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Fire increases soil nitrogen retention and alters nitrogen uptake patterns
among dominant shrub species in an Arctic dry heath tundra
Wenyi Xu ⁎, Bo Elberling, Per Lennart Ambus
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• We investigated post-fire N and P cy-
cling in an Arctic dry heath tundra.

• Tundra fire increased soil N retention,
due to increased microbial N assimila-
tion.

• Tundra fire altered N uptake patterns
among dominant shrub species.

• Tundra fire tended to increase soil mi-
crobial biomass P.
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Climate change increases the frequency and severity offire in the Arctic tundra regions.We assessed effects offire
in combinationwith summerwarming on soil biogeochemical N- and P cycleswith a focus onmineral N over two
years following an experimental fire in a dry heath tundra, West Greenland. We applied stable isotopes (15NH4

+-
N and 15NO3

−-N) to trace the post-fire mineral N pools. The partitioning of 15N in the bulk soils, soil dissolved or-
ganic N (TDN), microbes and plants (roots and leaves) was established. The fire tended to increase microbial P
pools by four-fold at both one and two years after the fire. Two years after the fire, the bulk soil 15N recovery
has decreased to 10.4% in unburned plots while relatively high recovery was maintained (30%) in burned
plots, suggesting an increase in soil N retention after the fire. The contribution of microbial 15N recovery to
bulk soil 15N recovery increased from 11.2% at 21 days to 31.5% two years after the fire, suggesting that higher
post-fire N retention was due largely to the increased incorporation of N into microbial biomass. Fire also in-
creased 15N recovery in bulk roots after one and two years, but only under summer warming. This suggests
that higher retention of post-fire N can strongly increase the potential for N uptake of recovering plants under
a futurewarmer climate. Therewas significantly lower 15N enrichment of Betula nana leaveswhile higher 15N en-
richment of Vaccinium uliginosum leaves (after three years) in burned than control plots. This shows that fire can
alter the N uptake differently among dominant shrub species in this tundra ecosystem, and implies that wildfires
may change plant species composition in the longer term.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Climate change is occurring rapidly at high latitudes, particularly in
the Arctic tundra regions, where air temperature has increased by
0.75 °C over the past decade, far outpacing the global average
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(Stocker, 2014; Post et al., 2019). During this period, wildfire frequency
and severity in the Arctic has increased due to both warming and de-
creased precipitation in summer (Lewis et al., 2019; McCarty et al.,
2020). Historical meteorological observations have shown the primacy
of summer temperature and precipitation in driving year-to-year varia-
tions in tundra wildfires (Hu et al., 2010). A warmer Arctic climate,
which is predicted to develop in the coming decades, will result in
more frequent tundra wildfires (Sae-Lim et al., 2019).

Wildfires are often landscape-scale disturbances that have the po-
tential to alter ecosystem carbon (C), nitrogen (N) and phosphorus
(P) stocks and cycling markedly (Bowman et al., 2009) through chang-
ing physical, chemical and biological environmental conditions (Mack
et al., 2011; Barrett et al., 2012). Wildfires have rarely occurred in
Greenland until 2017, when a major fire broke out in southwestern
Greenland burning for two weeks and scorching 1200 ha of tundra
(Evangeliou et al., 2019).

Nitrogen is the nutrient most affected by fire (Caon et al., 2014;
Dannenmann et al., 2018). During fire, the vegetation and soil organic
matter are combusted, releasing a substantial amount of C and N in
the form of carbon dioxide (CO2) and gaseous N such as nitric oxide
(NO) and nitrous oxide (N2O) (Certini, 2005; Mack et al., 2011;
Dannenmann et al., 2018; Ribeiro-Kumara et al., 2020b). On the other
hand, due to incomplete combustion or soil heating during fire,
biomass or soil organic matter can be transformed into pyrogenic
organic matter (chars) and ashes. This may result in a direct release of
labile N fractions mainly as ammonium (NH4

+) and thus an increase in
mineral N concentrations in the uppermost soil layers (Dannenmann
et al., 2010; Bird et al., 2015; Karhu et al., 2015). Fire can increase soil
temperature during the ice-free period by removing insulation layers
and by decreasing the albedo due to the darkened surface, which may
thus accelerate permafrost thawing and increase active layer depths
(Yi et al., 2010; Tas et al., 2014; Koster et al., 2017; Ribeiro-Kumara
et al., 2020a). Fire may also alter soil moisture by increasing soil water
retention, by restricting water infiltration and increasing surface runoff,
or by lowering the water table with deeper thaw depths (Yoshikawa
et al., 2002; Bodí et al., 2012; Bodí et al., 2014; Potter and Hugny,
2020). Overall, these fire-induced changes in physical and chemical
soil conditions are very likely to affect microbial N cycling processes
such as mineralization and immobilization and hence soil mineral N
pools (Bret-Harte et al., 2013; Kulmala et al., 2014), and have been re-
ported to last over time spans ranging from months to years (Kennard
and Gholz, 2001; Andersson et al., 2004; Kulmala et al., 2014; Ludwig
et al., 2018).

Fire immediately causes reductions in vegetative cover, which could
indirectly enhance soil N availability due to decreases in plant N uptake,
andhence acceleratemicrobial N cycling processes (e.g., immobilization
and denitrification) (Prieto-Fernández et al., 2004; Karhu et al., 2015;
Ludwig et al., 2018). On longer time scale, as the primary production
of the ecosystem is usually suppressed, aboveground litter inputs are re-
duced, and the exudation of labile organic matter from living roots into
rhizosphere soil may also be decreased (Butenschoen et al., 2008). Con-
sequently, the lack of vegetationmay alter soil organicmatter decompo-
sition and Nmineralization in the longer term. To discern consequences
of fire disturbance due to direct effects and to indirect effects caused by
vegetation destruction is critical to understand and predict the impact
of fire onN cycling in the plant-soil-microbe system. However, still little
is known about fire effects on Arctic tundra ecosystems, by means of
vegetation destruction and/or changes in soil chemical and physical
conditions.

