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Climate warming is predicted to increase heterotrophic metabolism in northern peatland
soils leading to enhanced greenhouse gas emissions. However, the specific relationships
between temperature and the greenhouse gas producing microbial communities are
poorly understood. Thus, in this study, the temperature dependence of carbon dioxide
(CO2) and methane (CH4) production rates along with abundance and composition
of microbial communities were investigated in peat from a Sphagnum-dominated
peatland, S1 bog (Minnesota, United States). Whereas CH4 production rates increased
with temperature up to 30◦C, CO2 production did not, resulting in a lower CO2:CH4

ratio with increasing temperature. CO2 production showed both psychrophilic and
mesophilic maxima at 4 and 20◦C, respectively, and appears to be mediated by two
anaerobic microbial communities, one that operates under psychrophilic conditions
that predominate for much of the year, and another that is more active under warmer
conditions during the growing season. In incubations at 10◦C above the ambient
range, members of the Clostridiaceae and hydrogenotrophic methanogens of the
Methanobacteriaceae dominated. Moreover, a significant negative correlation between
temperature and microbial diversity was observed. Results indicate that the potential
consequences of warming surface peat in northern peatlands include a large stimulation
in CH4 production and a significant loss of microbial diversity.

Keywords: peatlands, climate change, methanogenesis, microbial community, microbial diversity

INTRODUCTION

Covering approximately 3% of the land surface while storing up to one-third of global soil carbon,
boreal peatlands are effective carbon sinks. At the same time, boreal peatlands represent one of the
main natural sources of the greenhouse gas methane (CH4) (Gorham, 1991; Tarnocai et al., 2009;
Dlugokencky et al., 2011). Climate models predict an increasing contribution of these ecosystems
to climate change due to an estimated 6–10◦C temperature elevation by the end of the 21st
century that will likely stimulate microbial activities, CO2 and CH4 production (Collins et al., 2014;
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Wu and Roulet, 2014; Schuur et al., 2015; Schadel et al.,
2016). However, most existing climate models lack detailed
input parameters specifically defining the temperature effect on
microbial community composition and activity.

Boreal peatland soils are saturated with water and anoxic
conditions prevail belowground (Limpens et al., 2008). Anaerobic
decomposition of organic matter in peat is mediated by a complex
web of metabolic interactions between many microbial groups
(Drake et al., 2009). Plant-derived organic matter (cellulose,
hemicellulose, pectin) is first hydrolyzed into sugars, fermented
to organic acids (acetate, propionate, butyrate, etc.) or alcohols,
and then terminally metabolized to CO2 and CH4. Since the
majority of peatlands harbor low concentrations of inorganic
electron acceptors such as nitrate (NO−3 ), manganese (Mn
[IV]), ferric iron (Fe [III]), or sulfate (SO2−

4 ), methanogenesis is
considered to be the predominant terminal electron accepting
process in peatland soils (Conrad, 2009; Bridgham et al., 2013).
Methanogenesis is an anaerobic process carried out by archaea,
mainly those taxonomically affiliated with the Euryarchaeota
group; however, methane production has been observed in
aerobic soils (Angle et al., 2017). In addition, some saprotrophic
fungi, taxonomically affiliated with the Basidiomycetes, and
bacteria affiliated with Cyanobacteria are able to produce CH4
under oxic conditions (Lenhart et al., 2012; Bižić-Ionescu
et al., 2018). These recent findings challenge the dogma that
methanogenesis is exclusive to strictly anaerobic Archaea.
Under anoxic conditions, methanogenic archaea produce
CH4 through three major pathways (1) from CO2 and H2
(hydrogenotrophic pathway), (2) acetate disproportionation
(acetoclastic pathway), and (3) cleavage of methylated
compounds (Whitman et al., 2006; Thauer et al., 2008;
Borrel et al., 2013, 2016; Offre et al., 2013). Peat temperature,
water table depth, and microbial community composition
are among the major factors that control methanogenesis
(Dunfield et al., 1993; Schulz and Conrad, 1996; Metje and
Frenzel, 2005, 2007; Tveit et al., 2015; Peltoniemi et al., 2016;
Wilson et al., 2016; Zalman et al., 2018). While peat temperature
and the availability of thermodynamically preferable terminal
electron acceptors have a direct effect on methanogenesis,
the microbial community response to temperature may have
broader ecosystem consequences. Nevertheless, the response
of peat microbial communities to rising temperatures is
poorly understood.

The consensus of previous work is that climate warming
is likely to result in an acceleration of organic matter
decomposition, and stimulation of CO2 and CH4 emissions
in peatlands (Davidson and Janssens, 2006; Weedon et al.,
2013). Since CH4 has a sustained global warming potential
of 34-times that of CO2 over a 100-year time frame,
enhanced CH4 emission is likely to result in a positive
feedback to climate warming (Myhre et al., 2014; Neubauer
and Megonigal, 2015). Thus, understanding the temperature
dependence of microbially-mediated organic matter turnover
and CH4 production is critical for predicting ecosystem responses
to climate change drivers (McGuire and Treseder, 2010;
Wallenstein and Hall, 2012; Schimel, 2013; Wieder et al., 2013;
Ma et al., 2017).

The objective of this study was to quantify the temperature
response of anaerobic organic matter decomposition to CO2 and
CH4 in surficial soils from a Sphagnum-dominated peatland.
Moreover, we aimed to characterize the abundance and
composition of microbial communities that developed across
the range of temperature conditions. Environmental warming
resulted in a significant microbial diversity loss. Additionally, a
strong positive correlation was observed between temperature
and CH4 production, leading to a large decrease in the
CO2:CH4 ratio.

