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Abstract  Organic peat soils occupy relatively lit-
tle of the global land surface area but store vast 
amounts of soil carbon in northern latitudes where 
climate is warming at a rapid pace. Warming may 
result in strong positive feedbacks of carbon loss and 
global climate change driven by microbial processes 
if warming alters the balance between primary pro-
ductivity and decomposition. To elucidate effects of 
warming on the microbial communities mediating 
peat carbon dynamics, we explored the abundance 
of broad microbial groups and their source of carbon 
(i.e. old carbon versus more recently fixed photosyn-
thate) using microbial lipid analysis (δ13C PLFA) of 
peat samples under ambient temperatures and before/

after initiation of experimental peat warming (+ 2.25, 
+  4.5, +  6.75, and +  9  °C). This analysis occurred 
over a profile to 2 m depth in an undrained, ombro-
trophic peat bog in northern Minnesota. We found 
that the total microbial biomass and individual indi-
cator lipid abundances were stratified by depth and 
strongly correlated to temperature under ambient 
conditions. However, under experimental warming, 
statistically significant effects of temperature on the 
microbial community were sporadic and inconsist-
ent. For example, 3 months after experimental warm-
ing the relative abundance of Gram-negative bacterial 
indicators across depth combined and > 50 cm depth 
and Gram-positive bacterial indicators at 20–50  cm 
depth showed significant positive relationships to 
temperature. At that same timepoint, however, the rel-
ative abundance of Actinobacterial indicators across 
depth showed a significant negative relationship to 
temperature. After 10 months of experimental warm-
ing, the relative abundance of fungal biomarkers was 
positively related to temperature in all depths com-
bined, and the absolute abundance of anaerobic bacte-
ria declined with increasing temperature in the 20–50 
cm depth interval. The lack of observed response in 
the broader microbial community may suggest that 
at least initially, microbial community structure with 
peat depth in these peatlands is driven more by bulk 
density and soil water content than temperature. 
Alternatively, the lack of broad microbial commu-
nity response may simply represent a lag period, with 
more change to come in the future. The long-term 
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trajectory of microbial response to warming in this 
ecosystem then could either be direct, after this ini-
tial lag time, or indirect through other physical or bio-
geochemical changes in the peat profile. These initial 
results provide an important baseline against which to 
measure long-term microbial community and carbon-
cycling responses to warming and elevated CO2.

Keywords  δ13C PLFA · Boreal peatland · Microbial 
communities · Climate change · Carbon

Introduction

Arctic and boreal ecosystems play a major role in 
responses or feedbacks to climate change. Northern 
peatlands cover just 3% of the earth’s land area but 
store approximately 30% of earth’s total stored soil 
carbon (Gorham 1991; Yu 2012). Northern latitudes 
are also among the most quickly warming regions on 
earth, warming at up to twice the rate of other ter-
restrial land areas (Hartmann et  al. 2013; Johnson 
and Stefan 2006), and northern boreal ecosystems, 
including carbon-rich peatlands, are projected to con-
tinue warming even under low emissions scenarios 
(Hayhoe et  al. 2018; Marvel et  al. 2023). Concur-
rent climate-change-associated changes in tempera-
ture, hydrology, vegetation, and microbial commu-
nities may alter decomposition and carbon cycling 
processes, shifting peatlands from carbon sinks to 
sources. This subsequent release of carbon dioxide, 
methane, and dissolved organic matter may create 
a positive feedback to climate change, meaning that 
warming that increased the release of greenhouse 
gases then leads to further warming (Allison and 
Treseder 2011; Ciais et  al. 2013). However, there is 
a need to better understand responses of microbial 
communities and their carbon usage to warming, as 
microbial communities drive carbon cycling and are 
a central factor needed in the assessment of future 
peatland carbon cycling processes (i.e. Kluber et  al. 
2020).

Peatland microbial responses to warming occur 
within the context of how northern peatland physical 
and chemical properties respond   to climate change. 
Belowground responses depend largely on water 
table dynamics, which are in turn affected by chang-
ing precipitation patterns, including snow versus rain, 
and associated changes in plant communities, as well 

as warming and consequent changes in plant evapo-
transpiration rates (Allison and Treseder 2011; Laiho 
2006; Peltoniemi et al. 2009). For example, peatland 
warming paired with increased precipitation could 
lead to greater anaerobic decomposition of subsur-
face peat and increased carbon dioxide and methane 
emission. On the other hand, peatland warming with 
unchanged precipitation may result in longer peri-
ods of lowered water tables and drier conditions due 
to the higher plant respiration and evapotranspira-
tion rates. Greater rates of decomposition favored by 
warm aerobic conditions may be offset by reduced 
nutrient availability or in extreme cases, microbial 
drought stress. Lower water table conditions could 
also lead to more ephemeral pulsed nutrient cycling 
or decomposition events when precipitation does 
occur (Allison and Treseder 2011).

Soil microbes may respond directly to warming 
through adaptations at the individual level, such as 
using internal energy stores or shifting enzyme pro-
duction or through mutations, or at the community 
level with species shift or turnover. Warming may 
also affect microbial communities indirectly through 
changes in soil moisture status, vegetation, or avail-
ability of carbon pools (Bradford 2013; Manlick et al. 
2024). Soil microbial communities have shown vary-
ing responses to warming and other environmental 
conditions expected under future climate change sce-
narios. For example, warming has led to shifts in soil 
microbial community composition in varying eco-
systems (Cregger et al. 2014; Peltoniemi et al. 2009). 
Despite varying observed microbial community 
responses, climate change will likely alter fungal and 
bacterial communities in peatlands in some respect, 
with subsequent consequences for decomposition 
and carbon substrates, and further alteration of forest 
plant species composition (Andersen et al. 2013; Fer-
nandez et al. 2017; Fernandez and Kennedy 2016).

Warming-associated changes in microbial com-
munity structure may then be associated with 
changes in carbon mineralization rates, carbon 
usage patterns, and carbon use efficiency (CUE), 
with implications for peatland stability (Hopple 
et  al. 2020). Warming in northern latitudes can 
increase soil respiration (Lin et  al. 1999; Niinistö 
et  al. 2004), but these results can be varied or 
inconsistent, suggesting that site-specific condi-
tions are key to modulating the response (Juszczak 
et al. 2013; Preston et al. 2012). Warming can also 
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influence decomposition of organic matter and the 
availability of different soil carbon pools and shift 
the microbial use of carbon toward either older or 
newer carbon sources (Andrews et  al. 2000; Dor-
repaal et  al. 2009; Ofiti et  al. 2022). Use of older 
versus newer carbon pools is important for peatland 
carbon fate, because much of the carbon in peat-
lands is found primarily in the relatively old peat, 
which is more stable and recalcitrant and represents 
thousands of years of carbon accumulation (Hobbie 
et al. 2017; Tfaily et al. 2014). Shifting of microbial 
carbon use towards older carbon could release mas-
sive amounts of carbon and signal decreasing stabil-
ity of peatland carbon stores. However, the fate of 
peatland carbon stores is also affected by microbial 
biomass turnover and reallocation of carbon towards 
growth, which may be temperature-dependent (Ase-
maninejad et al. 2017; Ofiti et al. 2022).

Peatland microbial responses to climate change 
also occur within the strong vertical stratification of 
these ecosystems. Northern boreal peatlands form 
because decomposition of the mostly acidic dominant 
plant species is restricted by environmental condi-
tions such as low mean temperature, saturation, and 
soil anoxia (Dorrepaal et  al. 2005). As they form, 
peatlands become strongly vertically stratified, and 
along a typical peat depth profile, the peat becomes 
older and more decomposed with depth, resulting 
in higher bulk densities and greater enrichment in 
δ13C (Boelter and Verry 1977; Esmeijer-Liu et  al. 
2012; Iversen et al. 2014). Peatlands also show verti-
cal stratification of microbial functional groups. For 
example, ectomycorrhizal fungi (EMF) and ericoid 
mycorrhizal fungi have prolific growth in the surface 
peat and play a strong role in plant nutrient acquisi-
tion (Andersen et  al. 2013; Smith and Read 2008; 
Thormann 2006). Bacteria also play an important 
role in soil decomposition and can predominate in the 
deeper anaerobic layers of the peat profile (Mandic-
Mulec et al. 2014). Deeper in the peat profile, anaero-
bic methane and sulfur cycling bacterial communities 
dominate carbon cycling processes (Lin et al. 2014b). 
Because of this change in community structure and 
function with depth, measuring the responses of mul-
tiple microbial groups is important for understanding 
future peatland carbon dynamics.

In this study, we used δ13C PLFA analysis to inves-
tigate the total microbial biomass, the abundance 
of key microbial groups, and microbial carbon use 

across peatland depth profiles in response to both 
ambient fluctuation and manipulation of peat tem-
peratures with the aim of providing information about 
how deep peat warming may influence organism and 
ecosystem stability as well as changes in biogeo-
chemical cycling of carbon. We obtained δ13C PLFA 
profiles as part of the Spruce and Peatland Responses 
Under Changing Environments (SPRUCE; https://​
mnspr​uce.​ornl.​gov/) experiment in a southern boreal 
bog in northern Minnesota immediately before and at 
3 months (when soil warming targets were achieved) 
and 10 months after the initiation of direct peat 
warming.

Our objectives in this study were to (1) Determine 
how microbial PLFA indicators and the δ13C signa-
tures of those indicators respond to natural tempera-
ture variation or to experimental warming treatments, 
(2) determine whether δ13C PLFA profiles relation-
ships with temperature are different at different peat 
depths (3) understand the relationships between δ13C 
PLFA profiles and physical soil characteristics. We 
predicted that microbial community size (total lipid 
abundance), structure (lipid indicator absolute and 
relative abundance), and carbon use (δ13C PLFA 
profiles) would be related to temperature under both 
ambient conditions and experimental warming treat-
ments. We predicted that we would see even stronger 
relationships, corresponding to responsiveness or sen-
sitivity, to temperature under experimental warming.

Materials and methods

SPRUCE site characteristics and experimental design

This research was performed in collaboration with 
the SPRUCE project, an ecosystem warming experi-
ment that is sponsored by the Department of Energy. 
The experiment is cooperatively operated by the Oak 
Ridge National Laboratory and the USDA Forest Ser-
vice. The SPRUCE site is located in the S1 bog in the 
USDA Forest Service Marcell Experimental Forest 
near Grand Rapids, Minnesota, USA (Sebestyen et al. 
2011). The ombrotrophic bog formed after the Wis-
consin glaciation and drains naturally to a stream and 
the surrounding groundwater aquifer in a 50-m deep 
outwash sand (similar to the nearby S2 bog; Verry 
and Janssens 2011). The S1 bog vegetation is domi-
nated by black spruce (Picea mariana), tamarack 

https://mnspruce.ornl.gov/
https://mnspruce.ornl.gov/
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(Larix laricina) Sphagnum mosses (Norby et  al. 
2019; Walker et al. 2017), and ericaceous shrubs. The 
site is located along the southern boundary of boreal 
peatlands. Air temperatures on the Experimental For-
est range from − 45 to 38 °C, with an average tem-
perature of 18.9 °C in July and − 15.1 °C in January 
(Sebestyen et  al. 2011). Average precipitation is 79 
cm with more occurring in the summer months than 
in winter, and snowfall is about one third of the pre-
cipitation (Sebestyen et al. 2021).

