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Permafrost soils are large reservoirs of potentially labile carbon (C). Understanding the dynamics of
C release from these soils requires us to account for the impact of wildfires, which are increasing in
frequency as the climate changes. Boreal wildfires contribute to global emission of greenhouse
gases (GHG—CO2, CH4 and N2O) and indirectly result in the thawing of near-surface permafrost.
In this study, we aimed to define the impact of fire on soil microbial communities and metabolic
potential for GHG fluxes in samples collected up to 1 m depth from an upland black spruce forest
near Nome Creek, Alaska. We measured geochemistry, GHG fluxes, potential soil enzyme activities
and microbial community structure via 16SrRNA gene and metagenome sequencing. We found
that soil moisture, C content and the potential for respiration were reduced by fire, as were microbial
community diversity and metabolic potential. There were shifts in dominance of several microbial
community members, including a higher abundance of candidate phylum AD3 after fire. The
metagenome data showed that fire had a pervasive impact on genes involved in carbohydrate
metabolism, methanogenesis and the nitrogen cycle. Although fire resulted in an immediate release
of CO2 from surface soils, our results suggest that the potential for emission of GHG was ultimately
reduced at all soil depths over the longer term. Because of the size of the permafrost C reservoir,
these results are crucial for understanding whether fire produces a positive or negative feedback
loop contributing to the global C cycle.
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Introduction

Fire is a major factor controlling the long-term
dynamics of soil C and permafrost stability in boreal
ecosystems (Harden et al., 2000; Schuur et al.,
2008; Jorgenson et al., 2013). Although boreal
ecosystems are fire-adapted, increased fire fre-
quency (Randerson et al., 2006) due to climate
change has altered the age structure of the vegetation

(old to young) and its recovery (Czimczik et al., 2006).
Burning biomass contributes to global emissions of
CO2; the intense heat and the modified surface
conditions results in a deepening of the active layer
and thawing near-surface permafrost (Johnstone
et al., 2010; Nossov et al., 2013). During a fire, the
insulating organic surface layer is often destroyed
and eventually mosses regrow. A major concern is
that with a warmer and drier climate, increased fire
frequency and intensity may trigger a positive
feedback loop between the loss of soil C and
subsequent warming and thawing of permafrost
soils (McGuire et al., 2007; O’Donnell et al., 2011).
Over longer time scales, fire-based disturbance can
lead to major shifts in a variety of environmental
parameters that are likely to have large direct and
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indirect effects on the soil microbial community;
however, these shifts include C sequestration in
refractory biochar, which is not available to micro-
bial metabolism and which may actually reduce C
emissions in the longer term (Lehmann et al., 2009).
Because the size of the C reservoir in permafrost is
estimated to be 1672 Pg (Tarnocai et al., 2009)—
roughly equal to the total amount in vegetation and
the atmosphere—it is critical that we understand the
balance between long- and short-term effects to
predict whether fire is a positive (via increased
green house gas (GHG) emissions) or a negative
(via accumulation of pyrogenic C) feedback in global
C cycling.

It has been predicted that global warming could
thaw 25% of the Arctic permafrost area by 2100,
exposing large amounts of currently fixed organic C
to microbial decomposition (Coolen et al., 2011). At
fire-impacted sites where vegetation regeneration is
slow, rising temperatures may increase the meta-
bolic rates of decomposer microbes and long-term
permafrost degradation may continue (Jorgenson
et al., 2010). The rate of organic matter decomposi-
tion and CO2 release from fire-affected boreal soils
and permafrost has only recently been investigated
(Waldrop and Harden, 2008; Turetsky et al., 2011).
Although postfire soils can potentially release more
CO2 to the atmosphere under elevated temperatures
(Bergner et al., 2004), positive feedbacks between
CO2 release and soil warming may not be uniform or
sustained (O’Donnell et al., 2009; Allison et al.,
2010). This is particularly problematic when warm-
ing causes more consistent C losses in regions
underlain by permafrost (Schuur et al., 2008).

Fire-mediated changes in the soil microbial com-
munity structure are currently unknown, but are
likely to have consequences for nutrient cycling and
related processes. Microbial decomposition rates
have previously been reported to decline after fire.
However, even low decomposition rates from micro-
bial respiration can still cause significant C losses
after fire (Bond-Lamberty et al., 2004). Defining
the key microbial players involved in residual C
decomposition in burned boreal ecosystems is
important to understanding their contribution to
the global CO2 budget. Here our aim was to study the
impact of fire on microbial community structure and
function in upland boreal forests with a specific
focus on GHG emissions and microbial C cycling
processes. We studied the fire impact on both
surface and permafrost zones to detect responses to
fire at different depths in the soil profile.

The sampling location near Nome Creek, Alaska
was affected by the Boundary Fire that burned
continuously from June to August 2004. The region
is within the discontinuous permafrost zone, with
approximately 75–80% of the ground underlain by
permafrost starting from an approximate depth of
0.50 m (Osterkamp and Romanovsky, 1999). After
the fire, both the surface organic and deeper mineral
soil layers were 2–5 1C warmer, and winter freezing

of the deeper mineral soil layers, which were
previously permafrost, no longer occurred (Nossov
et al., 2013). Here we collected samples from both
burned and adjacent unburned locations and used a
combination of extensive geochemical characteriza-
tion, metagenome sequencing and enzymatic assays
to determine which soil properties and microbial
processes were affected by the fire. These data were
used to inform the impact of fire on permafrost-
affected soils in boreal regions on potential GHG
production rates.

Materials and methods

Site selection and sample collection
The Nome Creek area is located B100 km north east
of Fairbanks, AK and in the southeastern portion of
the White Mountains National Recreation Area. This
region is in the subpolar continental climatic zone,
which is characterized by long, cold winters
and short, hot summers with temperature extremes
ranging from near –37 1C in winter to þ 20 1C
in summer. The annual precipitation averages
55–75 mm and the average surface soil moisture
varies between 10–50% (Kelsey et al., 2012). The
Nome Creek area is predominantly covered by black
spruce (Picea mariana) forests, which has an
understory dominated by ericaceous shrubs,
feathermosses and sphagnum (Nossov et al., 2013).
Mean annual surface (� 5 cm) temperature at the
unburned sites was 0.5 1C vs 2.5 1C in the burned
sites, and mean annual deep (� 100 cm) temperature
in the unburned and burned sites were � 0.8 1C and
1.3 1C, respectively (Nossov et al., 2013). In September
2011, 7 years after the Boundary Fire, we collected
replicate samples from three south-facing unburned
and two adjacent burned locations (65.34521
latitude, � 146.9191 longitude). The organic horizon
depth in the unburned soils was 42±4 cm, whereas
at the burned site it was 11±9 cm. Over a broader
area, the Boundary Fire consumed approximately
25 cm of surface organic matter from the forest
floor (see Supplementary Table S5 in Turetsky
et al., 2010).