Post-fire soil mineral N pulses might be of key importance for the
Arctic tundra ecosystems. Due to low atmospheric N deposition
(<2 kg N ha−1 y−1) (Dentener et al., 2006), low N fixation and decom-
position of organic matter (Robinson, 2002; Zielke et al., 2002), N is one
of the most important growth-limiting nutrients in the Arctic ecosys-
tems (Schimel and Bennett, 2004), which leads to strong competition
between plants and soil microorganisms (Kuzyakov and Xu, 2013).
2

Post-fire soil mineral N can be assimilated by plants and microorgan-
isms, and incorporated into the soil organic N reserve, but lost as
gases, and by leaching, soil erosion, and runoff, and thus themagnitude
of fertilization effects on recovering plants and microbes depends on
ecosystem N retention (Martí-Roura et al., 2013; Hanan et al., 2016).
Microbes may play a major role in immobilizing mineral N due to com-
plete absence or low biomass of vegetation during the early stages of
post-fire recovery. Meanwhile, tundra plants in the Arctic have different
degrees of susceptibility to fire, and different regeneration strategies
(Hollingsworth et al., 2013), trait properties such as rooting depth and
density (Hewitt et al., 2019; Pedersen et al., 2020) and mycorrhizal as-
sociations (Hewitt et al., 2015; Hewitt et al., 2020). Hence, these
species-specific properties can provide important competitive advan-
tages for plant acquisition of post-fire N.

Temperature is a key factor for regulating plant productivity and soil
biogeochemical processes in the Arctic ecosystems. The effects of cli-
mate warming have been studied in combination with fire disturbance
in the Arctic boreal ecosystems (Bergner et al., 2004; Allison et al., 2010;
Genet et al., 2013). For example, experimental warming with open-top
chambers significantly reduced root biomass but had no effects on bac-
terial or fungal abundance three years after a fire in an Alaskan boreal
forest (Bergner et al., 2004). The Arctic tundra generally has a shorter,
cooler and drier growing season than boreal forest, thus likely being
more responsive to increases in summer air temperature. However,
such combined effects have not yet been examined in tundra ecosys-
tems, although this might play important roles in shaping the future
Arctic tundra ecosystem processes.

Stable N isotopic (15N) labelling is widely used as a tracer to study
the short- and long-term fate as well as spatial movement of N. It has
also been used to describe plant-microbe competition for N, through
the evaluation of 15N recovery in plant and microbial biomass. In this
study, we used stable isotopic labelling (application of 15N) to investi-
gate the fate and cycling of mineral N after experimental fire and
shrub cutting (as a mean to simulate aboveground vegetation destruc-
tion caused by fire) in combination with in situ warming in an Arctic
dry heath tundra, West Greenland. We measured 15N recovery in bulk
soil, microbial biomass and belowground plant parts over two years
after the fire. To investigate species-specific plant uptake of post-fire
N, we also measured 15N excess concentrations in species-specific
plant leaves over three years. Our overall research objectives were: to
(1) identify the effects of fire in combination with warming on the
fate and cycling ofmineral N over two or three years; (2) discern the im-
pacts of fire on these N-cycle processes due to direct effects and indirect
effects related to vegetation destruction. We hypothesized that tundra
fire increased N assimilation of soil microbes due to a competitive ad-
vantage caused by vegetation destruction; summer warming enhanced
N uptake of recovering plants; and the responses of plant N uptake to
tundra fire differed among plant species.

2. Material and methods

2.1. Site description

The study site is located at Blæsedalen Valley (69°16′N, 53°27′W),
on the south of Disko Island, West Greenland. This valley is in the tran-
sition zone between the Low and High Arctic and has a typical Low
Arctic climate (Borggaard and Elberling, 2007). Based onmeteorological
data (1991–2017) from the nearby Arctic station, the annual mean air
temperature is −3 °C, with monthly mean temperature ranging from
8 °C in July to −14 °C in March. The annual mean precipitation was
418 mm in the period of 1991–2017, of which 34% was snowfall
(Zhang et al., 2019). The site lies within a discontinuous permafrost
zone and the active layer is estimated to be 1.5 m deep (Blok et al.,
2016). The soils consist of basaltic rock fragments covered by a thin or-
ganic layer. The mean annual soil temperature at 5 cm depth is−1.9 °C
and frozen soil conditions prevail from October to late May (D'Imperio
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et al., 2018). The dry heath tundra in this site is 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
Stereocaulon paschale spp.) and mosses (Tomentypnum nitens (Hedw.)
Loeske and Aulacomnium turgidum (Wahlenb.) Schwägr.) covering the
ground.

2.2. Experimental setup and design

In summer 2017, we conducted a combined tundra fire and shrub
cutting experiment within an area of 20 × 20 m on a gentle north-east
facing slope (5.7°). The treatment with shrub cutting was applied to
study effects of shrub removal only in comparison with effects of fire,
where shrubs are removed by combustion that also impacts soil physi-
ochemical properties. Three different main treatments (plot size
1.2 × 1.2m)were included in the experiment, i.e. Control (CTO), cutting
down shrubs to <5 cm aboveground, leaving the cut biomass in the
plots afterwards to maintain the potential nutrient pool size (VCO),
and burning of aboveground vegetation (VBO). All treatments were
paired with experimental warming by mounting year-round hexagonal
open top chambers (OTC) upon the burning and shrub cutting (CTX,
VCX and VBX) giving a total of six treatments distributed randomly in
each of five replicate blocks (block size 4.8 × 4.8 m) (Fig. S1). The
OTCs were made of transparent polycarbonate, 35 cm tall and had a
base diameter of 150 cm and top diameter of 85 cm (Marion, 1996).
The experimental fire was achieved by using a butane-gas weed burner
at 20 cm height deployed for 7 min per plot. The 7 min were chosen
after a test burning in an adjacent area for estimating the approximate
duration of a natural wind-driven fire in the area.Wemoved the burner
aroundwithin each plot area to make burning as homogenous as possi-
ble. The aboveground biomasswas burned away rather quickly but con-
tinued work with the burner was deployed to ensure litter/surface soil
organic matter also burned to some extent. During the fire, the ground
surface temperature reached 180 °C and soil temperature at depth of
2 cm reached 60 °C (Figs. S2 and S3). After the fire, aboveground vege-
tation was burned completely leaving chars and ashes on the soil sur-
face, the cryptogamic cover and litter was likewise mostly burned
away, though unburned, but scorched, patches remained atop the soil.
There were no significant changes in soil C, N, or P pools, or soil pH
(0–5 cmdepth) after the fire (Table S1). A small amount of rain fell dur-
ing the first several days after labelling (Fig. S4).