The peat is a Greenwood series soil, which is a 
Typic Haplohemist (http://​www.​webso​ilsur​vey.​nrcs.​
usda.​gov). In this type of peatland, physical proper-
ties are vertically stratified relative to the local sur-
face of hollows in the hummock/hollow microtopog-
raphy (Verry 1984). Specific physical properties of 
the SPRUCE site other than soil moisture content 
were characterized before the coring for this PLFA 
analysis (see references below). Peat depth is highly 
variable across the site, with an average depth of 2.5 
m (Parsekian et al. 2012). The bulk density of the sur-
face peat (0–20 cm) was characterized in 2012, and 
varies from 0.01 to 0.05 g cm−3, reaching a maxi-
mum between approximately 20–100 cm where val-
ues range from 0.03 to 0.27 g cm−3 and decreasing 
slightly below 100 cm before stabilizing, with values 
between 0.12-0.43 g cm−3. Soil pH steadily increases 
with depth, varying between 3.5 and 5.2 (Iversen 
et al. 2014). The water table fluctuates within the top 
30 cm of the peatland during most years (Sebestyen 
et  al. 2011), and this zone corresponds to fluctuat-
ing redox conditions, high rates of decomposition, 
and active biogeochemical cycling (Lin et al. 2014a, 
2014b; Tfaily et al. 2014). The bulk peat δ13C ranges 
from −  25 to −  30, and increases with depth, indi-
cating that lower depths in the peat profile contain 
older stored carbon and surface depths contain newer, 
recently photosynthesized carbon (Hobbie et  al. 

2017). Peat bulk density, pH, and δ13C are summa-
rized in Table 1.

The warming treatments during the Deep Peat 
Heating (DPH) phase of the SPRUCE study (Jul. 
2014 to Jun 2015) ranged from ambient to +  9  °C 
relative to an unheated reference plot (+  0, +  2.25, 
+  4.5, +  6.75, +  9  °C with two plots each ambient 
or warmed level, 10 total plots; Hanson et  al. 2017; 
Wilson et  al. 2016). This study used a regression-
based design, which favors additional treatment levels 
over replicates to characterize the response of various 
ecological variables to temperature. A regression-
based approach generally provides more power than 
an ANOVA-based approach and produces quantita-
tive response data that can be integrated into ecologi-
cal models (Cottingham et al. 2005). The regression-
based design of SPRUCE has been used to examine 
temperature responses of Sphagnum and other veg-
etation (Malhotra et al. 2020; McPartland et al. 2019, 
2020; Norby et  al. 2019; Smith et  al. 2018), carbon 
balance (Wilson et  al. 2016), methane and CO2 
emissions (Gill et al. 2017; Hanson et al. 2016), and 
decomposition (Fernandez et  al. 2019). Deep Peat 
Heating was achieved using an array of vertical, low-
wattage-heating elements (100 W; pipe thread core 
heaters, Indeeco, St Louis, MO) installed throughout 
each plot. Target warming levels were achieved at 
2–3 m depth, with heat radiating upward through the 
profile. The experiment was established with 2 cham-
bers per warming level: one to maintain ambient CO2 
levels and one to create CO2 levels elevated approxi-
mately 500 ppm above ambient levels. However, ele-
vated CO2 treatments had not yet been initiated at the 
time of this study, resulting in n = 2 replicates at each 
warming level in the regression design.

Table 1   Pre-experimental 
bulk peat chemical and 
physical characteristics with 
an n of 16 pre-treatment 
core locations

Data summarized from data 
set published by Iversen 
et al. (2014)

Depth (cm) Bulk density (g cm−3) Bulk peat pH Bulk peat δ13C (‰)

Mean SE Mean SE Mean SE

0–20 0.03 0.0025 3.73 0.0325 − 28.38 0.18
20–50 0.14 0.02 3.85 0.03 − 26.73 0.1
50–100 0.19 0.0075 3.99 0.025 − 26.3 0.0975
100–150 0.15 0.0025 4.23 0.0375 − 25.91 0.0525
150–200 0.17 0.0125 4.53 0.05 − 26.45 0.235
> 200 0.21 0.02 4.82 0.05 − 26.51 0.2575

http://www.websoilsurvey.nrcs.usda.gov
http://www.websoilsurvey.nrcs.usda.gov
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Peat sampling

All SPRUCE plots were sampled on three days dur-
ing June 2014, September 2014, and June 2015. Deep 
peat warming began just after initial sampling in June 
2014 and stabilized within 0.5  °C of the target tem-
perature by the second sampling date in September 
2014 (Wilson et al. 2016). The final sampling date for 
this analysis was June 2015, 10 months after stabili-
zation of DPH treatments. At each sampling date two 
peat cores were sampled from hollow locations (hum-
mocks were avoided) from all 10 experimental plots 
to a depth of 250 cm (200 cm for June 2015). The 
first two depth increments (0-10 cm and 10–20 cm) 
were sampled using a rotary hole saw, and below 20 
cm, a Russian corer (Jowsey 1966; model # 040903C, 
Eijkelkamp Soil & Water, Giesbeek, The Nether-
lands) was used (Iversen et  al. 2014). Samples were 
bulked and homogenized in the field in increments 
of 10 cm until a depth of 100 cm and then in 25 cm 
increments from 100 cm to 250 cm. The peat was fro-
zen on dry ice immediately upon sampling and was 
then stored frozen at – 80 °C until freeze drying and 
grinding.

Samples were then combined into the following 
depth increments for this analysis (with equal sam-
ple from contributing depth increments added to 
the combination): 0–20 cm, 20–50 cm, 50–100 cm, 
100–150 cm, 150–200 cm, and 200–250 cm. These 
depth increments were based on previous research at 
this site indicating 30–50 cm as a transitional depth 
for peat physical properties (Verry et  al. 2011), the 
microbial community, biogeochemical processes 
(Lin et al. 2014a, 2014b), and δ13C isotopic signature 
(Hobbie et al. 2017).

Peat physical characteristics

Bulk density, gravimetric water content, and soil tem-
perature data are all included to aid in understanding 
general patterns of microbial distribution with peat 
characteristics. For each variable, published datasets 
are available as part of the SPRUCE core experi-
ment (Iversen et  al. 2014; Kluber et  al. 2016). Bulk 
density was measured in 2012 at all plots and depth 
increments by measuring the volume of each depth 
increment sample and weighing before and after dry-
ing at 70 °C for 48 hours (Iversen et al. 2014). Gravi-
metric soil moisture was collected from the same 

cores analyzed for PLFA. To determine gravimetric 
water content, each peat sample at each sample date 
was weighed, dried at 60  °C for 48 h, and weighed 
again dry to determine the amount of water present 
(Kluber et  al. 2016). Water content was averaged 
between depths if needed for a particular core seg-
ment and is reported here as % moisture (g water g 
dry peat−1 × 100).

Soil temperature data was logged at depths of 0, 
5, 10, 20, 30, 40, 50, 100, and 200 cm every 30 min 
using multipoint thermistor probes (W.H. Cooke & 
Co. Inc, Hanover, PA; Hanson et  al. 2017). For this 
analysis, we used published temperature data (Kluber 
et al. 2016) from one of three probes using the probe 
that was closest to where peat was sampled within 
the experimental plot and with depth. Because the 
peat sampling depths do not correspond to tempera-
ture probe depths, linear interpolation was used to 
estimate temperature at each peat sampling interval. 
We then averaged temperature across the entire peat 
sampling interval for the 48-h periods before and the 
day of sampling. Where multiple core segments were 
pooled for PLFA, the average temperature estimate of 
contributing segments was used. Because logged soil 
temperatures only extend to 200 cm, the temperature 
for the 150–200 cm depth interval was used for the 
200–250 cm interval for the purposes of statistical 
analysis.

δ13C PLFA extractions and data correction

The amount of dry peat used for the PLFA extraction 
from each depth increment varied according to prior 
method testing and optimization (Blake 2017). Target 
weights were as follows: 2-g dry weight for the 0–20 
cm depth increment, 6–8-g dry weight for increments 
20–50 cm, 50–100 cm, and 100–150 cm, and 10-g 
dry weight for increments 150–200 cm and 200–250 
cm.

The PLFA (Phospholipid Fatty Acid Analy-
sis) method was modified from the Bligh and Dyer 
(1959) method both for δ13CPLFA analysis (Her-
man et al. 2011) and for extractions from peat (Blake 
2017). An initial extraction was performed three 
times from each peat sample using a 0.9:1:2 of cit-
rate buffer:chloroform (CHCl3):methanol (MeOH). 
After a final additional centrifugation step to remove 
remnant peat particles, citrate buffer and CHCl3 
were added to the extract to bring the final ratio of 
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buffer:CHCl3:MeOH to 0.9:1:1 to allow for phase 
separation overnight. The CHCl3 layer was then evap-
orated and the phospholipid fraction was collected 
using silica column chromatography. Phospholipids 
were then methylated using an alkaline methylation 
procedure (Herman et  al. 2012) and analyzed using 
an Agilent (Santa Clara, California) 7790A GC cou-
pled with an Elementar (Langenselbold, Germany) 
IsoPrime100 IRMS system. 1,2-dinonadecanoyl-sn-
glycero-3-phosphocholine (19:0 PC; Avanti Polar 
Lipids, Alabaster, Alabama, cat # 850367P) was used 
as a surrogate standard and tridecanoic acid methyl 
ester (C 13:0; Sigma-Aldrich, St. Louis, Missouri, 
cat # T062) was used as an internal standard used for 
converting peak areas to nmol fatty acid g-1 dry peat.

Signature fatty acids (biomarkers) that indicate 
the microbial groups included here are: Gram posi-
tive bacteria (G+ bacteria; 15:0 iso and 15:0 anteiso; 
Wilkinson et  al. 2002), Gram negative bacteria 
(G− bacteria; 18:1 ω9t and 16:1 ω7c; Wilkinson et al. 
2002), fungi (Fungi; 18:2 ω6,9c and 18:1 ω9c, Balser 
et al. 2005), Actinobacteria (Actinobacteria; 16:0 10 
me and 18:0 10me; Kroppenstedt 1985), and Gram 
negative anaerobic bacteria (Anaerobic bacteria; 19:0 
cyclo; Zelles et al. 1999). A preliminary exploration 
of this dataset demonstrated that this set of indicators 
represented community structure well (Blake 2017). 
When more than one lipid was used as an indicator 
for a given group, they were summed to determine 
abundance and relative abundance. Microbial bio-
mass was determined by summing lipids equal to or 
less than 20:0 carbons in length, not including pal-
mitic acid (16:0) as it is found in high levels in the 
Sphagnum dominating our study site (Koskimies and 
Simola 1980).