Each sampling location was excavated up to a
meter in depth and samples were collected every
10 cm. Soil surface was cleaned with sterile spatulas
to remove debris and each pit was sampled from
bottom to top to avoid cross-contamination from
upper layers. Samples were stored and shipped on
dry ice after collection, and stored at � 80 1C until
analysis. In the control locations, different sampling
depths were grouped as surface (upper 40 cm of
active layer), middle (40–60 cm in depth corre-
sponding to lower active layer and upper part of
permafrost; in this depth, soils may be thawed to
40–50 cm in cold summers and to 40–60 cm in warm
years) and permafrost (permanently frozen with
excess segregated ice) layers. In the wildfire-affected
soils, the permafrost layer thawed throughout the
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depth of the measured profile. Therefore, 60–100 cm
was referred to as deep soil. In September 2011,
surface soil temperatures were similar (4–5 1C) in
both burned and unburned locations, but in contrast
to surface measurements, soil temperatures at
100 cm depth differed for each location (4 1C and
� 1 1C to 0 1C for burned and unburned areas,
respectively) (Nossov et al., 2013).

Chemical characterization
All soil measurements were performed on homo-
genized root-free soil. Soil C and N were measured
on a LECO C&N analyzer (LECO Corp., St Joseph,
MI, USA). Soil pH and electrical conductivity (EC)
were measured on soil slurries using standard pH
and EC meters. Soil moisture was measured as the
change in weight after 48 h drying at 105 1C.
Dissolved organic carbon (DOC) was measured on
5 g soil extracted in 25 ml nanopure water for 24 h at
3 1C. Extracts were prefiltered under vacuum over
glass fiber and then secondarily filtered through
0.45 mM nylon before analysis using a Shimadzu
TOC-V CPH organic carbon analyzer (Shimadzu
Corp., Kyoto, Japan). All samples were run in
duplicate, averaged and blank corrected before
expression per unit dry soil. Standards were run
using 0–40 p.p.m. KH phthalate.

The chemical composition of organic matter in
the soil samples and changes that occurred after
the fire event were studied by analyzing the
spectra obtained from solid state 13C-nuclear
magnetic resonance (NMR). The 13C-NMR spectra
for samples in 10 cm intervals from 0 to 30 cm in
depth from one control and duplicate burned
locations were obtained using a Varian Infinity
CMX 300 MHz spectrometer (Varian NMR, Fort
Collins, CO, USA). Samples were processed
and measured according to previously published
methods (Berhe et al., 2012). Briefly, dried and
homogenized samples were packed into 5-mm
zirconia rotors and fitted with boron-nitride
spacers and KEL-F (low carbon) caps. We used a
ramped (13C pulse) cross-polarization magic-angle
spinning pulse sequence with a contact time of
1 ms, spinning rate of 10 kHz and a decoupling
field of 63–55 kHz. The 13C chemical shifts
were referenced to tetramethylsilane (0 p.p.m.)
using an external reference, hexamethylbenzene
(16.81 p.p.m.). Up to 30 000 scans were obtained
for each sample and the data were processed using
Fourier transformation, and a line broadening
of 100 Hz was applied to all samples. The chemical
fingerprint of C composition in soil was inferred
by dividing the 13C-NMR spectra into seven
chemical shift regions that correspond to seven
functional groups, such as alkyl-C (0–45 p.p.m.),
N-alkyl, methoxyl (45–60 p.p.m.), O-alkyl-C
(60–95 p.p.m.), di-O-alkyl (95–110 p.p.m.); aromatic-
C (110–160 p.p.m.); phenolic (145–165 p.p.m.) and
carboxyl-C (165–215 p.p.m.).

Soil enzymes
Enzyme activity potentials involved in the extra-
cellular decomposition of organic molecules,
namely (hemi)cellulose, lignin, chitin, proteins
and organic phosphate, were assayed on subsamples
from all soil depths using artificial fluorogenic
model substrates. The enzymes, their functions
and substrates are listed in Supplementary Table
S1. Briefly, potential activities of a-glucosidase,
b-glucosidase (BG), b-cellobiohydrolase (CBH),
b-xylosidase (XYL), N-acetyl glucosaminidase, phenol
oxidase, peroxidase, acid phosphatase (P) and two
peptidases (ALA, LEU) were screened (all substrates
were purchased from Sigma-Aldrich, St Louis, MO,
USA). Substrate concentrations were 200 mM. Phe-
nol oxidase and peroxidase were assayed using
L-dihydroxyphenylalanine as a substrate. Peroxidase
also received 0.3% H2O2 as a cosubstrate. Substrates
were made in 50 mM acetate–25 mM EDTA buffer at
pH 5.5. Soil slurries were made by adding 1 g sample
to 40 ml buffer at 4 1C and rapidly mixing (10 min)
on a magnetic stir plate while pipetting. Assays were
conducted by adding 500 ml substrate solution to
500 ml of soil slurry. Substrate controls and buffer
controls were analyzed at the same time. 4-Methyl-
umbelliferone and 7-amino-4-methylcoumarin were
used to generate the standard curves. Standards
were mixed and incubated with soils to account for
possible sorption of these substrates to matrix. The
2 ml Costar 96-well plates (Corning Costar Corp.,
Cambridge, MA, USA) were covered and incubated
either at 4 1C or at 15 1C for 24 h with occasional
gentle mixing. After incubation, reaction plates
were centrifuged 1 min at 1500 r.p.m. Two hundred
microliters of the supernatant was transferred to
reading plates where fluorescence or absorbance (for
phenol oxidase and peroxidase) were measured
using the Molecular Devices Gemini XS Fluorescent
Microplate Reader (Molecular Devices, Sunnyvale,
CA, USA). Rates represent the mean of 16 technical
replicates and presented as the amount of product
evolved per unit time per gram soil (dry weight) or
soil C.

GHG flux measurements
GHG flux measurements were carried out with soil
samples from 10 to 20, 50 to 60 and 90 to 100 cm
depths that were incubated under both aerobic and
anaerobic conditions (n¼ 2 per factorial combina-
tion of atmosphere�depth). Samples were stored
frozen before incubation, but then thawed and
homogenized under anaerobic conditions. One to
five grams of homogenized soil samples were
incubated under both aerobic and anaerobic condi-
tions at 20 1C for 5 weeks. In all incubations, soil
moisture was kept constant during the incubation
period by adding water as necessary. Incubations
under anaerobic conditions were conducted in
100 ml vials with blue stoppers and maintained by
flushing the headspace with Ar after each weekly
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measurement. Incubations under aerobic conditions
were sealed with 0.02 mm plastic wrap (Gordon
et al., 1987) to prevent moisture loss, but permit
diffusion between ambient atmosphere and incuba-
tion units between the headspace measurements.
Once a week CO2, CH4 and N2O fluxes from soils
were measured in the headspace using an SRI gas
chromatograph (SRI 8610) with flame ionization
detector, electron capture detector and methanizer
(SRIGC, Torrance, CA, USA). First time-point mea-
surement was made 72 h after the thawing of
samples.

