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A B S T R A C T

The frequency and intensity of wildfires in the Arctic has been increasing due to climate change. However, little 
is known about the effects of fire intensity on carbon dioxide (CO2) exchange in arctic tundra ecosystems. To 
investigate this, we conducted an experimental fire with different burn intensities (low intensity, high intensity, 
and unburned control) and measured surface daytime CO2 fluxes over four growing seasons in a dry heath tundra 
in West Greenland. We found that post-fire soil temperatures and moisture increased with increasing fire in-
tensity, by up to 2.2 ◦C and 18 vol%, respectively. Fire had no effects on soil microbial biomass independent of 
intensity. The high-intensity fire increased soil nitrate concentrations only immediately after the fire. The 
ecosystem shifted from a net CO2 sink to a net CO2 source immediately after the fire, due to the reduced gross 
ecosystem production. One year after the fire, the low-intensity burned plots became a net CO2 sink, while the 
high-intensity burned plots remained a net CO2 source throughout the study period. This suggests that the time 
needed for the ecosystem to become a net CO2 sink increases with fire intensity. Fire intensity had no effect on 
soil respiration, but the high-intensity fire significantly reduced ecosystem respiration (ER) rates one and three 
years after the fire. This suggests that decreased ER was mainly driven by the reduced aboveground plant 
respiration. Over four growing seasons after the high-intensity fire, cumulated post-fire C losses exceeded the C 
losses during the fire. Thus, it is essential to consider the long-term C losses following fire to improve under-
standing of wildfire impacts on arctic tundra C dynamics. Overall, this study highlights that high-intensity fires 
prolong the duration of burned areas as a net CO2 source, leading to increased post-fire CO2 emissions, when 
compared to low-intensity fires.

1. Introduction

In the Arctic, air temperature has increased by 0.75 ◦C during the 
past decade, far outpacing the global average (Post et al., 2019). During 
this period, due to particularly drier and warmer summers, the fre-
quency and intensity of wildfire has also increased in the arctic tundra 
regions (Lewis et al., 2019; McCarty et al., 2020), such as Alaska, Siberia 
and Greenland (Rocha and Shaver, 2011a; Hu et al., 2015; Evangeliou 
et al., 2019; Talucci et al., 2022). Wildfires can start with a lightning 
strike or a human-made spark. The spread and duration of fire are 
regulated by many factors, such as fuel availability, wind speed and 
moisture (Pereira et al., 2018). Fires in the arctic dry tundra are usually 
fast-moving, with limited downward heat transfer, due to low above-
ground biomass and windy conditions (Walker et al., 2020; Hermesdorf 
et al., 2022).

The arctic region is a globally important C storage; accounting for 
approximately 50 % of the global soil C, due to low decomposition rates 
under cold and poorly-drained conditions (Hugelius et al., 2014; Schuur 
et al., 2018). Tundra fires have profound consequences for ecosystem 
biogeochemical cycles (Knicker, 2007; Bowman et al., 2009), through 
the combustion of plant biomass and soil organic matter (SOM), and the 
changes in physical, chemical and biological soil environment condi-
tions (Mack et al., 2011; Bret-Harte et al., 2013; Ludwig et al., 2018). 
Hence, increasing occurrence and extent of wildfires with climate 
change in the Arctic can cause substantial C losses to the atmosphere, 
significantly altering the global C budget, and leading to a positive 
climate feedback.

Fire intensity represents the energy released during different phases 
of a fire. Various metrics, including reaction intensity, fireline intensity, 
temperature, heating duration, heat load, and radiant energy, serve 
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distinct purposes in quantifying this phenomenon (Keeley, 2009). Fire 
intensity affects the amount of vegetation and SOM consumed by fire 
and thus the magnitude of changes in soil microclimate, soil nutrient 
availability, and carbon dioxide (CO2) fluxes following fire (McCarty 
et al., 2021). Soil temperatures can increase with increasing fire in-
tensity due to larger losses of insulating layers of vegetation and SOM, 
and reductions in surface albedo arising from the darker surface 
(Kennard and Gholz, 2001; Certini, 2005). In the permafrost-affected 
region, fire-induced increases in soil temperatures may lead to thaw-
ing of previously frozen soil horizons and thereby destabilize deeper 
storages of soil C and N (Brown et al., 2015; Ribeiro-Kumara et al., 
2020). Pyrogenic C (char) is formed when organic matter, such as plant 
material, is exposed to high temperatures during a fire, but the com-
bustion process is not complete. The extent of char formation is often 
dependent on the fire intensity, with higher-intensity fires typically 
producing more char. Fire may elevate soil moisture content by 
enhancing soil water retention due to the incorporation and infiltration 
of char/ash into soils (Stoof et al., 2010; Potter and Hugny, 2020), or by 
ceasing the evapotranspiration due to the loss of vegetation 
(Montes-Helu et al., 2009). Soil nutrient availability post fire can in-
crease with increasing fire intensity due to the increasing amount of 
char/ash produced by fire and consequently the release of more nutri-
ents, and greater microbial mineralization activities at higher soil tem-
peratures (Kennard and Gholz, 2001; Pereira et al., 2012).