MATERIALS AND METHODS

Sample Collection
Peat samples were collected from the S1 Bog, located within the
Marcell Experimental Forest (U.S. Forest Service), approximately
40 km north of Grand Rapids, Minnesota, United States
(47◦30.476′ N; 93◦27.162′ W; 418 m above mean sea level).
The S1 Bog is a part of the SPRUCE (Spruce and Peatland
Responses Under Changing Environments) experiment which
investigates the effect of whole ecosystem warming and elevated
CO2 concentrations on peatland ecosystem processes since
June 2014 (Wilson et al., 2016; Hanson et al., 2017). The S1
Bog is characterized as an ombrotrophic, nutrient-deficient,
acidic, Sphagnum-dominated peat bog (surface pH < 4.0) with
undetectable levels of dissolved O2 (∼20 ppb) below the top
5 cm (Lin et al., 2014a; Warren et al., 2017). S1 bog receives
water and nutrient inputs primarily from precipitation. Annual
precipitation and air temperature average 768 mm and 3.3◦C
respectively (Sebestyen et al., 2011). Samples were obtained
from a methanogenic layer at 10–30 cm below surface (Lin
et al., 2014b; Tfaily et al., 2014; Wilson et al., 2016) in June
2013. The methanogenic layer was homogenized in a sterile bag.
Approximately 5 g of the homogenate were immediately frozen
on dry ice for microbiological community analysis.

Temperature Gradient
Block Experiments
Peat samples were diluted 1:1 (vol/vol) with O2-free autoclaved
distilled water and homogenized under anaerobic conditions.
The resulting slurries (∼10 g) were placed into sterile test
tubes (30 ml). Tubes were closed with butyl rubber stoppers,
capped, and flushed with nitrogen gas (N2) for 5 min. Prior to
the experiment, the tubes were pre-incubated for 10 days in a
custom-made temperature gradient block to allow the system
to equilibrate. During the pre-incubation and experimental time
courses, the temperature gradient block was set to a stable
gradient of 0 to 40◦C at temperature intervals of approximately
2–3◦C (Canion et al., 2014). After 10 days of pre-incubation,
the tubes were flushed with N2 for 5 min. Three replicates per
temperature were incubated for 4 weeks in the temperature
gradient block. The headspace concentrations of CH4 and CO2
were measured periodically, usually a few times a week, after
shaking to equilibrate the gas and liquid phases. At the end of
the incubation period, peat from incubation tubes was frozen and
stored at−80◦C for DNA extraction and molecular analysis.
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Quantification of CO2 and CH4
Gas headspace concentrations were monitored as previously
described (Esson et al., 2016). Briefly, headspace gas samples
(25–200 µl) were injected into a Shimadzu GC-2014 with a
Supelco custom-packed column (Packing 80/100 Hayesep Q)
coupled to a flame ionization detector (FID) equipped with a
methanizer. The flow rate was 30 ml/min with the injector and
detector at 100◦C, the column at 40◦C, and the methanizer
at 380◦C. The sampled gas was not replaced due to the
relatively short incubation and minimal headspace sampling.
Moles of gas were calculated based on standard calibration
curves and adjusted according to Henry’s law of gas solubility
in water. Finally, total generated gas was normalized to the
dry weight of peat added to each bottle (approximately 3–
5% of the slurry wet weight). Maximum potential production
rates and accumulation of gasses were calculated from a
growth model fitted by splines with the R package “grofit”
(Kahm et al., 2010).

Microbial Community Analyses
Duplicate samples were randomly selected from triplicate
peat microcosms for extraction of environmental DNA at
the end of the incubation experiment using the MoBio
PowerSoil DNA extraction kit according to the manufacturer’s
protocol (MoBio Laboratories, Carlsbad, CA, United States).
From each duplicate, two technical replicates were extracted,
resulting in four DNA pools for each of the temperature
treatments. Extracted DNA was quantified with the Qubit
HS assay kit (Invitrogen, Carlsbad, CA, United States)
and 10 ng per reaction was used to generate SSU rRNA
amplicons. Prokaryotic community composition was
determined by applying a high-throughput sequencing-
based protocol that targets PCR-generated amplicons from
the V4 variable regions of the SSU rRNA gene using the
primer set CS1_515F (5′-ACACTGACGACATGGTTCTA
CA_GTGCCAGCMGCCGCGGTAA) and CS2_806R (5′-
TACGGTAGCAGAGACTTGGTCT_GGACTACHVGGGTWT
CTAAT) (Caporaso et al., 2010; Moonsamy et al., 2013).
Resulting SSU rRNA gene amplicons were barcoded with
unique 10-base barcodes (Fluidigm Corporation, South
San Francisco, CA, United States) and sequenced on an Illumina
MiSeq2000 platform at the Georgia Institute of Technology
as previously described (Wilson et al., 2016; Carrell et al.,
2019). The Illumina-generated SSU rRNA gene amplicon
sequences have been deposited in the BioProject database1 under
accession PRJNA431624.