16S rRNA gene sequencing and analysis
Total DNA was extracted in duplicate from each
sample by using 2 g as input into the PowerSoil DNA
Isolation Kit (Mo Bio, Carlsbad, CA, USA) with
minor modifications as described below. Before
bead-beating, the samples were incubated in bead-
solution at 65 1C for 5 min. Cells in the samples were
disrupted by bead beating with the FastPrep Instru-
ment (Qbiogene, Carlsbad, CA, USA) at a setting of
5.5 for 45 s and the DNA was further purified
according to the kit protocol. DNA amounts
were quantified using the Qubit dsDNA HS assay
(Invitrogen, Carlsbad, CA, USA). 16S rRNA genes
were amplified in polymerase chain reactions
(PCRs) using primers (F515/R806) that target the
V4 region of the 16S rRNA gene. The reverse PCR
primer was barcoded with a 12-base Golay code
(Caporaso et al., 2010). The PCR reactions contained
2.5 ml Takara Ex Taq PCR buffer, 2ml Takara dNTP
mix, 0.7 ml Roche bovine serum albumin
(20 mg ml�1), 0.5 ml each of the forward and reverse
primers (10 mM final concentration), 0.125 ml Takara
Ex Taq Hot Start DNA Polymerase (TaKaRa, Shiga,
Japan), 1.0 ml genomic DNA (5 ng per reaction)
and nuclease-free water in total volume of 25 ml.
Reactions were held at 98 1C for 3 min to denature
the DNA, followed by amplification for 25 cycles at
98 1C for 30 s, 58 1C for 30 s and 72 1C for 45 s; a final
extension of 10 min at 72 1C was added to ensure
complete amplification. Each sample was amplified
in triplicate, combined and purified using the
Agencourt AMPure XP PCR purification system
(Beckman Coulter, Brea, CA, USA). The purified
amplicons were quantified using the Qubit dsDNA
HS assay and the size of the amplicons was
determined using a Bioanalyzer with Agilent DNA
1000 chips (Agilent Technologies, Santa Clara, CA,
USA). Amplicons were pooled (25 ng per sample)
and sequenced on one lane of the Illumina HiSeq
2000 platform (Illumina Inc., San Diego, CA, USA),
resulting in 100 bp reads. Quality filtering and
demultiplexing were performed as described pre-
viously (Caporaso et al., 2010; Bokulich et al., 2012).
Quality data were not obtained from two samples
(one of each replicated sample from one control
location at 70–80 cm and one burn location at
30–40 cm) and these were excluded from further

analyses. Operational taxonomic units (OTUs) were
assigned from the reads using an open-reference
OTU picking protocol against the Greengenes data-
base release 12_10 clustered at 97% identity with
UCLUST and assigned to a taxonomic unit with the
RDP classifier (Wang et al., 2007) using QIIME
(Caporaso et al., 2010) version 1.5.0. Phylogenetic
trees were created using FastTree2 (Price et al.,
2009) under QIIME’s default parameters and these
trees were used for the calculation of a- (Shannon’s
H’, Fisher’s a and Faith’s PD) and b-diversity
(weighted UniFrac distance) metrics. Communities
were standardized to a total number of 141 000
sequences per sample. The weighted UniFrac dis-
tance matrices were used to visualize the commu-
nity composition, with depth through ordination in
a correspondence analysis.

Metagenome sequencing and annotation
Twelve metagenomic shotgun sequencing libraries
were prepared representing duplicate locations:
control and burned sites and different depths along
the soil profiles (10–20, 50–60 and 90–100 cm). Total
genomic DNA (500 ng) was extracted from these
samples as described above and sheared using the
Covaris S-Series instrument (Covaris, Woburn, MA,
USA). Sequencing libraries were prepared using a
Illumina TruSeq DNA Sample Preparation Kit
version 2 (Low-Throughput protocol) (Illumina
Inc.) according to the manufacturer’s instructions
and sequenced using the Illumina HiSeq 2000
single-read technology (at the Yale Center for
Genome Analysis, CT, USA). Three samples were
multiplexed in one lane of Illumina HiSeq 2000,
resulting in 9.1–13.7 Gb of high-quality (minimum
quality cutoff of 3) sequence data of 92 bp in length
(Supplementary Table S3). Sequences were depos-
ited at NBCI (BioProject ID: PRJNA223407).

A de novo comparative metagenomic analysis
algorithm, Compareads, was used to compute the
pairwise similarity measures between meta-
genomics data sets (Maillet et al., 2012). Two reads
were assumed to be similar if they shared at least
two k-mers of 33 nucleotides. The Compareads
approach is sensitive to the number of reads used
in the analysis, where imbalance in the number of
sequences per sample results in false similarity
estimates. The minimum number of reads was set to
be 5.8� 107, and because of low read depths for one
of the samples (Burn: 10–20 cm), it was excluded
from further Compareads analysis. Prodigal (Hyatt
et al., 2010) was used to predict coding regions from
the single reads. The translated proteins from all
detected coding regions of each metagenome were
annotated by searching against a custom in-house
database (Prestat et al., in review) of hidden Markov
models generated from Pfam profiles (Release 26.0;
Finn et al., 2010). The FOAM (Functional Ontology
Assignments for Metagenomes) database is publi-
cally available at (http://portal.nersc.gov/project/
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m1317/FOAM/). Microbial functions that contribute
to soil biogeochemical cycles were inventoried and
subsequently 617 were selected corresponding to
KEGG Orthology (KO) (Kanehisa et al., 2008) -based
classifications. This database contained the KO’s for
the functions coding for: ribonucleases, RNA poly-
merases, carbohydrate metabolism, carbon fixation,
nitrogen metabolism (nitrogen fixation, nitrification,
denitrification, assimilatory nitrate reduction,
dissimilatory nitrate reduction), methane oxidation,
methanogenesis, sulfur reduction, oxidoreductases
and stress responses. A total of 20 473 hidden
Markov models were built upon sequence profiles
very specific to each KO. The relative abundance of
sequences was represented as a ratio of total gene
counts for each KO to recombinase A gene copies in
each metagenome. In addition, single reads were
assembled using the CLC Genomics Workbench
(version 5.0.1; CLC Bio, Cambridge, MA, USA) de
novo assembler by following parameters: mismatch
cost 2, insertion cost 3, deletion cost 3, length
fraction 0.5 and similarity 0.8. The minimum contig
length was set to 200 bp.