Due to increasing vegetation mortality and reductions in above-
ground or root biomass, plant photosynthetic activity and respiration 
decreases and net ecosystem CO2 emission increases with increasing fire 
intensity, which turns the ecosystem into a bigger net CO2 source (Kelly 
et al., 2021). Thus, the time needed for vegetation to recover and eco-
systems to turn from a net CO2 source into a net CO2 sink following fire 
depends largely on fire intensity (Hermesdorf et al., 2022). Soil respi-
ration includes the CO2 released by soil microorganisms (heterotrophic 
respiration) and plant roots (autotrophic respiration) within the soil. 
Ecosystem respiration accounts for all CO2 emissions from various 
ecosystem components, extending beyond the soil to include above-
ground plant biomass within the ecosystem. Fire can stimulate soil mi-
crobial respiration through increasing soil temperatures and nutrient 
availability (Certini, 2005; Dooley and Treseder, 2012; Abdalla et al., 
2016). On the other hand, microbial respiration may decline after fire, 
particularly after a high-intensity fire, due to the reductions in soil C 
quantity and quality and shifts in the size, composition and activity of 
microbial community (Day et al., 2019; Adkins et al., 2020). Fire in-
tensity can exert a direct influence on plant roots by exposing them to 
thermal stress. High-intensity fires can inflict damage or mortality on 
plant roots, subsequently reducing autotrophic respiration rates (Zhou 
et al., 2023). The pyrogenic C has highly recalcitrant chemical structures 
and is largely resistant to microbial decomposition, and can act as a 
long-term C sink, potentially sequestering C and reducing CO2 emissions 
(Knicker, 2007). A growing number of studies have been investigating 
the effects of fire intensity on soil CO2 fluxes in boreal forest ecosystems 
(Morishita et al., 2014; Koster et al., 2018; Ludwig et al., 2018; Kelly 
et al., 2021), but still little is known about effects of fire intensity in 
arctic tundra ecosystems. Moreover, most studies have focused on CO2 
effluxes from soils post fire, not considering effects of recovering vege-
tation and changes in CO2 fluxes associated with above-ground plants, 
and thus fire impacts on whole ecosystem CO2 exchange are even 
sparser.

In this study, we conducted an experimental fire with three in-
tensities (i.e., low intensity, high intensity and unburned control) in a 
dry heath tundra ecosystem in West Greenland. We assessed the impacts 
of fire intensity on soil microclimate, soil nutrient availability and 
ecosystem CO2 exchange over four growing seasons after the fire. Thus, 
the underlining hypotheses are that (I) post-fire soil temperatures and 
moisture as well as soil nutrient availability increase with increasing fire 
intensity due to increasing char/ash deposition; (II) the time needed for 
the burned ecosystem to turn into a net CO2 sink increases with 

increasing fire intensity due to more vegetation removal; and (III) 
ecosystem respiration declines with increasing fire intensity due to 
decreasing soil microbial and plant respiration.

2. Material and methods

2.1. Site description

The study is located at Blæsedalen Valley (69◦16́N, 53◦27́W), on the 
south of Disko Island, West Greenland. This valley is in the transition 
zone between the Low and High Arctic and has a typical Low Arctic 
climate (Borggaard and Elberling, 2007). Based on meteorological data 
(1991–2017) from the nearby Arctic station, the annual mean air tem-
perature was -3 ± 1.8 ◦C, with monthly mean temperature ranging from 
8 ◦C in July to -14 ◦C in March. The annual mean precipitation 
(1991–2017) was 418 ± 131 mm, of which 34 % was snowfall. The area 
is within a discontinuous permafrost zone and the maximum active layer 
is estimated to be more than 3 m deep. The mineral soil with basaltic 
rock fragments in the study area is covered by a thin organic layer (ca. 5 
cm). The annual mean soil temperature at 5 cm depth is − 1.9 ◦C and 
frozen soil conditions prevail from October to late May (D’Imperio et al., 
2018). The vegetation is typical for a dry heath tundra, dominated by 
low shrubs (height < 10 cm) of deciduous (dwarf birch (Betula nana L.), 
cowberry (Vaccinium uliginosum L.), and gray willow (Salix glauca L.)) 
and evergreen (Arctic bell-heather (Cassiope tetragona (L.) D.Don)) 
shrubs, with a mixture of lichens (Cetraria islandica (L.) Ach. and Ster-
eocaulon paschale spp.) and mosses (Tomentypnum nitens (Hedw.) Loeske 
and Aulacomnium turgidum (Wahlenb.) Schwägr.) covering the ground.

2.2. Experimental setup and design

In July 2019, the study site was established on a gentle northeast 
facing slope (5.7◦ inclination). The experimental design includes three 
treatments (plot size 2 × 2 m), i.e. Control (C), low-intensity fire (L), and 
high-intensity fire (H), randomly organized in five replicate blocks 
(block size 2 × 6 m) (Fig. 1). The choice of this design reflects a 
compromise between resource constraints and logistical feasibility, in 
line with similar approaches in numerous other studies conducted in 
comparable environments (Virkkala et al., 2018). The experimental fire 
was made on July 30th, 2019. The low-intensity fire was achieved by 
using a butane-gas burner deployed for 5 min per plot, while the 
high-intensity fire was deployed over 20 min per plot. The 5 or 20 min 
were chosen after a test burning in an adjacent dry heath area to mimic 
the duration of natural fires in that area (Xu et al., 2021, 2022a). After 
20 min of fire aboveground vegetation biomass was completely burned 
away (high-intensity) whereas after 5 min (low-intensity) the burn 
pattern was more heterogeneous leaving unburned or scorched patches 
of cryptogams and some stems of shrubs yet without green leaves. A heat 
load index (i.e., the accumulated depth-specific temperature values 
recorded at 1-min intervals during 40 min from the onset of the fire) was 
calculated to indicate the duration of heating by a fire, which depended 
on the quantity of fuel consumed (Burrows, 1999). The low-intensity fire 
had a heat load of 285 ◦C minutes at the top 0–2 cm soil (maximum 
temperature of 357 ◦C) and 168 ◦C minutes at 5 cm soil depth (maximum 
temperature of 18 ◦C). For the high-intensity fire, the heat load was 505 
◦C minutes at the top 0–2 cm soil (maximum temperature of 396 ◦C) and 
214 ◦C minutes at 5 cm soil depth (maximum temperature of 204 ◦C). In 
this study, soil temperatures and heat load were the two primary metrics 
for quantifying fire intensities during these two burning durations.