2.3. 15N labelling

To prevent the volatilization during burning, labelling was
applied one day after burning. All plots were amended with equal
amounts of ammonium sulfate ((15NH4)2SO4-N) and potassium
nitrate (K15NO3-N), both enriched at 13.5 atom% 15N. The total
application was equivalent to a non-fertilizing amount of 0.2 g N m−2

(providing 27 mg 15N excess m−2) dissolved in 1 L plot−1, and applied
as a fine mist atop the plots using backpack sprayer.

2.4. Soil and plant analysis

Soil sampling was conducted two days (one day after the labelling;
July 31st 2017), 21 days (August 19th 2017), one year (August 9th
2018) and two years (August 19th 2019) after burning. One sample
was taken from each of the 30 plots in the 0–3.5 cm top soil (beneath
litter layer and cryptogams if present), with a 6-cm-diameter steel
ring. Litter confined within the 6 cm ring was collected separately. The
litter in the burned plots was amixture of unburned, but scorched litter,
chars and ashes. Since the OTCs weremountedmore or less at the same
time as soil sampling (21 days after the fire), we assumed that there
were no warming effects by OTCs in 2017. In mid-July 2018, 2019 and
3

2020, five leaves or tip of entire buds were randomly collected among
individual plants within each of the four dominant plant species
(B. nana, S. glauca,V. uliginosum andC. tetragona). In 2020, only leaf sam-
ples were collected (soil and litter sampling were not conducted).

Each soil sample was mixed thoroughly, weighed and divided into
subsamples for dry soil analysis and soil extraction. Soil moisture was
calculated using oven weight loss (105 °C for 24 h) and dried soil sam-
ples were finely ground by ball milling. Soil extractionsweremadewith
moist soil to water ratio of 1:5 (10 g soil; 50 mL water). The soil-water
suspensions were shaken for an hour at room temperature, then
filtrated (Whatman GF/D), and kept at−18 °C until analysis. Microbial
biomass C, N and P contents as well as 15N concentration were deter-
mined using the chloroform fumigation-extraction method (Brookes
et al., 1985). To quantify soil microbial N, C and P, soil was fumigated
by vacuum incubation with chloroform (CHCl3) for 24 h before
extraction as described. Fifteen milliliters of filtered extracts of both
fumigated and non-fumigated soil were subsequently freeze-dried
and then encapsulated for 15N-concentration analysis. The remaining
extracts were kept frozen until analysis for total dissolved N (TDN)
and dissolved organic C (DOC) by using a TOC-TN analyzer (Shimadzu,
Kyoto, Japan) and for P in phosphate (PO4

3−-P) by using flow-injection
analysis (Tecator 5000 FIAStar, Höganäs, Sweden). Microbial biomass
C, N, P and isotopic enrichment were calculated as the difference be-
tween fumigated and non-fumigated data. Correction factors of 0.4
and 0.45 for extraction efficiencywere applied to estimate soilmicrobial
C and both microbial N and P, respectively (Christiansen et al., 2012;
Pedersen et al., 2020). Litter and leaf samples were dried at 70 °C for
48 h and finely ground. Roots were separated from soil samples and
then rinsed with deionized water, dried (70 °C, 48 h) and finely ground.
The total C and N contents as well as 15N concentration from dried soil,
plant materials and precipitateswere determined by elemental analysis
(CE1110, Thermo Electron, Milan, Italy) coupled in continuous flow
mode to a Finnigan MAT Delta PLUS isotope ratio mass spectrometer
(IRMS; Thermo Scientific, Bremen, Germany).

2.5. Calculations of 15N recovery

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

%recovery ¼ sample 15N APE ∗ total N pool
added 15N excess

∗ 100,

where the sample 15N APE is the atom% excess in the soils, roots andmi-
crobial biomass after subtracting the 15N natural abundance. Total N
pool is expressed as associated soil, root and microbial N pools
(g Nm−2) based on soil bulk density or root biomass. Added 15N excess
equals 0.027 g 15N excess m−2. Total N pool in leaf samples was not ob-
tained due to a lack of information on species-specific aboveground bio-
mass. Residual 15N recovery was calculated by subtracting TDN and
microbial 15N recovery from total soil 15N recovery.

2.6. Statistics

Prior to analysis, the data were checked for normal distribution and
homogeneity of variance by inspecting the QQ-plots and by using
Shapiro-Wilk normality test or Levene's test. To meet assumptions,
the data of soil, root and microbial 15N recovery were log-transformed
and the data of litter 15N recovery were square-root-transformed. We
tested effects of vegetation (control, shrub cutting and burning) and
warming (non-warming and warming) treatments, and their interac-
tions, on total N as well as 15N enrichment and recovery in soil, root,
species-specific leaf (excluding 15N recovery) and microbial biomass
samples. Tests were carried out separately for each year by using two-
way ANOVA in linearmixed effects models with the lme4 and car pack-
age (Bates et al., 2015; Fox and Weisberg, 2019). In this test, the
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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). Since the OTCs were mounted
more or less at the same time as soil sampling in 2017, we assumed
there were no warming effects 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 analyses above were performed
using R software v. 3.6.1 (Team, 2019).

3. Results

3.1. Post-fire soil microbial biomass and total dissolved N

Soil microbial C, N, P and TDN pools with and without warming are
shown in Fig. 1 for years 2017 (21 days after the fire), 2018 (one year
after the fire) and 2019 (two years after thefire). The fire and shrub cut-
ting did not significantly alter soil microbial C andN pools that averaged
45.1 ± 2.8 g C m−2 and 2.4 ± 0.2 g N m−2, respectively (Fig. 1a and b).
The highest microbial P pool was observed in burned plots (without
OTCs) in each of three years (Fig. 1c). Moreover, soil microbial P tended
to be four-fold higher in burned (VBO) than control plots (CTO) in both
2018 and 2019 (p= 0.0811 and p= 0.0973, respectively), but this fire
effect was not observed under warming conditions (Fig. 1c). Total dis-
solved N pools ranged from 0.068 ± 0.01 to 0.17 ± 0.02 g N m−2,
with the maximum observed in burned plots with OTCs (Fig. 1d). In
2018, there was a tendency for increased TDN (by 50%) in burned
plots with warming (p = 0.0957 for VBX-VBO; Fig. 1d).