Data analysis
Statistical comparisons for soil chemical analyses
were performed in JMP (SAS Institute, Cary, NC,
USA). Repeated-measures analysis of variance
(ANOVA) was used on time-series C mineralization
measurements, with site (control vs burned), depth
and atmosphere (aerobic vs anaerobic) as indepen-
dent factors and CO2 flux as the dependent factor.
Two-way ANOVA (site�depth) was used to test for
differences in soil pH, soil EC and soil C and N. All
other statistical tests were produced by using R
packages (ade4 (Chessel et al., 2012) and vegan
(Oksanen et al., 2007)) packages in the R statistical
environment (http: //www.r-project.org). Results are
defined to be significant at Po0.05. To test differ-
ences in enzyme activity in the control vs burned
samples, one-way ANOVA followed by the Tukey’s
honestly significant difference test was used. Ordi-
nation of the whole community detected by 16S
rRNA gene amplicon sequencing was created from
UniFrac matrix calculated by QIIME software and
presented in a principal coordinates analysis plot.
The contribution of sampling strategy (fire�depth)
and soil geochemistry to the observed variation in
b-diversity was tested via variation partitioning and
subsequent ANOVA analysis. Furthermore, principal
component analysis (PCA) was performed on Hel-
linger transformed relative OTU abundances (down-
weights highly abundant OTUs while avoiding
overweighting of rare OTUs) (Legendre and
Gallagher, 2001; Ramette, 2007). To determine
which environmental parameter (i.e. depth, burn,
soil geochemistry and total enzyme activity) could
significantly explain the variation in bacterial com-
munity structure, a canonical redundancy analysis
was used, and its significance was assessed by

ANOSIM (analysis of similarities; 999 Monte Carlo
permutation tests). In cases where the redundancy
analysis achieved statistical significance, Pearson’s
correlation tests were used to detect significant
positive or negative correlations of each OTU
abundance distribution with the corresponding
environmental variable. Pairwise similarities calcu-
lated by Compareads between the metagenomes
were visualized by heatmaps and hierarchical
clustering. Normalized KO relative abundances
were used to explore the correlations between
different depths of fire-impacted and control sam-
ples. Between-class analysis was used as implemen-
ted in ade4 package, where the analysis finds the
principal components based on the center of gravity
of each group. Significance of this analysis was
tested with a subsequent ANOVA. Differences in the
relative abundances of C- and N-cycle genes were
represented as a heatmap, where data matrix was
centered by subtracting the column means and
scaled by dividing the (centered) columns by their
standard deviation.

Results

Physical and chemical characterization
The stratigraphic profile of the soil at the Nome Creek
control locations had an organic layer depth of
42±4 cm and a permafrost layer starting at 46±1 cm
in depth (Figure 1a). The pH increased with depth
and ranged between 3.7 and 5.6 (Table 1). The active
layer soils were acidic, whereas the permafrost layers
had significantly higher pH values (Po0.001). Total
C, N, DOC and moisture content declined with
increasing depth, with the active layer characterized
by high C and water contents (Table 1).

The conditions were very different for the adja-
cent burned locations. The surface organic horizon
was 11±9 cm thick, indicating that the fire burned
the top B30 cm of the surface organic material.
In addition, the permafrost was completely thawed
over the measured depth of 1 m. The fire-impacted
soils had a significantly higher pH (Po0.05) and
reduced soil C, N, DOC and moisture contents
compared with controls (Table 1). In the top 50 cm,
50–90% of soil C and 86–96% of the soil DOC were
depleted after the fire. However, when controlling
for the consumption of surface organic horizons,
fire-impacted surface soils (0–30 cm) had similar C
or N concentrations to mineral layers of control
locations (30–50 cm). This comparison suggested
that there was no residual effect of burning on soil C
or N concentrations in mineral soils. However, DOC
concentrations were significantly (Po0.05) lower in
burned soils compared with control soils even after
controlling for surface organic horizon loss.

13C-NMR analysis was used to provide detailed
information about the organic C composition in
duplicate samples (Supplementary Figure S1A)
obtained at different active layer depths reported
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to be impacted by the fire: 0–30 cm, in 10 cm depth
intervals. Aromacity (%), as a measure of the largely
aromatic pyrogenic C accumulation after the fire,
was higher in the surface 0–10 cm layer of the
burned plots compared with all layers in the control

plots and deeper layers of the burned plots
(Supplementary Figure S1B), suggesting that the
fire had the most impact on the surface organic
matter composition. The alkyl/O–alkyl ratio of soil
organic matter (SOM) suggests that SOM in the

Figure 1 (a) Photos showing the intact and thawed permafrost soils of Nome Creek. Tick marks correspond to 10 cm intervals. (b) CO2

fluxes in the headspace of 8-week long laboratory incubation of samples from control and burned locations. Values are means±s.e.
(c) Changes in the extracellular enzyme activities between control and burned locations.

Table 1 Soil geochemistry

Depth

(cm)

Control Burn

pH %Water

(g g�1 dry

matter)

%C

(C g g�1 dry

matter)

%N

(N g g� 1 dry

matter)

C/N DOC (mg g� 1

dry matter)

pH %Water

(g g� 1 dry

matter)

%C

(C g g� 1 dry

matter)

%N

(N g g� 1 dry

matter)

C/N DOC (mg g� 1

dry matter)

0–10 3.9±0.2 89.8±0.4 42.2±1.6 0.6±0.1 72.6±15 3.5±0.8 5.3±0.6 43.1±33.0 20.4±13.2 0.8±0.5 24.4±7.4 0.3±0.3

10–20 3.9±0.5 92.1±1.6 42.6±0.8 0.6±0.2 68.5±21 2.6±0.3 4.7±0.9 35.4±11.6 7.4±9.4 0.3±0.4 22.0±5.5 0.2±0.1

20–30 3.9±0.1 86.9±4.3 40.8±0.9 1.3±0.4 32.4±15 1.8±1.0 4.6±0.4 18.7±1.0 1.5±0.6 0.1±0.0 19.0±4.6 0.1±0.0

30–40 3.8±0.7 56.8±28.8 21.1±19.4 0.9±0.8 24.4±3.1 0.5±0.4 4.8±0.2 21.9±2.0 3.3±2.6 0.2±0.1 21.3±3.3 0.1±0.0

40–50 4.9±0.7 46.3±18.2 8.7±2.8 0.3±0.1 27.2±1.4 0.2±0.1 5.6±0.3 38.1±7.4 3.6±4.0 0.2±0.2 21.7±4.1 0.1±0.0

50–60 4.7±0.6 62.0±8.3 7.2±4.3 0.3±0.2 27.6±7.1 0.3±0.0 5.0±1.0 19.4±0.3 1.4±0.7 0.1±0.0 20.6±4.9 0.1±0.0

60–70 4.9±0.6 55.3±6.5 7.3±5.8 0.3±0.2 28.2±1.8 0.2±0.0 4.7±0.0 22.5±4.9 2.6±1.1 0.1±0.0 22.7±1.3 0.1±0.0

70–80 4.7±0.4 31.8±27.6 3.1±3.1 0.1±0.1 22.7±6.3 0.2±0.1 5.3±0.2 20.6±3.6 2.5±2.5 0.1±0.1 23.7±12 0.1±0.1

80–90 5.1±0.4 46.7±10.3 4.8±6.2 0.2±0.2 30.4±8.6 0.2±0.1 5.0±0.1 26.3±16.3 3.4±3.7 0.2±0.1 23.8±6.6 0.1±0.0

90–100 5.7±0.1 49.1±12.7 4.1±2.9 0.2±0.1 24.8±6.9 0.2±0.2 5.3±0.4 14.2±9.9 0.9±0.9 0.0±0.0 16.8±8.8 0.1±0.0

Abbreviations: C, carbon; DOC, dissolved organic carbon; N, nitrogen.
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burned plots is more transformed by oxidative
decomposition. The higher alkyl/O-alkly ratio
suggest that easily decomposable sugars, simple
amino acids and alkyls (such as lipids) were
depleted due to decomposition (Berhe et al., 2012).
The alkyl/O–alkyl ratio was also higher below the
surface at the 10–30 cm depths. The ratio of oxidized
C functional groups compared with the ring struc-
tures (the COOH/aromatic ratio) was highest at the
mid-depth of 10–20 cm.

