
1. Introduction
The northern circumpolar permafrost zone has been a large long-term sink for carbon (C) and contains ∼1,700 Pg 
of C within the upper 3 m depth, more than twice the amount that is in today's atmosphere (Hugelius et al., 2014; 
Mishra et al., 2017; Schuur et al., 2013). Permafrost, with its large quantities of stored C (Tarnocai et al., 2009; 
Zimov et al., 2006), is susceptible to thawing with climate warming (Turetsky et al., 2020). Northern permafrost 
soils are predicted to release billions of tons of C by 2100, an amount that would significantly increase the atmos-
pheric carbon dioxide (CO2) burden and affect global climate (McGuire et al., 2018; Schaefer et al., 2014; Schuur 
et al., 2013) if it is not offset by concurrent plant C assimilation (Grant et al., 2019; Mekonnen et al., 2018) and 
sequestration in peat and sediments.

Some permafrost soils are composed of peat, where C is particularly concentrated. High latitude peatlands have 
been accumulating C for thousands of years since deglaciation and have been important in the global carbon cycle 
throughout the Holocene (MacDonald et al., 2006; Yu, 2011). Expanding knowledge of how these peatlands have 
reacted in the past with respect to C sequestration and release under changing climatic conditions is important for 
understanding any feedback effect they may exert in the future.

The C budget in frozen or thawed peatlands depends on the balance between fixation and accumulation of atmos-
pheric C by photosynthesis and loss via respiration and transport, including diffusive, advective, ebullitive, and 
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plant transport mechanisms. Carbon can be lost by decomposition and efflux to the atmosphere in the form of 
CO2 or methane (CH4), or through export of dissolved organic carbon (DOC) or dissolved inorganic carbon (DIC) 
(Freeman et al., 2001, 2004; Hodgkins et al., 2016; Roulet et al., 2007). During the Holocene, primary production 
and C sequestration into plant litter and histosols outweighed C losses in high-latitude peat, in large part because 
of low decomposition rates due to cold temperatures, high soil moisture, and low O2 availability. Organic matter is 
also preserved in high latitude wetlands partly due to the acidic metabolites produced by Sphagnum spp., a com-
mon species (Fudyma et al., 2019). These metabolites inhibit decomposition (Hodgkins et al., 2016; Verhoeven 
& Liefveld, 1997). Increasing air and soil temperatures are now causing permafrost peatlands to thaw and active 
layers to thicken, with wide-ranging effects on hydrology, vegetation, decomposition, and gas fluxes (Åkerman & 
Johansson, 2008; Malhotra et al., 2018; Malmer et al., 2005; Silvola et al., 1996). The warmer temperatures that 
have been recorded over the past few decades may change some of these areas into C sources as the previously 
frozen C thaws and decomposes (Dorrepaal et al., 2009).

Carbon released from peatlands is expected to be mainly in the form of CO2, but a substantial portion is emit-
ted as CH4 with warming when permafrost thaw leads to subsidence of peat surfaces and waterlogged soils 
(Olefeldt et  al.,  2013; Turetsky et  al.,  2020; von Deimling et  al.,  2015; Wilson et  al.,  2016; Wilson, Tfaily, 
et al., 2021). Methane has a roughly 27 times higher global warming potential on a 100-year period than CO2 
(Forster et al., 2021), so even the small amounts of CH4 projected to be released from peatlands can significantly 
impact climate forcing over decadal timescales. Predictions of the effect of C released as CH4 from thawing 
permafrost vary. Schaefer et al. (2014) estimated that this CH4 will contribute no more than 16% of the warming 
caused by thawing permafrost, while compilations by Schuur et al. (2013) are between 30% and 50%. In addi-
tion, permafrost thaw, collapse, and water inundation can result in the formation of ponds and wetlands, with 
subsequent higher net ecosystem productivity, possible C storage and coincidently elevated CH4 emission rates 
(Bäckstrand et al., 2010; Burke et al., 2019; Whiting & Chanton, 1993; Wilson et al., 2017).

Stordalen Mire is an extensively studied, dynamic ecosystem in the discontinuous permafrost zone of sub-arctic 
Sweden, with environmental records dating back more than a century. The ecosystem community structures of 
the mire are particularly sensitive to changing climate due to its location on the southern edge of the circumpolar 
permafrost zone. The sub-ecosystems (which we will call habitats) in the mire range from raised palsas to om-
brotrophic bogs with an underlying core of permafrost and permafrost-free minerotrophic fens. Unlike palsas and 
ombrotrophic bogs, minerotrophic fens receive water not only from precipitation, but also from groundwater and 
streams. The C fluxes in each of these habitats are distinct because differences in abiotic conditions result in veg-
etation and microbial community differences (Malhotra & Roulet, 2015; McCalley et al., 2014). Investigations 
of Stordalen Mire's C balance have differed in their conclusions: some determined it to be a source of C to the 
atmosphere (Bäckstrand et al., 2010; Malmer & Wallén, 1996), others that it is a sink (Christensen et al., 2012; 
Olefeldt et al., 2012; Varner et al., 2021).

The objective of this study was to compare three different measures of C accumulation rates in different habitats 
across a peatland permafrost thaw gradient that spans permafrost palsa, to Sphagnum-dominated bog underlain 
by permafrost, to fully thawed Eriophorum-dominated fen in Stordalen Mire. We use 210Pb and 14C to compare 
C accumulation rates across the three peatland environments over the past several decades to the accumulation 
over the past hundred to thousands of years. Methane and CO2 chamber flux measurements give information on 
current gas fluxes on an annual basis and, together with the radiotracer information, provide insights into the C 
budget of the mire, which is important for understanding the response of these northern peatlands to changing 
climatic conditions. We hypothesized that across the thaw, moisture and vegetation gradient (palsa, bog, fen), C 
deposition and uptake would increase while being offset by methane emissions, particularly affecting the global 
warming potential of the wetland complex.