2.3. Carbon dioxide flux measurement

Two weeks prior to the fire, stainless steel collars (21 × 21 × 10 cm) 
were installed to 5 cm soil depth at each plot. Collars were mounted in 
the central part of the plot, or at least 0.5 m from the plot boundary if 
conditions allowed due to the occurrence of larger stones (Fig. 1). 
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Surface daytime CO2 flux was measured using the static chamber tech-
nique (Denmead, 2008). The plexiglass chambers (21 × 21 × 19.5 cm) 
were mounted in the collars, and water was added to the grooves atop 
the collars to establish a gas-tight seal between chamber enclosure and 
the outside atmosphere. The measurements of daytime CO2 fluxes were 
conducted five times in 2019 (from August 1st to September 6th), seven 
times in 2020 (from June 23rd to August 22nd), and twice in both 2021 
(July 1st and August 20th) and 2022 (July 28th and August 13th). Each 
plot was measured twice by using a CO2 infrared gas analyzer (EGM-5, 
PP System, Amesbury, USA). The first measurement was taken under 
light conditions with a transparent chamber to establish net ecosystem 
exchange (NEE). The second measurement was conducted under dark 
conditions with a chamber covered by a black cloth to establish 
ecosystem respiration (ER). The ecosystem respiration data suggested a 
probable increase in soil respiration (SR) following the fire. Therefore, 
we conducted measurements of SR to examine the changes in soil 
respiration after the fire. The measurements of SR were conducted three 
times (August 20th, 2021, July 28th and August 13th, 2022). Soil 
respiration was measured in each plot by using a soil respiration 
chamber (SRC-2) connected to the EGM-5 analyzer. The SRC-2 fits to soil 
collars made of PVC cylinders (10 cm diameter and 7 cm height) and 
pushed 5 cm into the soil. The cylinders were pre-installed at locations 
adjacent to the metal collars, ensuring there was no aboveground 
vegetation within the 10-cm ring. All the gas measurements were taken 
between 11:00 and 14:00 to reduce diurnal variations of fluxes.

For all measurements (NEE, ER, SR) the changes in CO2 concentra-
tions inside the flux chamber were analyzed and logged at a 1 s sampling 
frequency for 5 min. Because our chamber measurement data showed a 
stronger fit with linear regression better (higher R2) than non-linear 
regression models, we calculated CO2 fluxes by fitting a linear regres-
sion (p < 0.05, R2 > 0.9) to changes in CO2 concentrations over time. 
Gross ecosystem production (GEP) was calculated by subtracting ER 
from NEE rates. Given that NEE was not significantly correlated with soil 
temperatures, and other data (e.g. time series aboveground biomass) 
were missing for model stimulation/upscaling, the post-fire C losses 
were calculated as the sum of the seasonal-integrated CO2–C fluxes from 
2019 to 2022. The seasonal-integrated CO2–C fluxes (from June to early 
September) were estimated as the sum of the CO2–C fluxes integrated 
over the number of days between two consecutive campaigns 
(D’Imperio et al., 2017; St Pierre et al., 2019). To estimate C losses 
during fire, the aboveground biomass and litter were collected at the 
nearby area, then air-dried, and shipped to the laboratory in Copenha-
gen. The C losses during the high-intensity fire were estimated as the C 
losses of the aboveground biomass and litter after the three thermal 

conversion processes, i.e. torrefaction (250 ◦C, anoxic atmosphere), 
pyrolysis (550 ◦C, anoxic atmosphere), and combustion (550 ◦C, 
ambient atmosphere). This is assumed to be representative for thermal 
and oxygen conditions during an arctic wildfire when vegetation 
biomass has been completely burned away (Pluchon et al., 2015; Safdari 
et al., 2018).

Along with gas flux measurements, soil temperature and soil mois-
ture were manually recorded in triplicates within each plot next to the 
collar. Soil temperature and soil volumetric moisture (%vol) at 5 cm 
depth were measured with a HI93503 (Hanna Instruments, Woonsocket, 
RI, USA) and a ML2X Theta Probe coupled to a HH2 Moisture Meter 
(Delta-T Devices, Cambridge, UK), respectively. The albedo and 
normalized difference vegetation index (NDVI) was measured in tripli-
cates one meter above the surface within each plot by using an albedo 
(ISM 400 Solar Power Meter, RS Components, Copenhagen, DK) and a 
SKR 10 sensor (Skye instruments, Powys, UK), respectively.

2.4. Soil temperature and soil moisture

Soil temperatures at 0–2 cm and 5 cm depths during the burning 
process were measured in three of five blocks, using a RS-PRO 1384 
datalogger with Type K Thermocouples (RS Components, Copenhagen, 
DK). Long-term soil temperature and moisture TOMST loggers (TMS-4, 
TOMST, Prague, Czech Republic) were installed on July 30th, 2019. The 
loggers measured and recorded soil temperatures and moisture at 6 cm 
soil depth at 15 min intervals.

2.5. Soil sampling and analysis

On July 31st, 2019, August 5th, 2020 and July 29th, 2022, 2 or 3 
replicate soil samples per plot were collected in the top 0–5 cm soil by 
using a 20-mm-diameter auger. The exact number of samples varied 
according to the occurrence of stones in the plots. The replicate samples 
were subsequently mixed thoroughly into one composite sample. Coarse 
roots and stones were removed by hand, and soil moisture was calcu-
lated from oven drying weight loss (65 ⁰C, 48 h). For total C and N an-
alyses, 20–30 mg of oven dried and finely ground soil was placed in tin 
cups, folded and analyzed by elemental analysis (CE1110, Thermo 
Electron, Milan, Italy). Soil extractions were made by suspending field 
moist soil in deionized water (10 g soil; 50 mL water), shaking for 1 hour 
at room temperature and then filtrated through 2.7 µm membrane filter 
(Whatman GF/D). To quantify soil microbial biomass C (MBC) and N 
(MBN), the soil was fumigated by vacuum incubation using chloroform 
(CHCl3) for one day before extraction. Filtrates were kept frozen until 

Fig. 1. A map of Greenland (a). The location of study site is indicated by a red dot. Experimental design overview of the tundra fire experiment in Blæsedalen, Disko 
Island, West Greenland (b). A picture of the control (C), low-intensity (L) and high-intensity (H) burned plots (c). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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analyzed for ammonium (NH4
+-N), nitrate (NO3

− -N) and phosphate 
(PO4

3− -P) using flow-injection analysis (Tecator 5000 FIAStar, Höganäs, 
Sweden). Soil dissolved organic C (DOC) and total dissolved N (TDN) 
from the filtered extracts were measured using a TOC-TN analyzer 
(Shimadzu, Kyoto, Japan). Dissolved organic N (DON) was calculated as 
the difference between TDN and dissolved inorganic N (NO3

− -N + NH4
+- 

N). MBC and MBN were calculated as the difference between fumigated 
and non-fumigated data.

