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Pyrogenic organic matter as a nitrogen source to microbes and plants 
following fire in an Arctic heath tundra 

Wenyi Xu a,b,c,*, Bo Elberling c, Per Lennart Ambus c 
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A B S T R A C T   

In recent years, wildfire frequency and severity has increased in the Arctic tundra regions due to climate change. 
Pyrogenic organic matter (PyOM) is a product of incomplete combustion of biomass containing nutrients such as 
nitrogen (N), and is expected to affect ecosystem N cycling during a post-fire recovery period. We investigated 
effects of fire on soil biogeochemical cycles with a focus on pyrogenic N turnover over two subsequent growing 
seasons, combined with and without summer warming, in an Arctic heath tundra, West Greenland. The summer 
warming was achieved by deployment of open top chambers (OTCs). We simulated an in situ tundra fire by 
removing vegetation and litter, and scorching/heating soil surface followed by the addition of 15N-labelled PyOM 
(derived from aboveground biomass and litter) to the soil surface in plots with and without summer warming. A 
darker surface after the simulated fire resulted in an increase of 1.3 ◦C in soil temperature at 5-cm depth over the 
growing seasons. The fire also caused a nine-fold increase in soil NH4

+-N and three-fold increase in soil NO3
− -N 

concentrations at 7-cm depth after two years. Tracing the fate of 15N-labelled PyOM, 21 days after its application, 
showed low 15N recovery in microbial biomass (0.4%) and total dissolved N (TDN) pools (0.01%). Microbial and 
root 15N recovery increased two-fold and 15-fold after one year, respectively, and TDN 15N recovery increased 
two-fold after two years, suggesting that relatively recalcitrant N of PyOM can be partly transformed into plant- 
available forms over time. Root and TDN 15N recovery was also significantly higher after two years of summer 
warming than under ambient temperature conditions, suggesting that summer warming can enhance availability 
of PyOM-N for recovering plants after the fire. Hence, we conclude that fire-induced PyOM can act as an N source 
for plant recovery in this Arctic tundra ecosystem for years after the fire, and this N source will become 
increasingly important in a future warmer climate.   

1. Introduction 

The Arctic has experienced an increase in air temperature by 0.75 ◦C 
over the past decade, much greater than the global average (Post et al., 
2019). During this period, because warmer summer temperatures or 
drought can extend conductive fire weather, the frequency and severity 
of tundra fires in the Arctic (e.g., Siberia and Greenland) have increased 
markedly (Bowman et al., 2009; Bret-Harte et al., 2013; Hu et al., 2015; 
Kukavskaya et al., 2016; McCarty et al., 2020). For example, historically 
wildfires were not common in Greenland, but in 2017 a large wildfire 
occurred in southwestern Greenland, burning for two weeks and 
scorching 1200 ha of tundra, and similar wildfires were also observed in 
2019 (Evangeliou et al., 2019). 

During a fire of high intensity, a substantial amount of aboveground 
plant biomass and litter is typically completely combusted and con-
verted to gases (e.g., CO2 and N gases) lost to the atmosphere and 
mineral ashes are left on the soil surface. In contrast, during a low- 
intensity fire, due to incomplete combustion, part of plant biomass 
and litter and/or soil organic matter can be thermally transformed into 
pyrogenic organic matter (PyOM) (Certini, 2005; Knicker, 2011; Rovira 
et al., 2012). The chemical composition of PyOM consists of both a 
recalcitrant fraction (e.g., condensed aromatic compounds) and a rela-
tively labile fraction (e.g., aliphatic compounds) (Hockaday et al., 2006; 
Bostick et al., 2018). The initial labile fraction of PyOM has been shown 
to contribute to soil dissolved organic compounds followed by N 
mineralization of these compounds, or has a priming effect on native soil 
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organic matter mineralization, resulting in a subsequent increase in soil 
mineral N (Caon et al., 2014; Soong et al., 2014; Maestrini et al., 2015). 
The remaining fraction of PyOM, on the other hand, is largely resistant 
to microbial decomposition because of its highly recalcitrant chemical 
structures (Knicker, 2007), and thus has longer mean residence time 
than non-pyrogenic organic matter in soils, with likely long-term con-
sequences for soil nutrient availability and primary production (Bird 
et al., 2015; Michelotti and Miesel, 2015; Soong and Cotrufo, 2015). The 
stability of PyOM, however, depends on its characteristics that are 
influenced by the precursor materials and charring intensity (Kasin and 
Ohlson, 2013; Mimmo et al., 2014; Bird et al., 2015; Santin et al., 2015), 
and also on soil types and environmental conditions such as soil tem-
perature, moisture and pH (Nguyen and Lehmann, 2009; Santos et al., 
2012; Zimmermann et al., 2012; Abney et al., 2019). For example, 
PyOM formed from woody materials had more highly aromatic struc-
tures and was thus more persistent in the environment compared with 
that formed from grasses and other light materials (Wiedemeier et al., 
2015). Santos et al. (2012) found that soil types significantly affected 
mineralization rates of PyOM, with lower rates observed in soils con-
taining more Al-humus complexes, SRO Al-oxyhydroxide minerals and 
silt contents due to the protective effects of noncrystalline and SRO 
minerals on microbial degradation. 

