soil CO2 production neither im-
mediately (three weeks) nor one year after the fire, which to some ex-
tent is consistent with Fontúrbel et al. (2012) who also reported no
changes in soil respiration immediately (one day and 90 days) after an
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experimental fire in a Galicia shrub-land. However, under moist condi-
tions, the burned soils exhibited significantly higher CO2 production
than control soils two years post fire, pointing at a lagged fire effect in
this Arctic dry heath. Previous incubation studies have demonstrated
that the post-fire changes in soil water content, soluble C and nutrient
availability stimulated soil respiration in the time span ranging from
days to a few years after fire (Andersson et al., 2004; De Marco et al.,
2005; Badía et al., 2014; Ribeiro-Kumara et al., 2020). In the present
study, the increases in soil respiration two years post fire may have
been due to higher concentrations of DOC2.7 (p = 0.1103; Fig. 1a), as
supported by significant and positive correlation between DOC2.7 and
cumulative CO2 production (Fig. S10). Furthermore, the increased N
and P availability could have also contributed to the increases in soil res-
piration (Fig. 1c–e), as this ecosystem was generally N and P limited
(Illeris et al., 2003; Christiansen et al., 2012). These altogether alleviate
the limitations of labile C, N and P onmicrobial activities and growth. In
contrast, the lack of burning effects under dry conditions may result
from restricted DOC and nutrients diffusion and availability, and thus
slower consumption of substrates (Sjögersten et al., 2006; Jenerette
et al., 2008; Castaldi et al., 2010; Blazewicz et al., 2014).

The rate of CO2 production was increased by the moderate increase
in temperature (2.5 °C), but only in control soils, and not in burned soils
(Fig. 3). This apparently reduced temperature response in burned soils
contrasts with a warming study (with OTCs) conducted in an Alaskan
boreal forest, where soil respiration increased by 20% with a 0.4–0.9 °C
temperature increase in a recently burned area (Bergner et al., 2004).
However, at the same site, seven years after fire with continuous OTCs
treatment, soil respiration in burned areas did not respond to tempera-
ture (Allison et al., 2010b), in consistent with our observations two
years after the fire. It is possible that warming can result in soil drying
that constrains microbial activities and thus reduce soil respiration, as
observed by Seo et al. (2015). In the current study, however, soil
water content of burned soils (before wetting) was neither affected by
warming treatment (Fig. S5a), nor significantly correlated with soil
CO2 production. Consequently, soil respiration responses to warming
in burned soils were not limited by current moisture, and hence other
explanations for the lack of response to warming should be considered.
Substrate quantity and quality can play a critical role in controlling the
responses of soil respiration to temperature (Hartley and Ineson,
2008). The decomposition of recalcitrant soil organic matter may be
less temperature sensitive than labile soil organic matter (Liski et al.,
1999; Giardina and Ryan, 2000). Fire combusts aboveground biomass
and litter reducing freshorganicmatter inputs to the soil, and also trans-
form remaining fresh organicmaterials intomore recalcitrant pyrogenic
forms that are largely resistant to microbial decomposition (Knicker
et al., 2006; Knicker, 2007). In our study, there was a net C loss of
−1867.7 g C m−2 relative to control plots three weeks after burning,
with vegetation accounting for the primary loss of C (−1304.9 g C
m−2) (data not shown). This fire-induced bulky loss of decomposable
C could explain the lack of warming response in post-fire soils. A recent
study also observed that the immediate C losses during fires
corresponded to soil CO2 effluxes for several years in a subarctic boreal
forest (Koster et al., 2017). In addition, we observed no significant fire
effects under either no-warming or warming conditions on soil respira-
tion after addition of sufficient labile C substrates (SIR; Fig. 3b), indicat-
ing that fire effects on soil respiratory temperature response may be
eased out under conditions of high C availability. Together, these results
suggest that reductions in C quantity and quality due to fire result in an
apparent lack of soil respiratory temperature response. This seems con-
sistent with Koster et al. (2018) showing that higher soil temperatures
in a recently burned Siberian boreal forest on continuous permafrost
did not result in higher CO2 emissions, which the authors explained
with the loss of the top soil organic layer during the fire. However, our
investigation reflected soil conditions only in August and may not be
representative for the entire growing season during which soil water
chemistry (e.g., DOC2.7) may fluctuate markedly (Rasmussen et al.,
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2020). Thus, we cannot exclude the possibility of positive temperature
responses at burned soils at other times during the growing season.

The temperature control on soil respiration has been proved to be
more sensitive in cooler climates (in particular the Arctic) than in
warmer climates, and this temperature sensitivity can be regulated by
themicrobial community responses (Karhu et al., 2014). Previous stud-
ies have pointed out that fire played an important role in structuring
and altering microbial communities (Hart et al., 2005; Docherty et al.,
2012). For example, Yang et al. (2019) found that fire altered taxonomic
composition of bacterial communities and also decreased the relative
abundances of most functional genes associated with C decomposition
nine months after an experimental fire in a grassland. Hence, burning-
induced changes in the composition of microbial community
constitutes an alternative explanation for decreased temperature
response. This is consistent with several other studies indicating that
the decreases in temperature sensitivity after experimental or wild
fires may be related to acclimation of soil respiration to warming,
possibly resulting from reduced respiratory capacity or/other adjust-
ments of microbial physiology, and shifts in the composition of
microbial community (Allison et al., 2010a; Jia et al., 2012; Holden
et al., 2016).