2.6. Ex-situ soil CO2 flux measurement

Ex-situ soil incubation was conducted as a supplementary experi-
ment to investigate how soil microbial respiration changed after the fire. 
On August 8th, 2021, soil samples were collected in the top 0–3.5 cm 
depth from all the plots, with a 6-cm-diameter steel cylinder. The intact 
soil cores (top 0-3.5 cm, 99 cm3) were kept under frozen conditions (− 18 
◦C) and shipped to a laboratory in Copenhagen, Demark. The 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 were transferred into 365-mL 
jars (with screw lids), placed in an adjustable freezer at a temperature of 
10 ⁰C and equilibrated for 48 h. To make incubation conditions com-
parable in terms of soil moisture content and aeration, all the soil cores 
were gently wetted with 40 mL water and drained for 24 h at 10 ◦C prior 
to the measurement. The used incubation temperature was based on in- 
situ soil temperatures in top 5-cm depth from late July to early August. 
The soil CO2 flux was measured three times at a 2-day interval. The jars 
were closed air-tightly during each measurement and connected in a 
closed loop mode to the CO2 infrared gas analyzer. The changes in 
headspace CO2 concentrations were analyzed and recorded at a 1 s 
sampling frequency for 5 min. The CO2 fluxes were calculated by fitting 
a linear regression (p 〈 0.05, R2 〉 0.9) to changes in CO2 concentrations 
over time.

2.7. Aboveground vegetation biomass

To estimate aboveground vegetation biomass, all biomass was 
collected by cutting at soil surface from a representative area of 20 × 20 
cm within each plot. The area was chosen to be representative for both 
the vegetation at each plot in general but also for that inside the collar. 
The collected biomass samples were dried at 65 ◦C for 48 h and then 
weighed.

2.8. Statistics

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 or Levene’s test. If necessary, the data were 
subsequently log- or square-root- transformed to meet assumptions. We 
tested effects of fire intensity on variations in CO2 fluxes, soil properties, 
albedo, NDVI and aboveground vegetation biomass by using one-way 
ANOVA. The test was carried out separately for each campaign (or 
across all campaigns) using a linear mixed effects model with the lme4 
and car packages (Bates et al., 2015; Fox and Weisberg, 2019). In the 
test, the replicate block was specified as a random factor accounting for 
spatial variations within the site. Post-hoc pairwise comparisons be-
tween levels of all significant factors were then conducted using the 
emmeans package. Statistical significance is based on p ≤ 0.05. All an-
alyses above were performed using R software v. 4.2.1 (Team, 2021).

3. Results

3.1. Meteorological observations

Meteorological data showed contrasting air temperature and liquid 
precipitation between the four growing seasons (June to September 
2019–2022) (Fig. 2). The growing season 2019 had the highest mean air 
temperature (8.7 ◦C) and the lowest seasonal accumulated liquid pre-
cipitation (111 mm), while the growing season 2022 was the coldest and 
wettest, with a mean air temperature of 5.7 ◦C and an accumulated 
liquid precipitation of 212 mm (Fig. 2).

3.2. Albedo, NDVI and aboveground vegetation biomass

Both low- and high-intensity burning significantly decreased the al-
bedo measured two days (August 1st, 2019) after the fire (p < 0.01); the 
high-intensity significantly more than the low-intensity (p < 0.01; 
Table 1). One (August 22nd, 2020) and two years (August 20th, 2021) 
after the fire, high-intensity burning still had significantly lower albedo 
values as compared with control plots (p = 0.02 and p = 0.04, respec-
tively), while low-intensity fire had no significant effects (Table 1). 
Three years after the fire, the albedo did not significantly vary among 
fire intensities (Table 1).

The NDVI was significantly affected by fire intensity, with the lowest 
values in high-intensity burned plots (H), intermediates in low-intensity 

Fig. 2. Mean daily air temperature (a) and liquid precipitation (b) from June to September in 2019–2022 in Blæsedalen, Disko Island, West Greenland.
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burned plots (L), and the highest in control plots (C; Table 1).
Nearly three years after the fire, aboveground vegetation biomass 

has not recovered to pre-fire levels, and two-fold higher aboveground 
biomass was observed at low-intensity burned plots (L) compared with 
high-intensity burned plots (H, p = 0.07; Table 1).

3.3. Soil properties

Basic physical, chemical and biological soil properties after low- and 
high-intensity fire are shown in Figs. 3 and 4. The low-intensity fire 
significantly increased daily mean soil temperature at 6 cm depth 
(maximum increase of 1.4 ◦C) during each of the three growing seasons 
(June to September 2019–2021), although to a lower extent compared 
with high-intensity fire (maximum increase of 2.2 ◦C) (Fig. 3). There 
were also significant increases in soil moisture at 0–6 cm depth due to 
the fire during the three growing seasons (by 2–12 vol% and 6–18 vol% 
for the low- and high-intensity burning, respectively) (p < 0.01; Fig. 3).