3.2. Post-fire mineral nitrogen cycling

We applied 15N-labelled (NH4)2SO4 and KNO3 to control (CTO and
CTX), shrub-cut (VCO and VCX) and burned (VBO and VBX) plots to as-
sess the fate of post-fire mineral N during two years of recovery (Figs. 2
Fig. 1. Effects of fire in combination with warming on soil (a) microbial carbon, (b) microbial n
after thefire; withoutwarming effect), 2018 and 2019. Control andwarming (CTO and CTX), sh
with warming (VBO and VBX). Error bars are standard errors. Lowercase letters in italics indic
(p ≤ 0.1). A tendency towards warming effects within each treatment is shown as §p ≤ 0.1.
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and 3). There were no significant differences of 15N recovery between
the treatments in either litter or soil layer (depth of 0–3.5 cm) one
day after application (two days after burning), indicating that the 15N-
labelled solution was evenly distributed among the plots without im-
pacts from the treatments (Fig. 2). The highest soil 15N recovery in
2018 was observed at burned plots. The VBO plots showed three-fold
and two-fold higher recovery than the CTO and VCO plots, respectively
(p = 0.0214 and p = 0.0995, respectively), and the VBX had two-fold
higher recovery than VCX plots (p = 0.0308; Fig. 2). Similarly, after
two years (2019), soil 15N recovery in burned plots remained the
highest (Fig. 2). The burned plots had three-fold higher recovery than
unburned plots under both non-warming (VBO compared with CTO
and VCO; p = 0.0211 and p = 0.0837, respectively) and warming con-
ditions (VBX compared with CTX; p = 0.0281; Fig. 2).

The 15N recovery inmicrobial biomass, TDN and bulk roots was gen-
erally low at 20 days after application (2017; Fig. 3). After one year,
three-fold higher microbial 15N recovery was observed in burned plots
compared to unburned plots, regardless of the warming treatment
(p = 0.092 and p = 0.091 for burned plots in comparison with control
and shrub-cut plots, respectively; Fig. 3a). The 15N recovery in TDN
tended to be three-fold higher in VBX than CTX plots (2018; p =
0.0878; Fig. 3b). There also tended to be five-fold higher root 15N recov-
ery in burned than unburned plots under warming condition (2018;
VBO compared with CTO and VCO; p=0.0975 and p=0.0912, respec-
tively; Fig. 3c). After two years, microbial 15N recovery in VBX was
eight-fold and four-fold higher than CTX and VCX plots, respectively
(2019; p = 0.0006 and p = 0.0221, respectively; Fig. 3a). Similarly,
15N recovery of TDN and roots in burned plots was nine-fold and
three-fold higher, respectively, compared to unburned plots under
warming conditions in 2019 (TDN, p = 0.0004 for VBX-CTX compari-
son; roots, p = 0.0099 and p = 0.026 for VBX-CTX and VBX-VCX com-
parisons, respectively; Fig. 3b and c).

The total 15N recovery (including litter, microbial biomass, TDN, soil
residual N and root pools) is shown in Fig. 4. Due to the high 15N recov-
ery in the litter layer in control plots, the highest total 15N recovery was
itrogen, (c) microbial phosphorus and (d) total dissolved nitrogen (TDN) in 2017 (21 days
rub cutting and in combinationwithwarming (VCO and VCX), burning and in combination
ate tendencies towards significance between treatments under non-warming conditions



Fig. 2. Effects offire and in combinationwithwarming on 15N recovery at litter layer and soil depth of 0–3.5 cm in 2017 (two and 21 days after the fire; withoutwarming effect), 2018 and
2019. Control and warming (CTO and CTX), shrub cutting and in combination with warming (VCO and VCX), burning and in combination with warming (VBO and VBX). Error bars are
standard errors. Significant warming effects within each treatment are shown as *p ≤ 0.05. Lowercase letters (or in italics) indicate significant differences (p ≤ 0.05) or tendencies
towards significance (p ≤ 0.1) between treatments under non-warming conditions. Uppercase letters indicate significant differences between treatments under warming conditions
(p ≤ 0.05).
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consequently observed in these plots in 2017 (21 days after the fire;
Fig. 4). In unburned plots, the litter showed consistently higher 15N re-
covery than the bulk soil pool (including microbial biomass and TDN)
(Fig. 4). Contrastingly, 15N recovery in the bulk soil exceeded the litter
pool in burned plots (VBO and VBX) after 21 days, and reached twice
Fig. 3. Effects of fire and in combination with warming on (a) microbial, (b) total dissolved ni
effect), 2018 and 2019. Control and warming (CTO and CTX), shrub cutting and in combinati
VBX). Error bars are standard errors. Uppercase letters (or in italics) indicate significant diffe
warming conditions.
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as high values as in the litter pool one and two years after the fire
(Fig. 4). The contributions of microbial biomass and TDN to 15N recov-
ered in the bulk soil pool after 21 dayswere only 11% and 0.26%, respec-
tively, regardless of treatments, with residual N accounting for >86% of
bulk soil 15N recovery (Table 1). The residual N pool still showed the
trogen (TDN) and (c) root 15N recovery in 2017 (21 days after the fire; without warming
on with warming (VCO and VCX), burning and in combination with warming (VBO and
rences (p ≤ 0.05) or tendencies towards significance (p ≤ 0.1) between treatments under



Fig. 4. Effects of fire and in combination with warming on total 15N recovery in 2017 (21 days after fire; without warming effect), 2018 and 2019. Control and warming (CTO and CTX),
shrub cutting and in combination with warming (VCO and VCX), burning and in combination with warming (VBO and VBX). Lowercase letters indicate significant differences (p ≤ 0.05)
between years within each treatment.
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highest contribution in all the plots after one and two years, but the con-
tribution declined to approximately 70% in burned plots after two years,
whereas the contribution of microbial 15N recovery increased in the
same period (to 31.6%, average of VBO and VBX) (Table 1). Overall,
15N recovery in the bulk soil in burned plots remained unchanged
(30%, average of VBO and VBX) after two years (Figs. 2 and 4).
Nitrogen-15 in the soil microbial biomass pool exceeded that in the
root pool by more than one order of magnitude across treatments
after 21 days (Table 1). After one and two years, approximately four
Table 1
Contribution of various nitrogen pools to 15N recovery at soil depth of 0–3.5 cm. Numbers
show mean (±SE) of replicate blocks (n = 5).

