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Permafrost thaw increases active layer thickness, changes landscape hydrology and influences
vegetation species composition. These changes alter belowground microbial and geochemical
processes, affecting production, consumption and net emission rates of climate forcing trace
gases. Net carbon dioxide (CO;) and methane (CHy) fluxes determine the radiative forcing
contribution from these climate-sensitive ecosystems. Permafrost peatlands may be a mosaic of
dry frozen hummocks, semi-thawed or perched sphagnum dominated areas, wet permafrost-
free sedge dominated sites and open water ponds. We revisited estimates of climate forcing
made for 1970 and 2000 for Stordalen Mire in northern Sweden and found the trend of
increasing forcing continued into 2014. The Mire continued to transition from dry permafrost to
sedge and open water areas, increasing by 100% and 35%, respectively, over the 45-year period,
causing the net radiative forcing of Stordalen Mire to shift from negative to positive. This trend
is driven by transitioning vegetation community composition, improved estimates of annual
CO;, and CHy4 exchange and a 22% increase in the IPCC’s 100-year global warming potential
(GWP_100) value for CHy. These results indicate that discontinuous permafrost ecosystems,
while still remaining a net overall sink of C, can become a positive feedback to climate change
on decadal timescales.

This article is part of a discussion meeting issue ‘Rising methane: is warming feeding
warming? (part 2)".

1. Introduction

Accelerated climate warming in the Arctic has led to permafrost thaw which results in a deeper
active layer, changes in soil moisture and hydrology and subsequent vegetation community shifts
[1-3]. These changes alter the rates of production, consumption and net emission of radiatively
important trace gases like carbon dioxide (CO;) and methane (CHy): both gases play important
roles in the radiative balance and atmospheric warming. The net uptake or release of these gases
from thawing ecosystems determine the feedback to climatological response of these vulnerable
landscapes [4-6]. Quantifying landcover transition during thaw is essential to determining the
balance of trace gas emissions of these climate-sensitive landscapes [7,8].

Permafrost peatlands are a mosaic of frozen hummocks or palsas, semi-thawed sphagnum
dominated areas or bogs, fully thawed sedge dominated areas or fens and often small open water
ponds formed through the collapse of permafrost [1,9]. Monitoring changes in these sub-habitats
is critical to partitioning and quantifying the climate forcing fluxes from this region. Landcover
classification has traditionally been determined using plot-based species cover observations and
identifying plant functional groups. This requires multiple plot locations across a landscape to
determine dominant landcover types. To aid in the scaling of plot-based measurements, a growing
number of studies use images collected from manned and unmanned aerial systems (UASs) that
provide information on the scale of centimetres [10-12] and at lower resolution, satellite remote
sensing (less than 30m) [13,14].

To determine the net exchange of CO, or CHy from different landcover types, researchers
use eddy covariance techniques which result in integrated landscape-scale fluxes. Chamber
measurements, automated or manual, can help to partition these fluxes to plant community types
at metre square scales [15-17]. For open water surfaces too small for eddy covariance techniques,
like those often found in thawing environments, estimates of the rate of hydrodynamic advection
of trace gases are measured directly using floating chambers [18,19] or by estimating fluxes
using dissolved concentration measurements in combination with transfer coefficients [20,21].
Ebullition or bubbling, another potentially dominant transport pathway of CHy emission from
ponds, is measured using bubble traps distributed across the water surface [22,23].

Estimating the climate forcing from trace gas emissions is an important component of the
total radiative forcing of an ecosystem. Net radiative forcing can be estimated using landcover
classification along with gas exchange rates and global warming potential values derived using
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laboratory and modelling techniques [24]. Long-term evaluation of climate forcing over the
Holocene indicates that peatland formation has had a cooling impact on our climate due to the
high rates of CO; fixation overwhelming the warming impact of CHy emissions [25,26]. Using this
approach is critical for understanding the climate feedbacks of thawing permafrost regions which
over time have the potential to exchange large amounts of both CO, and CHy with the atmosphere
and with current rates of thawing shift these ecosystems from net cooling to net warming [27].

High latitude landscapes that store large quantities of carbon are experiencing change due to
permafrost thaw. Quantifying changes in landcover in addition to applying accurate estimates of
trace gas exchange across landcover classes is the only way to predict the impact of the changing
Arctic temperatures on our future climate. Here, we present an updated vegetation composition
dataset and an improved estimate of annual CO; and CHjy exchange rates to present a time
series of trace gas radiative forcing for the Stordalen Mire, a permafrost peatland located in the
discontinuous permafrost zone of Northern Sweden.