Due to the removal of insulating vegetation layer and darkened soil 
surface, fire can decrease the albedo and increase soil temperature, 
possibly allowing the permafrost to thaw and causing the destabilization 
of deeper stores of soil C and N and thus pulses of CO2 and N2O emissions 
(Certini, 2005; O’Halloran et al., 2012). Fire may reduce soil moisture 
by restricting water infiltration and increasing surface runoff or 
decreasing water retention due to the combustion of organic layer and 
deposition of PyOM/ashes (Bodí et al., 2012; Potter and Hugny, 2020), 
or increase soil moisture by ceasing the evapotranspiration due to the 
loss of vegetation (Adkins et al., 2020). The availability of soil nutrients 
could be increased due to the destruction of the vegetation, to the 
nutrient release from the ashes, and to enhanced soil mineralization 
activities as result of elevated soil temperature (Dannenmann et al., 
2010; Karhu et al., 2015; Ludwig et al., 2018). Fire may also reduce soil 
microbial biomass directly through heating during fires or/and indi-
rectly increase soil microbial biomass through changes in post-fire soil 
physicochemical properties such as soil temperature, moisture and 
nutrient availability (Kulmala et al., 2014; Yang et al., 2020). 

Several studies have reported the fate of N from the PyOM under 
both controlled laboratory conditions and natural field conditions. For 
example, in an incubation study with a grass soil column (0− 8 cm), 
between 67% and 80% of added 15N-labelled pyrogenic organic matter 
(15N-PyOM) was recovered after 28 months, suggesting that soil mi-
crobes are able to degrade this grass-derived PyOM (Hilscher and 
Knicker, 2011b). They also explained the 15N losses as gaseous emissions 
(e.g., N2O) via microbial denitrification under favorable soil moisture 
conditions (Hilscher and Knicker, 2011b). Singh et al. (2014) found that 
90% of applied 15N-PyOM was recovered after 10 months in a temperate 
forest and most 15N-PyOM was recovered in the free light fractions of 
soil organic matter that potentially provides available N to plant and 
microbial uptake. 

Nitrogen is one of the most important growth-limiting nutrients in 
most Arctic tundra ecosystems (Elser et al., 2007; Tamm, 2012), which 
leads to strong competition between plants and soil microorganisms 
(Kuzyakov and Xu, 2013). Due to climate-warming related increases in 
tundra fire frequency, the inputs of PyOM to soils have been predicted to 
increase in the future (Harrison et al., 2010; Bird et al., 2015; Chen et al., 
2021). In addition, the degradation of the PyOM may be enhanced under 
future warmer climate, considering temperature as a key factor in 
regulating microbial decomposition of soil organic matter and nutrient 
mineralization in the Arctic (Blok et al., 2018). Thus, the release of N 
from the PyOM following fires can be of increasing importance for Arctic 
plant growth and microbial activities in the future. However, there are 
major gaps in understanding the fate of pyrogenic N in 

plant-soil-microbe system in the Arctic tundra, not the least in relation to 
field conditions, longer term effects of fire and combined effects of fire 
and climate changes. 

In this study, we conducted an in situ experiment to simulate a tundra 
fire by removing vegetation, scorching/heating the soil surface and then 
subsequently adding 15N-PyOM produced from plant biomass in the 
same area. The study aimed to investigate fire effects on soil nutrients 
and microbial biomass, and quantified the fate of added 15N-PyOM, all 
in combination with in situ summer warming in an Arctic dry heath 
tundra, West Greenland. We measured 15N-PyOM recovery in bulk soil, 
microbial biomass and roots as well as 15N concentrations of species- 
specific leaves and surface-emitted N2O over two or three years after 
application. We hypothesize that: (I) fire increases soil nutrient avail-
ability and microbial biomass; (II) the release of N from the PyOM can be 
assimilated by both soil microbes and plants; and (III) summer warming 
enhances N release from the PyOM and thus microbial and plant N 
uptake. 

2. Material and method 

2.1. Site description 

The study site is located within a discontinuous permafrost zone at 
Blæsedalen Valley (69◦16′N, 53◦27′W), on the south of Disko Island, 
Western 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 
nearby Arctic station, the annual mean air temperature is − 3 ◦C and 
annual mean precipitation is 418 mm, with 34% of precipitation as 
snowfall. The depth of the active layer is estimated to be 1.5 m (Blok 
et al., 2016). The soils are haplic cryosols that have a thin organic layer 
(5–10 cm) overlying mineral soil with basaltic rock fragments (Blok 
et al., 2016). The dry heath tundra in this site is characterized by low 
shrubs (<10 cm) of deciduous dwarf birch (Betula nana L.), gray willow 
(Salix glauca L.) and bog bilberry (Vaccinium uliginosum L.), and the 
evergreen Arctic bell-heather (Cassiope tetragona (L.) D.Don), as well as 
forbs and graminoids, 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. 15N-labelled pyrogenic organic matter 

The preparation of PyOM was initiated in summer 2016, when two 
plots of 3 × 5 m adjacent to the fire experimental area was amended 
with a total of 0.2 g N m− 2 containing 0.196 g 15N excess m− 2. In this 
work, the 15N excess was the difference of the observed 15N enrichment 
minus the natural abundance value of 0.3667%. The N was applied in 
two equal doses of 1.0 g N as (15NH4)2SO4 (98 atom% 15N) and 0.5 g N as 
15KNO3 (98 atom% 15N) dissolved in 10 L of demineralized water by 
using a back-pack sprayer. The first dose was given at the beginning of 
growing season (July 11th) and again two weeks later (July 25th). 
Aboveground biomass and litter from the two labelled plots were 
collected one month after the last 15N addition and then sorted into three 
portions of I: dominant shrubs, II: other vascular plants including forbs 
and graminoids, and III: mosses, lichens and litter. The biomass mate-
rials were air-dried and shipped to the laboratory in Copenhagen for 
further processing. The biomass was shredded in a knife-mill (30–50 
mm), and each portion was then split into three equal portions for 
thermal conversion by respectively three different processes, i.e. torre-
faction (250 ◦C, anoxic atmosphere), pyrolysis (550 ◦C, anoxic atmo-
sphere), and combustion (550 ◦C, ambient atmosphere). This was 
assumed representative for thermal and oxygen conditions during an 
Arctic wildfire that is influenced by wetness and types of vegetation 
(Pluchon et al., 2015; Safdari et al., 2018). Characteristics of the PyOM 
are shown in Table S1. The PyOM for each combination of biomass and 
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thermal treatment (9 different combinations in total) was split into 10 
equal portions and hereafter mixed thoroughly across biomass and 
thermal treatment to provide 10 uniform portions for subsequent field 
application. The total amount of 15N-labelled biomass processed for 
thermal treatments (Table S1) equaled approximately 70% of the total 
biomass removed in the VRA and VRX plots prior to the fire (data not 
shown). The final amount of PyOM in each of the 10 portions was 372 g 
m− 2 with 216 g from torrefaction (58%), 118 g from pyrolysis (31%) and 
38 g from combustion (11%), equivalent to 5.8 g N m− 2 containing a 
total of 0.0564 mg 15N excess m− 2, with 62.8%, 36.8% and 0.3% of 15N 
from torrefaction, pyrolysis and combustion, respectively. Since 11% of 
the PyOM was produced through complete combustion (550 ◦C, ambient 
atmosphere), the PyOM used in the current study also contained mineral 
ashes. 