4.4. Soil methane uptake

The soils in this study exhibited a net CH4 uptake, as also observed in
previous in situ measurements (unpublished data). In general, CH4 up-
take rates were significantly decreased under moist conditions
(Fig. S8), likely due to lower diffusivity and therefore decreased O2

and CH4 availability (D'Imperio et al., 2017; St Pierre et al., 2019).
There were no treatment effects on CH4 uptake rates under non-
warming conditions, while under warming conditions, the control
soils showed significantly increased CH4 uptake, resulting in higher
rates compared with shrub-cut and burned soils (Table 1). Methane
consumption occurs in soils through oxidation by methanotrophs that
are highly temperature sensitive (Conrad, 2007; St Pierre et al., 2019).
However, the lack of temperature responses in burned soils suggest
that other factors may have constrained CH4 oxidation. The burning
treatment may have decreased soil macro-pore volume and thus the
diffusion of CH4 into the soil due to settling of ash and clay minerals
into spaces left void by organic matter and fine roots (Kennard and
Gholz, 2001). Also, fire-induced changes in methanotrophic communi-
ties have been reported (Kulmala et al., 2014; Sun et al., 2016), and a re-
duction in soil CH4 oxidation capacity could also help explain the lack of
temperature response (Inclán et al., 2010).

Meanwhile, soil CH4 oxidation was neither affected by temperature
in the plots where the shrubs had been cut down. Considering the sim-
ilarity in CH4 oxidation between burned and shrub-cut soils, the lack of
temperature responses may not primarily be due to direct fire effects
(as discussed above). This altogether suggest that removal of vegetation
(indirect fire effects through vegetation destruction) can exert a key
control on soil CH4 uptake, whichmaymask effects of temperature fluc-
tuations. For example, Morishita et al. (2005) reported reduced CH4 up-
take in a forest soil after clear-cutting despite an increase in soil
temperature, and they suggested that the decrease in CH4 uptake was
caused by inhibition of CH4 diffusion into the soil that exceeded the in-
crease in CH4 uptake resulting from temperature stimulated
methanotrophic activity. Reduced diffusion can be explained by altered
soil structure and fewer root channels (Morishita et al., 2005; Inclán
et al., 2010), but we have no evidence to support this occurred in the
current study. Alternatively, the effect of vegetation removal may be as-
sociated with the destruction of a depot for aerobic methanotrophic
bacteria which find favorable habitats in the underground parts of
plants for growth and reproduction due to O2 entering the roots (Abell
et al., 2009; Rainer et al., 2020). This can contribute to the decrease of
CH4 oxidation and thus explains no stimulation of CH4 uptake by
temperature.
10
5. Conclusions

To the best of our knowledge, this is the first study to investigate the
effects of experimental fire in combination with warming on soil GHG
fluxes in the Arctic tundra soils. Based on in vitro incubations, we con-
clude that fire of low intensity had no effects on short-term soil nutri-
ents and GHG fluxes measured three weeks and one year after
experimental fire. However, after two years, we observed significant in-
creases in soil NO3

−-N, NH4
+-N and PO4

3−-P concentrations as well as soil
N2O and CO2 production rates. These stimulation effects on GHG pro-
duction appeared only when soils reachedmaximumwater holding ca-
pacity in contrast to the drier in situ soil conditions prevalent when
sampling took place late in the growing seasons. This may explain
why previous studies have reached different conclusions and that rain
events may have surprising complex interactions with fire several
years after wildfire events. Soil NO3

−-N, NH4
+-N and DOC2.7 availability

were important predictors for N2O production in burned soils, indicat-
ing denitrification and nitrifier-denitrification as the main microbial
sources of N2O. Fireweakened temperature responses in soil respiration
one and two years after fire, and in CH4 oxidation two years after fire.
Moreover, a lack of temperature response in CH4 uptake was also ob-
served when shrubs were destructed mechanically without fire. This
suggests that presence of live shrub vegetation exerts a proximal control
on temperature response of tundra soil CH4 oxidation. Thus, our results
point to the fact that post-fire conditions might enhance tundra soil
greenhouse gas emissions, but these effects can be masked under dry
conditions. Meanwhile, there are many other factors (e.g., the lengthen-
ing of the growing season, wetting-drying, freeze-thaw cycles, changes
in horizontal wind speed, and temperature dynamics during the year)
significantly affecting studied GHG exchange and production/uptake
processes in the soil. These altogether clearly stress the need to further
assess fire effects on in situ soil C-and N-cycle processes with frequent
observations to encounter episodic events.
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