2. Materials and Methods
2.1. Study Site

Stordalen Mire in northern Sweden is located at 68°20’N, 19°03’E (Figure 1). Inception of peat deposition in 
Stordalen Mire occurred between 6,000 and 4,700 years BP (Kokfelt et al., 2010). The Little Ice Age affect-
ed this region beginning about 850  years BP, and permafrost formation occurred after 700  years BP (Kok-
felt et  al., 2010). Prior to permafrost formation, the area may have been dominated by fen vegetation, which 
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transitioned to palsa with permafrost development and the formation of ombrotrophic peat (Kokfelt et al., 2010; 
Malmer and Wallén, 1996; Sim et al., 2021). With current increases in temperature in the region (Christensen 
et al., 2004), changes in mire topography, active layer thickness, hydrology, and vegetation have been well docu-
mented since the 1970’s (Christensen et al., 2004; Johansson et al., 2006; Malmer et al., 2005; Varner et al., 2021).

Currently, peat in Stordalen Mire is 1–3 m thick (Johansson et al., 2006). About half of the mire currently consists 
of palsa with an ice-rich permafrost core, with typical seasonal thaw depths of ∼50–80 cm. Ericaceous shrubs and 
cryptogams (mosses and lichens) dominate palsa vegetation. As the permafrost that supports the central palsa of 
the mire thaws, the surface structure subsides and the palsa collapses and becomes wetter (collapsed palsa; Hodg-
kins et al., 2014). Bog sites overlie permafrost, which separates them from the water table of the surrounding 
peatland complex, and are ombrotrophic with nutrients only available from rain, snow, and dustfall deposition. 
Vegetation in the bog sites is dominated by Sphagnum spp., feather mosses (e.g., Dicranum elongatum), and 

Figure 1. Image of Stordalen Mire showing sample locations of cores on which 210Pb and 14C chronology was determined. 
Following the approach of Hodgkins et al. (2014), we sampled a range of sites across the mire to capture variability 
within each of the habitats (i.e., palsa, collapsed palsa, bog, fen), without oversampling and destroying the area around the 
autochambers. Each sampling location is labeled with its type (P-1, PHB-R, CPP-1 = palsa; PHB-H, PHS, PHB = collapsed 
palsa; S-1, S-2, S-3, Bog-1, SOS = bog; E-1, E-2, E-3, E-4, EOS, Fen-1 = fen) and year of sampling.
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sedges (e.g., Eriophorum vaginatum and Carex biglowii). At our bog site we find ice consistently in mid-summer 
at 150 cm, and often at more shallow depths, from 75-100 cm as measured with a steel rod. The bog likely formed 
from thaw of the palsa habitat, collapse and then refreezing at depth due to the insulating properties of the Sphag-
num moss. Fully thawed, minerotrophic fens are connected to the water table and are thus more nutrient-rich. 
Porewater in the fen sites has higher pH than in the bogs. Fen sites are also more productive and are inhabited 
by sedges such as Eriophorum angustifolium, Carex rostrata, and Esquisetum spp., as well as Sphagnum spp. 
(Johansson et al., 2006; Malhotra & Roulet, 2015; Malmer et al., 2005). In this study, we conducted flux measure-
ments in palsa, bog, and fen and we cored palsa, collapsed palsa, bog, and fen sites. Overall, we divide the mire 
into three main habitats: palsa (including collapsed palsa), bog, and fen.

2.2. Core and Porewater Sampling

Twenty-one peat cores were collected from Stordalen Mire for measurements of 210Pb and 14C (Table S1 in Sup-
porting Information S1). In three of the cores (collected in 2016 from a palsa, a bog, and a fen), both 210Pb and 
14C were measured in 1 cm sections in the upper 10 cm, and 2 cm sections below 10 cm. The 2016 cores were cut 
from the surrounding peat using a knife and were 24–28 cm long and 10 × 10 cm in diameter. The other cores 
were collected with an Eijelkamp 11-cm diameter circular push corer. 210Pb was analyzed in six cores collected in 
2013 and in four cores collected in 2014. The remaining cores were collected in 2011 and 2012 and were analyzed 
for 14C. The cores from 2011-2014 were subsampled discontinuously, mostly in 4 cm intervals: 1–5 cm, 5–9 cm, 
10–14 cm, 20–24 cm, 30–34 cm, 40–44 cm, etc., down to a maximum of 80–84 cm.

Porewater for DIC analysis was collected in the field prior to coring, using syringes attached to stainless steel 
tubes with holes in the lower 3 cm. Porewater was filtered through GF/D filters into borosilicate 30 mL pre-
weighed vials that had been evacuated and sealed with butyl rubber stoppers. Fifteen to twenty mL of pore water 
was injected into the vials and they were acidified with 0.3 mL of 20% H3PO4.

2.3. Automatic Chamber Measurements

Carbon dioxide and CH4 gas fluxes were measured with automatic chambers that were placed within each site 
(three each at the palsa, bog, and fen). The chambers are static, closed systems and have been described in 
Bäckstrand et al.  (2008). The Bäckstrand study chambers were replaced in 2012 with larger chambers (0.178 
m2 basal area) as described in Bubier et al. (2003). Gas concentrations in chamber headspace were measured 
with a Los Gatos Research (LGR) Fast Greenhouse Gas Analyzer from 2012 through 2018. Sampling was done 
every 3 hr, and the chamber was closed for 5–8 min for each measurement. Timing control and data acquisition 
was done with a Campbell CR10x. The chambers failed to record reliable CH4 flux measurements in the palsa, 
bog, and fen chambers on 491, 513, and 508 days, respectively. CO2 flux measurements failed on 417, 438, and 
431 days for the palsa, bog, and fen chambers, respectively. For days of the year when the chambers failed to 
record reliable gas fluxes, measurements from the same day of the year in other years were averaged to fill the 
gaps. For CH4 there were between 29 and 169 measurements for each daily average used to gap fill and for CO2 
there were between 26 and 167 measurements. Temperatures for the fen were measured every 30 min using CSI 
T-107 thermistors placed at several depths below and above the peat surface at the InterAct fen tower located ca. 
150 m to the northwest of the chambers. For each habitat, we combined mean annual CO2 and CH4 fluxes into a 
CO2-equivalent flux using the 100-yr GWP value for methane (27.2 ± 11; Forster et al., 2021).