The δ13C signature of fatty acids can be used to 
track microbial carbon use because the isotopic signa-
ture will reflect that of the carbon being taken up into 
microbial cells (Ofiti et  al. 2022). At the SPRUCE 
site, the δ13C is less enriched in the less decomposed 
surface peat than lower in the profile where peat 
is older and more decomposed (Hobbie et  al. 2017; 
McFarlane et  al. 2018; Table  1). In addition, recent 
photosynthate in the plant rhizosphere is likely even 
less enriched in δ13C than surface peat (Hobbie et al. 
2017). Raw δ13C data for each lipid were first nor-
malized using USGS40 international reference mate-
rial (L-glutamic acid; δ13C = −  26.39 ± 0.04‰) 
and reported relative to Vienna Pee Dee Belemnite 

(VPDB). These data were then corrected for the addi-
tional carbon molecule added during the methylation 
of fatty acids to fatty acid methyl esters (FAME), 
by using the following formula: δ13CPLFA = [(CPLFA 
+ 1) × δ13CFAME - δ13CMeOH]/CPLFA, where CPLFA is 
the number of carbons in each individual lipid before 
methylation, δ13CFAME is the corrected δ13C value of 
each measured individual lipid, and δ13CMeOH is the 
corrected δ13C of the methanol used for the methyla-
tion steps determined using elemental combustion 
analysis (Butler et al. 2003). The methanol used dur-
ing methylation had a measured δ13C signature of 
-55.84‰. δ13C of total biomass and indicator groups 
was calculated using a weighted average of the indi-
vidual lipids that make up each group. Averages were 
weighted based on lipid concentrations and number 
of carbons using Eq. (1), where #CPLFA is the number 
of carbon atoms in the PLFA, concentrationPLFA is the 
concentration in the PLFA, and δ13CPLFA is the iso-
topic signature of the PLFA.

Statistics

Data were initially explored to check for outliers for 
subsequent statistics in RStudio version 1.2.5042 
(RStudio Team 2020) using R software version 4.0.2 
(R Core Team 2020). Outlier removal was performed 
separately on the total biomass abundance and δ13C 
values, which were further subdivided by sampling 
date. For each subset of the data, the upper and lower 
bounds were set as the mean ± 3 standard deviations. 
Samples with outliers for total biomass abundance (n 
= 2 of 161) and δ13C (n = 1 of 145) were removed 
from all absolute/relative abundance and δ13C analy-
ses, respectively.

In order to determine how lipid profiles and lipid 
δ13C signatures were influenced by either natural tem-
perature fluctuations or induced temperature treat-
ments, the data were subdivided with separate statis-
tics by sampling date: June 2014 (pretreatment, just 
before warming was initiated), September 2014 (just 
after DPH soil warming targets were achieved), and 
June 2015 (1 year after onset of peat warming, and 

(1)
Weighted average�13Cmicrobial group

=

∑

#CPLFA × concentrationPLFA × �
13CPLFA

∑

#CPLFA × concentrationPLFA
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approximately 10 months after warming targets were 
achieved). Separate regression models were used for 
each grouping to determine significant linear relation-
ships between microbial lipid data and other vari-
ables, including peat temperature across ambient or 
treated plots. These linear regressions were calculated 
for the dependent variables of total microbial abun-
dance, total mean δ13C, bioindicator abundances, 
bioindicator relative abundances, and bioindicator 
δ13C values using JMP software (SAS Institute Inc. 
1989). Figures were also made with JMP software 
(SAS Institute Inc. 1989). Independent variables in 
the main model included depth and measured soil 
temperature. We also ran separate regression models 
to examine effects of peat soil moisture and bulk den-
sity, which covaried with depth (Tfaily et al. 2014), on 
microbial data that were pooled across sample time-
points (Table S1). To explore how microbial commu-
nities at different peat depths varied in sensitivity to 
changes in temperature, we tested for effects of meas-
ured soil temperature separately for three depth cat-
egories: 0–20 cm, 20–50 cm, and depths lower than 
50 cm. These three depth categories created a balance 
between depth resolution and large enough datasets 
for robust regression analysis. For all statistical analy-
ses, plot was included as a random factor to account 
for possible covariance with sampling location, and a 
significance level of 0.05 was used.

Results

Peat physical properties

Temperature, moisture content, and bulk density var-
ied strongly with depth and somewhat over time (see 
data publications Hanson et  al. 2015; Kluber et  al. 
2016). Average temperatures ranged from 12  °C at 
the surface to 3  °C at 200-cm depth in June 2014, 
from 13  °C at the surface to 6  °C at 200-cm depth 
in September 2014, and from 7  °C at the surface to 
2 °C at 200-cm depth in June 2015. Gravimetric soil 
moisture contents ranged from 1330% at the surface 
to 555% at 200-cm depth in June 2014, from 1613% 
at the surface to 661% at 200-cm depth in September 
2014, and from 1417% at the surface to 747% at 200-
cm depth in June 2015. Bulk density, only measured 
in 2012, varied from 0.03 to 0.43 g cm−3 with lowest 

values generally at the surface and highest values 
appearing between approximately 20–100 cm.

Microbial relationships with depth and peat 
properties

All microbial indicators varied significantly with 
peat depth at least at one of the samplings in terms of 
abundance, relative abundance, or δ13C (see data pub-
lication Gutknecht et  al. 2024). Absolute abundance 
of total lipids and all indicators, except anaerobic 
bacteria in June 2015, decreased with depth across 
all three datasets, indicating decreased microbial bio-
mass with depth (Fig. 1, Tables 2, 3, 4). The relative 
abundances of indicator lipids, which indicate shifts 
in community composition, also changed with depth 
(Fig.  2, Tables  2, 3, 4). Fungal relative abundance 
decreased with depth in all datasets (P ≤ 0.0011), 
while actinobacterial relative abundance increased 
with depth in September 2014 (P < 0.0001) and June 
2015 (P = 0.0095), and anaerobic bacteria relative 
abundance increased with depth in September 2014 
(P = 0.0267). The isotopic signatures of lipids also 
showed significant relationships with depth (Tables 2, 
3, 4). Total biomass, fungi, Gram-negative bacteria, 
and actinobacteria δ13C were positively related to 
depth in June 2014, indicating a general 13C enrich-
ment of lipids with increasing depth. Total biomass, 
fungi, and actinobacteria lipid δ13C were positively 
related to depth (total biomass P ≤ 0.0001, fungi P 
= 0.0002, actinobacteria P < 0.0001), and anaerobic 
bacteria lipid δ13C was negatively related to depth 
in September 2014 (P = 0.0025). Only total biomass 
and fungal indicators showed a significant relation-
ship between δ13C and depth in June 2015 (total bio-
mass P = 0.0228, fungi P = 0.0336).    

Microbial indicators also showed significant rela-
tionships to peat bulk density and soil moisture con-
tent, which covaried strongly with depth. Soil total 
microbial biomass and all indicator abundances sig-
nificantly decreased with increasing peat bulk den-
sity (P ≤ 0.0099) and total microbial biomass and 
abundance of all microbial indicators except for 
anaerobic bacteria indicators increased with increas-
ing soil moisture content (P ≤ 0.0197; Table S1). The 
total biomass, actinobacterial, and fungal lipid δ13C 
signatures were positively related to bulk density (P 
≤ 0.0013). The δ13C signature of total biomass and 
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fungal lipid indicators were negatively related to per-
cent soil moisture (P ≤ 0.0393; Table S1, Fig. S1).

Microbial relationships to temperature

Microbial positive, negative, or nonexistent linear 
relationships with temperature were determined using 
linear regression analysis (see section “Statistics”), 
were analyzed at 3 separate dates: pretreatment data 
(June 2014 samples) were used to determine relation-
ships between microbial lipid data and ambient tem-
peratures; September 2014 data were used to examine 
acute responses immediately following equilibration 
of warming treatments; and June 2015 data were used 
to examine responses 10 months after equilibration of 
warming treatments.

In June 2014, total lipid biomass and the abun-
dances of all indicator lipids except anaerobic bac-
teria were significantly positively related to peat 

temperature when all depths were combined (P < 
0.0001; Table 2; Fig. 3). Anaerobic bacteria showed 
a significant negative relationship with temperature in 
the 0-20 cm interval (P = 0.0159). There were few 
relationships between the total biomass or indicator 
absolute abundances and temperature following peat 
warming (Tables 3, 4). Absolute lipid indicator abun-
dances did not show any significant relationships to 
temperature in September 2014, and after 10 months 
of warming, in June 2015, only the absolute abun-
dance of anaerobic bacterial indicators was negatively 
related to temperature in the 20-50 cm depth (P = 
0.0445).

In June 2014, the relative abundances of indica-
tors for all groups except anaerobic bacteria were also 
significantly related to temperature in ambient plots, 
with the fungi, Gram-negative, and Gram-positive 
bacteria demonstrating positive relationships (fungi P 
< 0.0001, Gram-negative P = 0.0001, Gram-positive 

Fig. 1   Microbial lipid abundances (nmol g soil−1) by depth 
(cm), June 2014 before warming began. The lefthand panel 
includes total (circles) biomass and lipid indicator biomass 
for fungi (inverted triangles) and the righthand panel includes 
Gram negative bacteria (Gram− bacteria; asterisks), Gram 

positive bacteria (Gram+ bacteria, triangles), Actinobacteria 
(squares) and anaerobic bacteria (diamonds). Data were aver-
aged across treatment plots for this visualization, each symbol 
representing the mean and error bars representing one standard 
error from the mean
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P = 0.0005) and the actinobacteria indicators dem-
onstrating a negative relationship (actinobacteria P 
= 0.0274; Table 1) when all depths were combined. 
Only actinobacteria indicators were significantly 
related to temperature when separated by depth cat-
egory, showing a positive relationship with tempera-
ture in the 20-50 cm interval (P = 0.0490). The rela-
tive abundances of Gram-negative, Gram-positive, 
and actinobacteria did show some significant relation-
ships with temperature in September 2014 (Table 3). 
The relative abundance of the lipid indicators for 
Gram negative bacteria in all depths combined, 
Gram-negative bacteria in the >50 cm interval, and 
Gram-positive bacteria in the 20-50 cm interval were 
related positively to temperature (Gram-negative all 
depths P = 0.0148, Gram-negative >50 cm depth P = 
0.0356, Gram-positive 20-50 cm depth P = 0.0064), 
while the actinobacterial indicator was related nega-
tively to temperature when all depths were combined 
(P = 0.0050). In June 2015, the relative abundance of 
fungi was significantly positively related with tem-
perature, but only the overall temperature relationship 
was significant (P = 0.0215), with no relationships 
within the three depth categories (Table 4).