2. Methods

(a) Site location

Stordalen Mire (68°21' N 18°49" E) is located in northernmost Sweden at the edge of the
discontinuous permafrost zone (figure 1). Research at this site has been ongoing since the early
1900s and monitoring efforts include measurement of meteorological parameters as well as
carbon and radiative balance specifically over the last half century [29]. Permafrost in the region
has been thawing in the past few decades [30]. This permafrost peatland is located at the edge of
Lake Tornetrask and is surrounded by small, shallow post-glacial lakes. The peatland is composed
of elevated drained palsa areas underlain by ice-rich permafrost, ombrotrophic wet sphagnum
dominated areas (bogs), permafrost-free sedge dominated sites (fens) and open water ponds
both persistent and formed through permafrost thaw. Landcover classification at Stordalen Mire
was determined using plot-based techniques [31] and vegetation maps were constructed using
these classifications along with plot-based data and aerial photos for 1970 and 2000 [1,32,33]
(electronic supplementary material, table S1). Radiative forcing estimates using these landcover
classifications and autochamber and eddy covariance trace gas fluxes were previously reported
for 1970 and 2000 [32].

(b) Vegetation species composition

Using an artificial neural network (ANN) and UAS imagery collected at Stordalen Mire in 2014,
a previous study developed a landcover map focused on vegetation cover types representing
permafrost thaw stages [11]. As part of that study, vegetation plots were geolocated and landcover
classes were recorded. We developed a new ANN that used these field plots and high-resolution
optical satellite imagery (WorldView-2 (WV-2)) to expand the domain of the vegetation cover
type to the larger Stordalen Mire area. WV-2 imagery from 8 August 2014 was orthorectified and
used in our expanded analysis. All eight spectral bands available in the WV-2 imagery (spatial
resolution 2m) were used in the ANN. Our ANN approach was similar to that used by Palace
et al. [11]. We split the data into model training and validation datasets using a method called
k-fold holdback, which splits the data into a specific number of groups which in our case was
five. Our ANN used five nodes that used tanH to connect input data to classified output. We
ran the ANN with 100 tours. An overfitting parameter was also used to make sure the model was
flexible when applied outside the training dataset. The ANN has a generalized 72 value of 0.98 and
a misclassification rate of 0.4%. We focused on the area in the polygon identified in Christensen
et al. [1] (outlined in black; figure 1) as the permafrost palsa area at Stordalen Mire. We did this
so a direct comparison with climate forcing in the Johansson et al. [32] paper could be conducted.
We digitized the polygon from the Johansson et al. [32] paper and georeferenced it to our new
ANN classification. We used the same classification as in Palace et al. [11] which was based on
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Figure 1. (a) Our study site was Stordalen Mire located in northern Sweden. (b) Vegetation map overlayed on a WV-2 satellite
image from 2014 [11]. The rectangle represents the unpersoned aerial system (UAS) training area for the 2014 vegetation analysis.
The training area was then applied to the Palsa Mire area (outlined polygon) which represents the area from the Christensen
etal. [1] and Malmer et al. [28] comparison datasets. (Online version in colour.)

Sonesson & Kvillner [31] and then used by Malmer et al. [28]. Non-vegetation cover types (rock
and man-made surfaces) were included in the classification. The classification was reduced to
Open Water, Palsa (tall shrub and hummock), Bog (semi-wet and wet) and Fen (tall graminoid)
to allow for comparison with previously published cover types sampled for trace gas emissions.

(c) Radiative forcing calculations

To determine the trace gas radiative forcing for Stordalen Mire, we compiled an updated trace
gas flux dataset representing major landcover classes present at the site (table 1). The trace gas
exchange rates for terrestrial sites (palsa, bog and fen) are from annual estimates derived from
autochamber measurements [34]. The open water CHy emissions were from reported ebullitive
measurements using bubble traps [22] and floating chambers [35]. Open water emissions for CO,
were estimated from dissolved CO, measurements [36] (pCO;). Average estimates of annual trace
gas exchange for both CH4 and CO; were then applied to the local landcover area for all categories
for 1970, 2000 and 2014 (electronic supplementary material, table S1). We also calculated the net
ecosystem carbon balance (NECB) for each landcover type and for the mire area as a whole.

To determine the trace gas radiative forcing for Stordalen Mire, we used the 100-year GWP
value for CHy of 28 (without CHy carbon cycle feedbacks) from the IPCC AR5 [24]. First taking
annual CHy flux as Mg CHym~2 (Mg =megagrams) then multiplying it by 28 to give Mg
CO2-equiv m—2 equivalents from CHy emissions. To determine the net radiative forcing for the
Mire, the CO; equivalents from CH4 were added to the CO, equivalents from CO, emission
estimates.