Sequence Processing and Analysis
Initially, Illumina-generated SSU rRNA gene sequences
from raw fastq files were screened for matching forward
and reverse amplification primers, using Cutadapt v.1.8.1
(Martin, 2011). The resulted sequences were quality-filtered
and assembled into error-corrected amplicon sequence variants
(ASVs) using DADA2 v1.8.0 (Callahan et al., 2016), which
represent unique prokaryotic taxa. Unique ASVs were aligned

1ncbi.nlm.nih.gov/bioproject

in Mothur v.1.39.0 software (Schloss et al., 2009) using SILVA
reference database (Quast et al., 2013). An approximately
maximum-likelihood tree was constructed from the alignment
of ASV’s using FastTree v.2.1.1 (Price et al., 2010). Taxonomic
assignments of these high-quality sequences were annotated
to the SILVA 132 database using the RDP classifier (Wang
et al., 2007) with a minimum confidence threshold of 50%.
Sequences classified as “chloroplast,” “mitochondria” or
did not match any taxonomic “Class” were removed from
the final dataset. The ASV-based alpha-diversity indexes
were calculated based on the number of unique ASVs
(richness) and Faith’s phylogenetic diversity (PD) (Faith,
1992) to assess phylogenetic alpha-diversity. Estimates of
alpha diversity indexes were performed based on randomly
selected 1100 microbial sequences per sample. Prior to microbial
composition and beta-diversity analysis, the final dataset was
normalized by cumulative sum scaling (CSS) (Paulson et al.,
2013). To quantify the major variance components of beta-
diversity the unconstrained principal coordinates analysis
(PCoA) based on Bray–Curtis, weighted, and unweighted
unifrac (Lozupone and Knight, 2005) dissimilarities was
performed. The temperature effect on community dissimilarity
was estimated with a permutational analysis of variance
(PERMANOVA) and permutational analysis of multivariate
dispersions (BETADISP) with 1000 permutations. Statistical
analyses were conducted in R v3.5 using phyloseq and vegan R
packages (McMurdie and Holmes, 2013; Oksanen et al., 2015;
R Development Core Team, 2018).

Quantitative PCR Amplification
All quantitative polymerase chain reaction assays were
performed in triplicate using the StepOnePlus platform
(Applied Biosystems, Foster City, CA, United States) and
PowerUp SYBR Green Master Mix (Applied Biosystems,
Foster City, CA, United States). Universal bacterial and
archaeal gene copy number was enumerated based on
small subunit rRNA genes (SSU rRNA). Quantification of
bacterial and archaeal SSU rRNA gene copies was carried
out in a final volume of 20 µl using standard primer
sets 331F (5′-CCTACGGGAGGCAGCAGT)/518R (5′-
ATTACCGCGGCTGCTG) and Arch787F (5′-ATTAGATACCC
SBGTAGTCC)/Arch1059R (5′-GCCATGCACCWCCTC)
respectively (Muyzer et al., 1993; Yu et al., 2005) and previously
described conditions (Warren et al., 2017; Carrell et al.,
2019). Standard curves were obtained with a 10-fold serial
dilution of standard pGEM-T Easy plasmids (Promega,
Madison, WI, United States) containing target sequences
from Escherichia coli K12 or Methanococcus maripaludis
S2 for bacteria and archaea, respectively. Standard curves
ranged from 102 to 107 molecules, and negative controls
containing no template DNA to exclude or detect any
possible contamination were run simultaneously on each
PCR plate. Specificity of PCR products was confirmed
by melting curve analyses and gel electrophoresis of the
amplicons. Bacterial and archaeal 16S rRNA gene copy numbers
were calculated and presented as gene copy numbers per
dry gram of peat.
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RESULTS

Surface peats from a northern Minnesota bog were incubated
anaerobically over a 4-week period in the temperature range from
0 to 40◦C, and gas production was monitored. Following the
incubation, microbial community composition was determined
using next generation sequencing of SSU rRNA gene amplicons
and microbial abundance was quantified by qPCR with
domain level primers.

Temperature Response of Greenhouse
Gas (GHG) Production Under
Anoxic Conditions
After 10 days of pre-incubation, maximum potential rates of
GHG production were determined during 4 weeks of anoxic
incubation at 13 incubation temperatures ranging from 0 to
40◦C at 2–3◦C intervals. CO2 and CH4 maximum potential
rates had contrasting responses to temperature (Figures 1A,B).
Production of CO2 was observed after 1 day at all incubation
temperatures and reached a maximum potential rate after
0.04 ± 0.1 to 6.8 ± 0.6 days in 33 and 4◦C treatments,
respectively (Supplementary Figure S1A and Table S1). The
time elapsed from the start of the incubation to the onset of
maximum production rates, referred to as “lag time,” varied
with temperature (Supplementary Table S1). Average lag times
for CO2 production were 9.72 ± 3 and 2.4 ± 2.6 days for
temperature treatments below and above 12◦C, respectively
(Supplementary Table S1). Methane production also varied with
temperature. For temperature treatments between 16 and 30◦C,
accumulation of CH4 was observed after 1 day of incubation,
while a 4.1 ± 2 and 7 ± 2.8 days lag time was observed in 10
and 7◦C temperature treatments, respectively. Lag times for CH4
production were 7± 2.5 and 1± 1.8 days for temperatures below
12◦C and between 12 and 30◦C, respectively (Supplementary
Table S1). Two major temperature optima for CO2 maximum
potential rates were observed, at 4–7 and 20–23◦C, with
maximum potential rates of 23.2 ± 1.4 and 12.1 ± 1.2 µmol
per gram dry weight per day, respectively (Figure 1A and
Supplementary Table S1). Methane maximum potential rates
ranged from 0.02 ± 0.01 to 1.28 ± 0.2 µmol per gram dry
weight per day across temperature treatments (Figures 1B,
2A and Supplementary Table S1). While maximum potential
rates of methanogenesis exponentially increased between 0 and
30◦C, reaching a maximum potential rate of 1.28 ± 0.2 µmol
per gram dry weight per day at 30◦C, no or limited CH4
production was observed below 4◦C and above 30◦C (Figures 1B,
2A and Supplementary Table S1). The ratio of accumulated
CO2 and CH4, as calculated at the end of incubation, showed
a temperature-dependent decline from 656.5 ± 200 at 4◦C
down to 5.8 ± 0.3 at 20◦C respectively (Figure 2B and
Supplementary Table S1).