In June 2014, the total biomass and actinobac-
teria δ13C isotopic signatures had negative (P < 
0.0001) relationship with ambient temperature when 
all depths were combined (Table  2). Gram-positive 
indicator δ13C was positively related to temperature 
in the >50-cm depth interval (P = 0.0347, Table 2). 
In September 2014 there was a negative relationship 
between δ13C and temperature for actinobacteria (P 
= 0.0195) in all depths combined (Table  3). Gram-
positive δ13C was positively correlated to tempera-
ture in the 20–50-cm depth interval (P  =  0.0247; 
Table 3). δ13C did not show a significant relationship 
to temperature in any lipid indicators in June 2015 
(Table 4).

Discussion

Our objective was to determine the extent to which 
microbial community abundance and 13C signatures 
are related to ambient or manipulated temperatures in 
a southern boreal peatland. We hypothesized that the 
microbial community, defined by the microbial lipid 
profile, would be strongly linked with both natural 
temperature fluctuations and experimental tempera-
ture manipulations. In contrast, we found that lipid 
indicators were more strongly associated with the 
temperature under ambient conditions, and that peat 
depth in general was a strong factor in shaping the 
microbial community and carbon use with only 1 year 
of experimental soil warming.

Microbial communities structured with depth

Peat depth was the strongest factor governing micro-
bial absolute and relative abundances of microbial 
groups, and lipid δ13C profiles (Tables 2, 3, 4, Figs. 1, 
2). This finding aligns with previous studies show-
ing the influence of peat depth on the structuring of 
microbial communities at the Marcell Experimen-
tal Forest (Lin et  al. 2014a, b; Wilson et  al. 2016) 
and at other boreal peatlands (Jaatinen et  al. 2007; 
Sundh et al. 1997). The strong role of depth in shap-
ing microbial communities makes sense in the con-
text of peatland structuring, with vertical variations 
in redox conditions, peat chemical composition, bulk 
density, and other physical and chemical characteris-
tics (Boelter and Verry 1977; Tfaily et al. 2014; Verry 
and Janssens 2011), which create distinct microbial 

Fig. 2   Microbial lipid relative abundances by depth, June 
2014 before warming began. The lipid indicator relative 
abundance (mol%) for fungi (inverted triangle Gram negative 
bacteria (Gram− bacteria; asterisks), Gram positive bacte-
ria (Gram+ bacteria, triangles), Actinobacteria (squares) and 
anaerobic bacteria (diamonds). Data were averaged across 
treatment plots for this visualization, each symbol representing 
the mean and error bars representing one standard error from 
the mean
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niches along the peat profile (Artz 2013), as microbial 
communities are strongly affected by environmental 
conditions, such as pH, temperature, organic matter 
composition, water, oxygen, and nutrient availability 
(Allison and Treseder 2011; Andersen et  al. 2013; 
Davidson and Janssens 2006; Whitaker et  al. 2014). 
For example, peat near the water table is a hot spot of 
microbial growth and activity because of the dynami-
cally fluctuating oxidation states of available nutrients 
and energy sources, while the deeper, constantly sat-
urated and more highly decomposed peat layers are 
characterized by a relatively static and inactive micro-
bial community (Lin et al. 2014b), and previous stud-
ies have found functional gene profiles and microbial 
community composition corresponding to redox gra-
dients and changes in carbon and nutrient chemistry 

along the peat profile at the SPRUCE site (Lin et al. 
2014a, b; Wilson et al. 2016).

The isotopic signatures of the membrane lipids 
that we observed are likely reflective of vertical 
structuring of the peat caused by vegetative history. 
Because of changes in isotopic composition of CO2 
since approximately 1850 and stable isotope frac-
tionation during the decomposition process, peat δ13C 
is influenced by depth, with older, more decomposed 
peat generally more enriched in δ13C (Esmeijer-Liu 
et  al. 2012). However, δ13C values are also affected 
by the dominant vegetation, climate, and atmospheric 
composition of carbon isotopes at the time of vegeta-
tion growth, confounding the depth trends that occur 
with decomposition (Alewell et  al. 2011; Ehleringer 
et  al. 2000; Hobbie et  al. 2017). We observed total 
lipid δ13C increasing from an average of − 32.2‰ at 

Fig. 3   Microbial lipid abundance (nmol g soil−1) relationships 
with temperature. Asterisks indicate those indicators, within 
dates, that had significant relationships with temperature at P 
< 0.05. Temperature data used for this analysis were collected 
and processed as described in methods section “Peat physi-

cal characteristics”, measured directly from peat and averaged 
across the 48-h period before during sampling. Black lines in 
each panel indicate the linear regression trend of each relation-
ship
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the 0–20-cm sampling depth to a peak of −  22.3‰ 
at 150–200-cm before decreasing to −  24.1‰ at 
200–250-cm depth, which is consistent with the 
general trend in previously reported bulk peat δ13C 
attributed to vegetative history at the site (Hobbie 
et al. 2017); the depletion of atmospheric δ13C due to 
anthropogenic fossil fuel combustion since approxi-
mately 1850 has resulted in recent photosynthate and 
plant material having depleted 13C signatures (Ehler-
inger et  al. 2000; Hobbie et  al. 2017). Studies have 
shown that microbial biomass δ13C is related to the 
isotopic signature of microbial carbon sources (Abra-
ham et al. 1998; Abraham and Hesse 2003; Boschker 
and Middelburg 2002). Therefore, we expect the iso-
topic signature of microbial lipids to reflect those 
in the bulk peat where microbes are primarily con-
suming peat as opposed to dissolved organic carbon 
(DOC). Previous studies have shown that DOC at this 
site is primarily derived from recent photosynthate, 
even at depth (Tfaily et al. 2014). Accordingly, micro-
bial DOC consumption would be expected to decou-
ple peat and microbial δ13C. The generally lower δ13C 
values for bioindicators compared to bulk peat are 
likely attributable to fractionation during metabolism 
and biosynthesis, which also differs between micro-
bial groups and bioindicators (Abraham et  al. 1998; 
Boschker and Middelburg 2002; Šantrůčková et  al. 
2000; Watzinger 2015). Usage of different carbon 
pools within a given group may also contribute to 
deviations from overall peat δ13C and between micro-
bial groups. For example, fungi and filamentous act-
inobacteria might be better able to break down older 
isotopically enriched carbon through extracellular 
enzyme production, which could be reflected in those 
indicators having higher δ13C values.

Although fungal communities are expected to 
decrease in abundance quickly with peat depth and 
the disappearance of oxygen (Jaatinen et  al. 2007), 
we observed fungal bioindicators at depth. Though 
anaerobic conditions at depth are unfavorable to many 
fungi, yeasts have been previously identified at the 
SPRUCE site, increasing in proportion of the fungal 
community with depth (Lin et al. 2014b). Numerous 
yeast taxa have been previously identified in other 
peatland soils as well (Thormann et al. 2007). Alter-
natively, we may have extracted lipids from microbial 
necromass that was sustained under the anaerobic 
nutrient poor conditions of the bog.

Microbial relationships with ambient temperature

We also explored how peatland microbial communi-
ties corresponded to ambient temperature prior to 
initiation of deep peat heating to provide context for 
interpreting experimental warming. Total microbial 
biomass and the absolute abundance of most lipid 
indicators were associated with temperature, show-
ing a positive relationship with temperature when 
all depths were analyzed together. The relative abun-
dance of fungal and Gram-negative and Gram-posi-
tive bacterial indicator lipids were also positively 
related to temperature. Temperature changes are 
likely to cause shifts in microbial communities, as 
the physiology of microbes (e.g. enzymes and mem-
brane lipids) differ in their temperature optima, and 
temperature affects the availability and composition 
of available substrates (reviewed in Bradford 2013). 
Therefore, it is not surprising that warmer tempera-
tures would be more favorable and allow for greater 
growth, especially when still within the range typi-
cally experienced by microbes (i.e. ambient condi-
tions). The observed negative correlation between 
actinobacterial indicators and depth is likely a com-
positional effect driven by increases in relative abun-
dance of fungal and other bacterial groups.

The observed correlation between lipid abun-
dances and temperature could be part of the strong 
correlation between lipid abundances and peat 
depth, where depth, temperature, bulk density, and 
soil moisture all covaried (Table  S1). Although the 
observed decrease in total microbial δ13C signature 
with increasing ambient temperature may be related 
to shifts in microbial carbon usage, the most likely 
explanation of this pattern is also the correlation with 
depth, since microbes living at a given depth will 
reflect the δ13C signature at that depth.

Microbial responses to experimental warming

Although microbial communities had strong relation-
ships with temperature under ambient conditions, 
these relationships became insignificant when peat 
was experimentally warmed at depth. Analysis of 
microbial communities under direct peat warming at 
our site with 16S rRNA sequencing and quantitative 
PCR of 16S and 18S rRNA genes yielded a similar 
unresponsiveness to experimental warming, which 
was attributed to temperature-independent controls on 
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peat decomposition, such as chemical recalcitrance 
(thermodynamic limitation) (Wilson et al. 2016). The 
lack of response to experimental warming suggests 
that factors other than temperature that are associated 
with the depth profile, such as bulk density, moisture, 
and chemical composition, are stronger drivers of the 
microbial communities in this system than tempera-
ture and that the perceived relationship with temper-
ature is actually just a relationship with depth. The 
onset of warming decoupled temperature and these 
other factors associated with peat depth, which were 
highly correlated under ambient conditions.

The lack of observed response to experimental 
warming may also reflect a lag period between the 
onset of warming treatments and microbial responses. 
The sample dates reflected 2 and 10 months after 
treatment initiation, respectively, which is a short 
period of time relative to the millennial timescale of 
peatland development (Verry and Janssens 2011). It 
could be that microbial growth takes a longer time to 
respond to warming than the 10 months of this sam-
pling period. A similar lack of short-term respon-
siveness to warming treatments has been observed 
in other boreal warming experiments (Rinnan et  al. 
2007; Wang et al. 2022). This idea of a period before 
which microbial abundance or carbon use responds 
to experiment warming is supported by presence of 
these types of microbial responses in 2018, 2 years 
later (Ofiti et  al. 2022). There is also evidence that 
ombrotrophic bogs, like the S1 bog, might generally 
be less responsive to climate change (Wu and Rou-
let 2014). Continuing from the earlier discussion of 
the many factors associated with the peat depth pro-
file that drive microbial communities, the interactive 
effects of warming on peatland water table dynam-
ics might be a more important driver than warming 
per se (Macrae et al. 2013). Under a warmer climate, 
peatland water tables could be lower, for longer dura-
tions of time during the growing season, meaning that 
the peat profile is aerobic or has lower soil moisture 
at a lower depth than pre-warming. A warmer cli-
mate may also lead to changes in plant evapotranspi-
ration or water use, or changes in plant community 
composition, that indirectly alter peat soil moisture 
or chemistry (McPartland et al. 2019). In this study, 
direct peat warming did not occur for long enough 
to have observable effects on the water table, soil 
moisture or plant community through direct below-
ground responses to warming. In addition, only peat 

temperatures were warmed so that plant responses 
could not be observed. These are all reasons that 
in the future, there could be stronger microbial 
responses to peatland warming.