2.3. Experimental setup and design 

The experiment is a simulation of tundra fire with the addition of 
15N-PyOM following vegetation and litter removal and soil scorching/ 
heating, with the main objective of investigating post-fire pyrogenic N 
cycling. On 29th July 2017, we conducted the experiment with two main 
treatments including control (CTO), and the addition of 15N-PyOM 
following vegetation/litter removal and soil scorching/heating (VRA) 
within an area of 20 × 20 m on a gentle northeast facing slope (5.7◦) 
(Fig. S1). The manipulations were also paired with experimental sum-
mer warming (CTX and VRX) by mounting year-round hexagonal open 
top chambers (OTCs), giving a total of four combination treatments. The 
OTCs were made of transparent polycarbonate, 85 cm diameter at the 
top, and 50 cm diameter at the base. The treatments were deployed in 
1.2 × 1.2 m experimental plots distributed randomly in each of five 
replicate blocks. The tundra fire was simulated by removing the 
aboveground vegetation and litter, and then scorching/heating each 
plot for 7 min with a butane-gas burner, and finally adding one portion 
of the 15N-labelled PyOM. The removal of aboveground vegetation and 
litter was conducted to avoid excess PyOM deposition, considering the 
addition of extra 15N-labelled PyOM afterwards. The duration of 
scorching/heating was identical to conditions for another tundra fire 
experiment carried out at the same site (Xu et al., 2021). Soil tempera-
tures in 2- and 5-cm depths during the burning were measured and 
logged every 5 s using a RS-PRO 1384 data logging thermometer (RS 
Components, Copenhagen, Denmark) equipped with four thermocou-
ples, type K. The continuous soil temperature at 5-cm depth was 
measured and logged every 30 min using thermocouple probes con-
nected to custom build data loggers. During the application of the 
butane burner, soil temperature at the depth of 2 cm reached 45 ◦C and 
decreased to 20 ◦C within the following 45 min (Fig. S2). 

2.4. Flux measurement and 15N analysis of N2O 

The measurements of N2O fluxes were conducted on three dates in 
2017 (August 1st – August 21st), seven dates in 2018 (June 28th – 
August 18th) and four dates in 2019 (July 14th – September 6th). 
Stainless steel collars (20 × 20 × 10 cm) were permanently installed 
about 5 cm into the soil in all plots one day prior to the fire experiment. 
During flux measurements, a white PVC chamber (21 × 21 × 10 cm) was 
placed in the water-filled groove atop the collar. The chamber was left in 
place for 160 min and headspace gas samples were taken manually with 
a 12-mL syringe at times 0, 40, 80, 120 and 160 min. When collecting 
the gas sample, the headspace was first mixed by vigorously pumping 
the 12-mL syringe twice, and the samples were then transferred to 6-mL 
(2017 and 2019) or 12-mL (2018) pre-evacuated Exetainers (Labco 
Scientific, High Wycombe, UK). The concentrations of N2O were 
analyzed by gas chromatography (Agilent7890 GC, Agilent Technolo-
gies UK Ltd., Stockport, UK) with an electron capture detector (ECD). At 
two occasions in 2018, July 9th and August 18th, additional samples 
were collected for 15N-isotopic analysis of evolved N2O. At the end of the 

chamber deployment a 120-mL sample was collected from each chamber 
and transferred to a pre-evacuated serum bottle crimp-sealed with a 
butyl stopper. Six ambient air samples were collected in a similar 
manner. 

Soil temperature and soil moisture were manually measured in 
triplicates within the experimental plot next to the soil collar. Soil 
temperature and soil volumetric moisture (%vol) at the depth of 5 cm 
was 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 surface gas fluxes and soil 
temperature and moisture were all observed during five daytime hours 
10:00–15:00, and plots were visited in random order. 

2.5. Soil biogeochemical analysis 

For soil biogeochemical analysis, two separate soil samples at the 
depth of 0–5 cm (2017) or 0–7 cm (2018 and 2019) were collected from 
each of the 20 plots using a soil auger (2 cm diameter). The duplicate soil 
samples subsequently were mixed thoroughly to provide one composite 
sample per plot. Soil sampling was conducted on four dates, i.e., 3rd 
August and 19th August 2017, 7th July 2018, and 17th July 2019. Soil 
was stored at 5 ◦C until further processing within two days, which was 
initiated by removal of coarse roots and stones by hand. Soil moisture 
was calculated from oven drying weight loss (105 ◦C for 24 h). Soil 
extractions were made by suspending moist soil in deionized water (10 g 
soil; 50 mL water), shaking for 1 h at room temperature terminated by 
filtration through 2.7 μm membrane filter (Whatman GF/D). Filtrates 
were kept frozen until analysis for ammonium (NH4

+-N), nitrate (NO3
− -N) 

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

− -N + NH4
+-N). 