Treatment Contribution of N pools to 15N recovery at soil
layer (%)

Ratio of microbial
biomass to root
15N recovery

Microbial
biomass

TDN Residual N

2017 (21 days after fire)
CTO 13.5 ± 6.3 0.23 ± 0.09 86.2 ± 6.4 20.2 ± 11.5
VCO 9.4 ± 2.1 0.30 ± 0.08 90.3 ± 2.2 13.4 ± 4.6
VBO 11.2 ± 3.7 0.24 ± 0.11 88.6 ± 3.8 9.7 ± 2.7

2018
CTO 13.0 ± 2.4 0.26 ± 0.06 86.7 ± 2.4 5.0 ± 2.1
CTX 16.9 ± 10.1 0.20 ± 0.12 82.9 ± 10.3 3.4 ± 1.3
VCO 11.6 ± 4.5 0.24 ± 0.08 88.1 ± 4.6 3.3 ± 1.2
VCX 17.9 ± 8.7 0.57 ± 0.36 81.5 ± 9.0 4.6 ± 2.0
VBO 29.5 ± 15.9 0.16 ± 0.04 70.3 ± 16.0 5.7 ± 2.3
VBX 23.1 ± 16.1 0.32 ± 0.12 76.6 ± 16.1 3.4 ± 1.3

2019
CTO 26.9 ± 3.5 1.41 ± 0.35 71.9 ± 3.0 3.3 ± 1.4
CTX 11.8 ± 2.1 0.36 ± 0.06 87.8 ± 2.1 2.2 ± 1.1
VCO 16.6 ± 11.5 1.35 ± 0.55 82.1 ± 12.4 4.1 ± 1.7
VCX 14.8 ± 3.5 0.81 ± 0.23 84.4 ± 3.6 2.5 ± 0.8
VBO 29.7 ± 13.6 1.05 ± 0.44 69.3 ± 13.7 2.3 ± 1.0
VBX 33.4 ± 9.9 1.14 ± 0.46 66.5 ± 9.8 2.8 ± 0.8

Control and warming (CTO and CTX), shrub cutting and in combination with warming
(VCO and VCX), burning and in combination with warming (VBO and VBX). Error bars
are standard errors.
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times as much 15N was recovered in microbial biomass compared to
roots (Fig. 4; Table 1).
3.3. Post-fire leaf 15N enrichment

The measurement of excess 15N concentrations in leaves of domi-
nant plant species allowed us to assess post-fire species-specific N up-
take without removing the regrown vegetation. One year after the fire,
three of the four examined shrub species had regrown in the shrub-
cut and burned plots, however, C. tetragona did not generally re-
appear until after two or three years (Table S2). The B. nana had 50%
higher leaf N concentrations in burned plots compared with control
plots, under both non-warming and warming conditions (p = 0.0034
and p = 0.0048, respectively; Fig. S5). Also, B. nana in burned plots
tended to have 30% higher leaf N relative to shrub-cut plots, but only
under non-warming conditions (p = 0.0803; Fig. S5). Similarly, leaf N
contents of V. uliginosum were 40% and 30% higher in burned than un-
burned plots under non-warming andwarming conditions, respectively
(p=0.0006, p=0.0014, p=0.0677 and p=0.0242 for VBO-CTO, VBO-
VCO, VBX-CTX and VBX-VCX comparisons, respectively; Fig. S5). The
S. glauca in shrub-cut and burned plots showed 36% and 59% higher
leaf N contents, respectively, relative to control plots under non-
warming conditions (p = 0.0031 and p = 0.0001, respectively;
Fig. S5). However, for all plant species studied, the differences in leaf N
contents between treatments disappeared two years after the fire.

The excess 15N concentrations in leaves of B. nana in burned plots
were much lower compared with control plots one, two and three
years after the fire (2018: p = 0.0608 and p = 0.0006 for CTO-VBO
and CTX-VBX comparisons, respectively; 2019: p = 0.0005 and p =
0.0034 for CTO-VBO and CTX-VBX comparisons, respectively; 2020:
p=0.0607 and p=0.0943 for CTO-VBO and CTX-VBX comparisons, re-
spectively), and were comparable with shrub-cut plots (Fig. 5). In con-
trast, leaves of S. glauca in burned plots were five- to 13-fold more
enriched in 15N compared to shrub-cut plots during three years
(2018: p < 0.001 for both non-warming and warming conditions;
2019 and 2010: p = 0.0044 and p = 0.0275, respectively, for non-
warming conditions; Fig. 5). The leaf 15N enrichment of V. uliginosum



Fig. 5. Effects of fire and in combination with warming on excess 15N concentrations in plant leaves within each species (Betula nana, Cassiope tetragona, Salix glauca and Vaccinium
uliginosum) in 2018, 2019 and 2020. Control and warming (CTO and CTX), shrub cutting and in combination with warming (VCO and VCX), burning and in combination with warming
(VBO and VBX). Error bars are standard errors. Where no bars or error bars are shown, n < 3 due to no or less plots observed for the species. Lowercase letters (or in italics) indicate
significant differences (p ≤ 0.05) or tendencies towards significance (p ≤ 0.1) between treatments under non-warming conditions. Uppercase letters (or in italics) indicate significant
differences (p ≤ 0.05) or tendencies towards significance (p ≤ 0.1) between treatments under warming conditions.
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did not vary among treatments one year after the fire. After three years,
V. uliginosum in burned plots was four-fold more enriched in 15N com-
pared to control plots (p = 0.0446; Fig. 5).