We applied rates of annual emissions as COz-equiv to landcover maps for Stordalen Mire (black
outlined area in figure 1) for 1970, 2000 and 2014 for CHy, CO; and the net radiative forcing. To
develop the 1970 and 2000 maps of net emissions and radiative forcing, we digitized landcover
maps from Malmer et al. [28]. These were cropped and georeferenced using 10 points and a nearest
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Table 1. Compilation of fluxes and methods for previous and current climate forcing estimates for Stordalen Mire, Sweden.

flux rates and measurement methods®

trace gas (H, s.d. 0,
landcover class site type (@Cm=2d7") (gCm~2d™") methods
hummock palsa 0.002 0.0013 —0.083 0.0523 (0, and CHy4
autochambers?

open water pond 0.10 0.0028 0.93 0.1270 (CH,: ebullition
traps?, floating
chambers*

(0,: pC0, from
water samples

2Holmes et al. [34].

bBurke et al. [22].

Kuhn et al. [35].

4Jansen et al. [36].

€(alculated daily rates using published annual emission rates except for open water gas emission for pC0, [36] and CHj ebullition [22].

neighbour, with a polynomial 1 setting in QGIS [37]. We then imported these images into Google
Earth Engine. Using the legend in the original image from Malmer et al. [28] for training data
for each cover class and an additional background class, we classified the image using a support
vector machine algorithm. Images were then exported and imported into QGIS, where cover types
were reclassified based on emission rates. Contributions to radiative forcing from nitrous oxide
(N20) were not considered in this analysis in part because there are no published data that suggest
emissions of N>O occur at Stordalen Mire and we expect that NoO fluxes from this landscape are
low due to reduced conditions [38].

3. Results

(a) Change in landcover area at Stordalen Mire

Area estimates for major landcover classifications for 2014 compared to those reported for 1970
and 2000 [1,32] indicate that at Stordalen Mire inundated area has increased and permafrost
area decreased over the past 45 years (figure 2 and electronic supplementary material, table S1).
Specifically, permafrost Palsa area has decreased by 11% (a loss of 1.0 ha), while sedge dominated
Fens and Open Water ponds have increased by 100% (an increase of 1.3 ha) and 35% (an increase of
0.06 ha), respectively. The rate of change was not consistent across landcover categories (electronic
supplementary material, table S1), with nearly linear decreases in Palsa area and increases in Fen
and Open Water area over time (figure 2; electronic supplementary material, table S1) compared
to an initial increase (1970-2000) followed by a much larger decrease (1970-2000) in Bog cover.
The rate of landcover change was similar for Palsa as was gained for Fen, with a 0.02hayr~!
decrease and 0.03 hayr~! increase, respectively.

(b) Trace gas emissions and radiative forcing of Stordalen Mire

Our updated CH4 and CO; emission inventory uses annually estimated exchange rates, unlike
emissions used in the previous climate forcing estimates for Stordalen Mire, which used only
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Figure 2. Landcover area (ha) for the Stordalen Mire (black outlined area in figure 1) for 1970, 2000 and 2014 (this study).
Landcover specific areas for 1970 and 2000 are from Christensen et al. [1]. Numbers indicate the overall per cent change of each
landcover class between 1970 and 2014 with negative values indicating a loss in landcover area and positive values indicating
an increase in landcover area. (Online version in colour.)
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Figure 3. Fluxes of carbon by landcover types for (a) C0; (gCm=2d~") and (b) CH, (gCm—2 d~") at Stordalen Mire. Positive
values represent net emission from the land surface and negative values represent net uptake by the land surface. Previous
study fluxes are from Christensen et al. [1] and Johansson et al. [32]. See electronic supplementary material, table S2 for values.
(Online version in colour.)

growing season values for trace gas exchange (table 1 and figure 3). When compared to growing
season estimates, the annual numbers reported as daily rates (in gCm~2d~!) are lower for
CHy emissions from both Fen and Bog landcover classes, likely because non-growing season
emissions are lower due to small production rates in the ice-covered season. In all other cases
(for CO; and for CHy from Palsa and Open Water landcover classes) the emission rates we used
to estimate annual C exchange and GWP_100 are higher than those used in Johansson et al. [32]
and Ramaswamy et al. [39]. Our data represent measurements that were taken in the Stordalen
Mire area and use improved measurement techniques applied over the full year or during the full
ice-free season for open water areas [22,35,36] (table 1). At Palsa sites, CH4 emissions turned from
a small negative sink to a slight positive source based on autochamber measurements. Conversely,
the Palsa area measurements indicate that they are a larger sink of C with a higher annual uptake
rate of CO,.
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Figure 4. Annual CH, and (0, exchange and net ecosystem carbon balance (kg Cyr—) and radiative forcing (GWP_100 in kg
(0p-equiv yr‘1) of Stordalen Mire, Sweden for 1970, 2000 and 2014.