2.4. Analysis of Bulk Density, %C, and DIC

Dry bulk density (BD) was determined from the weight of a known volume of wet sample recovered from the 
field following oven-drying or freeze-drying. Organic carbon (OC) content was measured after grinding peat to a 
homogenous powder in a Spex Sampleprep 5100 mixer-mill, then analyzing on a Carlo Erba elemental analyzer 
following flash combustion. In samples for which BD or organic carbon was not measured, these values were 
estimated using the average of samples from the same depth and type of habitat (Table S2 in Supporting Infor-
mation S1). Bulk density and organic carbon content in samples from discrete depths (4 or 5 cm intervals) from 
palsa and collapsed palsa sites, bog sites, and fen sites were averaged and assumed to represent the BD or OC in 
samples from the same habitat type and depth range when there were no direct measurements of these values in 
the sample.
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Upon return to the lab, vials containing filtered porewater were brought to gauge pressure by injecting helium, 
and δ13C and concentrations of the DIC were determined by injecting 250 microliters of the headspace gas into 
a Hewlett Packard gas chromatograph coupled to a Thermo Finnigan Delta V Isotope ratio mass spectrometer. 
NBS-19 was used as a working standard and results are reported relative to V-PDB. For 14C analysis, vials were 
subsequently stripped of CO2 in a Helium stream and the resulting CO2 purified by vacuum distillation. CO2 
was sealed into breakseals and analyzed at the National Ocean Sciences Accelerator Mass Spectrometry (AMS) 
facility (NOSAMS) at Woods Hole Oceanographic Institute.

2.5. Radioisotope Analysis

Alpha spectrometry was used to indirectly determine the activity of 210Pb by measuring its decay product, 210Po 
(t½ = 138.4 d), assuming secular equilibrium with this relatively short-lived radioisotope. The chemical process 
and self-plating of polonium onto silver discs follows methods described in detail elsewhere (Ebaid & Khat-
er, 2006; Flynn, 1968; Martin & Rice, 1981). After plating, the discs were removed, rinsed with de-ionized water, 
and allowed to air dry. Activities of the internal tracer 209Po together with 210Po on the discs were counted in one 
of eight silicon semiconductor detectors in an Ortec Octete alpha spectrometer. Uncertainties were estimated 
using standard counting statistics.

The 14C in bulk peat from selected depths in palsa, collapsed palsa, bog, and fen cores was measured at NOSAMS 
(Corbett et al., 2013). Peat samples were combusted to CO2 at Florida State University in quartz tubes at 850°C 
and then converted to graphite targets and analyzed by AMS (Vogel et al., 1984). Values of 14C are reported ac-
cording to the standard Δ notation that normalizes the 14C content of a sample to a nominal δ13C value (−25‰) 
and collection time (Stuiver & Polach, 1977). The 14C and 210Pb data are available in Table S2 in Supporting 
Information S1.

2.6. 210Pb- and 14C-Derived Ages and Accumulation Rates

Continuous peat ages in 1 cm increments were obtained from 14C and total 210Pb activity using the Plum and Bacon 
age-depth models in R version 4.1.1 (Aquino-Lopez et al., 2018; Blaauw & Christen, 2011; R Core Team, 2021). 
The Plum model uses Bayesian analysis of 210Pb activity alone, or in combination with 14C, to provide robust age 
estimates even in discontinuously sampled cores. For cores in which only 14C measurements were available, the 
Bacon age-depth model was used to estimate peat ages. The 14C calibration curves used were IntCal20 and NH1 
(Hua et al., 2013; Reimer et al., 2020). Radiocarbon ages and errors for input to Plum and Bacon were calculated 
from the fraction modern (Fm) measurements using the function pMC.age in R. The measured total 210Pb activity 
and Fm 14C values that were input to Plum and Bacon are shown in Table S2 in Supporting Information S1. The 
resulting age-depth models are shown in Figure S1 in Supporting Information S1.

Carbon accumulation was estimated for whole cores by dividing the age of the deepest peat section by the total 
carbon stock in the core. This is the long-term carbon accumulation rate (LORCA). To observe temporal varia-
tions in carbon accumulation, apparent carbon accumulation rates (aCAR) were calculated from the modeled ages 
at each cm of peat using Equation 1.

aCAR = (OC% ∗ BD ∗ Depth_Interval)∕Age_Duration (1)

The “Depth Interval” in Equation 1 is always 1 cm and “Age Duration” is the span of years that a given cm of 
peat accumulated (modeled age of each 1 cm peat section less the age of the section above). The activity of 210Pb 
that is not from atmospheric fallout and is instead supplied from 226Ra in the soil is “supported” 210Pb and this 
value is needed to determine total inventory of excess 210Pb, which is used for dating. Core S-1 2016 was not long 
enough to reach the levels where excess 210Pb was not present (Figure S2 in Supporting Information S1). Because 
the other four bog cores did reach levels of only supported 210Pb activity, we used the average of these levels to 
represent supported 210Pb in S-1 2016, since all the bog cores are from the same area and site type.

In addition to LORCA, we calculated aCAR for 3 time periods: recent (1990 to between 2011 and 2016, which 
is when the cores were retrieved), multi-decadal (1850–1990), and millennial (200–4,500 years BP) by averaging 
the aCARs for each 1 cm peat interval from each of the three time periods.



Global Biogeochemical Cycles

HOLMES ET AL.

10.1029/2021GB007113

6 of 17

3. Results
3.1. Current C Gas Fluxes

There was net annual CO2 uptake by the peatland at all sites from 2012 to 2018 (Figure 2a). Median (IQR) CO2 
uptake from June to September was lowest in the palsa, at 162 (−16 to 431) mg C m−2 d−1, highest in the fen, at 
1,024 (231–2,057) mg C m−2 d−1, and bog CO2 median uptake was 481 (188–778) mg C m−2 d−1. From October to 

May, all sites exhibited net CO2 efflux: median was 48 (17–97); 37 (10–67); 
140 (62–231) mg C m−2 d−1 in the palsa, bog, and fen, respectively. Methane 
emissions (Figure 2b) were highest in the fen from June to September with a 
median of 108 (66–158) mg C m−2 d−1. In the bog, median CH4 production 
was 22 (12–35) mg C m−2 d−1 and median C release as CH4 from the palsa 
was <1 (0–2) mg C m−2 d−1. From October to May, CH4 was emitted from 
all three sites, but was near 0 in the palsa, 2 (0–6) mg C m−2 d−1 in bog peat, 
and 17 (6–34) mg C m−2 d−1 at the fen. Temperature at 10 cm below the peat 
surface was positively correlated with fen CH4 emissions (r2 = 0.64).