GHG fluxes
Using repeated-measures ANOVA on 8 weeks of CO2

flux data from aerobic incubations (Figure 1b)
showed a significant site�depth interaction
(F¼ 58.416, Po0.001). The interaction is explained
by significantly (Po0.001) higher aerobic respira-
tion in the surface soil of the unburned site
compared with all other soils. Thus, there were no
differences in CO2 flux between burned and control
soils below the surface soil and there were also no
significant differences in CO2 fluxes with depth
within the burned site. Flux data from anaerobic
incubations showed a significant site�depth inter-
action (F¼ 7.905, Po0.001) in CO2 emissions
(Supplementary Figure S2A), where this interaction
was significantly (Po0.001) explained by the mar-
ginal increase in CO2 fluxes from the control surface
soils. Methane flux (Supplementary Figure S2B) was
detected in middle and permafrost layers of the
control locations and was highly variable. In burned
locations, CH4 fluxes were significantly reduced
(F¼ 4.612, P¼ 0.012). Low amounts of N2O emission
(Supplementary Figure S2C) was detected in
unburned surface soils; however, there was no
significant difference in N2O levels between control
and burned soils in any depth.

Potential soil enzyme activities
At both control and burned locations, the potential
enzyme activities per gram soil decreased with
depth (Supplementary Figure S3), but when the soil
C content was taken into account, the enzyme
activities per gram soil C were not significantly
different (F¼ 0.612, P¼ 0.782) across the soil pro-
files in each location (Supplementary Table S2 and
Figure 1c). Two temperatures (4 1C and 15 1C) were
used to stimulate the enzyme activities; however, no
significant difference in enzyme activities was
observed within control and burned locations owing
to different incubation temperatures. The highest
enzyme activities were observed for cellulose- and
chitin-degrading enzymes, whereas lignocellulose-
degrading enzymes had low potential activities
at all depths (results not shown). In control
samples, neither carbohydrate-active (a-glucosidase,
BG, CBH, XYL, N-acetyl glucosaminidase) nor
aminopeptidase enzyme activities were significantly
different between different soil depths. Only

phosphatase activity was significantly (F¼ 11.174,
Po0.001) higher in surface soils in comparison
with middle and permafrost layers. Fire caused a
marginal increase in potential enzymatic activities
at the surface (Figure 1c and Supplementary
Table S2). In surface soils, enzymes contributing to
the degradation of cellulose (CBH and BG), hemi-
cellulose (XYL) and aminopeptidases had signifi-
cantly higher activity among burned vs unburned
areas (Supplementary Table S2). By contrast, in
middle and deep soils there were no significant
differences between control and burned samples.
When the differences in soil depth were taken into
account (by comparing enzyme activities in mineral
layers of the surface soils), carbohydrate-active (BG,
CBH, XYL, N-acetyl glucosaminidase), aminopepti-
dase and phosphatase activities were significantly
higher in burned surface soils (Supplementary
Table S2).

Microbial community composition and diversity
Wildfire had no significant impact on the a-diversity
of the soils at all depths. After rarefaction to the
same level of surveying effort (141 000 sequences
per sample), we found 82 different family level
assignments corresponding to a total of 202 OTUs
across all samples. Owing to the high depth of
sequencing, the rarefaction curves (Supplementary
Figure S4) showed a high coverage approaching
saturation in many of the samples. The number of
OTUs remained similar with depth in both control
and burned locations. Pairwise comparisons of
a-diversity (species richness (Chao 1), species
abundance (Fisher’s a), species diversity (Shannon’s
H0) and phylogenetic diversity (Faith’s PD)) revealed
significant changes in microbial diversity between
different soil depths but not with fire
(Supplementary Figures S5A and B). Species diver-
sity (H0) was significantly higher in surface soils
of both control (F¼ 16.05, Po0.001) and burned
locations (F¼ 4.70, Po0.001) in comparison with
permafrost and deep soils.

Although the communities primarily clustered by
sampling depth (Figure 2a), fire also had a signifi-
cant impact on the microbial b-diversity. We took
into account the change in depth of the organic
layer, due to consumption by fire, when interpreting
the results. A principal coordinates analysis plot
based on UniFrac distances could explain 58% of
the observed variation (represented in the first two
axes), where the first axis was correlated with depth
(r2¼ 0.43, Po0.001). The ordination observed in this
axis was mainly driven by the differences between
organic and mineral soil horizons (P¼ 0.029). The
second axis mainly correlated with moisture content
(r2¼ 0.52, Po0.001); however, fire too had a sig-
nificant contribution (r2¼ 0.23, Po0.001) to this axis.
Using partitioning analysis, the combined effect of
fire and sampling depth significantly explained
14% of the observed variation, whereas sample
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geochemistry explained 20% and interaction of all
environmental parameters accounted for 22%
(Figure 2b). Community composition was not sig-
nificantly different at the surface when corrected for
the loss of the organic horizon, whereas likely due
to thawing of permafrost the impact of fire was
more evident in the deeper layers (Figure 2c).
The duplicate samples also clustered significantly
more closely together in the thawed subsurface soils
compared with the permafrost samples in the
controls, suggesting that the communities in the
thawed samples were more similar to each other
compared with the permafrost. Significant differences
in b-diversity were also correlated with differences
in C and N content, followed by changes in sample
pH and moisture (Figure 2c). Sample EC and DOC
had smaller but significant contributions to the
total variation.

The OTUs from all of the samples were distributed
among 12 Bacterial and two Archaeal divisions,
with the most abundant belonging to Acidobacteria,
Actinobacteria and candidate division AD3
(Figure 3a). The most abundant phyla in the control
surface layer samples were Actinobacteria, Verruco-
microbia, Acidobacteria, Alpha- and Gammaproteo-
bacteria. At the control locations, there was a high
abundance of Chloroflexi and AD3 at a depth of
10–20 cm. The middle layer in the control profiles
had increasing abundances of Euryarchaeota, AD3
and Chloroflexi populations. Likewise, AD3 and
Chloroflexi were highly abundant in the permafrost,

whereas there was a decrease in representation of
Proteobacteria and Acidobacteria with depth.

After the fire there were significant differences
(R¼ 0.42, Po0.001) in the composition of the sur-
face layer community based on ANOSIM, with a
reduction in relative abundances of Proteobacteria,
Planctomycetes, Actinobacteria and Verrucomicrobia.
By contrast, there was an average of a 68% increase
in AD3 abundance after fire. At the 50–60 cm depth,
Betaproteobacteria and Verrucomicrobia were signi-
ficantly more abundant at fire-impacted locations.
Finally in the deeper layers, Verrucomicrobia,
Gemmatimonadetes and AD3 populations were
higher in relative abundance, whereas Acidobacteria,
Actinobacteria, Chloroflexi and all Proteobacteria
had a significantly lesser relative abundance than in
controls.