As observed one day after the fire (July 31st, 2019), bulk soil C, N, C/ 
N ratio and pH had not been affected (at 0–5 cm depth) by the fire in-
tensity and averaged (at control plots) 8.1 ± 2.5 %, 0.5 ± 0.1 %, 18.7 ±
1.9 and 6.22 ± 0.06, respectively (Table S1).

In contrast to bulk soil characteristics, observations one day after the 
fire revealed a significant and positive effect of high-intensity fire on soil 
NO3

- -N concentrations. Concentrations of DOC, NH4
+-N and PO4

3--P were 
generally higher in high-intensity burned plots as compared to controls, 
however, the effects were not significant (Fig. 4). The effects had dis-
appeared about one (August 5th, 2020) and two years after the fire (July 
29th, 2021; Fig. 4). Microbial biomass C and N was not significantly 
affected by the fire intensity and averaged (at control plots) 1880 ± 443 
mg C kg-1 and 43 ± 11 mg N kg-1, respectively (Fig. 4).

3.4. Ecosystem CO2 exchange

Net ecosystem exchange (NEE) rates (at control plots) were domi-
nantly negative over the study period, indicating that the studied 
ecosystem was generally a net CO2 sink. The NEE was significantly 
affected by fire intensity, ranging from − 164.6 ± 58.9 at control plots to 
182.2 ± 41.3 mg CO2 m-2 h-1 at high-intensity burned plots (Fig. 5a). 
The low-intensity and high-intensity burning increased net ecosystem 
CO2 losses immediately after the fire, with mean NEE rates of 123.2 ±
17.4 and 144.1 ± 17.1 mg CO2 m-2 h-1, respectively, in growing season 

Table 1 
Effects of fire intensity on albedo, normalized difference vegetation index 
(NDVI), aboveground vegetation biomass, and C losses during and post fire in 
Blæsedalen, Disko Island, West Greenland.

C L H

Albedo August 1st, 
2019

0.20 
±0.01c

0.14 
±0.01b

0.09 
±0.00a

​ August 
22th, 2020

0.27 
±0.01b

0.24 
±0.01ab

0.23 
±0.00a

​ August 
20th, 2021

0.27 
±0.01b

0.26 
±0.01ab

0.24 
±0.01a

​ July 28th, 
2022

0.18±0.01 0.21±0.02 0.19 
±0.01

​ August 
13th, 2022

0.21±0.01 0.21±0.01 0.20 
±0.01

NDVI August 
22th, 2020

0.44 
±0.02b

0.42 
±0.02ab

0.39 
±0.02a

​ August 
20th, 2021

0.38 
±0.01b

0.34 
±0.02a

0.33 
±0.01a

​ July 28th, 
2022

0.66 
±0.02c

0.45 
±0.04b

0.30 
±0.04a

Aboveground vegetation 
biomass (g m-2)

August 
14th, 2022

1105.4 ±
88.3b

333.5 ±
140.5a

158.8 ±
101.8a

C losses during fire (g m- 

2)
​ 0 N.D. 408.6 ±

35.7
C losses post fire (g m-2) ​ − 273.8 ±

64.5a
109.1 ±
50.3b

228.7 ±
33.8c

Numbers show mean (±SE) of replicate blocks (n = 5). Control (C), low-intensity 
(L) and high intensity (H). Lowercase letters indicate significant differences (p ≤
0.05) between fire intensities within each date (one-way ANOVA). N.D., no data 
due to difficulty in estimating incompletely burned biomass.

Fig. 3. Effects of fire intensity on soil temperature (a) and volumetric water content (b) from June to September in 2019–2021 in Blæsedalen, Disko Island, West 
Greenland. Control (C), low-intensity (L) and high intensity (H). Significant effects of fire intensity within each year (one-way ANOVA) are shown as *p ≤ 0.05.
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Fig. 4. Effects of fire intensity on soil (a) DOC, (b) DON, (c) NH4
+-N, (d) NO3

- -N, (e) PO4
3--P, (f) microbial biomass C (MBC), and (g) microbial biomass N (MBN) in 

Blæsedalen, Disko Island, West Greenland. Control (C), low-intensity (L) and high intensity (H). Bars show mean (±SE) of replicate blocks (n = 5). Lowercase letters 
(p ≤ 0.05) indicate significant differences between fire intensities within each campaign (one-way ANOVA).
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2019 (Fig. 5a). The low-intensity burned plots also had significant im-
pacts on NEE rates at the first three campaigns in growing season 2020 
(p < 0.05), while afterwards NEE rates did not differ significantly be-
tween control and low-intensity burned plots (Fig. 5a). The stimulating 
effect of high-intensity fire on CO2 losses in general lasted for the entire 
study period (Fig. 5a). The low-intensity burned plots did not turn into a 
net CO2 sink until one year after the fire (after July 30th, 2020), while 
high-intensity burned plots remained net CO2 sources in growing sea-
sons 2020–2022, indicated by consistently positive NEE rates (Fig. 4a).

The burning (both low- and high-intensity) significantly decreased 
gross ecosystem production (GEP) rates as compared with control plots 
two, 14 and 19 days after the fire (p ≤ 0.05), indicating reduced 
photosynthetic activities immediately after the fire (Fig. 5b). The low- 
intensity burned plots exhibited lower GEP rates than control plots at 
the first three campaigns in the growing season 2020 (p < 0.01), while 
afterwards (one year after the fire) low-intensity burned plots had more 
negative rates and did not significantly differ from control plots 
(Fig. 5b). In contrast, the high-intensity burned plots showed consis-
tently lower GEP rates compared with control plots in the growing 
seasons 2020–2022 (Fig. 5b). Moreover, there were significantly higher 
GEP rates in low-intensity burned plots observed at the last three cam-
paigns in growing season 2020, when compared with high-intensity 
burned plots (p < 0.05; Fig. 5b).