Net carbon gas balance (NCB) is the difference between C uptake by a sys-
tem through photosynthesis, and its loss to the atmosphere through respira-
tion or gaseous hydrocarbon (such as CH4) emissions. Annual sums of NCB 
confirm that all sites, with the exception in 2014 of the palsa, are C sinks 
(Figure 3). Average annual NCB between 2012 and 2018 increased across 
the thaw gradient from palsa to bog to fen (−12.5 ± 8.0, −49.4 ± 15.0, and 
−91.2 ± 42.6 g C m−2 y−1) (Table 1). In terms of annual CO2-eq. flux, the palsa 
and bog were weak net sinks, while the fen was a net CO2-eq. source due to 
higher CH4 emissions (Table 1).

Figure 2. (a) Carbon dioxide and (b) CH4 fluxes from the palsa (brown circles), bog (green circles), and fen (blue circles) 
autochamber sites. Fluxes are daily averages of several (up to n = 24) measurements per day. Negative numbers indicate 
fluxes into the peatland and positive numbers represent C losses to the atmosphere. Temperatures (yellow line; daily averages 
of half-hourly measurements) were measured at the fen 10 cm below the peat surface using CSI T-107 thermistors.

Figure 3. Annual net carbon gas balance was calculated by summing the daily 
CH4 for each year and subtracting that from the sum of the daily CO2 flux for 
each year. Positive numbers indicate gas fluxes emitted by the peatland into 
the atmosphere and negative numbers are fluxes into the peatland.
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3.2. 210Pb, 14C, and aCAR Across the Thaw Gradient

Basal ages for the bottom of each peat profile were estimated from the age-
depth models (Figure 4, Table 2). Six cores with basal ages >1,000 cal BP 
were between 43 and 95 cm long. The oldest basal ages (>4,000 cal BP) were 
from two palsa cores (at 95 cm) and one fen core (73 cm). The deepest dat-
able depths of the remaining cores were between 14 and 43 cm deep (some 
210Pb-dated cores were longer than the lengths given in Table 2, but excess 
210Pb activity was undetectable at these depths in some cases). In cores that 
were at least 600 years old at the bottom, LORCA was 15–18 g C m−2 y−1 in 
palsa/collapsed palsa, 13–23 g C m−2 y−1 in the bog, and 11–16 g C m−2 y−1 
in fen cores. From 4,460 cal BP until around 1,000 years ago, aCAR was low. 
It was elevated between 1,000 and 500 years ago and further increased in the 
past few decades (Figure 5).

LORCAs, calculated from whole cores vary depending, in part, on the length of the core. To compare accumu-
lation rates of discrete time periods, we calculated recent aCAR (from 1990 to between the tops of the cores, 
or between 2011 and 2016), from 1850 to 1990 (multi-decadal), and pre-1850 (millennial). Recent bog aCAR 
(147 g C m−2 y−1; s.d. = 40) was higher than in the palsa (95 g C m−2 y−1; s.d. = 45) or the fen (90 g C m−2 y−1; 
s.d. = 47). Multi-decadal aCAR was lower (72–81 g C m−2 y−1; s.d. = 27 to 44) at the three sites and millennial 
aCAR ranged from 17 to 29 g C m−2 y−1; (s.d. = 8 to 28). There was little difference among the sites on the longer 
timescales (Figure 6).

Recent and multi-decadal aCARs from all cores were combined in a LOESS 
(locally weighted polynomial regression) plot to compare differences be-
tween sites (Figure 7). We combined palsa and collapsed palsa aCARs for 
this figure because these are the three habitat types where our autochambers 
were located. The aCAR values for individual cores used to make the LOESS 
graph are shown in Figure S3 in Supporting Information S1.

Peat and DIC Δ14C values were similar in palsa, collapsed palsa, and bog 
sites (Figures 8a and 8b) but DIC values diverged to be more modern than 
peat values below 30 cm in the fen (Figure 8c). When Δ14C values are greater 
than 0, this indicates that the peat or DIC is modern (deposited since 1950). 
The Δ14C peaks at 10 cm in the palsa and fen peat and the less pronounced 
peak in the bog at around 20 cm represent the 14C pulse from nuclear bomb 
testing, which peaked around 1963. The Δ14C values of DIC, shown by open 
symbols in Figure 8, were significantly enriched in fen samples below 30 cm 
relative to DIC in collapsed palsa. The enriched porewater DIC Δ14C in the 
fen, relative to the peat for a given depth, indicates that microbial respiration 
in the fen was dominated either by surface DIC production, or downward 
transport of surface/young DOC which is respired at depth. This implies that 
advection brings more modern C to those deeper depths up to at least 80 cm 
deep in the fen peat profile. In the collapsed palsa (Figure 8a), the 14C of 
DIC produced by respiration appeared to be more similar to the peat at any 
depth, suggesting that respiration in the palsa is being supported by the peat 
at any given depth. In the bog, DIC was similar to the peat at all depths, but 
was modern.

4. Discussion
4.1. Increasing CH4 Emissions and CO2 Uptake Across the Thaw 
Gradient

Autochamber CH4 and CO2 fluxes in Stordalen Mire follow the inundation 
and thaw gradients, with lowest CH4 emissions and CO2 uptake from the 
palsa, and highest from the fen sites (Figures 2 and 3, Table 1). In Stordalen 

CO2 s.d. CH4 s.d. NCB s.d. CO2-eq.
a s.d.

Palsa −12.8 8.0 0.3 0.2 −12.5 8.0 −9.8 8.2

Bog −53.3 15.8 3.9 1.3 −49.4 15.0 −14.7 16.0

Fen −110.4 44.5 19.2 3.7 −91.2 42.6 79.5 44.7
aCO2-eq-C  =  [44/12*CO2-C  +  16/12*CH4-C *GWP_100CH4] * 12/44; CO2 
equivalent-C using CH4 100-yr GWP of 27.2 ± 11 (Forster et al., 2021).