Comparisons between sampling strategy (burn�
depth), soil geochemistry and OTU abundances
(Figure 3b) showed that only AD3 and Gemmatimo-
nadetes populations were positively and significantly
correlated with the fire event. Acidobacteria and
Proteobacteria abundances were not affected by fire,
but were generally low in subsurface soils. Within
Proteobacteria, Betaproteobacteria was an exception
to this finding, where its abundances significantly
increased with depth. In addition to depth and fire,
other environmental parameters such as pH, C and
N content were mainly correlated with AD3,
Bacteroidetes, Gemmatimonadetes, Verrucomicrobia
and Proteobacteria populations (Supplementary

Figure 2 16S rRNA gene sequencing with HiSeq2000 reveal the differences in prokaryotic diversity of samples from control and fire-
impacted locations. (a) Communities clustered using principal coordinates analysis of the weighted UniFrac distance matrix. Each point
corresponds to a sample colored in red/orange (J) for fire-impacted locations and in blue (B) for the control locations. Lighter colors
present the mineral soil depths. The percentage of variation explained by the plotted principal coordinates is indicated on the axes.
(b) Contribution depth, fire and soil geochemistry on observed b-diversity was calculated via variation partitioning and represented as a
Venn diagram. (c) Significant contributions of soil geochemistry to observed differences in prokaryotic diversity was tested using
ANOVA.
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Table S4). In contrast, we did not observe any
correlation between the soil geochemistry and the
Archaeal community structure. Moreover, the total
enzyme activity was positively correlated with
Bacteroidetes, Gammaproteobacteria and Proteobac-
teria and negatively correlated with AD3 abundances.
This could imply that the substrates used were not
applicable to AD3 as its physiology is unknown.

Functional differences between control and fire-
impacted microbial communities
Analysis of metagenomes from different soil depths
showed that the fire event resulted in significant
changes in functional gene content for the overall
soil profile. As the organic horizon depth in burned
locations were highly variable (11±9 cm) and
13C-NMR analysis suggested high microbial activity
below the soil surface, we analyzed functional gene
content in the depth of 10–20 cm. We used a de novo

comparative metagenomic approach, namely Com-
pareads (Maillet et al., 2012), to identify reads that
were shared between paired metagenomes from
different soil depths and locations. This approach
enabled us, without prior annotation, to calculate
pairwise similarities between unassembled short
reads of the metagenomes and to classify differences
in DNA contents between samples. The analysis
revealed that in the control locations the metage-
nomes from each depth had high similarity to each
other: 25.33% surface layers, 25.64% middle layers
and 46.57% permafrost layers (Figure 4a). The
metagenomes clustered within each sampling loca-
tion despite the differences in sampling depths.
In addition, the surface layer metagenomes from the
control sites clustered separately not only from the
middle layer and permafrost metagenomes but also
from all the other metagenomes of fire-impacted
locations. Intact middle and permafrost layers from
the control sites showed high similarity to each

Figure 3 (a) Distribution of phylogenetic groups in the control and burned locations in each soil depth. (b) Pearson’s correlation tests
were used to detect significant positive or negative correlations (yellow shading) of each phylum to the fire event or soil depth.
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other (26.24–28.56%). In contrast, in fire-impacted
locations, metagenomes were less similar to each
other than the ones in control locations: 1.67%
surface soils, 22.22% middle and 25.99% deep soils.

The metagenomic reads were screened using the
FOAM database to determine which functional
genes were present. Out of 617 KOs in the database,
486 KOs were detected in all metagenomes. This
screening resulted in annotation of an average
432 416±95 402 genes per sample (Supplementary
Table S3). Gene abundances (gene counts per KO)
were normalized to the number of recombinase A
copies detected in each metagenome. Both in
control and fire-impacted locations, 95–97% of
the genes originated from Bacterial species
(Supplementary Figure S6). Archaeal and Eukaryo-
tic (fungal) genes were considerably less abundant
than Bacterial genes and burned sites had the
lowest number of genes originating from Archaea
and Fungi.

Overall functional differences between control
and fire-impacted metagenomes were investigated
via PCA (Figure 4b), with between-class analysis to
identify the drivers of observed clustering. Two PCA
axes could explain 63% of the observed variation
and metagenomes of fire-impacted locations were
significantly different (Po0.001) than control loca-
tions. In both control and burned sites, the surface
soil metagenomes clustered separately from the rest.
In the middle and deep layers, metagenomes from
control and burned locations clustered away from
each other; however, this clustering was not sig-
nificantly impacted by fire (F¼ 2.87, P¼ 0.08).
Clustering of the metagenomes was significantly
correlated with the changes in environmental con-
ditions, where pH (F¼ 7.39, P¼ 0.01) and moisture
(F¼ 2.49, P¼ 0.05) content were the main drivers.

There were relatively few significant changes in
genes involved in the C cycle when comparing the

burned and control locations. Relative abundances
of genes coding for carbohydrate metabolism and
carbon fixation were only marginally different
between the sampling depths (Figure 5 and
Supplementary Figure S7). Only genes involved in
galactose metabolism were significantly (F¼ 9.404,
P¼ 0.022) less abundant in the middle and deeper
soils after the fire. Multivariate statistical analysis
did not reveal any significant correlation between
individual KO and fire or environmental variables,
which could be expected based on the complexity of
carbon-processing pathways, many of which are not
well characterized for uncultivated soil microbes.
We compared the observed changes in relative gene
abundances for four hydrolytic enzymes that
decreased after fire: a-glucosidase, BG, CBH and
XYL (Supplementary Figure S8) to measured poten-
tial enzyme activities at 4 1C. Of these, significant
positive correlations were only found for XYL
(Spearman’s r¼ 0.943, P-value¼ 0.016) activity.

On the basis of the relatively low abundance of
genes in the metagenomes for methanogenesis, there
was a low potential for CH4 production in the
surface soils in general at the Nome Creek site,
although the potential was significantly higher in
the control locations (Figure 5 and Supplementary
Figure S9). After fire there was a significant decrease
in most of the genes for methanogenesis in the
surface soils. In the deeper layers, there were more
genes for the aceticlastic (F¼ 13.946, P¼ 0.009)
pathways compared with the hydrogenotrophic
pathway after fire.