4. Discussion

4.1. Post-fire changes in soil microbial biomass

Burning of organic layer and heat transfer to soil during fires may
lead tomicrobial mortality and hence declines in soil microbial biomass
post fire (Dooley and Treseder, 2012). However, the response of micro-
bial biomass following fires was found to largely depend on the inten-
sity of fire, i.e. temperature and heating duration during fires (Bergner
et al., 2004; Holden et al., 2016; Ludwig et al., 2018; Maslov et al.,
2020). In our study, soil temperature at 2 cmdepth peaked at 60 °C dur-
ing burning and then dropped down quickly, while soil temperature at
5 cm depth was not affected by the fire (Fig. S3). This indicates that ex-
perimental fire was of low intensity and little heat was transferred
downward in the soil. Amodest direct effect of heat on soil microorgan-
isms is consistentwith the lack of fire-induced changes inmicrobial C or
N pools (Fig. 1). This is in agreement with the findings by Maslov et al.
(2020) who observed that a moderate-intensity fire did not alter soil
microbial C pool in amountain tundra during a period of three years fol-
lowing a fire. Our experimental fire that intended to simulate a natural
wildfire in this region did neither affect soil C, N or P pools. In contrast,
Mack et al. (2011) reported that the tundra soils on Alaska's North slope
lost 1456 g C m−2 and 47 g N m−2 in the 2007 Anaktuvuk River fire.
However, we have no evidence to indicate if our experimental fire led
tomore or less C andN losses compared to actualwildfires in Greenland
tundra with comparable soil and vegetation characteristics.

We observed a tendency towards increased microbial biomass P
pool one to two years after the fire (Fig. 1d), which may be explained
by lessened competition for nutrients (including PO4

3−) due to
complete absence or reduced biomass of plants (Turner et al., 2012;
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Kulmala et al., 2014). However, this may not be the only explanation
in our study, since microbial biomass P did not change in plots subject
to shrub cutting where a reduced competition for P might also be ex-
pected (Fig. 1d). Hence, the release of P from chars and ashes after the
fire may cause an increased P availability for microbial uptake (Caon
et al., 2014; Fernández-García et al., 2019). This is indeed supported
by the significantly higher soil water-extractable PO4

3− observed in a
separate study at the same burned site (Xu et al., 2021a). Merino et al.
(2019) further suggested that in a Pinus nigra forest, a significant
amount of soluble P in the soil organic layer can be released even at rel-
atively low fire temperatures (maximum temperature of 47.0 °C at the
bottom of soil organic layer during the fire). The enhanced microbial P
immobilization due to fire-induced changes in soil physicochemical
conditions (e.g. soil temperature and moisture) may additionally result
in higher microbial biomass P post fire (Giesler et al., 2011; Spohn and
Widdig, 2017). Although in the current study we did not observe
post-fire effects on soil temperature and soil moisture at the depth of
5 cm (Table S3), it is possible that post-fire changes occurred in the
upper layers, considering the deposition of chars and ashes on soil sur-
face. Microbial biomass P generally accounts for 30% of tundra soil or-
ganic P, acting as an essential ecosystem pool of potentially available P
(Christiansen et al., 2017). Considering P is one of the most limiting nu-
trients in Arctic tundra ecosystems, the observed increases in potential P
availability are very likely to affect plant productivity and microbial ac-
tivities after the fire (Klupar et al., 2021).

4.2. Post-fire belowground mineral nitrogen cycling

Considering the 15N application method used in this study, it can be
speculated that the movement of 15N into the soil in unburned plots
may be restricted due to the vegetation or cut biomass and litter. How-
ever, soil 15N recovery in unburned plots was comparable to that in
burned plots two days after the fire, indicating that the amount of 15N
that initially reached the soil layers was not affected by vegetation.
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The combined litter and soil layers at burned plots retained approxi-
mately 58% and 38% of applied 15N after two and 21 days, respectively
(Fig. 4), indicating that mineral N losses from the top 3.5 cm soil layer
occurred during the first several days after the fire. We have also ob-
served negligible N2O losses (Xu et al., 2021a), as well as low plant
15N assimilation, as supported by the negligible recovery of 15N in
roots (<0.2%) 21 days after the fire. Considering a small amount of
liquid precipitation during that period (Fig. S4), the unaccounted-for N
losses could be attributed either to downward leaching or to other pro-
cesses such aswind erosion or surface flow due to the slope of the study
site (Major et al., 2010; Cotrufo et al., 2016; Santín et al., 2016). How-
ever, we cannot eliminate the possibility of other gaseous N losses
such as dinitrogen (N2), despite dry soil conditions often prevailing in
this tundra ecosystem. A relatively high soil N2O reductase activity of
182 ng N2O g−1 h−1 was observed in a nearby dry heath site,
indicating that soils have high potential for N2 emissions in this study
area (Xu et al., 2021b).

Soil microbial biomass and TDN only accounted for on average 11%
and 0.26% of 15N retained in bulk soil pool after 21 days (1.6% and
0.04% of 15N recovery), respectively, regardless of treatments (Table 1
and Fig. 3). This indicates that most 15N (residual N accounted for
>86% of 15N recovered in soil pool) upon entering soil layer was quickly
converted into non-soluble forms of N within a few weeks. The larger
15N recovery in soil residual N pool relative to microbial and TDN
pools may be an indication of rapid turnover of microbial biomass,
with subsequent stabilization of microbial residues in organo-mineral
associations (Badía et al., 2014; Martí-Roura et al., 2014; Lavallee et al.,
2020). For example, the added NH4

+-N was found to be quickly assimi-
lated into microbial biomass as peptides and amides and these chemi-
cally reactive compounds can react with soil organic matter (SOM) to
form recalcitrant N (Tye et al., 2005). Clemmensen et al. (2008) found
that most 15N added in an Abisko tundra (N. Sweden) was retained in
microbial biomass after two days, but half of the immobilized 15N was
transferred to non-extractable soil organic N in the subsequent
24 days. Alternatively, abiotic immobilization of 15N into non-soluble
forms such as sorption of NH4

+ to soil colloids may result in greater
recovery in residual N (Knicker, 2004; Martí-Roura et al., 2013). How-
ever, this newly incorporated 15N was found to be relatively available
compared to old recalcitrant N, and this N pool would still be relatively
prone to microbial transformation (Martí-Roura et al., 2014), with po-
tential to be recycled in the plant-soil-microbe system.