Table 1 
Average Annual CO2 Flux, CH4 Flux, Net C Balance, and CO2-equivalent Flux, 
All in g C m−2 y−1, From 2012 to 2018

Figure 4. Mean age-depth profiles from the 21 cores analyzed for 210Pb- and 
14C-derived ages and modeled with the Plum and Bacon programs in cores 
with bottom ages (a) <300 years BP and (b) >500 years BP. Brown = palsa, 
gold = collapsed palsa, green = bog, blue = fen.
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Mire, thawing permafrost resulting in increased water inundation and habi-
tat transition, results in the system becoming a stronger C sink accompanied 
by increased methane emissions. Our observed 2012–2018 trend of increas-
ing C uptake across the landscape gradient (from NCB of −12.5 (±8.0) g C 
m−2 y−1 in palsa to −49.4 (±15.0) g C m−2 y−1 in the bog, to −91.2 (±42.6) 
g C m−2 y−1 in the fen) falls within the NCB estimated by several micro-
meteorological studies conducted at the site (Table 3). The range of our fen 
values are consistent with Christensen et  al.  (2012) who, with microme-
teorological techniques that had a footprint encompassing about 83% fen, 
determined that the mire was a carbon sink at the rate of −46 g C m−2 y−1. 
Johansson et al. (2006) found C uptake rates of −97 g C m−2 y−1 for fen are-
as, −73 g C m−2 y−1 for bog, and −7 g C m−2 y−1 for palsa over the growing 
season using automated chambers. Olefeldt et al. (2012) determined NCB 
in Stordalen Mire to be −46 g C m−2 y−1 using eddy covariance measure-
ments with a footprint that was about 57% hummock (what we consider 
palsa) and 43% semiwet areas (bog), similar to the net annual C exchange 
of −45 g C m−2 y−1 obtained by Jammet et al. (2017), who also used eddy 
covariance measurements. The net C uptake we measured was higher than 
the values of Bäckstrand et  al.  (2010) who used automated chambers to 
determine NCB of 30, −29, and −3.1 g C m−2 y−1 for palsa, bog, and fen, 
respectively. Our fluxes may differ from those of Bäckstrand et al. (2010) 
because their data were collected with smaller chambers and contain fewer 
snow season measurements, with more shoulder season measurements used 
to represent winter fluxes, likely causing them to overestimate winter CO2 
effluxes. As discussed by Natali et al. (2011), annual flux balances are sen-
sitive to winter emissions, highlighting the importance of our winter meas-
urements. The deviations in NCB between our chamber measurements and 
these other studies are due to differences in measured CO2 uptake, that is, 
the CH4 fluxes are mostly similar. Our CH4 fluxes in the palsa and bog (0.3 
and 3.9 g C m−2 y−1, respectively) were comparable to those of Bäckstrand 
et al. (2010), who reported values of 0.5, 6.2, and 31.8 g C m−2 y−1 in palsa, 
bog, and fen, respectively. Our fen CH4 flux (19.2 g C m−2 y−1) was lower 
than theirs, but nearly identical to that reported by Jammet et al. (2017) of 
21.2 g C m−2 y−1 and Christensen et al. (2012), who reported CH4 emission 
rates of 20 g C m−2 y−1 for a tower footprint that was 83% fen. Methodol-
ogies, footprints, and inter-annual variability likely explain the differences 
noted between studies. Gas flux rates can also change rapidly, as reported 
by Svensson et al.  (1999), who attributed an increase in CO2 fluxes from 
1974 to 1995 to altered vegetation, mineralization pathways, and permafrost 
loss. CO2 uptake and NCB is highest in the fen, but because of the increased 
CH4 emissions, the CO2-equivalent flux is also highest in this habitat. The 
CO2-equivalent flux will likely increase as temperatures warm and fen areas 
expand (Varner et al., 2021).

4.2. Peat Chronology Validated Using Combined 14C and 210Pb

We compared the peat ages obtained with the commonly used Constant Rate 
of Supply (CRS) calculations, that are based on excess 210Pb activity, with 
those given by the Plum model using 210Pb in combination with 14C dates. In 
the three cores for which both 210Pb and 14C measurements were made, the 
ages were in agreement between the two approaches, except in the 2016 palsa 
core. There is an increase in age of about 70 years between depths 15 and 
16 cm in the 2016 palsa core which is not seen when 210Pb ages are modeled 
without 14C. This discrepancy may be due to smearing of the 14C chronology 

Bottom of deepest 
dated section (cm)

Age at bottom 
(cal BP)

aCAR (g C 
m−2 y−1) ±a

Palsa and collapsed palsa

 P-1 2012 95 4,223 15.5 1.0

 CPP1 95 4,460 15.4 1.2

 PHS 85 3,444 18.4 0.8

 PHB 30 248 60.1 27.9

 P-1 2016 20 103 27.4 4.9

 P-1 2014 24 84 108.3 23.0

 PHB-R 24 98 79.8 14.5

 PHB-H 34 133 117.6 18.2

Bog

 SOS 2011 48 1,373 13.3 1.0

 Bog-1 2012 43 658 23.4 2.5

 S-1 2016 24 −13 112.3 22.6

 S-1 2014 34 112 75.5 11.5

 S-1 2013 24 73 78.3 15.7

 S-2 2013 24 96 58.5 12.0

 S-3 2013 34 112 75.9 14.7

Fen

 EOS 2012 73 4,080 15.9 0.8

 Fen-1 2012 43 2,649 10.9 0.9

 E-4 2016 26 166 49.5 12.2

 E-1 2013 24 50 88.3 21.3

 E-2 2013 24 59 84.0 20.8

 E-3 2013 14 31 50.2 13.8
a½ of the difference between aCAR calculated from the minimum and 
maximum ages given by Plum or Bacon age models.