Quantification of Microbial Abundance
To quantify the effect of incubation temperature on the
abundance of microbial communities, quantitative PCR (qPCR)
analysis was performed. Results are reported as the abundance

of SSU rRNA gene copy numbers per gram dry weight of peat.
Bacterial 16S rRNA gene copy numbers ranged over nearly
two orders of magnitude from 1.45 × 104

± 1.2 × 103 to
9.36× 105

± 3.9× 104 at 40 and 20◦C respectively. Additionally,
two maxima in gene copy numbers were observed at 20–23 and
4◦C (Figure 1C and Supplementary Table S2), suggesting that
bacterial abundance varied with temperature. Moreover, these
maxima in microbial gene copy numbers correlated well with
observed maxima in potential CO2 production rates (Figure 1A).
In contrast, archaeal 16S rRNA gene copy numbers ranged over
nearly three orders of magnitude from 3.42 × 101

± 2.6 × 101

to 1.51 × 104
± 2.1 × 103 and were characterized by a

single maximum at 20–23◦C (Figure 1D and Supplementary
Table S2). Archaeal 16S rRNA gene copy numbers were highly
correlated with maximum potential rates of CH4 production
(Figure 1B). Finally, less than 100 archaeal 16S rRNA gene
copies were found at temperatures where no or limited CH4
production was detected (Figures 1B,D and Supplementary
Figure S1, Supplementary Tables S1, S2).

Microbial Community Dynamics
With Temperature
High-throughput sequencing of small subunit ribosomal RNA
genes yielded a total of 195,418 high-quality sequences (range
1,100–8,448; median 3,530 sequences per sample), and revealed
profound changes in microbial community diversity and
composition with temperature (Figures 3–5). The Bray–Curtis
based PCoA and permutational multivariate analysis of variance
(PERMANOVA) of beta-diversity clearly showed variations
in microbial communities between temperature treatments
(R2 = 0.75, P < 0.001, Figure 3 and Supplementary Table S3).
Elevated temperature resulted in a significant reduction in
microbial community richness and PD (Figure 4). Community
richness, determined as observed ASV’s and Faith’s PD, decreased
up to threefold in a temperature dependent manner by the
end of the incubation period (Supplementary Table S4). The
observed relative low alpha diversity indices may be due to
limited sequencing depth, nevertheless, the observed pattern
of decreasing diversity with increasing temperatures will not
likely change as a result of higher sequencing efforts. Taxonomic
community composition varied with temperature in parallel
with changes in diversity. The relative abundance of members
of the Acidobacteria phylum decreased during the incubation
period in a temperature dependent manner. The temperature
effect on Acidobacteria was stronger at higher compared to lower
incubation temperatures. While at the end of the incubation the
relative abundance of Acidobacteria was 30–40% in the warming
treatments between 0 and 25◦C, their relative abundance at
30◦C was only 1.3% (Figure 5A and Supplementary Table S5).
The Firmicutes comprised 1.3 ± 0.4% of the total microbial
community in the unincubated peat samples; whereas, their
relative abundance increased in a temperature dependent manner
by the end of incubation. The relative abundance of Firmicutes
at the end of incubation was 11.7 ± 0.7% at 0◦C compared
to 81.6 ± 5.6% at 40◦C (Figure 5A and Supplementary
Table S5). Microbial communities established at the thermal
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FIGURE 1 | The temperature dependence of (A) CO2 maximum potential production rates; (B) CH4 maximum potential production rates; (C) bacterial 16S rRNA
gene copy numbers; and (D) archaeal 16S rRNA gene copy numbers in anaerobic incubations of surface peat collected from the S1 bog in northern Minnesota.
Microbial 16S rRNA gene copy numbers were determined in samples collected after 4 weeks of incubation by qPCR with bacterial or archaeal primers. The error
bars show the standard deviation for each temperature treatments (n = 3).

optimum of 4–7◦C were significantly different from communities
established at the 20–23◦C optimum (Supplementary Table
S3). Substantial differences were observed in the relative
abundances of the Alphaproteobacteria and Acidobacteriia
classes in the temperature range relevant to field conditions.
Members of the Alphaproteobacteria were more susceptible
to temperature changes than members of the Acidobacteriia.
The relative abundance of Alphaproteobacteria at the end of
the incubation period was 11.7 ± 1.45% at 4◦C compared to
2.4 ± 0.8% at 20◦C (Supplementary Table S6). In contrast,
the relative abundance of Acidobacteriia was 25.9 ± 5% at
4◦C and 35.9 ± 2.9% at 20◦C at the end of the incubation
(Supplementary Table S6). The dominant Firmicutes family
in the peat incubation was Clostridiaceae with a relative
abundance at 30◦C of 41.2 ± 2.3% (Supplementary Table S7).