To establish a more robust estimate on 15N-partitioning and re-
coveries in the top soil, additional volume-specific soil samples were 
taken down to 3.5 cm below the litter layer using a steel cylinder of 6-cm 
diameter. The litter confined within the cylinder was collected sepa-
rately. Litter sampled in the simulated fire plots (VRA/VRX) was a 
mixture of the applied 15N-PyOM and a fragment of plant residues 
appearing on the soil after scorching/heating. Soil and litter sampling 
was conducted on three dates, i.e., 19th August 2017, 9th August 2018, 
and 19th August 2019. In mid-July 2018, 2019 and 2020, five leaves or 
tip of entire buds were randomly collected among individual plants 
within each of the four dominant shrub species (B. nana, S. glauca, V. 
uliginosum and C. tetragona), if they have regrown in the plots. All 
samples were used to examine microbial biomass C, N and P, as well as 
bulk soil, litter, root, leaf, microbial and TDN 15N enrichment. Microbial 
biomass C, N and P contents as well as 15N concentration were deter-
mined using a modification of the chloroform (CHCl3) fumigation- 
extraction method (Brookes et al., 1985). Here, we used deionized 
water to extract soluble C, N and P before and after the fumigation with 
CHCl3 for 24 h. The extracts were filtrated through 2.7 μm membrane 
filter (Whatman GF/D) and 15 mL filtered extracts of both fumigated 
and non-fumigated soil were subsequently freeze-dried and the precip-
itate encapsulated in tin foils for 15N-concentration analysis. The 
remaining extracts were kept frozen until analysis for TDN, DOC and 
ortho-P. Microbial biomass C, N, P and 15N enrichment were calculated 
from the difference between fumigated and non-fumigated data with 
application of correction factors of 0.4 (C) and 0.45 (N and P) to 
compensate for extraction efficiencies (Christiansen et al., 2012; Ped-
ersen et al., 2020). Litter and leaves were dried at 70 ◦C for 48 h and 
finely ground. Roots were separated from soil samples and then rinsed, 
dried (70 ◦C, 48 h) and finely ground. The total N contents as well as 15N 
concentration of dried soil, litter, leaf, microbial and root materials were 
determined by elemental analysis (CE1110, Thermo Electron, Milan, 
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Italy) coupled in continuous flow mode to a Finnigan MAT Delta PLUS 
isotope ratio mass spectrometer (IRMS; Thermo Scientific, Bremen, 
Germany). The 15N in N2O was determined using a PreCon (Thermo 
Scientific, Bremen, Germany) combined with the Delta PLUS IRMS. 

2.6. Calculations 

The N2O fluxes were calculated by fitting a linear regression to 
changes in N2O concentrations over time. Gas concentrations were 
corrected for water vapor increase inside the chamber. 

To calculate the proportion of 15N-tracer recovered in soils, roots and 
microbial biomass, we used the following formula: 

% recovery=
sample 15N APE × total N pool

added 15N − PyOM excess
× 100  

where the sample 15N APE is the atom% excess in the soils, roots and 
microbial biomass after subtracting 15N natural abundance. Total N pool 
is expressed as associated soil, root and microbial N pools (g N m− 2) 
based on soil bulk density or root biomass in the depth of 0–3.5 cm. 
Added 15N-PyOM excess (after subtracting 15N natural abundance) 
equals 0.0564 g 15N excess m− 2. 

2.7. Statistics 

Prior to analysis, we inspected the QQ-plots and used Shapiro-Wilk 
normality test or Levene’s test to check data for normal distribution 
and homogeneity of variance, and data were log or square root trans-
formed when necessary. We tested effects of the simulated fire and 
warming, and their interactions, on soil properties (NO3

− -N, NH4
+-N, 

DON, DOC and PO4
3− -P, soil moisture and temperature, microbial 

biomass C, N and P). Each sampling or measurement date was tested 
separately by using two-way ANOVA in linear mixed effects models (soil 
property ~ simulated fire*warming+ (1|block)) with the lme4 and car 
package (Bates et al., 2015; Fox and Weisberg, 2019). Differences in 
bulk soil, litter, root, species-specific leaf and microbial 15N enrichment 
and/or recovery with respect to time of the PyOM addition or to 

warming were analyzed using one-way ANOVA in linear mixed effects 
models with the same package as mentioned above. Replicate block was 
specified as a random factor accounting for spatial variations within the 
site. Post hoc pairwise comparisons between levels of all significant 
factors were then conducted using the emmeans package, with Tukey’s 
Honestly Significant Differences (Tukey HSD) p-value adjustment 
(Lenth, 2020). Because the OTCs were mounted more or less at the same 
time as soil sampling and in situ gas measurements in 2017, no summer 
warming effects were assumed in 2017. The significant treatment effects 
are based on p ≤ 0.05, but tendencies towards significance (0.05 < p ≤
0.10) are also reported. All analysis above was performed using R soft-
ware v. 3.6.1 (Team, 2019). 

3. Results 

3.1. Soil microclimate 

The manual soil temperature data showed a significant increase of 
1.3 ◦C at 5-cm soil depth due to the simulated fire over the measurement 
period (p < 0.05; Fig. 1). Continuous soil temperature observations at 5- 
cm depth confirmed the stimulating effect of fire observed by the 
discrete points in time sampling, however, due to malfunctioning 
hardware continuous data are only available for plots mounted with 
OTCs (Fig. S3). These data showed fire-induced temperature increases of 
1.4 ◦C and 1.6 ◦C in 2018 and 2019 growing seasons, respectively 
(Fig. S3). The simulated fire had no significant effects on soil tempera-
ture during winter months due to the cover of snow (data not shown). 
The warming with OTCs also significantly increased soil temperature by 
0.9 ◦C over the measurement period (p < 0.05; Fig. 1). Volumetric soil 
moisture (at 5-cm depth) generally seemed to be increased by the 
simulated fire, although this was only significant on day 3 (p = 0.0225). 
In addition, the simulated fire combined with warming plots (VRX) had 
higher volumetric soil moisture on days 357, 367 and 702 as compared 
to warming only plots (CTX, p < 0.1; Fig. 1). There was about 35 mm of 
cumulative rainfall during the first 21 days after 15N-PyOM application 
(Fig. S4). 