Table 2 
Long-Term Carbon Accumulation Rates

Figure 5. Apparent C accumulation derived from 14C-derived ages in sampled 
intervals in cores in which the age at the bottom was at least 600 years. 
Brown = palsa, gold = collapsed palsa, green = bog, blue = fen.
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because of contamination with post-bomb carbon (Goslar et al., 2005). The 
presence of root material could also make the peat seem younger, but it is 
unlikely that this would influence the palsa peat more than the fen or bog. 
Oldfield et al.  (1979) presented evidence that downward mobility of 210Pb 
led to discrepancies between the 210Pb and the pollen ages determined for the 
ombrotrophic peat they studied. Migration of 210Pb could result in younger 
ages in deep peat, but this is the opposite of what is seen in the palsa where 
Plum ages that include 14C are younger in the 4–15 cm interval than when 
only 210Pb activity is used. Urban et  al.  (1990) showed that most of their 
210Pb inventory in North American peatlands was above the water table in 
hummocks and below it in the hollows, and more 210Pb was lost from the 
hollows, where the water table was high. The water table in bogs at Stordalen 
was 7–30 cm below the surface in the summer and in fens was at or above 
the surface. From the good agreement between Plum 14C- and 210Pb-derived 
ages with 210Pb-only ages (CRS method) in the fen core, the higher water 
table in the fen appears not to have facilitated downward diffusion of 210Pb. 
The absence of bias to younger 210Pb ages in the three 2016 cores supports 
the validity of 210Pb-derived ages alone in the cores where 14C measurements 
are not available.

Loss of 210Pb due to lateral export has the potential to affect the calculated 
age. Olefeldt and Roulet (2012) found that there was water flow through two 
fens in the Stordalen peatland complex. Inventories of 210Pb in the peat can 

provide clues to the possible leaching of 210Pb from the peat. The atmospheric flux is related to the integrated 
210Pb activity in the peat by ϕ = λA, where λ is the decay constant for 210Pb (0.03114 years−1) and A is the total 
excess 210Pb inventory integrated over the entire core (Appleby & Oldfield, 1992; Preiss et al., 1996). The ex-
pected 210Pb inventory based on Baskaran's (2011) atmospheric flux at 68°N of 3.7 ± 3.5 mBq cm−2 y−1 would 
be 1,188 ± 1,123 Bq m−2 for an entire peat core. Inventories of 210Pb in peat cores taken from Store Mosse, a 
mire south of Stordalen, were 1,630–2,290 Bq m−2 (Olid et al., 2014). The 210Pb inventories for the 2016 bog and 
fen cores were near this range (1,427 and 1,499 Bq m−2, respectively, Table S3 in Supporting Information S1), 
indicating that loss of 210Pb is not a factor in these cores. Inventory in the year 2016 palsa core was lower, 836 
Bq m−2, which may reflect wind scouring the palsa snowpack (Seppälä, 2003) and depositing it (along with the 
winter-deposited 210Pb) in lower areas (i.e., bog and fen).

Figure 6. ACAR from the recent past (1990–2016), 1850 to 1990 (multi-
decadal), and from more than 4,000 years BP to 1850 (millennial) in palsa, 
bog, and fen cores.

Figure 7. aCAR in palsa and collapsed palsa (brown), bog (green), and fen (blue) sites based on 210Pb and 14C chronology 
(LOESS, R version 4.1.1). The shaded areas represent the 95% confidence interval and smoothing span = 0.7. Individual 
profiles are shown in Figure S3 in Supporting Information S1.
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4.3. Carbon Accumulation Rates Reflect Degree of Decomposition and Productivity

The low millennial aCAR in all three site types (29 ± 28, 18 ± 13, and 17 ± 8 g C m−2 y−1 in the palsa, bog, and 
fen, respectively; Figure 9) is similar to those of a pan-Arctic compilation by Treat et al. (2016), who found long-
term (>1,000 year) C accumulation of 14 g C m−2 y−1 in permafrost peatlands 18 g C m−2 y−1 in permafrost-free 
bogs, and 23 g C m−2 y−1 in fens. The trend of increasing aCAR from longer (millennial) to shorter (multi-dec-
adal and recent) timescales seen in all three of our habitat types (Figure 9) was noted by Olid et al. (2020) in a 
permafrost plateau near Stordalen Mire. They reported C accumulation rates of <20 g C m−2 y−1 at millennial 
time scales, ∼40 g C m−2 y−1 at the multi-decadal scale and >80 g C m−2 y−1 in recent peat. Kokfelt et al. (2010) 
reported carbon accumulation rates of 18–51 g C m−2 y−1 at a bog-like site in Stordalen Mire. Sampling from 

Figure 8. Δ14C values in dissolved inorganic carbon (DIC) and peat from (a) palsa (brown) and collapsed palsa (gold), (b) bog (green), and (c) fen (blue) sites. Filled 
symbols represent peat Δ14C values and open symbols and crosses indicate DIC Δ14C values. The profiles show Δ14C values from several cores at each site (the high-
resolution cores from 2016, some of the low-resolution cores discussed in the text, and additional low-resolution cores from 2011 and 2012). Analytical precision of 
Δ14C was <±7.2‰.

Site CO2 (g m−2 y−1) CH4 (g m−2 y−1) Net (g m−2 y−1) Method Source

Palsa −12.8 (−22–1) 0.3 (0.12–0.59) −12.5 Autochamber This study

Bog −53.3 (−70–−24) 3.9 (2.8–6.0) −49.4 Autochamber This study

Fen −110.4 (−184–−49) 19.2 (12.4–23) −91.2 Autochamber This study

Hummock (∼palsa) −6.7 −0.1 −6.8 Autochamber Johansson et al. (2006)

Semiwet + wet (∼bog) −73 19.1 −53.9 Autochamber Johansson et al. (2006)

Tall graminoid (∼fen) −97.4 33 −64.4 Autochamber Johansson et al. (2006)

Palsa 29.7 (9a) 0.5 (5a) 30.2 (11a) Autochamber Bäckstrand et al. (2010)

Sphagnum-site (~bog) −35.3 (3a) 6.2 (1a) −29.1 (4a) Autochamber Bäckstrand et al. (2010)

Eriophorum-site (~fen) −34.9 (4a) 31.8 (1a) −3.1 (5a) Autochamber Bäckstrand et al. (2010)

Fen −66.3 (3b) 21.2 (1.3b) −45.1 Eddy covariance Jammett et al. (2017)

83% fen −66 (−95 to −20) 20 (18–22) −46 (−73–0) Eddy covariance Christensen et al. (2012)

57% hummock (∼palsa), 43% semiwet (∼bog) −46 (−56–−33) Eddy covariance Olefeldt et al. (2012)

Note. Numbers in parentheses are ranges.
aCoefficient of variation. bStandard deviation.