The relative abundance of the archaeal phylum Euryarchaeota
that hosts the majority of known methanogens correlated well
with CH4 production. Euryarchaeota relative abundance was
fairly stable at temperatures below 12◦C, while abundance
showed a larger increase in temperature treatments above 12◦C,
reaching a maximum relative abundance of 4.3 ± 0.3% at 25◦C
(Supplementary Table S5). Hydrogenotrophic methanogens
taxonomically affiliated with the Methanobacteriaceae were
dominant members of the methanogenic communities
that developed with increasing temperature. Members of
the Methanobacteriaceae family comprised over 90% of
methanogenic communities at all temperatures (Figure 5B). The
relative abundance of the Methanobacterium genus correlated
well with maximum CH4 production rates (Figure 1B) and
the abundance of the hydrogen-producing genera within
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FIGURE 2 | (A) Linear regression of the square root of the CH4 production
rate as a function of incubation temperature. (B) Temperature dependence of
the ratio of CO2 produced to CH4 produced after 4 weeks of anaerobic
incubation at different temperatures. The shaded area shows 95% confidence
intervals. The error bars show the standard deviation for each temperature
treatments (n = 3).

FIGURE 3 | Beta diversity of microbial communities as a function of
temperature after 4 weeks of anaerobic incubation. The plot represents a
principal coordinates analysis (PCoA) of microbial community compositions
based on Bray–Curtis distance matrices calculated after cumulative sum
scaling (CSS) normalization of the final data.

Clostridiales order (Figure 5C). Additionally, we were unable
to detect the methanogens in communities developed at
40◦C (Figure 5B and Supplementary Table S7), where an
undetectable level of CH4 production and less than 100 copies
of archaeal SSU rRNA genes were detected (Figures 1B,D and
Supplementary Table S2).

DISCUSSION

Microorganisms play a key role in greenhouse gas exchange at
the soil-atmosphere interface in northern peatlands by mediating
the decomposition of organic matter to CO2 and CH4. The
majority of previous studies predict that CH4 and CO2 emission
rates should increase as a result of warming (Yvon-Durocher
et al., 2012, 2014; Wu and Roulet, 2014; Schuur et al., 2015;

FIGURE 4 | Temperature dependence of alpha diversity of peat microbial
communities after 4 weeks of anaerobic incubation determined by (A)
richness as an abundance of ASVs and (B) Faith’s phylogenetic diversity (PD).
The graph represents a linear regression between alpha diversity indices and
incubation temperature. The shaded area shows 95% confidence intervals.

Schadel et al., 2016; Wilson et al., 2016). While the response
of CH4 production to temperature is well-studied in wetlands
including peatlands, Sphagnum-dominated peatlands emit a high
proportion of CO2 in comparison to CH4, and surprisingly
little information is available on the temperature dependence
of anaerobic CO2 production in wetlands (Tfaily et al., 2014;
Treat et al., 2015; Tveit et al., 2015; Schadel et al., 2016;
Wilson et al., 2016). In addition, few previous studies have
linked the temperature response of greenhouse gas production
to microbial community dynamics. The present study provides
a quantification of the temperature response of microbial
community dynamics and resulting greenhouse gas production
in surface peat from a Sphagnum-dominated peatland, the S1 bog,
in northern Minnesota.

Temperature Response of CH4 and
CO2 Production
Consistent with previous observations from laboratory and field
studies of wetland soils including peatlands, methane production
rates from the subsurface of S1 bog were positively correlated
with temperature and a mesophilic optimum was observed
at 30◦C. In agreement with field observations (Wilson et al.,
2016) an exponential relationship between CH4 production and
temperature elevation was observed under laboratory conditions
(Figure 1B). Nevertheless, other autotrophic and heterotrophic
processes such as methane oxidation, photosynthesis, and
plant respiration are omitted from in vitro observations, and
these may have differential sensitivity to temperature elevation.
Regression analysis of CH4 maximum potential rates indicated
that temperature changes between 0 and 30◦C accounted for
up to 86% of the variation in CH4 maximum potential rates
(Figure 2A). These variations were correlated with archaeal
community size and relative abundance. The mesophilic response
of methanogens can be explained by the fact that the S1 bog
represents a temperate peatland (Tveit et al., 2015). In this
study, as well as in studies from other temperate soils, the CH4
maximum potential rates at 4◦C comprised only 1 to 10% of
the rates determined at 25 to 30◦C (Glissman et al., 2004; Freitag
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FIGURE 5 | Microbial taxonomic composition as a function of temperature after 4 weeks of anaerobic incubation. (A) Relative abundance of the most abundant
bacterial phyla. (B) Relative abundance of known groups of methanogens within the Euryarchaeota, and (C) relative abundance of genera affiliated with Clostridiales
having similar abundance profile with methane production rates. The relative abundance of the sequences assigned to a given taxonomic level was calculated for
each of the biological replicate, and the average value was then used to represent the relative abundance of each temperature treatment. The treatment “Pre” on the
(A) and “-2” on the (B,C) is a microbial community of the unincubated peat samples. The error bars show the standard deviation of relative abundance for each
temperature treatments (n = 4).

and Prosser, 2009). However, the CH4 maximum potential
rates at 7◦C was approximately 20% of rates observed at
25 and 30◦C. In higher latitude Arctic or subarctic soils,
CH4 maximum potential rates at 4◦C were approximately 17
to 25% off maximum potential rates determined between 25
and 30◦C respectively (Metje and Frenzel, 2007; Tveit et al.,
2015). These observations may suggest the existence of latitude-
dependent eco-physiological adaptation of the methanogenic
communities to survive under psychrophilic conditions. In a
global meta-analysis of methanogenesis rates obtained from field
and laboratory studies of soils in wide-ranging ecosystems (Yvon-
Durocher et al., 2014) the average temperature dependence
corresponded to a 57-fold increase between 0 and 30◦C.
Our results corroborate previous work as we observed an
approximately 60-fold increase in methanogenesis maximum
potential rates across the same range in temperature.