Calculation of the annual exchange of CHy, CO, and the neNECB for Stordalen Mire indicates
that the mire remained a net sink of C showing very little variability over the 1970-2014 time
period (figure 4). Mire-wide CHy emissions, however, increased steadily over the 45-year period
from 537 to 761kg C yr—!. Carbon dioxide exchange showed an increase from 1970 to 2000 and
again in 2014 although the increase was smaller than that of the previous time frame (—5600,
—6300 and —6300kg C yr—!). The NECB has a similar pattern to the CO,, varying between 5000,
5600 and 5600 kg C yr—! from 1970, 2000 and 2014, respectively.

While the mire continues to be a net C sink of almost 5600kgCyr—' over the 45-
year period, the net radiative forcing for Stordalen Mire has gone from slightly negative
(=330kg CO2-equiv yrfl) to highly positive in 2000 (+2500 kg CO2-equiv yrfl) and increased
again in 2014 (5100 kg COz-equiv yr‘l) (figure 4). The rate of increase in the GWP_100 was
0.09 kgCO2-equiv yr~1yr~! from 1970 to 2000 and has doubled to 0.18 kg CO2-equiv yr~tyr~! from
2000 to 2014.

Mapping emissions and net radiative forcing for the mire delineated area over the 1970, 2000
and 2014 time periods reveals a spatial pattern in landcover change not discernible when looking
at the bulk change in landcover classes alone (figure 5). Landcover change has occurred most
dramatically along the south-central portion of the mire delineated region showing the increases
in fen dominated landcover which based on emissions estimates also shows increased CHy
emissions and CO, uptake and higher net radiative forcing in this region of the mire.

4. Discussion

(a) Stordalen Mire is getting wetter

As warming accelerates in the Arctic, permafrost peatlands, especially those located in the
discontinuous and sporadic permafrost zones, are thawing, resulting in increasing active
layer thickness and soil moisture. This thaw in turn leads to transitions in plant community
composition from low productivity short stature shrubs and lichens that require drier, colder
environments to more productive water tolerant mosses and sedge dominated ecosystems [3,32].
Our analysis of landcover change at Stordalen Mire from 1970 to 2014 indicates that this region
is continuing the trend of transitioning from dry, permafrost dominated Palsa areas to wetter,
more sedge dominated fens at rates which we can observe on decadal time scales, consistent with
previous trends observed at this site and over similar time frames across the Arctic [1,3].
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Figure 5. Time series of landcover, CH,, (0, and net radiative forcing represented as g (0;-equiv m~2yr~" at Stordalen Mire, a
permafrost peatland in northern Sweden for 1970, 2000 and 2014. See black outline in figure 1for location. (Online version in
colour.)

The rate of landcover transition over this period is also changing. We estimate an 84% increase
in the rate of expansion of graminoid-dominated sites (Fen) when comparing the 1970-2000
(0.023 ha yrfl) and 2000-2014 (0.043 ha yrfl) time periods. The decrease in Palsa areas is, however,
slowing down with a loss of 11% of its area over the 45-year period and a decrease in the loss rate
during the most recent time period (2000-2014). While Bog area increased from the 1970-2000
period, there was an overall loss of 11% of Bog area for the full 45-year period. The decrease
in Palsa and Bog dominated sites and increase in Fen and Open Water landcover types are likely
due to increases in soil moisture from thaw in areas of the mire that are more hydrologically active
[40] which encourages the establishment of sedge species that emit higher rates of CHy and are
more productive [41]. These changes in landcover, as well as the rates of transition, are important
parameters that should be incorporated to predictive models if we are able to adequately assess
the feedbacks to climate from permafrost peatlands [42].
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(b) Stordalen Mire Cbalance

Permafrost peatlands have remained a C sink for many thousands of years [43,44], however,
amplified Arctic warming could reverse this trend. Recent model predictions using global
warming stabilization scenarios for northern peatlands project these ecosystems will turn from
the current C sink to a temporary C source as permafrost-affected peatlands thaw (on the order of
25-75 years) [27]. The net carbon balance of the Stordalen Mire over the past 45 years has remained
negative (C sink) even though CHy4 emissions are increasing (figure 4). Our findings diverge from
current permafrost peatland model predictions indicating that during active thermokarsting (or
permafrost collapse as observed at Stordalen Mire), these systems are a net C source [27]. The
inconsistencies between model predictions and field observations could be due to the increasing
rates of transition of landcover from permafrost to higher productivity landcover types (Fen) [42]
as well as local environmental variables that affect the presence or absence of permafrost: changes
in snow cover, topography, hydrology and soil type [45] that can not be adequately accounted for
in large scale simulations.