Immediately after the fire (2019), there were no significant effects of 
fire intensity on ecosystem respiration (ER) rates (Fig. 5c). However, one 
(2020) and three years (2022) after the fire, the ER rates varied signif-
icantly among fire intensity, ranging from 73.4 ± 13.0 to 295.7 ± 74.6 
mg CO2 m-2 h-1 (Fig. 5c). One and three years after the fire, the high- 
intensity burning significantly reduced ER rates (p ≤ 0.05), while low- 
intensity fire had no significant effects on ER rates (Fig. 5c).

3.5. Soil respiration and ex-situ soil CO2 production

Soil respiration (SR) rates ranged from 13.7 ± 5.6 to 78.3 ± 24.9 mg 
CO2 m-2 h-1 and were not significantly impacted by fire intensity (Fig. 6). 
The ex-situ soil CO2 production rates significantly differed among fire 
intensity, with 1.5-fold higher rates observed at high-intensity burned 
plots than the other two treatment plots across campaigns (p < 0.01; 
Fig. S1). For each specific campaign, the high-intensity burned plots 
showed higher rates than control plots at campaign 1 (p = 0.07) and low 
intensity burned plots at campaigns 2–3 (p ≤ 0.05; Fig. S1).

Fig. 5. Effects of fire intensity on net ecosystem exchange (a), gross ecosystem production (b), and ecosystem respiration (c) in growing seasons 2019–2022 in 
Blæsedalen, Disko Island, West Greenland. Control (C), low-intensity (L) and high intensity (H). Bars show mean (±SE) of replicate blocks (n = 5). Lowercase letters 
(p ≤ 0.05) indicate significant differences between fire intensities within each campaign (one-way ANOVA).

Fig. 6. Effects of fire intensity on soil respiration in Blæsedalen, Disko Island, 
West Greenland. Control (C), low-intensity (L) and high intensity (H). Bars 
show mean (±SE) of replicate blocks (n = 5).
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4. Discussion

4.1. Effects of fire intensity on soil microclimate, nutrients and microbial 
biomass

Both low- and high-intensity fires resulted in significant increases in 
post-fire soil temperatures, which can be explained by the darkened 
surface and consequently reduced albedo (Table 1). This is consistent 
with other studies on tundra wildfires, where the combustion of 
isolating vegetation and organic layers and the deposition of ash/char 
caused increases in soil temperatures (Hu et al., 2015; Bond-Lamberty 
et al., 2016). The high-intensity fire increased soil temperatures signif-
icantly as compared with low-intensity fire, which can be explained by 
the greater loss of vegetation cover and higher amount of produced 
ash/char, and corresponding darker surface. This is reflected by the 
lower NDVI and albedo following the high-intensity fire (Table 1). Soil 
moisture content was also significantly elevated by the high-intensity 
fire, and to a greater extent compared with the low-intensity fire. The 
removal of aboveground biomass by fire and thus reductions in evapo-
transpiration may lead to the increased soil moisture water content post 
fire (Montes-Helu et al., 2009). Moreover, the ash produced by fire has 
been suggested to increase soil water retention, because the incorpora-
tion or infiltration of ash into soils can fill soil pores and consequently 
limit infiltration rates, or water can be absorbed by the ash particles 
(Woods and Balfour, 2008; Stoof et al., 2010). A number of studies have 
reported the effect of ash on soil water retention to increase with 
increasing ash quantity (Woods and Balfour, 2010; Bodí et al., 2014; Lu 
et al., 2014). The degree of combustion and the amount of ash increase 
with increasing fire intensity, which could thus explain the greater 
magnitude of increases in soil moisture observed at high-intensity 
burned plots.

Immediately (one day) after the fire, soil NO3
- -N concentrations in 

near-surface layers were significantly higher at high-intensity burned 
than unburned plots, as also observed in other studies conducted in 
boreal and tundra ecosystems (Kulmala et al., 2014; Ludwig et al., 2018; 
Kelly et al., 2021; Klupar et al., 2021). The immediate increases in soil 
nutrient concentrations post fire were likely due to the decreased plant 
uptake (Karhu et al., 2015), the direct release of mineral N and het-
erocyclic N from the ash/char (Dannenmann et al., 2018; Xu et al., 
2022b), and the accelerated N mineralization and nitrification activities 
resulting from higher soil temperatures (Caon et al., 2014; Ludwig et al., 
2018). Unlike for the high-intensity fire, we did not observe an increase 
in soil nutrients immediately after the low-intensity fire. This could be 
attributed to the lower amount of produced ash/char and consequently 
the limited mineral and heterocyclic N release (Kennard and Gholz, 
2001; Pereira et al., 2012). Further, mineral N produced via minerali-
zation of heterocyclic N and nitrification is thus likely to be lower in the 
topsoil (Certini, 2005; Xu et al., 2022b). In addition, soil temperatures 
after the low-intensity fire increased to a lower extent compared with 
high-intensity fire (Fig. 2), which might not be sufficient to significantly 
alter the rates of microbial N-transformation processes. However, this 
needs to be interpreted with caution, since soil nutrient analysis 
immediately after the fire was only based on one soil sampling (one day 
post fire) and post-fire soil nutrient concentrations were reported to be 
very dynamic (Karhu et al., 2015; Ludwig et al., 2018), which could thus 
mask fire effects on soil nutrients. The lack of fire effects on nitrate 
availability after one and two years were expected due to a nutrient loss 
related to leaching, surface runoff and uptake by plants (Thomas et al., 
2000; Pereira et al., 2018). Similarly, in a boreal forest, soil nutrient 
concentrations already declined one week after an experimental fire, 
and no significant effect of fire intensity on soil nutrients was observed 
after one year (Ludwig et al., 2018).