The most abundant genes for the N cycle in the
metagenomes were those for assimilation/minerali-
zation pathways (Figure 5 and Supplementary
Figure S10). Genes responsible for nitrogen assim-
ilation were 54–88% more abundant in the burned
subsurface soils. For example, glutamate dehydro-
genase and synthetase gene relative abundances

Figure 4 (a) Heatmap of intersections in Nome Creek metagenomes. Similarity matrix resulting from the comparison of 11 samples
using Compareads (khmer¼33, t¼2, 5.7E7 reads). Gray levels correspond to similarity levels. The three main groups, in blue, turquoise-
blue and red, correspond, respectively, to control surface layer (S), control middle (M) and permafrost (D) and all layers from fire-
impacted locations. Legend shows the fraction of similarity between the comparisons. (b) Between-class analysis, which visualizes
results from PCA and clustering of the KO annotations from 12 metagenomes. The between-class analysis finds the principal components
based on the center of gravity of each group as a result every symbol represent two replicate metagenomes. Two principal components are
plotted using the ade4 package in R where (B) surface, (D) middle and (J) permafrost (deep soil) layers. Blue color indicates control
samples, whereas red indicates fire-impacted samples.
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were 5–10% higher in fire-impacted middle and
permafrost layers, indicating the potential for
ammonia assimilation into amino acids. Moreover,
the relative abundance of ammonia-generating
nitrite reductase (nrfA) was 70% higher (P¼ 0.043)
in fire-impacted surface soils. Genes for denitrifica-
tion and nitrate assimilation were present in all
metagenomes, but had a higher representation
(32–66%) in fire-impacted locations. However,
in the surface soils, the relative abundance of
nitrate reduction genes (narGH) were significantly
(P¼ 0.013) reduced by fire. Conversely, narGH genes
were abundant in fire-impacted deeper soils. Genes
responsible for assimilatory nitrate reduction were
abundant at burned locations; in particular,
ferredoxin-nitrite reductase (nir) significantly
increased in the middle (P¼ 0.012) as well as in
the deeper (P¼ 0.005) soils after the fire. Nitrite
(NO2) and nitrous oxide (NO) reductases signifi-
cantly decreased (16–32%) at the burned locations,
suggesting the potential for accumulation of N2O.
Relative abundances for genes involved in nitrogen
fixation and nitrification were not significantly
impacted by fire.

Genes for dissimilatory sulfite reductase (dsr), the
sulfur oxidation (sox) gene complex mediating
thiosulfate oxidation and the adenosine 50-phospho-
sulfate (APS) reductase (apr) were present in all of
the metagenomes (Supplementary Figure S11);
however, genes coding for reductive pathways were
relatively more abundant than those for the oxida-
tive pathways. Genes for sulfate reduction were
significantly (F¼ 10.219, P¼ 0.004) higher in the
fire-impacted deep soil layers compared with the
permafrost. Interestingly, the relative gene abun-
dances of stress response genes did not change
significantly between fire-impacted and control
locations. Heat-shock, cold-shock, osmotic and salt
adaptation genes (Supplementary Figure S12) had
similar relative abundances across all metagenomes.

Discussion

Boreal fires alter the structure and function of
ecosystems and thawing of permafrost due to
increased surface soil temperatures, particularly in
rocky upland conditions (Shenoy et al., 2011;
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Nossov et al., 2013). A recent study of the Nome
Creek region suggested that the permafrost had
undergone repeated episodes of fire-mediated degra-
dation during the late Holocene (Jorgenson et al.,
2013). In upland black spruce forests with coarse
mineral soils and significant slope, rapid permafrost
thaw and drainage of permafrost water consequently
results in drier soils and alters biogeochemical
cycling processes (Hart et al., 2005; Wang et al., 2012;
Jorgenson et al., 2013). The extensive Boundary Fire
surrounding Nome Creek, AK caused losses of
1.5–4.6 kg C m�2 and 0.03–0.14 kg N m� 2, which is
substantially higher than an average fire event in
this region (Boby et al., 2010; Turetsky et al., 2010).
The fire at Nome Creek resulted in burning of up to
25–30 cm of surface organic material. We found that
7 years after the fire, these soils still had signifi-
cantly less C, nutrient and moisture contents up to
1 m depth. These factors, in addition to the
increased mean soil temperatures (Johnstone et al.,
2010; Nossov et al., 2013), could limit re-establish-
ment of the original soil microbial communities and
explain the significant differences in microbial
community structure that we observed here.

Wildfires can result in immediate increased GHG
fluxes to the atmosphere, mainly as CO2, resulting in
a direct feedback to climate (Rustad et al., 2001). To
understand the potential microbiological feedbacks
on a longer time scale, we studied GHG production
from different soil layers 7 years after the Boundary
fire (Figure 1 and Supplementary Figure S2) and
compared that with the predicted metabolic poten-
tial based on the metagenome data. We found that
the CO2 production potential, based on gas flux
measurements, was significantly reduced in the
soils that had been impacted by the fire. In addition,
the gas flux data revealed that the potential
for CH4 and N2O production were negligible in
all samples. The loss of readily degradable C and
a corresponding decrease in moisture content
(O’Donnell et al., 2009) are the likely explanations
for the limited decomposition of remaining organic
material in burned locations. The occurrence of
buried cryoturbated organic masses in the soil,
indicative of previous permafrost degradation
events, also indicates buried organic matter can be
persistent due to limited decomposition (Nossov
et al., 2013).

We further investigated the state of the remaining
surface organic matter using solid-state 13C-NMR.
The composition of SOM was modified by fire,
especially in the surface 0–10 cm of the burned soils.
13C-NMR analysis showed that in the post-fire soils
microbial decomposition of C residues continued
without fresh inputs below the first 10 cm (i.e. at
10–30 cm depths), as indicated by SOM with higher
alkyl/O-alkyl ratios, characteristic of more decom-
posed organic material (Baldock et al., 1997; Norris
et al., 2011). In accordance with previous reports of
increasing alkyl/O-alkyl ratio with increasing depth
in soil profiles (Baldock et al., 1997; Quideau et al.,

2000), our results suggest the preferential decom-
position of labile C sources such as carbohydrates
and preservation of hydrophobic alkyl C pools
(Baldock et al., 2004) in the soils.

The potential enzyme activity of soils can be
interpreted both as an indicator of microbial activity
and of substrate availability (Sinsabaugh et al.,
2008). Our enzyme activity measurements revealed
that the surface soils had higher potential enzymatic
activities against a variety of substrates when
compared with subsurface soils (Supplementary
Figure S3) at both burned and control locations.
However, when normalized to the total C content of
the soils, the deeper soil layers had similar enzyme
activities as the surface soils (Figure 1c). Therefore,
it can be hypothesized that the subsurface soils had
similar potential activity to surface soils, but were
C limited. Higher enzymatic activities in active layer
soils (compared with permafrost) were previously
reported and are in agreement with our findings
(Wallenstein et al., 2009; Waldrop et al., 2010;
Coolen et al., 2011). Postfire, there was a marginal
but significant increase in the potential enzymatic
activities of carbohydrate-degrading enzymes, sug-
gesting that despite the large reduction in C content,
the potential microbial activity for degradation of
carbohydrates was not reduced, similar to what was
suggested by the 13C-NMR analysis for surface soils.

In this study, we found that the fire resulted in a
significant change in the microbial b-diversity and
community structure throughout the soil profile.
Soil microbial diversity in the Arctic is highly
variable (Neufeld and Mohn, 2005; Steven et al.,
2008) and the microbial diversity in permafrost is
generally lower than active layer soils (Gilichinsky
et al., 2007; Steven et al., 2007; Yergeau et al., 2010;
Mackelprang et al., 2011). In line with these
findings, in control locations, we also detected
higher a-diversity in active layer soils compared
with deeper soil layers (Supplementary Figure S5).
However, the microbial community structure was
significantly different between mineral layer soils
(Figure 2a) of burned and control locations.