While the broader microbial community was 
generally unresponsive to experimental warming, 
fungal relative abundance was positively related 
to temperature at 10 months when all depths were 
pooled (Table 4). We hypothesize that the observed 
changes in the peat fungal relative abundance 
results from indirect temperature effects mediated 
by plants. Peat fungal communities are shaped as 
much by plant community structure as by physi-
cal attributes of the peat depth profile, potentially 
increasing the response of fungal growth and car-
bon use patterns relative to bacterial communities. 
The implications of fungal community shifts on car-
bon cycling and climate change depend on the types 
of fungi represented by the fungal lipid indicators, 
which can represent either saprotrophic or myc-
orrhizal fungi (MF). These two types of fungi are 
not distinguished by our PLFA indicators, but they 
have distinct ecological roles, roles in biogeochemi-
cal cycling, and responses to environmental driv-
ers, and potentially different responses to changes 
in climate (Phillips et  al. 2013; Zhou et  al. 2022). 
Depending on the types of fungi present different 
mechanisms may be causing fungal community 
shifts.

Two types of mycorrhizal fungi are common in 
peatlands: ericoid mycorrhizal fungi (ErM) and ecto-
mycorrhizal fungi (EMF). Ericoid mycorrhizal fungi 
are not as well studied but appear capable of forming 
mycorrhizal associations and degrading a wide range 
of organic compounds (Thormann 2006). Although 
evidence suggests that EMF may mine carbon for 
protein synthesis from organic nitrogen, they rely 
heavily on plant photosynthate for the carbon required 
for growth (Hobbie et  al. 2014). On the other hand, 
saprotrophic fungi rely more heavily on decomposing 
older organic matter.

Previous research has found positive impacts of 
warming on EMF attributed to increased above-
ground plant growth or increased allocation of car-
bon belowground (Clemmensen et al. 2006; Fujimura 
et  al. 2008). However, ectomycorrhizal fungi have 
been found to be impacted both positively and nega-
tively by warming (Compant et  al. 2013). While we 
did not observe a significant relationship between 
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fungal δ13C and temperature during the course of this 
study, fungal δ13C can help us infer shifts in fungal 
community composition (EMF vs. saprotroph) and 
carbon usage, which could affect peatland stability.

Conclusions

In this study, we used δ13C-PLFA to track changes 
in carbon use and microbial community structure in 
peatlands under ambient environmental conditions 
with the aim of expanding on previous research char-
acterizing peat isotopic composition and microbial 
community structure (Hobbie et  al. 2017; Lin et  al. 
2014b; Wilson et al. 2016) and identifying suscepti-
bility to alteration and feedbacks under future climate 
change scenarios. While the entire microbial com-
munity was closely related to the range of observed 
ambient temperatures, few indicators showed signifi-
cant relationships with temperature following warm-
ing treatments. Because PLFA responds rapidly to 
microbial community changes, the lack of observed 
changes in response to the implementation of experi-
mental warming suggests that the microbial com-
munity is not sensitive to the range of temperature 
changes introduced by warming treatments over the 
10-month timescale of this research. However, while 
we focused on the microbial community structure, we 
did not look into changes in the activity of the micro-
bial community, which would have implications for 
carbon and nutrient cycling and may be more sen-
sitive to change. In conclusion, the abundances of 
broad microbial groups may not be sensitive to initial 
(less than 1 year) changes in temperature but instead 
might respond indirectly to temperature change 
through other physical changes in peat such as bulk 
density or soil moisture.

Acknowledgements  We thank Paul Hanson and other mem-
bers of the SPRUCE team for access to the SPRUCE project 
site and field samples used in these analyses. We thank Randy 
Kolka for logistical support related to the Marcell Experimen-
tal Forest. We thank Ed Nater, and Brandy Toner for their help-
ful comments and discussions related to this research. We also 
thank Carol Loopstra, Thanwalee (JiJY) Sooksa-nguan, and 
Elizabeth Scobbie for their contributions to PLFA analysis.

Author contributions  JG conceptualized and supervised this 
research project as well as contributing to the writing and data 
analysis. CB carried out the sample collection and lab analysis 
and contributed to data analysis and writing. SS contributed to 

the review and writing of the manuscript, provided background 
environmental data, and contributed study site and subject mat-
ter expertise. MF contributed to the data analysis, data cura-
tion, and writing.

Funding  This research was supported by the US Department 
of Energy, Office of Science, Office of Biological and Environ-
mental Research as part of the SPRUCE project; the University 
of Minnesota, and the Legislative-Citizen Commission on Min-
nesota Resources: Environment and Natural Resources Trust 
Fund grant (LCCMR, grant citation M.L. 2017 ch. 96, Sec. 
“Materials and Methods”, Sub.04i E817ARM). The contribu-
tions of SDS were funded by the Northern Research Station of 
the USDA Forest Service. Portions of this work were also sup-
ported by a USDA Forest Service Cooperative Agreement with 
the University of Minnesota (18-CR-11242307-061).

Data availability  Environmental data used in this study 
can be obtained from the SPRUCE project website (mspruce.
ornl.gov). PLFA data is published with the following citation: 
Gutknecht, Jessica L.M, Mark L. Felice, Cameron E. Blake, 
Edward A. Nater, Stephen. D. Sebestyen, Randy K. Kolka. 
2023. SPRUCE 13C-Phospholipid Fatty Acid (13C-PLFA) 
Abundances, June 2014-June 2015. Oak Ridge National Lab-
oratory, U.S. Department of Energy, Oak Ridge, Tennessee, 
U.S.A. https://​doi.​org/https://​doi.​org/​10.​25581/​spruce.​101/​
18760​44.

Declarations 

Competing interests  The authors declare that they have no 
conflict of interest.

Open Access   This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

Abraham WR, Hesse C (2003) Isotope fractionations in the 
biosynthesis of cell components by different fungi: a basis 
for environmental carbon flux studies. FEMS Microbiol 
Ecol 46(1):121–128. https://​doi.​org/​10.​1016/​S0168-​
6496(03)​00203-4

Abraham W-R, Hesse C, Pelz O (1998) Ratios of carbon iso-
topes in microbial lipids as an indicator of substrate usage. 
Appl Environ Microbiol 64:4202–4209

https://doi.org/
https://doi.org/10.25581/spruce.101/1876044
https://doi.org/10.25581/spruce.101/1876044
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0168-6496(03)00203-4
https://doi.org/10.1016/S0168-6496(03)00203-4


647Biogeochemistry (2024) 167:631–650	

1 3
Vol.: (0123456789)

Alewell C, Giesler R, Klaminder J, Leifeld J, Rollog M (2011) 
Stable carbon isotopes as indicators for environmen-
tal change in palsa peats. Biogeosciences 8:1769–1778. 
https://​doi.​org/​10.​5194/​bg-8-​1769-​2011

Allison SD, Treseder KK (2011) Climate change feedbacks 
to microbial decomposition in boreal soils. Fungal Ecol 
4:362–374. https://​doi.​org/​10.​1016/j.​funeco.​2011.​01.​003

Andersen R, Chapman SJ, Artz RRE (2013) Microbial com-
munities in natural and disturbed peatlands: a review. Soil 
Biol Biochem 57:979–994. https://​doi.​org/​10.​1016/j.​soilb​
io.​2012.​10.​003

Andrews JA, Matamala R, Westover KM, Schlesinger WH 
(2000) Temperature effects on the diversity of soil het-
erotrophs and the δ13C of soil-respired CO2. Soil Biol 
Biochem 32:699–706. https://​doi.​org/​10.​1016/​S0038-​
0717(99)​00206-0

Artz RRE (2013) Microbial community structure and carbon 
substrate use in Northern Peatlands. In: Baird AJ, Belyea 
LR, Comas X, Reeve AS, Slater LD (eds) Geophysical 
monograph series. American Geophysical Union, Wash-
ington, pp 111–129

Asemaninejad A, Thorn RG, Lindo Z (2017) Experimental 
climate change modifies degradative succession in boreal 
peatland fungal communities. Microb Ecol 73:521–531. 
https://​doi.​org/​10.​1007/​s00248-​016-​0875-9

Balser TC, Treseder KK, Ekenler M (2005) Using lipid anal-
ysis and hyphal length to quantify AM and saprotrophic 
fungal abundance along a soil chronosequence. Soil Biol 
Biochem 37(3):601–604. https://​doi.​org/​10.​1016/j.​soilb​io.​
2004.​08.​019

Blake CM (2017) δ13CPLFA analysis of the microbial commu-
nity composition within peat depth profiles in response to 
deep peat warming and environmental conditions. Mas-
ter’s thesis, University of Minnesota

Bligh EG, Dyer WJ (1959) A rapid method of total lipid extrac-
tion and purification. Can J Biochem Physiol 37:911–917

Boelter DH, Verry ES (1977) Peatland and water in the north-
ern lake states. Department of Agriculture, Forest Service, 
North Central Forest Experiment Station, 28pp

Boschker HTS, Middelburg JJ (2002) Stable isotopes and 
biomarkers in microbial ecology. FEMS Microbiol Ecol 
40(2):85–95. https://​doi.​org/​10.​1111/j.​1574-​6941.​2002.​
tb009​40.x

Bradford MA (2013) Thermal adaptation of decomposer com-
munities in warming soils. Front Microbiol. https://​doi.​
org/​10.​3389/​fmicb.​2013.​00333

Butler JL, Williams MA, Bottomley PJ, Myrold DD (2003) 
Microbial community dynamics associated with rhizo-
sphere carbon flow. Appl Environ Microbiol 69:6793–
6800. https://​doi.​org/​10.​1128/​AEM.​69.​11.​6793-​6800.​
2003

Ciais P, Sabine C, Bala G, Bopp L, Brovkin V, Canadell J, 
Chhabra A, DeFries R, Galloway J, Heimann M, Jones 
C, Le Quéré C, Myneni RB, Piao S, Thornton P (2013) 
Carbon and other biogeochemical cycles. In: Stocker TF, 
Qin D, Plattner G-K, Tignor M, Allen SK, Boschung 
J, Nauels A, Xia Y, Bex V, Midgley PM (eds) Climate 
change 2013: the physical science basis. Contribution 
of Working Group I to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change. Cam-
bridge University Press, Cambridge, pp 465–570