Fig. 1. Manual soil temperature (a) and volumetric moisture (b) at the depth of 5 cm. Control and warming (CTO and CTX), and simulated fire and in combination 
with warming (VRA and VRX). Bars show mean of replicate blocks (n = 5). Error bars are standard error. Significant fire effects or tendencies towards significance 
under ambient (CTO vs. VRA) and warming (CTX vs. VRX) conditions are shown as §p ≤ 0.1, *p ≤ 0.05, and **p ≤ 0.01. 
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3.2. Soil nutrients and microbial biomass 

There were no immediate effects of the simulated fire on soil nutri-
ents after five and 21 days (2017; Table 1). After one year (2018), the 

simulated fire (VRA) increased the concentrations of soil ortho-P five- 
fold at 7-cm depth (p = 0.0578; Table 1). After two years (2019), soil 
NO3

− -N, NH4
+-N and ortho-P concentrations at 7-cm depth increased 

nine-fold, three-fold and two-fold, respectively, as a result of the simu-
lated fire (p = 0.0307, p = 0.0447 and p = 0.0948, respectively; Table 1). 
The DOC and DON concentrations at 7-cm depth were 50% lower in the 
plots subject to combined simulated fire and warming (VRX) compared 
with warming only (CTX; p = 0.0492 and p = 0.0523, respectively; 
Table 1). 

Microbial biomass was unaffected shortly after the simulated fire in 
2017 (Table 1). After one and two years the microbial biomass P 
increased 14-fold and four-fold, respectively, due to the simulated fire 
(p = 0.0726 and p = 0.0816, respectively; Table 1). In accordance with 
soil DOC and DON, the simulated fire in combination with warming 
(VRX) exhibited 50% lower microbial biomass C and N than warming 
only (CTX) in 2019 (p = 0.0023 and p = 0.0280, respectively), which 
was primarily due to increased microbial C and N by summer warming 
only (p = 0.0042 and p = 0.0464, respectively; Table 1). 

3.3. Nitrous oxide 

The average in situ N2O flux rates ranged from − 3.29 to 3.11 μg 
N2O–N m− 2 h− 1 over the measurement period (Fig. S5). There were no 
significant fire effects on N2O fluxes neither in combination with sum-
mer warming (Fig. S5). The low, or even negative, N2O flux intensity 
complicated a confident 15N–N2O isotope analysis and data indicated no 
significant 15N enrichment of produced N2O (data not shown). 

3.4. Pyrogenic nitrogen cycling 

We applied 15N-enriched PyOM to the ground surface to assess the 
fate of pyrogenic N following a fire. The excess 15N concentrations in 
litter and top soil layer (depth of 0–3.5 cm) did not vary among years or 
warming treatments (Fig. 2). The excess 15N concentrations in microbial 
biomass, TDN and roots were the lowest at 21 days after application 
(2017), and then increased one year later (2018; p = 0.0546, p = 0.0654 
and p < 0.001 for 2017–2018 comparisons in microbial biomass, TDN 
and roots, respectively) and had no further change after two years 
(2019; Fig. 3). We observed positive warming effects on 15N enrichment 
in all three pools after two years (2019; p = 0.10, p = 0.0277 and p =
0.0907 for VRX-VRA comparisons in microbial biomass, TDN and roots, 
respectively), resulting in the highest enrichment observed under 

Table 1 
Soil nutrients and microbial biomass in 2017 (five days and/or 21 days after the 
simulated fire), 2018 (one year after the simulated fire) and 2019 (two years 
after the simulated fire).   

Treatment 2017 (five 
days) 

2017 (21 
days) 

2018 2019 

NO3
− -N (mg 

kg− 1 dw) 
CTO 0.52 ±

0.32 
0.12 ±
0.08 

0 0.06 ±
0.02  

VRA 0.44 ±
0.22 

0.53 ±
0.02 

0.012 ±
0.005 

0.56 ±
0.3*  

CTX   0.009 ±
0.005 

0.16 ±
0.06  

VRX   0.041 ±
0.014 

0.83 ±
0.64 

NH4
+-N (mg 

kg− 1 dw) 
CTO 0.64 ±

0.15 
0.35 ±
0.08 

0.16 ±
0.05 

0.12 ±
0.03  

VRA 0.55 ±
0.12 

0.38 ±
0.05 

0.26 ±
0.10 

0.42 ±
0.18*  

CTX   0.33 ±
0.10 

0.21 ±
0.03  

VRX   0.26 ±
0.07 

0.21 ±
0.05 

DON-N (mg 
kg− 1 dw) 

CTO 12.9 ±
3.3 

10.6 ±
3.4 

2.1 ±
0.75 

3.2 ±
0.76  

VRA 9.0 ± 2.2 7.9 ±
0.81 

5.0 ± 2.4 5.4 ±
2.3  

CTX   6.0 ± 1.9 6.1 ±
1.4  

VRX   4.4 ± 1.6 2.7 ±
0.42* 

DOC-C (mg 
kg− 1 dw) 

CTO 153 ± 48 82 ± 35 32 ± 10 43 ± 8  

VRA 116 ± 55 59 ± 13 62 ± 28 70 ± 28  
CTX   74 ± 20 79 ± 23  
VRX   53 ± 18 36 ± 4§

Ortho-P (mg 
kg− 1 dw) 