Even though Stordalen Mire remains a strong net C sink, storing 3x the amount of C as CO,
than it emits as CHy, as the landscape shifts to larger areas of open water and fen, net CHy
emissions are increasing (figure 4). Open water areas, in particular small lakes and ponds, are
a large source of CHy to the atmosphere [46,47]. Post-glacial lakes and small ponds at Stordalen
Mire emit significant amounts of CHy [22,23,35]. Including CH4 emissions from open water ponds
into the NCB for Stordalen Mire resulted in a shift from a strong to a weak C sink [35]. Graminoid
species characteristic of fen sites at Stordalen Mire are responsible for the northern peatlands
CHy source due to the ability of these plants to transport of CHy through aerenchyma, effectively
bypassing oxidation [48,49]. Increasing the area of fen landcover will increase CHy emissions in
northern peatlands and in permafrost peatlands especially [50-52].

(c) Stordalen Mire is serving as a positive feedback to climate change

In 1970, the net radiative forcing of Stordalen Mire was negative (net cooling) but by 2000 it
became strongly positive. The trend continued with higher positive net radiative forcing in 2014,
doubling over this 15-year period. The rate of change in the radiative forcing between the first
30 years and the last 15 years increased by 85%. This shift from weakly negative to strongly
positive was driven by the increasing areas of Open Water and Fen landcover classes. Open
water areas formed through permafrost collapse or thermokarst are predicted to increase with
climate warming [53]. This collapse can allow for open water ponds to form then potentially
transition to sedge dominated sites increasing CH4 emissions from these landscapes [22]. In some
areas, however, thermokarst can lead to drainage [54] which could reverse net radiative forcing
by replacing the water body with drained, oxygenated peat likely becoming a CO; source and
reducing CHy emissions [55].

Previous climate forcing estimates for the Stordalen Mire showed that this landscape had
positive climate forcing during the growing seasons for the 1970 and 2000 time periods [32].
The discrepancy between these previous estimates and our study is partly due to our use of
updated trace gas exchange rates that are based mostly on measurements taken all year long
(table 1 and figure 3). Johansson et al. [32] reported the best available data that was based on
growing season measurements likely exaggerating the impact of CHy emissions. Additionally, our
estimates are using the CHy GWP_100 of 28 which has since been increased from 23 between IPCC
AR4 and AR5 [24]. This change was due to new estimates of the atmospheric lifetimes, impulse
response functions and radiative efficiencies for both CO; and CHy, as well as the indirect effects
factor used for CHy [24,56]. Since all of these factors depend on atmospheric concentrations,
ongoing increases in the atmospheric burdens of CO; and CHy can be expected to cause future
changes in CHy climate forcing impact and GWP values, likely increasing the radiative forcing
of thawing permafrost landscapes like Stordalen Mire. A new, higher GWP_100 value for CHy,
32 +14%, has been published [57]; the IPCC AR5 value used here is at the lower end of that
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uncertainty range. Using this GWP_100 of 32 does not affect the trend in radiative forcing over
time but does significantly increase the net radiative forcing of Stordalen Mire (in 2014 it goes
from 5100 kg COs-equiv yr! to 9200 kg COs-equiv yr~1) highlighting the importance of differences
in CHy fluxes in the mire’s net radiative forcing.

Radiative forcing of peatlands across the Holocene indicates that due to net C accumulation,
they have had a cooling impact on the atmosphere for the last 11 000 years [25,26]. As permafrost
peatlands thaw, this cooling trend could change at least until ecosystems equilibrate to a new
steady state [27], however, this is likely to occur heterogeneously across Arctic landscapes [26]. At
Stordalen Mire, relatively small changes in per cent cover of highly productive sedges had a large
impact on the net radiative forcing. Schaefer et al. [50] estimated that CH4 emissions resulting
from permafrost thaw will contribute to no more than 16% of the warming, while other estimates
are more than double that [51]. Capturing the trend in radiative forcing and then predicting it into
the future requires year-round measurement of trace gas exchange and monitoring of small scale
landcover change that captures the impact of thawing on hydrology and vegetation community
composition.

5. Conclusion

Using observations from 1970 to 2014, we have shown that Stordalen Mire, a thawing permafrost
peatland in northern Sweden, has behaved as a carbon sink over this time period, providing a
valuable ecosystem service, however, the net trace gas radiative balance has gone from slightly
negative to highly positive over this 45-year period due to change in landcover from Palsa and
Bog dominated areas to Fen and Open Water. These results indicate that changes in actively
thawing permafrost ecosystems can be observed on decadal timescales and that these ecosystems
are acting as a positive feedback to climate change. It is becoming ever more important to
monitor this change in these climate-vulnerable regions in an effort to determine the state of these
ecosystems and to understand the response as the Arctic continues to experience unprecedented
warming.