Clemmensen KE, Michelsen A, Jonasson S, Shaver GR 
(2006) Increased ectomycorrhizal fungal abundance 
after long-term fertilization and warming of two arctic 
tundra ecosystems. New Phytol 171:391–404. https://​
doi.​org/​10.​1111/j.​1469-​8137.​2006.​01778.x

Compant S, van der Heijden M, Sessitsch A (2013) Soil 
warming effects on beneficial plant–microbe interac-
tions. In: de Bruijn FJ (ed) Molecular microbial ecology 
of the rhizosphere. Wiley, Hoboken, pp 1045–1054

Cottingham KL, Lennon JT, Brown BL (2005) Knowing when 
to draw the line: designing more informative ecological 
experiments. Front Ecol Environ 3:145–152. https://​doi.​
org/​10.​1890/​1540-​9295(2005)​003[0145:​KWTDTL]​2.0.​
CO;2

Cregger MA, Sanders NJ, Dunn RR, Classen AT (2014) Micro-
bial communities respond to experimental warming, but 
site matters. PeerJ 2:e358. https://​doi.​org/​10.​7717/​peerj.​
358

Davidson EA, Janssens IA (2006) Temperature sensitivity 
of soil carbon decomposition and feedbacks to climate 
change. Nature 440:165–173. https://​doi.​org/​10.​1038/​
natur​e04514

Dorrepaal E, Cornelissen JHC, Aerts R, Wallén B, Van 
Logtestijn RSP (2005) Are growth forms consistent pre-
dictors of leaf litter quality and decomposability across 
peatlands along a latitudinal gradient? Plant Growth 
Forms Litter Qual 93:817–828. https://​doi.​org/​10.​1111/j.​
1365-​2745.​2005.​01024.x

Dorrepaal E, Toet S, van Logtestijn RSP, Swart E, van de Weg 
MJ, Callaghan TV, Aerts R (2009) Carbon respiration 
from subsurface peat accelerated by climate warming in 
the subarctic. Nature 460:616–619. https://​doi.​org/​10.​
1038/​natur​e08216

Ehleringer JR, Buchmann N, Flanagan LB (2000) Carbon 
isotope ratios in belowground carbon cycle processes. 
Ecol Appl 10:412–422. https://​doi.​org/​10.​1890/​1051-​
0761(2000)​010[0412:​CIRIBC]​2.0.​CO;2

Esmeijer-Liu AJ, Kürschner WM, Lotter AF, Verhoeven JTA, 
Goslar T (2012) Stable carbon and nitrogen isotopes in a 
peat profile are influenced by early stage diagenesis and 
changes in atmospheric CO2 and N deposition. Water 
Air Soil Pollut 223:2007–2022. https://​doi.​org/​10.​1007/​
s11270-​011-​1001-8

Fernandez CW, Kennedy PG (2016) Revisiting the ‘Gadgil 
effect’: do interguild fungal interactions control car-
bon cycling in forest soils? New Phytol 209:1382–1394. 
https://​doi.​org/​10.​1111/​nph.​13648

Fernandez CW, Nguyen NH, Stefanski A, Han Y, Hobbie SE, 
Montgomery RA, Reich PB, Kennedy PG (2017) Ecto-
mycorrhizal fungal response to warming is linked to poor 
host performance at the boreal-temperate ecotone. Glob 
Change Biol 23:1598–1609. https://​doi.​org/​10.​1111/​gcb.​
13510

Fernandez CW, Heckman K, Kolka R, Kennedy PG (2019) 
Melanin mitigates the accelerated decay of mycorrhizal 
necromass with peatland warming. Ecol Lett 22:498–505. 
https://​doi.​org/​10.​1111/​ele.​13209

Fujimura KE, Egger KN, Henry GHR (2008) The effect of 
experimental warming on the root-associated fungal com-
munity of Salix arctica. ISME J 2:105–114. https://​doi.​
org/​10.​1038/​ismej.​2007.​89

https://doi.org/10.5194/bg-8-1769-2011
https://doi.org/10.1016/j.funeco.2011.01.003
https://doi.org/10.1016/j.soilbio.2012.10.003
https://doi.org/10.1016/j.soilbio.2012.10.003
https://doi.org/10.1016/S0038-0717(99)00206-0
https://doi.org/10.1016/S0038-0717(99)00206-0
https://doi.org/10.1007/s00248-016-0875-9
https://doi.org/10.1016/j.soilbio.2004.08.019
https://doi.org/10.1016/j.soilbio.2004.08.019
https://doi.org/10.1111/j.1574-6941.2002.tb00940.x
https://doi.org/10.1111/j.1574-6941.2002.tb00940.x
https://doi.org/10.3389/fmicb.2013.00333
https://doi.org/10.3389/fmicb.2013.00333
https://doi.org/10.1128/AEM.69.11.6793-6800.2003
https://doi.org/10.1128/AEM.69.11.6793-6800.2003
https://doi.org/10.1111/j.1469-8137.2006.01778.x
https://doi.org/10.1111/j.1469-8137.2006.01778.x
https://doi.org/10.1890/1540-9295(2005)003[0145:KWTDTL]2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003[0145:KWTDTL]2.0.CO;2
https://doi.org/10.1890/1540-9295(2005)003[0145:KWTDTL]2.0.CO;2
https://doi.org/10.7717/peerj.358
https://doi.org/10.7717/peerj.358
https://doi.org/10.1038/nature04514
https://doi.org/10.1038/nature04514
https://doi.org/10.1111/j.1365-2745.2005.01024.x
https://doi.org/10.1111/j.1365-2745.2005.01024.x
https://doi.org/10.1038/nature08216
https://doi.org/10.1038/nature08216
https://doi.org/10.1890/1051-0761(2000)010[0412:CIRIBC]2.0.CO;2
https://doi.org/10.1890/1051-0761(2000)010[0412:CIRIBC]2.0.CO;2
https://doi.org/10.1007/s11270-011-1001-8
https://doi.org/10.1007/s11270-011-1001-8
https://doi.org/10.1111/nph.13648
https://doi.org/10.1111/gcb.13510
https://doi.org/10.1111/gcb.13510
https://doi.org/10.1111/ele.13209
https://doi.org/10.1038/ismej.2007.89
https://doi.org/10.1038/ismej.2007.89


648	 Biogeochemistry (2024) 167:631–650

1 3
Vol:. (1234567890)

Gill AL, Giasson M-A, Yu R, Finzi AC (2017) Deep peat 
warming increases surface methane and carbon dioxide 
emissions in a black spruce-dominated ombrotrophic bog. 
Glob Change Biol 23:5398–5411. https://​doi.​org/​10.​1111/​
gcb.​13806

Gorham E (1991) Northern peatlands: role in the carbon cycle 
and probable responses to climatic warming. Ecol Appl 
1:182–195. https://​doi.​org/​10.​2307/​19418​11

Gutknecht JL, Felice ML, Blake CE, Nater EA, Sebestyen SD, 
Kolka RK (2024) SPRUCE 13C-phospholipid fatty acid 
(13C-PLFA) abundances, June 2014–June 2015. Oak 
Ridge National Laboratory, U.S. Department of Energy, 
Oak Ridge, Tennessee, U.S.A. https://​doi.​org/​10.​25581/​
spruce.​101/​18760​44

Hanson PJ, Gill AL, Xu X, Phillips JR, Weston DJ, Kolka 
RK, Riggs JS, Hook LA (2016) Intermediate-scale com-
munity-level flux of CO2 and CH4 in a Minnesota peat-
land: putting the SPRUCE project in a global context. 
Biogeochemistry 129:255–272. https://​doi.​org/​10.​1007/​
s10533-​016-​0230-8

Hanson PJ, Riggs JS, Nettles WR, Krassovski MB, Hook LA 
(2015) SPRUCE deep peat heating (DPH) environmen-
tal data, February 2014 through July 2015. Oak Ridge 
National Laboratory, TES SFA, U.S. Department of 
Energy, Oak Ridge, Tennessee, U.S.A. https://​doi.​org/​10.​
3334/​CDIAC/​spruce.​013

Hanson PJ, Riggs JS, Nettles WR, Phillips JR, Krassovski MB, 
Hook LA, Gu L, Richardson AD, Aubrecht DM, Ricciuto 
DM, Warren JM, Barbier C (2017) Attaining whole-eco-
system warming using air and deep-soil heating meth-
ods with an elevated CO2 atmosphere. Biogeosciences 
14:861–883. https://​doi.​org/​10.​5194/​bg-​14-​861-​2017

Hartmann DL, KleinTank AMG, Rusticucci M, Alexander LV, 
Brönnimann S, Charabi Y, Dentener FJ, Dlugokencky EJ, 
Easterling DR, Kaplan A, Soden BJ, Thorne PW, Wild M, 
Zhai PM (2013) Observations: atmosphere and surface. 
In: Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK, 
Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds) 
Climate change 2013: the physical science basis. Contri-
bution of working group I to the fifth assessment report 
of the intergovernmental panel on climate change. Cam-
bridge University Press, Cambridge, pp 159–254

Hayhoe K, Wuebbles DJ, Easterling DR, Fahey DW, Doherty 
S, Kossin JP, Sweet WV, Vose RS, Wehner MF (2018) 
Chapter  2: our changing climate, in: impacts, risks, and 
adaptation in the United States: The Fourth National Cli-
mate Assessment, vol. II, U.S. Global Change Research 
Program, https://​doi.​org/​10.​7930/​NCA4.​2018.​CH2

Herman DJ, Firestone MK, Nuccio E, Hodge A (2012) Inter-
actions between an arbuscular mycorrhizal fungus and a 
soil microbial community mediating litter decomposition. 
FEMS Microbiol Ecol 80:236–247. https://​doi.​org/​10.​
1111/j.​1574-​6941.​2011.​01292.x

Hobbie EA, Hofmockel KS, van Diepen LTA, Lilleskov EA, 
Ouimette AP, Finzi AC (2014) Fungal carbon sources in 
a pine forest: evidence from a 13C-labeled global change 
experiment. Fungal Ecol 10:91–100. https://​doi.​org/​10.​
1016/j.​funeco.​2013.​11.​001

Hobbie EA, Chen J, Hanson PJ, Iversen CM, McFarlane KJ, 
Thorp NR, Hofmockel KS (2017) Long-term carbon and 
nitrogen dynamics at SPRUCE revealed through stable 

isotopes in peat profiles. Biogeosciences 14:2481–2494. 
https://​doi.​org/​10.​5194/​bg-​14-​2481-​2017

Hopple AM, Wilson RM, Kolton M, Zalman CA, Chanton 
JP, Kostka J, Hanson PJ, Keller JK, Bridgham SD (2020) 
Massive peatland carbon banks vulnerable to rising tem-
peratures. Nat Commun 11:2373. https://​doi.​org/​10.​1038/​
s41467-​020-​16311-8