CTO 0.10 ±
0.02 

0.06 ±
0.02 

0.07 ±
0.02 

0.20 ±
0.07  

VRA 0.27 ±
0.14 

0.08 ±
0.02 

0.35 ±
0.17§

0.40 ±
0.12§

CTX   0.32 ±
0.11 

0.29 ±
0.05  

VRX   0.29 ±
0.10 

0.26 ±
0.06 

Microbial 
biomass C 

CTO  4507 ±
679 

3395 ±
349 

3551 ±
643 

(mg kg− 1 dw) VRA  4988 ±
930 

5982 ±
1909 

3697 ±
1002  

CTX   7100 ±
2189 

6092 ±
642  

VRX   4720 ±
860 

3345 ±
369* 

Microbial 
biomass N 

CTO  170 ± 28 194 ± 27 227 ±
48 

(mg kg− 1 dw) VRA  209 ± 41 430 ±
141 

294 ±
95  

CTX   474 ±
183 

401 ±
59  

VRX   355 ± 81 207 ±
22* 

Microbial 
biomass P 

CTO  7.6 ± 2.1 7.5 ± 1.5 11.2 ±
6.2 

(mg kg− 1 dw) VRA  16.2 ±
6.4 

107 ±
69.6§

44.4 ±
26.1§

CTX   17.2 ±
4.8 

39.5 ±
12.1  

VRX   37.3 ±
20.5 

14.4 ±
1.9 

Control and warming (CTO and CTX), and simulated fire and in combination 
with warming (VRA and VRX). . Numbers show mean (±SE) of replicate blocks 
(n = 5). Significant fire effects or tendencies towards significance under ambient 
and warming conditions are shown as §p ≤ 0.1 and *p ≤ 0.05. 

Fig. 2. Excess 15N concentrations (after subtracting 15N natural abundance) in 
litter layer and soil depth of 0–3.5 cm in 2017 (two days and 21 days after the 
simulated fire), 2018 (one year after the simulated fire) and 2019 (two years 
after the simulated fire). Simulated fire and in combination with warming (VRA 
and VRX). Error bars are standard error. 
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warming conditions (VRX; Fig. 3). The patterns of 15N recovery among 
years generally matched those of excess 15N concentrations for litter, 
bulk soil, microbial biomass, TDN and roots (Figs. S6 and S7). After 21 
days (2017), soil microbial 15N recovery was approximately 18 times 
higher than root 15N recovery, while after one year (2018) approxi-
mately two times as much 15N was recovered in the microbial biomass 
compared to that in the root biomass (Fig. S7). The same pattern was 
observed after two years (2019; Fig. S7). Nitrogen-15 recovery in the 
root pool was approximately one order of magnitude larger than that in 
the TDN pool across treatments and years (Fig. S7). 

We measured excess 15N concentrations in leaves of dominant shrub 
species to assess post-fire species-specific N uptake from the PyOM 
without removing the regrown vegetation. One year after the fire, S. 
glauca and V. uliginosum had generally regrown, while B. nana and C. 
tetragona did not re-appear until after three years (Fig. 4). The average 
leaf excess 15N concentrations were general low across species, but in 
one or two plots the excess 15N concentrations of B. nana and S. glauca 
leaves increased notably from 10 μg 15N excess g N − 1 after one year to 

55 μg 15N excess g N − 1 after three years (Fig. 4). After three years, only 
S. glauca showed an increase in leaf 15N enrichment in response to 
summer warming (p = 0.0747), resulting in five-fold higher leaf 15N 
enrichment than that of C. tetragona (p = 0.05; Fig. 4). 

4. Discussion 

4.1. Changes in soil nutrients and microbial biomass 

Our observations show that soil NH4
+-N, NO3

− -N and ortho-P con-
centrations as well as microbial biomass P increased two years after the 
simulated fire (only ortho-P also increased after one year) and hence to 
some extent support our hypothesis I that fire increases soil nutrient 
availability and microbial biomass (Table 1). This is to some extent 
consistent with a parallel study at the same field site in which an 
experimental fire of low-intensity increased soil NH4

+-N, NO3
− -N and 

ortho-P concentrations two years after the fire (Xu et al., 2021). This 
study also suggested that higher nutrients in burned soils were primarily 
due to deposition of PyOM/ashes rather than reduced plant uptake (Xu 
et al., 2021). Similarly, Sánchez-García et al. (2021) observed a rela-
tively large labile organic fraction of nutrients (between 21 and 29%) in 
the PyOM produced from a savannah fire associated with significant 
increases in soil NH4

+-N, NO3
− -N and ortho-P concentrations. Previous 

experiments have shown that PyOM produced at lower temperatures (i. 
e., <400 ◦C) contained more readily soluble constituents than those 
produced at higher temperature (i.e., >400 ◦C) (Mukherjee and Zim-
merman, 2013). In the current study, since about 58% of PyOM was 
produced at a relatively low temperature (250 ◦C) and 11% of PyOM 
was from complete combustion, the applied PyOM may have a relatively 
large labile organic fraction and a mineral ash fraction as well, resulting 
in the release of nutrients and higher mineralization activities. This is 
consistent with the findings of Maestrini et al. (2014) who observed that 
the addition of ryegrass-derived PyOM (charred at 450 ◦C) increased 
gross N mineralization and NH4

+-N concentrations in a temperate forest 
soil. Moreover, the soil temperature during summer was significantly 
higher after the simulated fire in the current study (Fig. 1), which could 
lead to enhanced soil microbial activities and soil nutrient availability. 