Burning of vegetation and soil organic layer combined with down-
ward heat transfer may cause microbial mortality and thus declines in 
post-fire soil microbial biomass (Bond-Lamberty et al., 2016). The 
response of microbial growth and biomass to fires is largely depending 

on the residence time of high temperatures rather than the maximum 
temperature (Lombao et al., 2020). In the current study, soil microbial 
biomass C and N was not significantly affected by fire intensity, which 
could be due to the short residence time of high temperatures during the 
fire. Although the top soil temperatures have been observed to rise 
above 200 ◦C during the high-intensity fire, these high soil temperatures 
persisted for only 2–3 min, and thus the duration of such high temper-
atures may not be long enough to kill microorganisms and influence soil 
microbial biomass. The heat load of the high-intensity fire (505 ◦C mi-
nutes at the top 0–2 cm soil) fell within the mid-range of the values 
reported by Burrows (1999) in jarrah forest fires. Wildfires in Green-
landic tundra ecosystems are predominantly caused by anthropogenic 
activities. They are usually fast-moving, with limited downward heat 
transfer, because of fuel limitations in form of low shrub biomass and 
shallow soil organic layers (Walker et al., 2020; Hermesdorf et al., 2022; 
Xu et al., 2024). This explains the short duration of high soil tempera-
tures during the fire and thus the lack of fire effects on soil microbial 
biomass. The active layer depth was not affected by the fire, because fire 
intensity in Greenlandic tundra is much lower due to limited fuel load as 
compared with that in boreal forests and Alaskan tundra (Rocha and 
Shaver, 2011b; Morishita et al., 2014). As a result, the thermal and 
hydrological conditions in deep soil layers after the fire were not 
markedly different between burned and unburned areas.

Our observations show that the high-intensity fire increased soil 
temperatures and moisture content to greater extent as compared to 
low-intensity fire, but soil N availability was enhanced only by high- 
intensity fire, partly supporting our hypothesis I.

4.2. Effects of fire intensity on NEE

The investigated dry heath tundra ecosystem has been reported to be 
a net CO2 sink (Ravn et al., 2020), and the experimental fire turned the 
burned areas into a net CO2 source due to the fire-induced damage of 
vegetation and consequently reduced photosynthesis rates. This is 
consistent with observations by Rocha and Shaver (2011a) who 
observed that NEE reversed from a sink to a source due to the decreases 
in canopy photosynthesis after the Anaktuvuk River fire in Alaskan 
tundra. The control plots in 2019 generally acted as a net CO2 source 
throughout the season, except on August 13. This is likely due to the 
timing of the measurements, which were taken two weeks after collar 
installation. However, the timing is not expected to have biased the 
relative results of the treatment effect, as all plots were uniformly 
affected.

One year after the fire the low-intensity burned plots have turned 
into a net CO2 sink, while the high-intensity burned plots remained a net 
CO2 source for at least three years. This supports our hypothesis II that 
the time required for the burned ecosystem to turn into a net CO2 sink 
increases with increasing fire intensity. After a low-intensity fire, the 
presence of the surviving woody stems or intact belowground rhizomes 
allowed certain plant species to re-sprout quickly (Mack et al., 2008). In 
contrast, after a high-intensity fire, the complete removal of above-
ground biomass and damaged or killed belowground rhizomes were 
unfavorable for the plant re-sprouting, slowing down the vegetation 
recovery rate following fire (Keeley, 2006; Hollingsworth et al., 2013). 
Hence, fire intensity has an impact on post-fire ecosystem CO2 balance 
primarily by controlling the time needed for vegetation to recover from 
fire. Indeed, three years post fire, aboveground biomass at the 
low-intensity burned plots had recovered to a greater extent than 
high-intensity burned plots, although still lower than the unburned plots 
(Table S2). Similarly, Bret-Harte et al. (2013) observed that the biomass 
of evergreen shrubs and total living roots was significantly lower in 
severely burned than moderately burned areas four years after a wildfire 
on Alaska’s North Slope. Thus, compared with low-intensity fire, 
high-intensity fire not only combusts more biomass or soil organic 
matter and releases more CO2 during the fire (Kennard and Gholz, 2001; 
Ribeiro-Kumara et al., 2020), but also prolongs the duration of the 
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burned areas as a net CO2 source and consequently enhances post-fire 
CO2 losses.

Over the four growing seasons after the fire, the high-intensity 
burned plots exhibited a mean C loss of 502.5 g m-2 (relative to the 
control plots), which exceeded the C losses during the fire. Considering 
the slow recovery of vegetation from fire in arctic tundra (Table 1), the 
burned areas can be a net CO2 source for a longer time, causing more 
post-fire C losses. The post-fire C losses in arctic tundra ecosystems are of 
particular importance for assessing the negative effects of wildfire on C 
dynamics, as they can be more substantial and long-lasting than C losses 
during the actual fire.

Nevertheless, it’s important to recognize the uncertainty due to the 
experimental design. One major uncertainty is the potential inability of 
the limited number of collars (five in this case) to adequately capture the 
spatial variability of CO2 fluxes within the study area. Natural ecosys-
tems often exhibit considerable spatial heterogeneity in factors influ-
encing CO2 fluxes, such as vegetation cover, soil properties, and 
microclimatic conditions. The choice of collar placement could intro-
duce biases if they are not representative of the broader landscape. For 
instance, selecting collars in areas with higher or lower vegetation cover 
may skew the results, leading to inaccuracies in flux estimates. Despite 
the limited number of collars, the design minimizes spatial variability by 
strategically placing collars in the most representative areas. The study 
also incorporates repeated measurements across multiple years. This 
approach allows for the assessment of temporal patterns in CO2 fluxes 
and helps account for short-term variability that may not be captured in 
single measurements. Although plants in nearby unburned areas may 
affect plant recovery, particularly at the boundary of the burned plots, 
mounting the collars at the central areas helps to minimize these effects. 
This allows for a more accurate representation of post-fire CO2 flux 
dynamics associated with vegetation recovery. Given resource con-
straints and logistical feasibility, the choice of only five collars repre-
sents a pragmatic compromise that balances the need for robust data 
collection with practical considerations. Similar approaches have been 
employed in numerous other studies conducted in comparable envi-
ronments. Future experiments could aim to expand spatial coverage by 
increasing the number of sampling points or utilizing advanced remote 
sensing techniques to capture the spatial variability of CO2 fluxes more 
comprehensively. This would provide a more nuanced understanding of 
ecosystem dynamics across different landscape units.