Iversen CM, Hanson PJ, Brice DJ, Phillips JR, McFarlane 
KJ, Hobbie EA, Kolka RK (2014) SPRUCE peat physi-
cal and chemical characteristics from experimental plot 
cores. Glob Change Biol. https://​doi.​org/​10.​3334/​CDIAC/​
spruce.​005

Jaatinen K, Fritze H, Laine J, Laiho R (2007) Effects of short- 
and long-term water-level drawdown on the populations 
and activity of aerobic decomposers in a boreal peatland. 
Glob Change Biol 13:491–510. https://​doi.​org/​10.​1111/j.​
1365-​2486.​2006.​01312.x

Johnson SL, Stefan HG (2006) Indicators of climate warm-
ing in Minnesota: lake ice covers and snowmelt runoff. 
Climatic Change 74:421–453. https://​doi.​org/​10.​1007/​
s10584-​006-​0356-0

Jowsey PC (1966) An improved peat sampler. New Phytol 
65:245–248. https://​doi.​org/​10.​1111/j.​1469-​8137.​1966.​
tb063​56.x

Juszczak R, Humphreys E, Acosta M, Michalak-Galczewska 
M, Kayzer D, Olejnik J (2013) Ecosystem respiration 
in a heterogeneous temperate peatland and its sensitiv-
ity to peat temperature and water table depth. Plant Soil 
366:505–520. https://​doi.​org/​10.​1007/​s11104-​012-​1441-y

Kluber LA, Phillips JR, Hanson PJ, Schadt CW (2016) 
SPRUCE deep peat heating (DPH) peat water content 
and temperature profiles for experimental plot cores, June 
2014 through June 2015, https://​doi.​org/​10.​3334/​CDIAC/​
spruce.​029

Koskimies K, Simola LK (1980) The fatty acid composition 
of some Sphagnum species. Can J Bot. https://​doi.​org/​10.​
1139/​b80-​026

Kluber LA, Johnston ER, Allen SA, Hendershot JN, Hanson 
PJ, Schadt CW (2020) Constraints on microbial communi-
ties decomposition and methane production in deep peat 
deposits. PLoS One 15(2):e0223744. https://​doi.​org/​10.​
1371/​journ​al.​pone.​02237​44

Kroppenstedt RM (1985) Fatty acids and menaquinone analy-
sisof actinomycetes and related organisms. In: Goodfellow 
M, Minnikin DE (eds) Chemical methodsin bacterial sys-
tematics. Academic Press, London, pp 173–199

Laiho R (2006) Decomposition in peatlands: reconciling seem-
ingly contrasting results on the impacts of lowered water 
levels. Soil Biol Biochem 38:2011–2024. https://​doi.​org/​
10.​1016/j.​soilb​io.​2006.​02.​017

Lin G, Ehleringer JR, Rygiewicz PT, Johnson MG, Tingey DT 
(1999) Elevated CO2 and temperature impacts on different 
components of soil CO2 efflux in Douglas-fir terracosms. 
Global Change Biology 5:157–168. https://​doi.​org/​10.​
1046/j.​1365-​2486.​1999.​00211.x

Lin X, Tfaily MM, Steinweg JM, Chanton P, Esson K, Yang 
ZK, Chanton JP, Cooper W, Schadt CW, Kostka JE (2014) 
Microbial community stratification linked to utilization 
of carbohydrates and phosphorus limitation in a boreal 
peatland at Marcell experimental forest, Minnesota, USA. 

https://doi.org/10.1111/gcb.13806
https://doi.org/10.1111/gcb.13806
https://doi.org/10.2307/1941811
https://doi.org/10.25581/spruce.101/1876044
https://doi.org/10.25581/spruce.101/1876044
https://doi.org/10.1007/s10533-016-0230-8
https://doi.org/10.1007/s10533-016-0230-8
https://doi.org/10.3334/CDIAC/spruce.013
https://doi.org/10.3334/CDIAC/spruce.013
https://doi.org/10.5194/bg-14-861-2017
https://doi.org/10.7930/NCA4.2018.CH2
https://doi.org/10.1111/j.1574-6941.2011.01292.x
https://doi.org/10.1111/j.1574-6941.2011.01292.x
https://doi.org/10.1016/j.funeco.2013.11.001
https://doi.org/10.1016/j.funeco.2013.11.001
https://doi.org/10.5194/bg-14-2481-2017
https://doi.org/10.1038/s41467-020-16311-8
https://doi.org/10.1038/s41467-020-16311-8
https://doi.org/10.3334/CDIAC/spruce.005
https://doi.org/10.3334/CDIAC/spruce.005
https://doi.org/10.1111/j.1365-2486.2006.01312.x
https://doi.org/10.1111/j.1365-2486.2006.01312.x
https://doi.org/10.1007/s10584-006-0356-0
https://doi.org/10.1007/s10584-006-0356-0
https://doi.org/10.1111/j.1469-8137.1966.tb06356.x
https://doi.org/10.1111/j.1469-8137.1966.tb06356.x
https://doi.org/10.1007/s11104-012-1441-y
https://doi.org/10.3334/CDIAC/spruce.029
https://doi.org/10.3334/CDIAC/spruce.029
https://doi.org/10.1139/b80-026
https://doi.org/10.1139/b80-026
https://doi.org/10.1371/journal.pone.0223744
https://doi.org/10.1371/journal.pone.0223744
https://doi.org/10.1016/j.soilbio.2006.02.017
https://doi.org/10.1016/j.soilbio.2006.02.017
https://doi.org/10.1046/j.1365-2486.1999.00211.x
https://doi.org/10.1046/j.1365-2486.1999.00211.x


649Biogeochemistry (2024) 167:631–650	

1 3
Vol.: (0123456789)

Appl Environ Microbiol 80:3518–3530. https://​doi.​org/​10.​
1128/​AEM.​00205-​14

Lin X, Tfaily MM, Green SJ, Steinweg JM, Chanton P, Imvit-
taya A, Chanton JP, Cooper W, Schadt C, Kostka JE 
(2014) Microbial metabolic potential for carbon degrada-
tion and nutrient (nitrogen and phosphorus) acquisition 
in an ombrotrophic peatland. Appl Environ Microbiol 
80:3531–3540. https://​doi.​org/​10.​1128/​AEM.​00206-​14

Macrae ML, Devito KJ, Strack M, Waddington JM (2013) 
Effect of water table drawdown on peatland nutri-
ent dynamics: implications for climate change. Bio-
geochemistry 112:661–676. https://​doi.​org/​10.​1007/​
s10533-​012-​9730-3

Malhotra A, Brice DJ, Childs J, Graham JD, Hobbie EA, Van-
der Stel H, Feron SC, Hanson PJ, Iversen CM (2020) 
Peatland warming strongly increases fine-root growth. 
Proc Natl Acad Sci USA. https://​doi.​org/​10.​1073/​pnas.​
20033​61117

Mandic-Mulec I, Ausec L, Danevčič T, Levičnik-Höfferle Š, 
Jerman V, Kraigher B (2014) Microbial community struc-
ture and function in peat soil. Food Technol Biotechnol 
52:180–187

Manlick PJ, Perryman NL, Koltz AM et  al (2024) Climate 
warming restructures food webs and carbon flow in high-
latitude ecosystems. Nat Clim Chang 14:184–189. https://​
doi.​org/​10.​1038/​s41558-​023-​01893-0

Marvel K, Su W, Delgado R, Aarons S, Chatterjee A, Garcia 
ME, Hausfather Z, Hayhoe K, Hence DA, Jewett EB, 
Robel A, Singh D, Tripati A, Vose RS (2023) Ch. 2. Cli-
mate trends. In: Crimmins AR, Avery CW, Easterling DR, 
Kunkel KE, Stewart BC, Maycock TK (eds) Fifth National 
Climate Assessment. U.S. Global Change Research Pro-
gram, Washington

McFarlane KJ, Hanson PJ, Iversen CM, Phillips JR, Brice DJ 
(2018) Local spatial heterogeneity of holocene carbon 
accumulation throughout the peat profile of an ombro-
trophic Northern Minnesota Bog. Radiocarbonm 60:941–
962. https://​doi.​org/​10.​1017/​RDC.​2018.​37

McPartland MY, Kane ES, Falkowski MJ, Kolka R, Turetsky 
MR, Palik B, Montgomery RA (2019) The response of 
boreal peatland community composition and NDVI to 
hydrologic change, warming, and elevated carbon dioxide. 
Glob Change Biol 25:93–107. https://​doi.​org/​10.​1111/​
gcb.​14465

McPartland MY, Montgomery RA, Hanson PJ, Phillips JR, 
Kolka R, Palik B (2020) Vascular plant species response 
to warming and elevated carbon dioxide in a boreal peat-
land. Environ Res Lett 15:124066. https://​doi.​org/​10.​
1088/​1748-​9326/​abc4fb

Niinistö SM, Silvola J, Kellomäki S (2004) Soil CO2 efflux in a 
boreal pine forest under atmospheric CO2 enrichment and 
air warming. Global Change Biol 10:1363–1376. https://​
doi.​org/​10.​1111/j.​1365-​2486.​2004.​00799.x

Norby RJ, Childs J, Hanson PJ, Warren JM (2019) Rapid loss 
of an ecosystem engineer: Sphagnum decline in an experi-
mentally warmed bog. Ecol Evol 9:12571–12585. https://​
doi.​org/​10.​1002/​ece3.​5722

Ofiti NOE, Solly EF, Hanson PJ, Malhotra A, Wiesenberg 
GLB, Schmidt MWI (2022) Warming and elevated CO2 
promote rapid incorporation and degradation of plant-
derived organic matter in an ombrotrophic peatland. 