Soil temperature at 2-cm depth peaked at 45 ◦C during heating from 
the fire and then dropped rapidly (Fig. S2), indicating that our simulated 
fire was of low intensity and little heat from the fire had been transferred 
downward in the soil. Hence, heating had little direct impact on soil and 
microbial growth, as supported by no significant differences in soil 
chemical properties and microbial biomass between control and simu-
lated fire plots after five and/or 21 days. In accordance with changes in 

Fig. 3. Soil microbial (a), TDN (b), and root (c) excess 15N concentrations (after 
subtracting 15N natural abundance) in 2017 (21 days after the simulated fire), 
2018 (one year after the simulated fire) and 2019 (two years after the simulated 
fire). Simulated fire and in combination with warming (VRA and VRX). Error 
bars are standard error. Lowercase letters (or in italics) indicate significant 
differences (p ≤ 0.05) or tendencies towards significance (p ≤ 0.1) between 
years under ambient conditions. Significant warming effects or tendencies to-
wards significance within each year are shown as §p ≤ 0.1 and *p ≤ 0.05. 

Fig. 4. Leaf excess 15N concentrations (after sub-
tracting 15N natural abundance) within each shrub 
species (Betula nana, Cassiope tetragona, Salix glauca 
and Vaccinium uliginosum) in 2018 (one year after 
the simulated fire), 2019 (two years after the simu-
lated fire) and 2020 (three years after the simulated 
fire). Simulated fire and in combination with warm-
ing (VRA and VRX). Error bars are standard error. 
Where no bars or error bars are shown, n < 3 due to 
no or less plots observed for the species. Tendencies 
towards significant warming effects within each 
shrub species are shown as §p ≤ 0.1. Lowercase letters 
indicate significant differences (p ≤ 0.05) between 
shrub species under warming conditions.   
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soil ortho-P concentrations, microbial biomass P tended to increase one 
and two years after the simulated fire, but microbial biomass C and N 
remained unchanged. Unlike other mobile compounds (e.g., DOC and 
NO3

− ), ortho-P participates in numerous sorption reactions that prevent 
leaching losses, but not necessarily protect it from microbial uptake 
(Schaller et al., 2015; Ludwig et al., 2018). This supports the observed 
increase in microbial biomass P. Considering P as one of the most 
limiting nutrients in Arctic tundra ecosystems (Klupar et al., 2021), the 
retention of P in microbial biomass provides a pool of potential available 
P (via microbial turnover) and likely affects plant recovery and micro-
bial activities in the longer term. 

4.2. Pyrogenic nitrogen cycling 

Our data generally show an increase in both microbial and root 15N 
recovery (and leaf 15N enrichment) after one and two years following 
the 15N-PyOM application and hence support our hypothesis II that the 
release of N from the PyOM can be assimilated by both soil microbes and 
plants. 

Approximately 70% of 15N-PyOM was initially recovered (21 days 
after application) in combined litter and soil layers. This is less as 
compared to an in situ study by Singh et al. (2014) who found that 90% 
of 15N-PyOM (charred at 500 ◦C and applied at 2-cm soil depth) was 
recovered at the depth of 0–5 cm in a temperate forest after 10 months. 
The lower recovery in the current study can be attributed primarily to 
the application method. The 15N-PyOM was applied on the soil surface 
to mimic natural depositions after the fire, and consequently it was more 
likely to move downwind or downslope due to wind or water erosion, 
which have been suggested as major pathways for losses of PyOM post 
fire (Cotrufo et al., 2016; Santín et al., 2016). Hence, comprehensively 
understanding the fate of PyOM in an ecosystem may need 
landscape-scale studies to fully trace horizontal transport pathways 
(Major et al., 2010; Foereid et al., 2011). Alternatively, the loss of PyOM 
depends on its precursor material and the charring temperature. 
Compared with the study by Singh et al. (2014), about 58% of PyOM in 
our study was produced at a lower temperature (250 ◦C vs. 450 ◦C) 
making it more susceptible to decomposition on both short- or long-time 
scales (Hilscher and Knicker, 2011b; Bird et al., 2015). This could 
partially explain the relatively low recovery of 15N-PyOM after 21 days. 
Abney et al. (2019) also found that the decomposition rates from soils 
with 200 ◦C PyOM were 2.7–4.7 times higher than those with 350 ◦C and 
500 ◦C PyOM addition after two weeks. 

To the best of our knowledge, this is the first study showing incor-
poration of PyOM-N into microbial biomass in Arctic tundra ecosystem. 
A small amount of 15N-PyOM was recovered within microbial biomass 
(0.4%) 21 days after application, combined with negligible recovery in 
TDN (0.01%), possibly indicating that only a small amount of initial 
labile N that was released from the applied PyOM can be potentially 
taken up by soil microbes. This is consistent with previous field-based 
studies in temperate forest and grass ecosystems (Singh et al., 2014; 
Soong et al., 2016; Fang et al., 2018). But the applied PyOM in those 
studies were charred at 450 ◦C and consequently likely to be more 
resistant to microbial assimilation. Due to the low charring temperature 
(58% of PyOM produced at 250 ◦C) in our study, a relatively high initial 
labile fraction might be expected. For example, the initial labile fraction 
has been reported to account for 28–37% of the total N pools in 
grass-derived PyOM (charred at 350 ◦C) (Hilscher and Knicker, 2011a). 
Considering reduced competition for this labile N due to the absence of 
aboveground vegetation, as supported by negligible recovery in roots 
(0.02%), and also negligible gaseous emissions (e.g., N2O), a small 
amount of liquid precipitation during the first 21 days after application 
(35 mm) may cause runoff and leaching losses and thus the low mi-
crobial uptake of initial labile 15N-PyOM. 