In contrast to methanogenesis, few studies have examined the
temperature response of organic matter decomposition to CO2 in
wetlands or other terrestrial soils under anaerobic conditions. In
agreement with previous global compilations of soil respiration
rate measurements (Yvon-Durocher et al., 2012; Schadel et al.,
2016), in our study CO2 maximum potential rates, a proxy for
respiration, did not show as large of a temperature dependence

as methanogenesis, resulting in decreasing CO2:CH4 ratios with
warming. To our knowledge, this study is among the first in
peatland soils to observe that CO2 maximum potential rates are
highest in the psychrophilic range. However, the observed CO2
maximum potential rates may be at least partially due to faster
utilization of the available electron acceptors pools under warmer
condition during the pre-incubation period. The majority of
previous studies in soils have observed a continuous increase in
CO2 production over the temperature range studied, from 0 to
40 or 60◦C, although the majority of previous studies included
relatively few temperature treatments (Metje and Frenzel, 2005,
2007; Pietikåinen et al., 2005; Hoj et al., 2008; Tveit et al.,
2015). However, similar to our results, Metje and Frenzel (2005)
observed comparable dynamics of respiration rates at 0 and 25◦C,
in subsurface soils from a peatland in northern Finland.

In further corroboration of our results, similar temperature
response trends were observed for rates of anaerobic microbial
respiration processes linked to organic matter degradation in
temperate wetlands. For example, the highest denitrification
rates were observed under psychrophilic conditions in saltmarsh
sediments collected in winter (Kaplan et al., 1977). Moreover, in
another study of saltmarsh sediments, two separate rate maxima
were observed in the temperature response of denitrification
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rates. The temperature of the psychrophilic optimum varied
with season, whereas the mesophilic optimum did not (King
and Nedwell, 1984). In the present study, two separate CO2
production maxima were observed in the psychrophilic (4–
7◦C) and mesophilic temperature ranges (20–23◦C), respectively
(Figure 1A), suggesting that distinct microbial communities
are present in surface peat that are active in these different
temperature ranges.

Maxima in CO2 production occurred at ranges that match
with in situ temperatures measured in winter and summer
seasons in the S1 bog. Surficial S1 bog soils represent a cold
temperate environment, during the winter season (November–
April), with monthly average temperatures in the top 30 cm depth
ranging from −0.7 to 0.5◦C. During the summer season (June–
September), monthly average temperatures in the 0 to 30 cm
depth interval range from 12.9 to 17.1◦C (with a maximum
observed at 21.5◦C). Thus, maxima in CO2 maximum potential
rates observed at 4 to 7◦C as well as 20 to 23◦C indicate that
one community is adapted to in situ psychrophilic conditions in
winter while another becomes active at moderate temperatures
during the period of plant growth. CO2 maximum potential
rates measured under psychrophilic conditions were higher
by approximately a factor of 2, and abundance of bacteria,
not archaea, closely paralleled with the CO2 production rate.
Although gas production was not investigated during the pre-
incubation period, extensive analysis of gas accumulation and of
in situ microbial abundance shows that bacteria are 1 to 2 orders
of magnitude more abundant than archaea in surface peats of the
S1 bog (Lin et al., 2014a; Wilson et al., 2016). Since organic matter
is mostly decomposed to CO2 in the S1 bog, our results indicate
that heterotrophic bacteria, and not methanogenic archaea, are
responsible for the majority of organic matter mineralization
under in situ conditions.

Further research is needed to determine the mechanisms
controlling the temperature dependence of anaerobic respiration
in wetland soils. Studies conducted with field samples in
the laboratory often interrogate different temperature ranges
or incubation times and calculate respiration rates using
different protocols that impact interpretation of the temperature
response. Overall, uncertainties in the temperature response
of anaerobic CO2 production due to respiration in soils may
be due to soil heterogeneity, a paucity of CO2 production or
respiration measurements, and a lack of standard protocols
for quantifying and compiling rates. Hence, as has been done
for methanogenesis, rates of anaerobic CO2 production should
be quantified using standard protocols in soils from a wide
range of ecosystems.