Fire and fire-mediated changes in the soil geo-
chemistry were strong drivers of the observed
microbial community shifts, especially in deep soils
(Figure 2). The most abundant phyla in Nome Creek
samples, in general, were Verrucomicrobia, Chloro-
flexi and candidate phylum AD3. Both Verrucomi-
crobia and Chloroflexi populations were negatively
affected by fire. Interestingly, candidate phylum
AD3 was significantly positively impacted by the
fire and was one of the most abundant community
members in the thawed deeper layers postfire. The
abundance of this phylum was also correlated to
higher pH and decreasing C, nitrogen and moisture
content. One hypothesis is that AD3 has specific
capabilities that enable the cells to survive after fire
in subsurface soils. Unfortunately, AD3 currently
has no isolated representatives and its genomic and
physiological properties are unknown. Previous 16S
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rRNA gene-based studies show that AD3 is a
globally distributed, but locally rare phylum that is
mainly observed in alpine and subalpine soil and
sediments (Zhou et al., 2003; Costello, 2007;
Nemergut et al., 2008). It had been previously
postulated that AD3 was relatively more abundant
in subsurface soils (up to 20 cm in depth), where
nutrients and C content are low (Costello, 2007).
Therefore, the deeper C-depleted postfire soils may
have presented a favorable niche for members of this
phylum.

In surface soils, wildfires have previously been
reported to result in changes in soil bacterial
diversity and community structure (Ferrenberg
et al., 2013). Proteobacteria, Firmicutes, Chloroflexi,
Acidobacteria, Actinobacteria and Bacteroidetes are
often detected as the dominant phyla in Arctic soils
(Gilichinsky et al., 2007; Steven et al., 2007, 2009;
Yergeau et al., 2010; Wilhelm et al., 2011). Among
these phyla, Proteobacteria, Firmicutes, Chloroflexi,
Acidobacteria and Actinobacteria were also found to
be abundant in the Nome Creek samples. In two
previous studies, Firmicutes, Betaproteobacteria
and Actinobacteria abundances were reported to
increase postfire (Smith et al., 2008; Ferrenberg
et al., 2013). However, in contrast with these
findings, we found that Firmicutes and Actino-
bacteria abundances decreased after the fire,
whereas Betaproteobacteria showed no significant
correlation to the fire (Figure 2b). These differences
could be due to the length of time between the fire
and the sampling because the previous studies were
of samples taken several days to 6 months after the
fire occurred. In our case, we sampled 7 years after
the fire to determine what pervasive impacts, if any,
the fire had on the soil communities.

The lack of genomic information from unculti-
vated and understudied species hampers the
detection and annotation of functional genes from
metagenomes and introduces uncertainty to the
comparisons made between samples and condi-
tions. In the Nome Creek metagenome analysis, we
aimed to overcome these challenges by combining
annotation-dependent and -independent compara-
tive metagenomics approaches. However, the fact
that many functions from abundant phyla such as
Verrucomicrobia, Chloroflexi and candidate phylum
AD3 remain undiscovered should be taken into
account when reviewing the metagenomics analysis.

Both de novo comparison of raw reads and PCA
clustering of annotated genes showed that the fire-
induced shift from a more moist, C-rich environ-
ment to a significantly drier and C-depleted state
was correlated to significant changes in not only the
phylogenetic profiles but also in the functional
microbial gene profiles of Nome Creek samples
(Figures 4a and b). PCA analysis of annotated gene
relative abundances supported the observations
from the Compareads analysis, which showed that
the genomic potential was significantly different
between surface soils of fire-impacted and control

locations. However, close grouping of samples from
fire-impacted middle and deeper layer soils in PCA
analysis was not statistically significant. This
analysis suggests that the extent of the similarity
observed in PCA clustering could be an overestima-
tion due to the analysis of data that is reduced to the
genes that could be annotated. On the other hand,
similar trends were observed in both analyses.

Shifts observed in the C- and nitrogen-cycling
processes in the Nome Creek samples underline the
fact that fire-mediated changes on the soil–physical
parameters are strong drivers of microbial metabolic
potential in upland boreal forests. In concurrence
with the hypothesis that Arctic soils are nitrogen
limited (Mack et al., 2004; Nordin et al., 2004), we
too detected high C/N ratios and decreasing
total nitrogen concentrations throughout the soil
profile. After the fire, the nitrogen content was
further reduced in all soil depths. The depletion
of nitrogen after the fire could be as limiting
for microbial growth and activity as the loss of C
in this ecosystem.

When we screened the metagenomes for changes in
genes involved in the C cycle, we found a significant
increase in genes coding for galactose metabolism in
surface soils (Figure 5, Supplementary Figures S8
and S9) and a reduction in genes for methano-
genesis and methane oxidation (Figure 5 and
Supplementary Figure S10). Both negligible CH4

fluxes and overall low relative methanogenesis gene
abundances in control and fire-impacted soil pro-
files suggest that methanogenesis was not a major
C-cycling process at this site. It had been previously
shown that microbial communities respond rapidly
to permafrost thaw in samples collected from
organic lowland locations in Alaska (Mackelprang
et al., 2011). These responses included increases in
relative gene abundances for carbohydrate, (hemi)-
cellulose, chitin and sugar processing systems. In
the case of Nome Creek, the slope resulted in
drainage of available C and moisture after the fire,
thus creating a sharp contrast to the lowland site
used in the study by Mackelprang et al. (2011).
For the N cycle, we observed significant increases in
ammonia and nitrate assimilation and low NO to N2

production potentials. Also, there was negligible
N2O flux at the site. Similar findings were reported
for other intact permafrost and surface layer sam-
ples, where genes involved in nitrogen fixation and
ammonia oxidation exhibited low diversity and
abundance in the metagenomic libraries (Yergeau
et al., 2010). These data suggest that most of the
available nitrogen was assimilated into microbial
biomass.

Conclusions

Wildfire frequency in the boreal forest of Alaska has
more than doubled over the past century (Kasischke
and Turetsky, 2006) and can accelerate permafrost
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degradation, particularly in rocky uplands
(Johnstone et al., 2010). The wildfires studied here
were part of the 2004/2005 wildfire season, which
were the largest on record (Turetsky et al., 2010).
In Nome Creek, fire resulted in permafrost thaw and
a subsequent decrease in soil moisture due to
subsurface drainage at the site. Seven years after
the fire event, there remained significant changes in
the microbial community composition, in particular
an increase in candidate phylum AD3. The fire thus
had a pervasive impact on the microbial community.
The fire impact was also reflected in 13C-NMR
analysis, GHG flux measurements and potential soil
enzyme activities that indicated reduced microbial
potential for decomposition of SOM after the fire.
The deep sequencing metagenomics approach that
we used here enabled us to gain insight into the
impact of fire on the microbial metabolic potential
and to present unique evidence that fire not only
changes the soil C storage and microbial community
structure but also affects functional pathways
throughout the soil profile.
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