Global Change Biol 28:883–898. https://​doi.​org/​10.​1111/​
gcb.​15955

Parsekian AD, Slater L, Ntarlagiannis D, Nolan J, Sebesteyen 
SD, Kolka RK, Hanson PJ (2012) Uncertainty in peat vol-
ume and soil carbon estimated using ground-penetrating 
radar and probing. Soil Sci Soc Am J 76:1911–1918. 
https://​doi.​org/​10.​2136/​sssaj​2012.​0040

Peltoniemi K, Fritze H, Laiho R (2009) Response of fungal and 
actinobacterial communities to water-level drawdown in 
boreal peatland sites. Soil Biol Biochem 41:1902–1914. 
https://​doi.​org/​10.​1016/j.​soilb​io.​2009.​06.​018

Phillips R, Brzostek E, Midgley MG (2013) The mycorrhizal-
associated nutrient economy: a new framework for pre-
dicting carbon–nutrient couplings in temperate forests. 
New Phytol 1:41–51. https://​doi.​org/​10.​1111/​nph.​12221

Preston MD, Smemo KA, McLaughlin JW, Basiliko N (2012) 
Peatland microbial communities and decomposition pro-
cesses in the James Bay Lowlands, Canada. Front Micro-
biol. https://​doi.​org/​10.​3389/​fmicb.​2012.​00070

R Core Team (2020) R: a language and environment for statis-
tical computing. R Foundation for Statistical Computing, 
Vienna

Rinnan R, Michelsen A, Bååth E, Jonasson S (2007) Fifteen 
years of climate change manipulations alter soil micro-
bial communities in a subarctic heath ecosystem. Global 
Change Biol 13:28–39. https://​doi.​org/​10.​1111/j.​1365-​
2486.​2006.​01263.x

RStudio Team (2020) RStudio: integrated development envi-
ronment for R. RStudio Inc, Boston

Šantrůčková H, Bird MI, Lloyd J (2000) Microbial processes 
and carbon-isotope fractionation in tropical and temperate 
grassland soils. Funct Ecology 14:108–114. https://​doi.​
org/​10.​1046/j.​1365-​2435.​2000.​00402.x

SAS Institute Inc (1989) JMP. SAS Institute Inc., Cary
Sebestyen S, Dorrance C, Olson D, Verry ES, Kolka R, Elling 

A, Kyllander R (2011) Long-term monitoring sites and 
trends at the Marcell experimental forest. In: Brooks K 
(ed) Peatland biogeochemistry and watershed hydrol-
ogy at the Marcell experimental forest. CRC Press, Boca 
Raton, pp 15–71

Sebestyen SD, Lany NK, Roman DT, Burdick JM, Kyllander 
RL, Verry ES, Kolka RK (2021) Hydrological and mete-
orological data from research catchments at the Marcell 
Experimental Forest, Minnesota, USA. Hydrol Process. 
https://​doi.​org/​10.​1002/​hyp.​14092

Smith SE, Read D (2008) The roles of mycorrhizas in succes-
sional processes and in selected biomes. Academic Press, 
Cambridge, pp 525–572

Smith RJ, Nelson PR, Jovan S, Hanson PJ, McCune B (2018) 
Novel climates reverse carbon uptake of atmospherically 
dependent epiphytes: climatic constraints on the iconic 
boreal forest lichen Evernia mesomorpha. Am J Bot 
105:266–274. https://​doi.​org/​10.​1002/​ajb2.​1022

Sundh I, Nilsson M, Borga P (1997) Variation in microbial 
community structure in two boreal peatlands as deter-
mined by analysis of phospholipid Fatty Acid profiles. 
Appl Environ Microbiol 63:1476–1482. https://​doi.​org/​10.​
1128/​AEM.​63.4.​1476-​1482.​1997

Tfaily MM, Cooper WT, Kostka JE, Chanton PR, Schadt CW, 
Hanson PJ, Iversen CM, Chanton JP (2014) Organic 
matter transformation in the peat column at Marcell 

https://doi.org/10.1128/AEM.00205-14
https://doi.org/10.1128/AEM.00205-14
https://doi.org/10.1128/AEM.00206-14
https://doi.org/10.1007/s10533-012-9730-3
https://doi.org/10.1007/s10533-012-9730-3
https://doi.org/10.1073/pnas.2003361117
https://doi.org/10.1073/pnas.2003361117
https://doi.org/10.1038/s41558-023-01893-0
https://doi.org/10.1038/s41558-023-01893-0
https://doi.org/10.1017/RDC.2018.37
https://doi.org/10.1111/gcb.14465
https://doi.org/10.1111/gcb.14465
https://doi.org/10.1088/1748-9326/abc4fb
https://doi.org/10.1088/1748-9326/abc4fb
https://doi.org/10.1111/j.1365-2486.2004.00799.x
https://doi.org/10.1111/j.1365-2486.2004.00799.x
https://doi.org/10.1002/ece3.5722
https://doi.org/10.1002/ece3.5722
https://doi.org/10.1111/gcb.15955
https://doi.org/10.1111/gcb.15955
https://doi.org/10.2136/sssaj2012.0040
https://doi.org/10.1016/j.soilbio.2009.06.018
https://doi.org/10.1111/nph.12221
https://doi.org/10.3389/fmicb.2012.00070
https://doi.org/10.1111/j.1365-2486.2006.01263.x
https://doi.org/10.1111/j.1365-2486.2006.01263.x
https://doi.org/10.1046/j.1365-2435.2000.00402.x
https://doi.org/10.1046/j.1365-2435.2000.00402.x
https://doi.org/10.1002/hyp.14092
https://doi.org/10.1002/ajb2.1022
https://doi.org/10.1128/AEM.63.4.1476-1482.1997
https://doi.org/10.1128/AEM.63.4.1476-1482.1997


650	 Biogeochemistry (2024) 167:631–650

1 3
Vol:. (1234567890)

experimental forest: humification and vertical stratifica-
tion: organic matter dynamics. Biogeosciences 119:661–
675. https://​doi.​org/​10.​1002/​2013J​G0024​92

Thormann MN (2006) The role of fungi in boreal peatlands. In: 
Wieder RK, Vitt DH (eds) Boreal peatland ecosystems, 
vol 188. Springer, Berlin, pp 101–123

Thormann MN, Rice AV, Beilman DW (2007) Yeasts in peat-
lands: a review of richness and roles in peat decomposi-
tion. Wetlands 27:761–773. https://​doi.​org/​10.​1672/​0277-​
5212(2007)​27[761:​YIPARO]​2.0.​CO;2

Verry ES (1984) Microtopography and water table fluctuation 
in a Sphagnum mire, pp 11–31

Verry ES, Janssens J (2011) Geology, vegetation, and hydrol-
ogy of the S2 bog at the MEF: 12,000 Years in Northern 
Minnesota

Verry ES, Boelter D, Päivänen J, Nichols D, Malterer T, Gafni 
A (2011) Physical properties of organic soils. In: Brooks 
K (ed) Peatland biogeochemistry and watershed hydrol-
ogy at the Marcell experimental forest. CRC Press, Boca 
Raton, pp 135–176

Walker AP, Carter KR, Gu L, Hanson PJ, Malhotra A, Norby 
RJ, Sebestyen SD, Wullschleger SD, Weston DJ (2017) 
Biophysical drivers of seasonal variability in Sphagnum 
gross primary production in a northern temperate bog: 
Sphagnum GPP Seasonality. J Geophys Res Biogeosci 
122:1078–1097. https://​doi.​org/​10.​1002/​2016J​G0037​11

Wang X, Li Y, Yan Z, Hao Y, Kang E, Zhang X, Li M, Zhang 
K, Yan L, Yang A, Niu Y, Kang X (2022) The divergent 
vertical pattern and assembly of soil bacterial and fungal 
communities in response to short-term warming in an 
alpine peatland. Front Plant Sci 13:986034. https://​doi.​
org/​10.​3389/​fpls.​2022.​986034

Watzinger A (2015) Microbial phospholipid biomarkers and 
stable isotope methods help reveal soil functions. Soil 
Biol Biochem 86:98–107. https://​doi.​org/​10.​1016/j.​soilb​
io.​2015.​03.​019

Whitaker J, Ostle N, Nottingham AT, Ccahuana A, Salinas 
N, Bardgett RD, Meir P, McNamara NP (2014) Micro-
bial community composition explains soil respiration 

responses to changing carbon inputs along an Andes-
to-Amazon elevation gradient. J Ecol 102:1058–1071. 
https://​doi.​org/​10.​1111/​1365-​2745.​12247

Wilkinson SC, Anderson JM, Scardelis SP, Tisiafouli M, Tay-
lor A, Wolters V (2002) PLFA profiles of microbial com-
munities in decomposing conifer litters subject to mois-
ture stress. Soil Biol Biochem 34(2):189–200. https://​doi.​
org/​10.​1016/​S0038-​0717(01)​00168-7

Wilson RM, Hopple AM, Tfaily MM, Sebestyen SD, Schadt 
CW, Pfeifer-Meister L, Medvedeff C, McFarlane KJ, 
Kostka JE, Kolton M, Kolka RK, Kluber LA, Keller JK, 
Guilderson TP, Griffiths NA, Chanton JP, Bridgham SD, 
Hanson PJ (2016) Stability of peatland carbon to ris-
ing temperatures. Nat Commun. https://​doi.​org/​10.​1038/​
ncomm​s13723

Wu J, Roulet NT (2014) Climate change reduces the capacity 
of northern peatlands to absorb the atmospheric carbon 
dioxide: The different responses of bogs and fens. Glob 
Biogeochem Cycles 28:1005–1024. https://​doi.​org/​10.​
1002/​2014G​B0048​45

Yu ZC (2012) Northern peatland carbon stocks and dynamics: 
a review. Biogeosciences 9:4071–4085. https://​doi.​org/​10.​
5194/​bg-9-​4071-​2012

Zelles L (1999) Fatty acid patterns of phospholipids and 
lipopolysaccharides in the characterisation of microbial 
communities in soil: a review. Biol Fertil Soils 29:111–
129. https://​doi.​org/​10.​1007/​s0037​40050​533

Zhou L, Zhou X, He Y, Fu Y, Du Z, Lu M, Sun X, Li C, Lu 
C, Liu R, Zhou G (2022) Global systematic review with 
meta-analysis shows that warming effects on terrestrial 
plant biomass allocation are influenced by precipitation 
and mycorrhizal association. Nature Commun 13(1):4914

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1002/2013JG002492
https://doi.org/10.1672/0277-5212(2007)27[761:YIPARO]2.0.CO;2
https://doi.org/10.1672/0277-5212(2007)27[761:YIPARO]2.0.CO;2
https://doi.org/10.1002/2016JG003711
https://doi.org/10.3389/fpls.2022.986034
https://doi.org/10.3389/fpls.2022.986034
https://doi.org/10.1016/j.soilbio.2015.03.019
https://doi.org/10.1016/j.soilbio.2015.03.019
https://doi.org/10.1111/1365-2745.12247
https://doi.org/10.1016/S0038-0717(01)00168-7
https://doi.org/10.1016/S0038-0717(01)00168-7
https://doi.org/10.1038/ncomms13723
https://doi.org/10.1038/ncomms13723
https://doi.org/10.1002/2014GB004845
https://doi.org/10.1002/2014GB004845
https://doi.org/10.5194/bg-9-4071-2012
https://doi.org/10.5194/bg-9-4071-2012
https://doi.org/10.1007/s003740050533

	Microbial abundances and carbon use under ambient temperature or experimental warming in a southern boreal peatland
	Abstract 
	Introduction
	Materials and methods
	SPRUCE site characteristics and experimental design
	Peat sampling
	Peat physical characteristics
	δ13C PLFA extractions and data correction
	Statistics

	Results
	Peat physical properties
	Microbial relationships with depth and peat properties
	Microbial relationships to temperature

	Discussion
	Microbial communities structured with depth
	Microbial relationships with ambient temperature
	Microbial responses to experimental warming

	Conclusions
	Acknowledgements 
	References