In Sphagnum-dominated peatlands such as the S1 bog, the
soils are generally devoid of inorganic electron acceptors below
the top few centimeters and methanogenesis is considered
to be the predominant terminal electron accepting process
(Lin et al., 2014b; Tfaily et al., 2014). Methanogenesis is
predicted to produce a stoichiometric ratio of 1:1 CO2:CH4,
[(CH2O)n →

1
2 nCO2 +

1
2 nCH4; (Conrad, 1999)]. However, as

has been observed previously in peatlands (Wilson et al., 2017),
higher CO2:CH4 ratios were observed in this study, and the ratio
showed a temperature-dependent decline from 656.5 ± 200 at

4◦C down to 5.8 ± 0.3 at 20◦C (Figure 2B). A similar decline in
CO2:CH4 ratio with temperature was observed in peat incubation
experiments from Svalbard in the Arctic (Hoj et al., 2008) as
well as in other studies of Sphagnum-dominated bogs including
S1 bog (Keller and Bridgham, 2007; Ye et al., 2012; Bridgham
et al., 2013; Hodgkins et al., 2014; Wilson et al., 2016, 2017).
The high CO2:CH4 ratios appear to be in contradiction with
the lack of available inorganic electron acceptors. Thus, based
on previous work, we suggest that high CO2:CH4 ratios in
our incubations may reflect the availability of organic electron
acceptors in the solid peat (Keller et al., 2009; Keller and Takagi,
2013; Ye et al., 2016; Wilson et al., 2017) and/or the organic
matter was simply not mineralized completely and fermentation
products may have accumulated. Humic substances as well as a
diversity of unsaturated organic compounds have the potential
to act as terminal electron acceptors in peatland soils (Lovley
et al., 1999; Klupfel et al., 2014; Wilson et al., 2017). The
utilization of organic electron acceptors would explain the lag
times we observed in CH4 production, since CH4 is not produced
until after the depletion of alternate terminal electron acceptor
pools, resulting in a high CO2:CH4 ratio (Keller et al., 2009;
Keller and Takagi, 2013; Ye et al., 2016; Wilson et al., 2017).
Furthermore, incomplete mineralization of the organic matter
may result in the accumulation of fermentation products and
high CO2:CH4 ratio. In addition, a substantial accumulation
of fermentation products was observed at the S1 bog under
in situ conditions (Zalman et al., 2018) as well as in the Svalbard
peat incubation experiments (Tveit et al., 2015), suggesting
that terminal processes rather than upstream fermentative steps
were rate limiting for CH4 production. Although, acetoclastic
methanogenesis has been proposed to be a major methane source
under low-temperature conditions (Nozhevnikova et al., 2007;
Blake et al., 2015), our sequencing efforts failed to recover a
substantial population of known acetoclastic methanogens. Our
group has studied the in situ composition of peat microbial
communities at the S1 bog since 2014 by applying a similar
next-generation sequencing approach. While deeper sequence
efforts coupled with isotopic gas analysis were able to detect
the presence of the acetoclastic methanogens in unincubated
peat from S1 bog (Lin et al., 2014a,b), such acetoclasts were not
observed in lab incubations. Alternatively, we suggest that under
low-temperature conditions, hydrogenotrophic methanogens
are being outcompeted by other functional guilds such a
homoacetogens, which may consume dihydrogen at rates up to 3-
to 10-times faster than methanogens, and significantly contribute
to total acetate production under psychrophilic conditions
(Kotsyurbenko et al., 2001; Ye et al., 2014). On the other hand,
low methane maximum potential rates may result from a high
concentration of inhibitory compounds produced by the peat
moss, Sphagnum, which predominates over plant communities at
the S1 bog. Sphagnum moss releases a wide range of polyphenolic
compounds such a sphagnic acids (Rasmussen et al., 1995) with
antibiotic and pH-controlling properties (Stalheim et al., 2009)
that may directly affect microbial community structure and
inhibit methanogens (Medvedeff et al., 2015). Nevertheless, the
biochemical properties and thermal stability of these compounds
are not yet established.
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It is difficult to extrapolate gas production rates from
microcosms to the field condition where a host of other processes
such as autotrophy, methanotrophy, and aerobic respiration
will impact the response of greenhouse gas production/emission
to warming. However, initial results from deep peat heating
experiments conducted in the field at the S1 bog provide some
support for our findings (Wilson et al., 2016): while in situ
methane fluxes showed a substantial increase with temperature,
CO2 fluxes measured as dark ecosystem respiration did not,
resulting in a decrease in the CO2:CH4 ratio with warming.
Further, the range of CO2:CH4 ratios from fluxes measured
in the field overlaps with that measured in microcosms of
S1 bog peat. The consistent decline in CO2:CH4 ratios with
warming, measured in surficial S1 bog peat in the laboratory
and in the field (Yvon-Durocher et al., 2014; Wilson et al.,
2016), is troubling given that CH4 has a sustained global
warming potential that is 34-times higher than CO2 on a 100-
year timescale (Myhre et al., 2014; Neubauer and Megonigal,
2015). Thus, enhanced CH4 production due to warming may
represent a substantial natural feedback to anthropogenic
climate forcing.

Temperature Response of Microbial
Community Diversity and Composition
Whereas microbial abundance showed a direct and positive
correlation with activity as measured by CO2 and CH4
production, a negative correlation was observed between peat
microbial diversity and elevated temperature (Figure 4). The
diversity of peat microbial communities declined with increasing
temperature to 30◦C, which is approximately 13◦C higher than
the average monthly high temperature observed at the S1 bog.
Moreover, at temperature treatments above 30◦C, no ASV’s
affiliated with methanogenesis were detected, suggesting that a
threshold was reached above which the microbial communities
could not cope with further warming (Sihi et al., 2017) on
the timescale of this experiment. Our results are corroborated
by field observations of Sphagnum microbiomes in a whole
ecosystem warming experiment conducted at S1 bog in which
a significant reduction of phyllosphere associated microbial
and diazotrophic communities was observed (Carrell et al.,
2019). Microbial diversity has often been associated with the
effective functioning and desirable outcomes for ecosystems
(Fierer et al., 2013; Wagg et al., 2014; Delgado-Baquerizo
et al., 2016; Kolton et al., 2017; Shade, 2017). Increasing
temperatures may impact microbial function and diversity by
decreasing carbon usage efficiency due to changes in availability
and quality of carbon source, deactivation of enzymes, and
exposing microbial communities’ to the higher energy demands
required for protein turnover and membrane repair (Fierer
et al., 2007; Allison et al., 2010; Chowdhury and Conrad,
2010; Dijkstra et al., 2011; Frey et al., 2013; Okie et al., 2015;
Gruner et al., 2017; Sihi et al., 2017). Our results suggest that
the exposure of peatland ecosystems to rapid climate change
perturbation may lead to a loss in microbial diversity which
is likely to impact ecosystem functioning through changes in
species composition and/ or functional diversity. However, our