Data accessibility. All data used in this study are available at https://isogenie-db.asc.ohio-state.edu/.

Authors” contributions. R.K.V. developed the research focus, synthesized and analysed data and drafted the
manuscript. S.F. provided expertise in radiative forcing calculations. M.W.P. collected and analysed UAS data
and produced maps. PM.C,, ].P.C. and M.E.H. provided autochamber data. S.A.B. provided pond ebullition
data. All authors commented on and improved the manuscript.

Competing interests. We declare we have no competing interests.

Funding. Please list the source of funding for each author. RK.V., MW.P,, S.A.B.,, PM.C.—The Northern
Ecosystems Research for Undergraduates programme (NERU; National Science Foundation REU site EAR-
1063037), MacroSystems Biology grant (NSF EF no. 1241037), NASA Interdisciplinary Science grant (NASA
no. NNX17AK10G). SE—US National Science Foundation DEB-1802825. RK.V,, S.F, S.S.,, PM.C., M.C,,
J.P.C., M.E.H.—US Department of Energy grants (DESC0004632, DE-SC0010580 and DE-SC0016440). PM.C.—
Swedish Research Council (VR) (2007-4547 and 2013-5562). R.K.V.—Swedish Research Council (VR) 2019-
05764.RK.V,,S.E,S.S., PM.C.,, M\W.P, S.A.B., CK.M.C., ].P.C.—US National Science Foundation DBI-2022070.
Acknowledgements. We would like to acknowledge the following funding in support of this project. Thanks
to staff at ANS for providing housing, equipment and laboratory space. Thanks to Niklas Rakos for
his support of the autochamber system and NERU students: Kellen McArthur and Jessica DelGreco, for
assistance in sample collection and analysis and geolocating vegetation plots. We also thank Christina Herrick
for purchasing and orthorectifying the WorldView-2 imagery. The IsoGenie Project Coordinators (those
coordinating the IsoGenie Project during the period when this research was primarily accomplished) are:
S.R. Saleska, V. I. Rich, P. M. Crill, J. P. Chanton, G. W. Tyson, R. K. Varner, M. Tfaily, M. Sullivan, S. Frolking,
C.Li

G o i s


https://isogenie-db.asc.ohio-state.edu/

Downloaded from https://royalsocietypublishing.org/ on 08 May 2022

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Christensen TR, Johansson T, Akerman HJ, Mastepanov M, Malmer N, Friborg T, Crill
PM, Svensson BH. 2004 Thawing sub-arctic permafrost: effects on vegetation and methane
emissions. Geophys. Res. Lett. 31, L04501. (doi:10.1029/2003GL018680)

. Overland J et al. 2019 The urgency of Arctic change. Polar Sci. 21, 6-13. (doi:10.1016/j.polar.

2018.11.008)

. Payette S, Delwaide A, Caccianiga M, Beauchemin M. 2004 Accelerated thawing of

subarctic peatland permafrost over the last 50 years. Geophys. Res. Lett. 31, L18208.
(doi:10.1029/2004GL020358)

. Johnston CE, Ewing SA, Harden JW, Varner RK, Wickland KP, Koch JC, Fuller CC, Manies

K, Jorgenson MT. 2014 Effect of permafrost thaw on CO; and CHy exchange in a western
Alaska peatland chronosequence. Environ. Res. Lett. 9, 085004. (d0i:10.1088/1748-9326/9/8/
085004)

. O'Donnell JA, Jorgenson MT, Harden JW, McGuire AD, Kanevskiy MZ, Wickland KP. 2012

The effects of permafrost thaw on soil hydrologic, thermal, and carbon dynamics in an
Alaskan peatland. Ecosystems 15, 213-229. (d0i:10.1007 /s10021-011-9504-0)

. Whiting GJ, Chanton JP. 2001 Greenhouse carbon balance of wetlands: methane emission

versus carbon sequestration: Greenhouse carbon balance of wetlands. Tellus B 53, 521-528.
(doi:10.1034/j.1600-0889.2001.530501.x)

. Bosi6 ], Johansson M, Callaghan TV, Johansen B, Christensen TR. 2012 Future vegetation

changes in thawing subarctic mires and implications for greenhouse gas exchange-a regional
assessment. Clim. Change 115, 379-398. (d0i:10.1007 /s10584-012-0445-1)

. Karlgérd J. 2009 Degrading palsa mires in Northern Europe: potential change in greenhouse

gas fluxes with changing vegetation in an altering climate. In Climate Change Impacts on Sub-
Arctic Palsa Mires and Greenhouse Gas Feedbacks: Proceedings of the PALSALARM Symposium,
Abisko, Sweden, 28-30 October 2008 (eds S Fronzek, M Johansson, TR Christensen, T Carter, T
Friborg, M Luoto). Helsinki, Finland: Finnish Environment Institute.