After two years, total 15N recovery in unburned plots (CTO and VCO)
significantly decreased primarily due to large reductions in litter 15N re-
covery (Fig. 4). Consequently, some 15N previously stacked in litter may
have moved down into soil layers, however, soil 15N recovery in un-
burned plots (average of CTO, VCO, CTX and VCX) had decreased to
10.4% after two years. In contrast, soil 15N recovery generally remained
unchanged (30%) in burned plots (average of VBO and VBX), indicating
that fire may increase soil N retention. This was possibly due to smaller
biomass of vegetation and lower N uptake by plants during early stages
of recovery from fire (Karhu et al., 2015). However, root 15N recovery in
burned plots was comparable with that in unburned plots and even
higher under warming with OTCs, indicating that plant N uptake may
not decrease despite reduced aboveground biomass after the fire. In ad-
dition, the negligible root 15N recovery (<0.2%) in control plots shortly
after 15N application shows the very minor effects of plant uptake on
initial N retention in soils. Therefore, the reduction in N uptake by plants
is not likely the mechanism to explain higher soil N retention post fire.
The contribution of microbial 15N recovery to bulk soil 15N recovery
had increased from 11.2% (VBO) at 21 days to 31.6% (average of VBO
and VBX) two years after the fire (Table 1). This, combined with signif-
icantly higher microbial 15N recovery one (regardless of warming treat-
ment) and two years (under warming) after the fire (Fig. 3), suggests
that the rising post-fire soil N retention may primarily be driven by an
increase in soil microbial N assimilation. In a tallgrass prairie, Dell
et al. (2005) observed that a large portion (50%) of 15N retained in
8

burned soils was accounted for in microbial biomass six days and the
first growing season after 15N application and they suggested the key
importance of microbial assimilation for post-fire soil N retention. Like-
wise, Güereña et al. (2013) found that the addition of biochar increased
fertilizer 15N (applied as 15NH4

15NO3) retention in the top soil of a
cropland through the incorporation of N into microbial biomass.
Under a low-intensity fire, large amounts of biomass or parts of SOM
can be converted into chemically recalcitrant chars and ashes
(Knicker, 2007). Given the return of this low-quality organic matter to
soil surface following fire, microbial N demand is likely to have in-
creased in burned soils (Dell and Rice, 2005). Although soil N availability
may increase due to the direct release or mineralization of an initial la-
bile fraction of chars/ashes, these labile compounds had a high C:N ratio
and microbial N immobilization thus probably increased (Lehmann
et al., 2003; Taghizadeh-Toosi et al., 2012; Hollingsworth et al., 2013).
Moreover, the increase in microbial biomass P could be another reason
for increasing capacity of microbes to take up N, which will eventually
increase N retention.

In addition to microbial processes, chars are known to have a high
sorption affinity for nutrients such as NO3

− and NH4
+ (Gronwald et al.,

2015). Consequently, greater adsorption of applied 15N to burned soils
due to the chars/ashes may lead to higher soil N retention post fire. It
is conceivable that surface oxidation of chars over time can result in re-
duced their adsorption capacity (Cheng et al., 2008). This released 15N
from chars/ashes could be further re-immobilized by soil microbes, as
supported by the increasing contribution of microbial 15N recovery
with years in burned plots (Table 1). Thus, further studies are needed
to investigate the fate and cycling of pyrogenic N e.g. by using 15N-
labelled chars/ashes.

4.3. Warming effects on post-fire mineral nitrogen cycling

One and two years after the fire, higher 15N recovery in TDN and
roots were observed in burned than control plots, but only under
warming conditions (Fig. 3). This suggests that not only the 15N avail-
ability (higher bulk soil 15N recovery at burned plots), but also temper-
ature (higher temperature in the plots with OTCs; Table S3) largely
controlled N uptake by plants re-growing from the fire. It is well
known that warmer temperature has a significantly positive effect on
rates of SOM decomposition and nutrient mineralization in the Arctic
tundra (Biasi et al., 2008; Sistla and Schimel, 2013; Xue et al., 2016).
Hence, the turnover of newly formed non-soluble SOM may be en-
hanced under warming conditions and then result in more available N
for plant uptake. Alternatively, warmingmay alter the capacity of plants
to take up N by altering their root morphology and mass. For example,
Björk et al. (2007) found that warming increased the proportion of
fine roots (<0.5 mm) as well as their specific root length and specific
root area, and plants thus out-competed soil microbes for N uptake in
a dry heath alpine ecosystem. In the current study, we observed that
top soil (0–3.5 cm) root biomass in burned plots was significantly in-
creased bywarming oneyear after thefire (Fig. S6),which could explain
higher post-fire root 15N recovery under warming. Therefore, higher re-
tention of N in soils after the fire can increase the potential for N uptake
of recovering plants, in particular under warming.

Moreover, the decreased ratio ofmicrobial to root 15N recovery with
years (Table 1), suggests that plants recovering from fire may acquire
extra N made available by microbes in response to warming. Studies
have shown that soil microbes were efficient competitors for N in the
short term, whereas plants gained available N over longer time because
of their slower turnover and longer tissue longevity compared to soil
microbes (Nordin et al., 2004; Clemmensen et al., 2008). Soil microbes
primarily took up N from the top soil due to warmer temperature and
labile C availability (Zhu et al., 2016; Ravn et al., 2017; Salmon et al.,
2018). In contrast, some plant species in the Arctic still exhibited a
strong uptake capacity for N from deeper soil profile (down to 90 cm
depth) (Oulehle et al., 2016; Pedersen et al., 2020) where applied 15N
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may have been leached to. Hence, this deep N source for plants might
avoid or compensate for intensified competition with microbes in top
soil (Zhu et al., 2016). This capacity may be further enhanced due to
stronger root networks in response to warming (D'Imperio et al.,
2018), and higher root 15N recovery was thus observed in burned
plots under warming conditions.

4.4. Post-fire species-specific plant nitrogen uptake

One year after the fire, most of the recovering shrubs had signifi-
cantly higher leaf N contents in burned compared with control plots
(Fig. S5). This could be due to the lower aboveground biomass during
the early recovery stage and thus higher N allocation to leaves
(Mörsdorf et al., 2019). The higher leaf N level may also be attributed
to higher N availability after fire due to the direct release of N from
chars and ashes, or to enhanced post-fire mineralization activities
(Karhu et al., 2015; Dannenmann et al., 2018; Ludwig et al., 2018; Xu
et al., 2021a). We did not observe post-fire changes in soil TDN pools
based on a few sampling points in this study, but TDN is well-known
to be highly dynamic and therefore we cannot exclude the possibility
of increased post-fire N availability at other times during the growing
season.