observations should be considered as a starting point for further
inquiry of ecological mechanisms and community outcomes
(Shade, 2017). Further research should elucidate specific aspects
of microbial metabolism that are linked to a decline in diversity
in response to warming.

In agreement with previous field studies conducted at S1 bog,
peat microbial communities were predominated byAcidobacteria
and Proteobacteria (comprising approximately 70% of overall
sequence abundance) prior to incubation in this study (Lin et al.,
2012, 2014b; Wilson et al., 2016; Zalman et al., 2018). In contrast,
pronounced shifts in microbial community composition were
observed with warming at the end of the incubation period
(Figure 5A). Differences in community composition were
characterized by a decrease in the relative abundance of
Acidobacteriia from 46.7 ± 1% in the unincubated peat samples
to 30.7 ± 2 and 1.3 ± 1.3% at the end of the incubation period
at 25 and 30◦C, respectively (Supplementary Table S6). In
contrast, an increase in the relative abundances of Clostridia
as well as hydrogenotrophic methanogens taxonomically
affiliated with the Methanobacteriaceae family was observed at
all incubation temperatures after end of the experiment relative
to the pre-incubation condition. Whereas ours (Figure 5A)
and other studies found a small contribution of the Firmicutes
in unincubated peat microbial communities (Juottonen et al.,
2017), their relative abundance rose from 1.3 ± 0.4% in the
unincubated peat community to 62.6 ± 2.5% in the community
developed by the end of the incubation period at 30◦C, and the
Clostridiaceae family became a dominant member of the post-
incubation communities. Members of the Clostridiaceae family
are spore-forming obligate anaerobes that are well-adapted
to survive under extreme conditions found in soils and can
utilize a wide range of carbon substrates (Schnurer et al., 1996;
Wiegel et al., 2006; Westerholm et al., 2010). Additionally,
the relative abundance of taxa capable of fermentation
and hydrogen production (Clostridium, Ethanoligenens and
unclassified members of the family Ruminococcaceae) correlated
well with CH4 maximum potential rates and the succession
of Methanobacterium (Figure 5C). Moreover, members of
the Clostridiaceae have been shown to thrive in acidic peat,
facilitating fermentation in co-culture with hydrogenotrophic
methanogenesis mediated by the Methanobacteriaceae
(Hunger et al., 2015; Schmidt et al., 2015; Tveit et al., 2015;
Juottonen et al., 2017).

Results from anaerobic incubations conducted with peat from
the S1 Bog (this study) and Svalbard (Tveit et al., 2015) show that
the relative abundance of Clostridiales and Methanobacteriales
are well-correlated with maximum CH4 production rates at
mesophilic conditions (Supplementary Figure S2). By the end
of the incubation period, members of the Clostridicaeae family
became dominant above the 20◦C threshold where overall
bacterial abundance was shown to decline. Collectively, these
observations suggest that at extreme temperatures well above
in situ conditions, and in the absence of active photosynthetic
organisms, versatile members of the Clostridiaceae family
will survive and outcompete other bacteria. Surprisingly,
only hydrogenotrophic and methylotrophic methanogens were
detected during this study (Figure 5B). An analysis of primer
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coverage against the RDP database2 revealed that the 515/806R
primer set is biased against Methanosarcinaceae, with only
67% of the RDP available sequences detected by these primers
(Supplementary Table S8). Members of the Methanosarcinaceae
utilize a wide range of substrates including carbon mono- and
di-oxide, methanol, acetate, butanol, and methylated compounds
such as dimethyl-sulfide to produce methane (Oren, 2014).
Thus, primer bias may lead to an underrepresentation of this
versatile group of acetoclastic methanogens in peat soils of the
SPRUCE S1 bog site.

CONCLUSION

Climate change models project a temperature increase of 6–
10◦C for the northern hemisphere by the end of this century.
Moreover, it was suggested that the exposure of northern
peat to elevated temperatures will have a significant effect on
the stability of microbial community composition and activity,
leading to alteration of ecosystem functioning. In this study,
the temperature response of CO2 production under anoxic
conditions indicates that separate psychrophilic and mesophilic
microbial communities process organic matter in surficial
peat from a Sphagnum-dominated bog. Methane production
was enhanced with increasing incubation temperature while
CO2 production was diminished, indicating that warming
lowers the CO2:CH4 ratio. Microbial diversity was negatively
correlated with temperature, suggesting that prolonged exposure
of the peatland ecosystem to elevated temperatures will lead
to a loss in microbial diversity. Given the higher warming
potential of CH4, these observations are concerning and the
mechanisms contributing to elevated methane production by
archaea at the expense of bacterial CO2 production should be
further explored.
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