. Vitt DH, Halsey LA, Zoltai SC. 1994 The bog landforms of continental western Canada in

relation to climate and permafrost patterns. Arct. Alp. Res. 26, 1. (d0i:10.2307/1551870)

Fraser RH, Olthof I, Lantz TC, Schmitt C. 2016 UAV photogrammetry for mapping vegetation
in the low-Arctic. Arct. Sci. 2, 79-102. (d0i:10.1139 /as-2016-0008)

Palace M, Herrick C, DelGreco ], Finnell D, Garnello A, McCalley C, McArthur K, Sullivan F,
Varner R. 2018 Determining subarctic peatland vegetation using an unmanned aerial system
(UAS). Remote Sens. 10, 1498. (d0i:10.3390/rs10091498)

Rédsdnen A, Aurela M, Juutinen S, Kumpula T, Lohila A, Penttild T, Virtanen T. 2019 Detecting
northern peatland vegetation patterns at ultra-high spatial resolution. Remote Sens. Ecol.
Conserv. 6,457-471. (doi:10.1002 /rse2.140)

Bartsch A, Hofler A, Kroisleitner C, Trofaier A. 2016 Land cover mapping in northern
high latitude permafrost regions with satellite data: achievements and remaining challenges.
Remote Sens. 8,979. (doi:10.3390/rs8120979)

Cohen ] et al. 2020 Divergent consensuses on Arctic amplification influence on midlatitude
severe winter weather. Nat. Clim. Change 10, 20-29. (d0i:10.1038 /s41558-019-0662-y)
Heikkinen JEPP, Maljanen M, Aurela M, Hargreaves KJ, Martikainen PJ. 2002 Carbon dioxide
and methane dynamics in a sub-Arctic peatland in northern Finland. Polar Res. 21, 49-62.
(d0i:10.3402/polar.v21i1.6473)

Laine A, Riutta T, Juutinen S, Viliranta M, Tuittila E-S. 2009 Acknowledging the spatial
heterogeneity in modelling /reconstructing carbon dioxide exchange in a northern aapa mire.
Ecol. Model. 220, 2646-2655. (d0i:10.1016/j.ecolmodel.2009.06.047)

Whiting GJ, Bartlett DS, Fan S, Bakwin PS, Wofsy SC. 1992 Biosphere/atmosphere
CO; exchange in tundra ecosystems: community characteristics and relationships with
multispectral surface reflectance. J. Geophys. Res. 97, 16671. (doi:10.1029/91]JD01027)
Bastviken D, Cole J, Pace M, Tranvik L. 2004 Methane emissions from lakes: dependence of
lake characteristics, two regional assessments, and a global estimate. Glob. Biogeochem. Cycles
18, 1-12. (d0i:10.1029 /2004GB002238)

2001207 08 ¥ 205 Y SUpi] 144 ®1syeuinol/bio'Buysigndaposiefo


http://dx.doi.org/10.1029/2003GL018680
http://dx.doi.org/10.1016/j.polar.2018.11.008
http://dx.doi.org/10.1016/j.polar.2018.11.008
http://dx.doi.org/10.1029/2004GL020358
http://dx.doi.org/10.1088/1748-9326/9/8/085004
http://dx.doi.org/10.1088/1748-9326/9/8/085004
http://dx.doi.org/10.1007/s10021-011-9504-0
http://dx.doi.org/10.1034/j.1600-0889.2001.530501.x
http://dx.doi.org/10.1007/s10584-012-0445-1
http://dx.doi.org/10.2307/1551870
http://dx.doi.org/10.1139/as-2016-0008
http://dx.doi.org/10.3390/rs10091498
http://dx.doi.org/10.1002/rse2.140
http://dx.doi.org/10.3390/rs8120979
http://dx.doi.org/10.1038/s41558-019-0662-y
http://dx.doi.org/10.3402/polar.v21i1.6473
http://dx.doi.org/10.1016/j.ecolmodel.2009.06.047
http://dx.doi.org/10.1029/91JD01027
http://dx.doi.org/10.1029/2004GB002238