One year after application, microbial uptake of 15N-PyOM has 
significantly increased (from 0.4% after 21 days to 0.8% after one year), 
and remained the same after two years. This indicates microbial 

assimilation of N from organic fractions of the PyOM, since only 0.3% of 
15N-PyOM was from the mineral ash fraction that can release mineral N 
mainly as NH4

+ (Caon et al., 2014). In spite of initial large losses of labile 
15N-PyOM, the two-fold increase in microbial 15N recovery after one 
year also suggests that soil microbes can utilize a relative recalcitrant 
fraction of PyOM in addition to an initial labile fraction. The recalcitrant 
heterocyclic N that dominates in charred plant materials has been re-
ported to be degradable in several incubation studies (de la Rosa and 
Knicker, 2011; Hilscher and Knicker, 2011a; Santos et al., 2012; Knicker 
et al., 2013). For example, Hilscher and Knicker (2011a) observed an 
increase of the amide to heterocyclic N ratio for grass-derived PyOM 
after 28 months of incubation and they suggested this to be explained by 
the microbial incorporation of mineralized N derived from heterocyclic 
N. We found that roots recovered much higher 15N-PyOM after one year 
compared with that after 21 days, and some shrub species from a few 
plots have also showed a notable rise in leaf 15N concentrations from 10 
μg 15N excess g N − 1 after one year to 55 μg 15N excess g N − 1 after three 
years. This further confirms the fact that the relatively recalcitrant N of 
PyOM can be partially transformed by soil microbes over time and thus 
become available for plant uptake. Similarly, in an incubation experi-
ment, de la Rosa and Knicker (2011) observed that 10% of the 
grass-derived 15N-PyOM (charred at 350 ◦C) was incorporated into new 
grass biomass after 72 days. Moreover, since N is slowly transferred into 
labile forms during degradation of PyOM, it may act as a slow N-release 
source and minimize significant N losses due to leaching. Thus, the large 
losses of initial labile fractions and afterwards the slow conversion of 
recalcitrant N forms into labile N forms may explain why a significant 
increase in mineral N was observed two years instead of immediately 
after the simulated fire (with the addition of PyOM) in the current study. 

4.3. Warming effects on pyrogenic nitrogen cycling 

Two years after application, summer warming (by OTCs) signifi-
cantly increased TDN and root 15N recovery, which suggests that N was 
released from the PyOM and thus plant N uptake was enhanced by 
summer warming (which partly supports our hypothesis III). It is well- 
known that warmer temperatures can accelerate soil organic matter 
decomposition and nutrient mineralization (Biasi et al., 2008; Sistla and 
Schimel, 2013; Xue et al., 2016). Hence, warming may enhance the 
degradation of recalcitrant N and then lead to more plant-available N. 
We speculate that recovery of N-PyOM by plants would stimulate 
regrowth of vegetation after the fire. Rapid regrowth may enhance 
post-fire CO2 assimilation and hence mitigate potential C losses associ-
ated with fire event, but this still remains to be confirmed experimen-
tally. We observed no warming effects on microbial 15N recovery, 
although microbial 15N enrichment increased as a result of summer 
warming. This could be explained by a rapid turnover of microbial 
biomass under summer warming, with newly incorporated N being 
converted into plant-available N (Xu et al., 2022). Previous studies have 
demonstrated a faster microbial turnover and thus possibly suppressed 
microbial biomass with warming (Hagerty et al., 2014; Gao and Yan, 
2019). The plots subject to combination of simulated fire with warming 
(VRX) showed significantly higher soil temperatures and hence might 
accelerate turnover of microbial biomass to greater extent than warming 
only plots (CTX), which may partially explain significantly lower mi-
crobial biomass in the VRX than CTX plots. Soil microbes were efficient 
competitors for N in the short term, while plants acquired available N 
over longer time due to their slower turnover and longer tissue longevity 
compared with soil microbes (Nordin et al., 2004; Clemmensen et al., 
2008). Consequently, plants recovering from fire may obtain extra N 
made available by soil microbes and/or released from microbial biomass 
within two years of summer warming. However, only S. glauca exhibited 
increased leaf 15N enrichment under summer warming, resulting in the 
highest leaf 15N enrichment observed in S. glauca. This is likely because 
N allocation patterns (to roots, stems and leaves) differed among plant 
species and were changed largely by soil nutrient availability as well as 
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plant biomass and size (Müller et al., 2000; Zhao et al., 2020). In the 
presence of competitors (competition between plants and soil microbes 
or interplant competition), allocation of more N to root growth allowed 
a plant to acquire more nutrients from the environment (Craine, 2006). 
Thus, acquisition of 15N in leaves in response to summer warming was 
less pronounced than that in roots (assuming that leaf biomass was 
lower than root biomass). 

5. Conclusions 

This study investigates the fate of N released from fire-induced PyOM 
under ambient temperature and summer warming in an Arctic tundra 
ecosystem. Soil NH4

+-N, NO3
− -N concentrations were significantly 

increased two years after the fire. Tracing the fate of 15N-labelled PyOM 
showed low initial microbial and TDN 15N recovery, which is likely due 
to an initial loss of labile fractions of PyOM within days after a fire. 
Microbial and root 15N recovery significantly increased after one year, 
and TDN and root 15N recovery was also significantly enhanced after 
two-year of summer warming, suggesting that relatively recalcitrant N 
of PyOM has partially been transformed into plant-available forms over 
time and this transformation can be further enhanced by summer 
warming. Hence, in a future warmer climate, with increasing wildfires 
in the Arctic, fire-induced PyOM will act as an increasingly significant N 
source for plant recovery in tundra ecosystems, which has long-term 
effects on the overall C budget and feedbacks to regional climate 
change. More fires could lead to enhanced plant growth given increased 
nutrient availability from the PyOM, which will increase the risks for 
more intense fires given increased amounts of biomass. On the other 
hand, increased plant regrowth will provide an increased CO2-sink and 
thus mitigate potential losses of C associated with fire events. More 
studies on the longer-term effects of wildfires on vegetation dynamics in 
the Arctic are needed to verify this. Fire effects on vegetation dynamics 
need also to be implemented in ecosystem models for improving our 
ability to predict effects of wildfires in tundra ecosystems. 
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