The species-specific 15N enrichment of leaves indicates species-
specific uptake capacity for post-fire N. During three years after fire, sig-
nificantly lower 15N enrichment of Betula nana leaves was observed in
burned plots compared with control plots (Fig. 5), in spite of the higher
soil 15N retention, indicating a reduced capacity of B. nana to take up
mineral N made available after a fire. Furthermore, B. nana showed
much higher leaf 15N enrichment compared with the other species at
control plots, while similar or even lower at burned plots (Fig. 5), indi-
cating that it had lost the competitive advantage of N uptake during
the early recovery stage from fire. This could be due to a negative fire
impact on ectomycorrhizal (ECM) fungi and consequently reduced N
supply from ECM fungi (Barker et al., 2013; Hewitt et al., 2015). The
B. nana is obligatorily symbiotic with ECM fungi and has amplified ac-
cess to soil labile N via its ectomycorrhizal networks, especially under
nutrient-limited conditions (Deslippe et al., 2011; Hewitt et al., 2015).
After a fire, several decadesmay be required for ECM fungi composition,
richness, and root tip colonization to return to pre-fire levels (Hewitt
et al., 2015; Dove and Hart, 2017). Thus, it is likely that changes in the
ectomycorrhizal community due to fire have reduced the capacity of
the host symbiont (here, B. nana) to take up N. Moreover, B. nana can
act as a strong competitor for soil N by creating tall and dense canopy
and thereby imposing light limitation on the other species (Bret-Harte
et al., 2001; Ejankowski, 2010). During the early recovery stage, how-
ever, upward growth and branching of B. nana was modest and had
not reached pre-fire levels, giving the other shrub species a competitive
advantage (without light limitation) (Fig. S7). In contrast, three years
after the fire, higher leaf 15N enrichment was observed for Vaccinium
uliginosum in burned than control plots, and this species also showed
higher enrichment compared with the other species in burned plots
(Fig. 5). This suggests that V. uliginosum was relatively resistant to fire
disturbance andwell positioned to utilize post-fire N in this tundra eco-
system. Vaccinium uliginosum has been reported to be associated with
ericoid mycorrhizal (ERM) fungi and dependent on its mycorrhizal net-
works for N acquisition at low N availability (Michelsen et al., 1996;
Yang et al., 2018). Sun et al. (2015) found that the abundance of ECM
genera were significantly decreased two years after a boreal forest fire
while ERM genera remained unchanged. Hence, it seems that ERM
fungi are relatively fire-tolerant and thus V. uliginosum possibly had un-
alteredmycorrhizal associations, which could explain its higher leaf 15N
enrichment compared with the other species three years after the fire.
Additionally, generally the largest fraction of V. uliginosum is roots
(52% to 79% of the total live biomass) (Jacquemart, 1996). In our
study, the destruction of only aboveground parts by low-intensity fire
may have a relatively small impact on its capacity for N uptake due to
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its rapid regrowth, which was supported by no changes in its leaf 15N
enrichment one year after the fire. Previous studies have also shown
that vascular plants were able to resprout from their remaining
woody stems and belowground rhizomes, which was their most com-
mon regeneration strategy after low-intensity fire (Hollingsworth
et al., 2013). The post-fire changes in N uptake patterns among domi-
nant shrub species may result in changes in vegetation community
composition and abundance in the long term that affect ecosystem
structure and function.Meanwhile, there is a difference in the efficiency
for plant N uptake between species at different depths. Since
V. uliginosum tends to take up nutrients at shallower depths (McKane
et al., 2002), higher leaf 15N enrichment observed in this species may
be partially because 15N labelling was applied to soil surface.

4.5. Vegetation destruction versus fire effects

Wedid not observe significant differences in soil ormicrobial 15N re-
covery between control and shrub-cut plots but significant recovery dif-
ferences between shrub-cut and burned plots. This, combined with fire
effects discussed above, further confirms that increased soil N retention
by the fire is primarily due to direct effects (e.g. changes in soil physio-
chemical properties) rather than indirect effects caused by vegetation
destruction. However, shrub cutting did decrease leaf 15N enrichment
of B. nana and S. glauca during three years (Fig. 5). Similar 15N enrich-
ment of B. nana leaves was observed in shrub-cut compared with
burned plots, suggesting that fire-induced decreases in N uptake capac-
ity of B. nanamay be primarily due to the destruction of its aboveground
parts. After shrub cutting, B. nana is not able to impose light limitation
on the other species and thus has lost competitive advantage of N up-
take. In contrast, the leaves of S. glauca showedmuch higher 15N enrich-
ment in burned and control than shrub-cut plots (Fig. 5), which
suggests that the N uptake capacity of S. glauca may be depressed by
the destruction of aboveground parts, but that may be compensated
by the changes in soil physiochemical properties due to direct fire ef-
fects.

5. Conclusions

To the best of our knowledge, this is the first detailed study to inves-
tigate the fate and cycling of post-fire N and P under summer warming
in an Arctic tundra ecosystem.We conclude that a typical low-intensity
fire had no effects onmicrobial C andNpools, but tended to increasemi-
crobial P pools one and two years after thefire, suggesting an increase in
potential P availability. Tracing the fate of applied 15N as NH4

+ and NO3
−

showedhigher soil N retention after thefire, due largely to the increased
incorporation of N into microbial biomass. This increased retention of
post-fire N will strongly increase the potential for N uptake of recover-
ing plants under a future warmer climate. Thus, despite potential N
losses during the fire, conservation of post-fire N may be a key mecha-
nism explaining how great vegetation productivity can be maintained
in N-limited tundra ecosystems after fire disturbance. Climate warming
may on the one hand increase the risk and severity of fire but on the
other hand promote the plant recovery after fire. This can lead to both
short-term effects but also long-term effects on the overall carbon bud-
get and feedbacks to regional climate changes. Fire reduced N uptake of
B. nana, had no effects on S. glauca, and increased N uptake of
V. uliginosum (after three years), suggesting a post-fire shift in N uptake
patterns among dominant shrub species. Combined with potential alle-
viation of N and P co-limitation, this shift in N uptake patterns suggests
post-fire changes in composition and structure of the dry heath tundra
community in the long term.
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