Table 3 
Compilation of Literature Values for C Uptake and Emission at Stordalen Mire
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another location in Stordalen Mire, Sim et al. (2021) report low carbon accumulation rates (<10 g C m−2 y−1) for 
a palsa core and ∼10–50 g C m−2 y−1 for a bog core prior to 300–400 BP. In our data, carbon accumulation was 
higher across the mire during the last ∼150 years relative to the centuries and millennia prior (Figures 6 and 9). 
This was also the case for the bog core (aCAR > 100 g C m−2 y−1) analyzed by Sim et al. (2021), while their palsa 
core had aCAR ∼60 g C m−2 y−1 for a few hundred years before dropping to lower rates recently. aCAR rose fur-
ther in the last 25 years, in the bog and palsa, but this rise is not observed in the fen. These apparent increases in 
recent rates must be viewed with caution as discussed by Young et al. (2019), who noted that surface peat layers 
may be offset with regard to the timing between organic matter production and decomposition. That is, surface 
layers can still have fresh organic matter inputs from roots and have had less time to lose organic matter through 
decomposition, while deeper layers below the depth of excess 210Pb are dominated by continuing decomposition.

Recent aCAR (post 1990) was higher than indicated by autochamber NCB (except at the fen) (Figure 9). The 
discrepancy between NCB and recent aCAR may be explained because NCB captures C flux from the entire peat 
column and recent aCAR is the C accumulation only in the upper 20–30 cm. If the accumulated NCB could be 
integrated over the whole peat core and aCAR of the entire core (to the lowest layer of peat) could be accurately 
estimated using the basal 14C date, for example, these measures should be equal, but over shorter time scales 
NCB and aCAR can differ (Frolking et al., 2014; Young et al., 2019). We expect the largest component of the 
flux measured by the chambers to originate near the surface, and that flux is highly influenced by local weather 
conditions. Decomposition occurs mainly in the acrotelm (the surface peat layer with a fluctuating water table, 
experiencing occasional to frequent oxic conditions, and living plant roots), but also proceeds in the catotelm 
(deeper peat that is perennially saturated and generally anoxic), albeit more slowly (Clymo, 1984). Incubation of 
peat from Stordalen Mire shows that CO2 production occurs in incubated fen and bog peat from at least as deep as 
25–35 cm depth and likely below that depth (Wilson et al., 2019; Wilson, Zayed, et al., 2021). If decomposition 
is happening deep in the peat profile at the same time that there is high productivity at the top of the peat, the net 
CO2 flux that the chambers record would be lower than the accumulation rate estimated by recent aCAR, which 
measures accumulation near the surface and misses the decomposition of material below. In this case, the high 
CO2 influx into surface peat could be offset by the CO2 being emitted below, causing lower CO2 fluxes measured 
by chambers as compared to 210Pb accumulation rate (e.g., Heffernan et al., 2020; Jones et al., 2013; O'Donnell 
et al., 2012; Young et al., 2019). Wilson et al. (2017) also found higher C accumulation rates in peat measured by 
210Pb compared to chamber fluxes in Alberta, Canada.

Time scales between surface carbon uptake and subsequent respiration of that carbon may be more depth depend-
ent in the bog than in the fen. The differences between recent aCAR and NCB in both the bog and palsa relative 
to the fen (Figure 9) may be attributed to Sphagnum and shrub litter recalcitrance (Verhoeven & Liefveld, 1997). 
Although tall graminoids (i.e., Eriophorum spp.), which are the dominant vegetation in the fen, have a higher 

Figure 9. Apparent carbon accumulation (aCAR) across the thaw gradient measured at four timescales. Chamber net carbon 
gas balance (NCB) from 2012 to 2018 is represented by open bars. Recent (1990 to 2011–2016), multi-decadal (1850–1990), 
and millennial (200–4,500 years) aCARs are plotted as negative values to be comparable with NCB. Error bars are standard 
deviation. Palsa aCAR includes collapsed palsa.
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initial C sequestration rate than sphagnum hummocks and shrubs (Figures 2 and 3), the graminoid litter is more 
degradable (Hodgkins et al., 2014). Hodgkins et al. (2016) reported that peat and dissolved organic matter be-
came more labile across the thaw gradient in Stordalen Mire, based on peat humification indices. More evidence 
comes from Fourier transform infrared (FT-IR) results, which show that organic matter in fen peat decomposes 
sooner after deposition than in the bog (R. Wilson, personal communication, 2021). Similarly, three-fold higher 
carbon litter input to graminoid sites (fen) relative to a moss hummock (bog) have been reported (Malmer & 
Wallén, 1996; Malmer et al., 2005). But 14C-labeling showed that when decomposition was considered, input to 
the catotelm in fens was only −9 g C m−2 y−1 compared with moss hummocks, semiwet, and wet sites (−22 to 
−26 g C m−2 y−1), which we take to be equivalent to bogs (Malmer et al., 2005). Thus, the time (and depth) be-
tween surface layer fixation and subsequent respiration of that carbon appears less pronounced in the fen, where 
the organic matter reactivity is apparently greater and decomposes on a faster time scale. Export of DOC, which 
occurs at a higher rate in fens at Stordalen than bog or palsa peat (Olefeldt & Roulet, 2012), may contribute to 
reduced aCAR at the fen. Olefeldt and Roulet (2012) found that two to three times more DOC was exported from 
fen habitats than from bog and palsa, but the amount lost was 6.8 g C m−2 y−1, which is about 7% of fen NCB.

The Δ14C in deep collapsed palsa DIC, representing the products of microbial respiration and production of both 
CO2 and CH4 (Chanton et al., 2008), is depleted in 14C. The palsa peat is also 14C-depleted, pointing to decompo-
sition of the deep peat as the source of the DIC (Figure 8). This pattern indicates that some portion of the deeper 
palsa peat is labile and decomposable. In the palsa, the active layer is deeper than the penetration by 210Pb, and 
inevitably, decomposition is occurring below the 210Pb profile. In the bog, we only have Δ14C measurements in 
DIC from above 50 cm depth, so it is unknown whether respiration of deep, old C is occurring below that depth. 
The Δ14C of DIC was enriched in fen samples relative to DIC in collapsed palsa, indicating the respiration of 
recently fixed C dominated microbial respiration in the fen system, which has high surface and root primary 
production. In the fully thawed fen habitat, Δ14C-enriched respiration products (DIC) penetrated the subsurface 
to depths of 80 cm (Figure 8), consistent with deep roots of sedges (Saarinen, 1996). The DIC in neither the bog 
nor fen cores reflected 50+ year old bomb carbon but was always consistent with more recent surface production. 
Because microbial respiration in the surface of these wetlands was dominated by the input of modern substrates, 
so too would be the CH4 emitted from these sites (Chanton et al., 2008).