4.3. Effects of fire intensity on ER

Immediately after the fire (at the end of the growing season 2019), 
despite the absence of aboveground vegetation and reduced plant 
respiration, ER in both low- and high-intensity burned plots was com-
parable with unburned plots. This is in contrast to our hypothesis III that 
ER declines with increasing fire intensity. Observations may be attrib-
uted to an increase in soil microbial respiration that could offset the 
decrease in plant respiration. Several factors likely contribute to the 
enhanced microbial respiration, including soil nutrient availability, 
microclimate and organic C availability (Caon et al., 2014; Kulmala 
et al., 2014). Since most arctic tundra ecosystems are generally 
nutrient-limited, in particular at the end of the main growing season, 
post-fire increases in soil nutrient availability can accelerate soil mi-
crobial activity (Nowinski et al., 2008; Klupar et al., 2021). Soil tem-
peratures and soil moisture increased after fire, especially after the 
high-intensity fire (Fig. 3), which may also stimulate microbial activ-
ity. The release of fine root C due to the root death after fire may 
enhance microbial decomposition (Díaz-Pinés et al., 2010).

Ecosystem respiration was found to be significantly lower in high- 
intensity burned plots compared to unburned plots one and three 
years after the fire. In contrast, no differences could be observed be-
tween control and low-intensity burned plots. These results could be 
attributed to the fact, that plant respiration declined with increasing 
intensity of the fire due to increasing vegetation mortality and reduced 

plant biomass (Kelly et al., 2021). This is consistent with the reported 
decreases in annual ER rates 10 years after a high-intensity stand--
replacing fire in a ponderosa pine forest (Dore et al., 2008). The lack of 
low-intensity fire effect on ER in the current study is consistent with the 
observations by Hermesdorf et al. (2022) at a nearby fire experiment. 
Here, they attributed the lack of changes in ER one and two years post 
fire to a net result of decreased plant respiration and increased microbial 
respiration (Hermesdorf et al., 2022). Although post-fire soil nutrient 
concentrations increased with increasing fire intensity (Fig. 4), these 
increases in nutrient availability were transient and have been reported 
to fade within days (Thomas et al., 2000; Pereira et al., 2018). Thus, it 
can be speculated that high-intensity fire immediately stimulated soil 
microbial respiration due to increased nutrient availability as well as 
increased soil temperatures and moisture, which overall counteracted 
the reductions in plant respiration and led to sustained respiratory CO2 
losses. However, one to three years post fire, the more moderate in-
creases in microbial respiration (likely only caused by increased soil 
temperatures and moisture) were insufficient to offset the reductions in 
plant respiration, leading to declining respiratory CO2 losses. In a boreal 
forest, Kelly et al. (2021) observed soil CO2 fluxes were reduced one year 
after a high-intensity wildfire despite an increase of 2.7 ◦C in mean soil 
temperatures and concluded that microbial respiration was more sub-
strate limited than temperature limited.

Two to three years after the fire, soil respiration (composed of root 
and microbial respiration) was unaffected by fire-intensity. This, com-
bined with significantly increased ex-situ soil CO2 production rates (an 
indication of microbial respiration) two years after the high-intensity 
fire (Fig. 6), suggests that the unaltered soil respiration can be 
explained as a net result of decreased root respiration (caused by 
vegetation damage) and enhanced soil microbial respiration. This agrees 
with the unaltered soil CO2 fluxes four years after a wildfire in a Siberian 
forest, which was explained with the decreased root respiration 
compensated for by increased microbial decomposition (due to warmer 
soil) (Takakai et al., 2010). Given the fact that high-intensity fire 
decreased ER (Fig. 5), the lack of changes in soil respiration further 
suggested that the decreased ER was mainly due to the reductions in 
aboveground plant respiration. Therefore, it is essential to take into 
account both the soil CO2 emissions and the uptake and emissions of CO2 
by plants when estimating post-fire CO2 budget.

5. Conclusion

This study addressed the impacts of fire intensity on daytime CO2 
exchange and net C budget in an arctic heath tundra. Post-fire soil 
temperatures and soil moisture increased with increasing fire intensity. 
The high-intensity fire caused an immediate but transient increase in soil 
N availability, whereas low-intensity fire had no significant effects on 
soil nutrients. The combustion of aboveground vegetation and associ-
ated reductions in GEP immediately shifted the ecosystem from a net 
CO2 sink to a net CO2 source independent of fire intensity. One year after 
the fire, the tundra exposed to low-intense fire reversed into a net CO2 
sink, while the high-intensity burned tundra remained a net CO2 source 
for the entire study period. This indicates that the time needed for the 
burned heath ecosystem to re-turn into a net CO2 sink increases with 
increasing fire intensity. Fire intensity had no immediate effect on total 
ER, likely because the increases in microbial respiration caused by the 
combined effects of elevated soil temperatures and moisture and soil N 
availability offset the decreased plant respiration. However, one to three 
years after the fire, the ER, but not the SR, persisted to be reduced by the 
high-intensity fire, which suggests that the reduced ER was mainly 
linked to the decreases in aboveground plant respiration. Overall, our 
results stress the importance of considering post-fire C losses when 
estimating the impacts of wildfires on C dynamics in arctic tundra 
ecosystems. Furthermore, the duration of fire impacts on tundra CO2 
balance is extended by high-intensity fire compared to low-intensity fire. 
Consequently, future warmer and drier arctic summer conditions will 
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likely result in increased post-fire CO2 losses as these conditions may 
also favor higher fire intensities. To gain a more comprehensive un-
derstanding of post-fire ecosystem C fluxes over time, further research 
on the long-term effects of high- and low-intensity wildfires in arctic 
tundra is needed.
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