The extent of decomposition of catotelm peat underlying the acrotelm has been the subject of a number of in-
vestigations, but a clear pattern has not emerged. Ratcliffe et al. (2018) investigated a blanket bog in Scotland 
and found that net ecosystem exchange as measured by eddy covariance was six times greater than LORCA of 
C measured by 14C dating. Ratcliffe et al. (2018) point out that long-term accumulation depends on the transfer 
of organics from the acrotelm to the catotelm, the rate of which is variable and dependent on a number of factors 
including litter quality and turnover, and water table position. Ratcliffe et al. (2018) note that inclusion of the 
acrotelm peat in estimates of long-term accumulation may cause overestimate of accumulation as the younger 
surface peats have undergone less decomposition. Pelletier et al. (2017) argued that long-term accumulation at 
silvic peat plateaus was similar to adjacent permafrost thaw areas because higher deep peat degradation rates 
in thawed areas compensated for increased surface carbon uptake that occurred upon thaw, inundation, and the 
transformation of the permafrost plateau to a wetland bog. Long-term accumulation was similar in the plateau 
(17.7 g C m−2 y−1) and the bog (20.6 g C m−2 y−1). O'Donnell et al. (2012) made a series of measurements along a 
chronosequence in Alaska. They found that about 50% more carbon was stored in permafrost plateaus relative to 
bogs resulting from thaw. They also observed a temporal offset between carbon accumulation and decomposition. 
Initially upon thaw, they noted rapid accumulation in near-surface bog peat, which was eventually balanced by 
increased decomposition of thawed silvic peat in the deeper layers.

In addition to the temporal differences between surface peat production and deep decomposition, the higher 
aCAR observed in recent years in Stordalen Mire may partly reflect enhanced productivity brought on by ris-
ing temperatures or by increased precipitation in the 1980’s (Kokfelt et al., 2009). Mean annual temperatures 
increased 2.5°C from years 1913 to 2006 (Callaghan et al., 2010). Increasing temperatures and longer growing 
seasons result in greater rates of peat accumulation (Ratcliffe et al., 2018), as evidenced by the rapid expansion of 
peatlands during the early Holocene warm period (Yu, 2012; Yu et al., 2009). The response of permafrost systems 
to warming is more complex than the hypothesized large release of carbon (Bouskill et al., 2020; MacDougall 
et al., 2012; Riley et al., 2021). As discussed by Treat and Frolking (2013), the height of the water table following 
thaw is a large determinant in the fate of thawed organic matter. In systems that become inundated following 
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thaw, ecosystem productivity increases by as much as a factor of 2–5 (Camill, 1999; Camill et al., 2001; Jones 
et al., 2013), but this increased surface carbon sequestration may be balanced by increased respiration of deeper 
previously frozen material (Jones et al., 2013). Jones et al. (2017) found that upon thaw, C loss of the permafrost 
peat was about 30% of the initial C stock and that loss of carbon was directly proportional to the pre-thaw C stock. 
Permafrost areas were net C sources to the atmosphere for a decade following thaw before they returned to net 
C sinks. The quantity of respiration balancing surface ecosystem production is dependent upon the amount of 
carbon decomposing, and how reactive it is (Jones et al., 2017; O'Donnell et al., 2012). The reactivity of buried 
organic matter is partially determined by the extent to which it is inundated (Lee et al., 2012).

We found minimal contribution of thawed aged peat to soil respiration, regardless of whether the thaw had oc-
curred decades or centuries before. This agrees with findings of Heffernan et al. (2020), who reported no long-
term impact of permafrost thaw on carbon inventories in a permafrost peatland in western Canada. Increased 
carbon deposition following thaw was offset by losses of thawed permafrost. Elberling et al.  (2013) reported 
little loss of carbon stocks with thawing over a 12-year period in water saturated peat. Estop-Aragones, Cooper, 
et al.  (2018) and Estop-Aragones, Czimczik, et al.  (2018) measured the radiocarbon content of both peat and 
respired CO2 in the western Canada discontinuous permafrost zone. With the exception of recent permafrost col-
lapse features, we find that respiration products are dominated by modern production. Estop-Aragones, Cooper, 
et al. (2018) and Estop-Aragones, Czimczik, et al. (2018) suggested that the greater carbon uptake associated 
with thaw and the preservation of deeper material under anoxic waterlogged conditions would offset the increased 
CH4 emissions accompanying inundation. Cooper et al. (2017) reported similar findings, that aged carbon was 
not contributing significantly to soil respiration, but that increased CH4 emissions would dilute the effectiveness 
of the stronger CO2 sink that resulted when peat plateaus thawed and became inundated and anaerobic. This 
finding echoes that of Turetsky et al. (2007) and is in agreement with our work, that is, that the loss of surface 
permafrost in our peatland increased net carbon storage and increased CH4 emissions that offset this enhanced 
peatland carbon sink.

5. Conclusions
The trajectory of permafrost landscape change due to thaw (i.e., palsa to bog to fen) and the timing of that change 
(i.e., abrupt collapse and inundation vs. gradual hydrologic and subsequent vegetation transition) are difficult to 
predict and depend on many underlying ecosystem traits. Our results indicate that Stordalen Mire's recent land-
scape change, with an increase in thawing permafrost causing increased water inundation and habitat transition, 
results in the system becoming a stronger C sink based upon recent NCB. Across the wetland gradient, increased 
methane emission accompanying the stronger carbon sink will result in an increased global warming potential of 
the mire complex with respect to atmospheric forcing. We found minimal contribution of thawed aged peat to soil 
respiration indicating that methane emissions from this landscape are dominated by modern carbon.
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