Downloaded from https://royalsocietypublishing.org/ on 08 May 2022

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

DelSontro T, Boutet L, St-Pierre A, del Giorgio PA, Prairie YT. 2016 Methane ebullition and
diffusion from northern ponds and lakes regulated by the interaction between temperature
and system productivity. Limnol. Oceanogr. 61, 562-S77. (doi:10.1002/1n0.10335)

MacIntyre S et al. 2021 Turbulence in a small boreal lake: consequences for air-water gas
exchange. Limnol. Oceanogr. 66, 827-854. (d0i:10.1002/1n0.11645)

Marcek HAM, Lesack LFW, Orcutt BN, Wheat CG, Dallimore SR, Geeves K, Lapham LL. 2021
Continuous dynamics of dissolved methane over 2 years and its carbon isotopes (§13C, A14C)
in a small Arctic lake in the Mackenzie Delta. J. Geophys. Res. Biogeosci. 126, e2020JG006038.
(doi:10.1029/2020]G006038)

Burke SA, Wik M, Lang A, Contosta AR, Palace M, Crill PM, Varner RK. 2019 Long-term
measurements of methane ebullition from thaw ponds. J. Geophys. Res. Biogeosci. 124, 2208—
2221. (doi:10.1029/2018]G004786)

Wik M, Crill PM, Varner RK, Bastviken D. 2013 Multiyear measurements of ebullitive
methane flux from three subarctic lakes. ]. Geophys. Res. Biogeosci. 118, 1307-1321.
(doi:10.1002/jgrg.20103)

Myhre G et al. 2013 Anthropogenic and Natural Radiative Forcing. In Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change (eds TF Stocker et al.), pp. 82. Cambridge, UK:
Cambridge University Press.

Frolking S, Roulet NT. 2007 Holocene radiative forcing impact of northern peatland
carbon accumulation and methane emissions. Glob. Change Biol. 13, 1079-1088.
(doi:10.1111/.1365-2486.2007.01339.x)

Piilo SR et al. 2020 Spatially varying peatland initiation, Holocene development, carbon
accumulation patterns and radiative forcing within a subarctic fen. Quat. Sci. Rev. 248, 106596.
(doi:10.1016/j.quascirev.2020.106596)

Hugelius G et al. 2020 Large stocks of peatland carbon and nitrogen are vulnerable
to permafrost thaw. Proc. Natl Acad. Sci. USA 117, 20438-20446. (doi:10.1073/
pnas.1916387117)

Malmer N, Johansson T, Olsrud M, Christensen TR. 2005 Vegetation, climatic changes and net
carbon sequestration in a North-Scandinavian subarctic mire over 30 years. Glob. Change Biol.
11, 1895-1909. (doi:10.1111/j.1365-2486.2005.01042.x)

Callaghan TV, Bergholm F, Christensen TR, Jonasson C, Kokfelt U, Johansson M. 2010 A new
climate era in the sub-Arctic: accelerating climate changes and multiple impacts. Geophys. Res.
Lett. 37, L14705. (d0i:10.1029/2009GL042064)

Akerman HJ, Johansson M. 2008 Thawing permafrost and thicker active layers in sub-arctic
Sweden. Permafr. Periglac. Process. 19, 279-292. (doi:10.1002/ppp.626)

Sonesson M, Kvillner E. 1980 Plant communities of the Stordalen Mire: a comparison between
numerical and non-numerical classification methods. Ecol. Bull. 30, 113-125.

Johansson T, Malmer N, Crill PM, Friborg T, Akerman JH, Mastepanov M, Christensen TR.
2006 Decadal vegetation changes in a northern peatland, greenhouse gas fluxes and net
radiative forcing. Glob. Change Biol. 12, 2352-2369. (d0i:10.1111/j.1365-2486.2006.01267 )
Svensson BH, Rosswall T. 1984 In situ methane production from acid peat in plant
communities with different moisture regimes in a subarctic mire. Oikos 43, 341-350.
(doi:10.2307 /3544151)

Holmes ME et al. Carbon Accumulation, Flux, and Fate in Stordalen Mire, Fall Meeting of the
American Geophysical Union, San Francisco, CA, Dec 8-12, 2019, Abstract B42B-03.

Kuhn M, Lundin EJ, Giesler R, Johansson M, Karlsson J. 2018 Emissions from thaw
ponds largely offset the carbon sink of northern permafrost wetlands. Sci. Rep. 8, 1-7.
(doi:10.1038 /s41598-018-27770-x)

Jansen ], Thornton BF, Jammet MM, Wik M, Cortés A, Friborg T, MacIntyre S, Crill PM. 2019
Climate-sensitive controls on large spring emissions of CHy and CO; from Northern Lakes.
J. Geophys. Res. Biogeosci. 124, 2379-2399. (d0i:10.1029/2019]G005094)

QGIS Development Team. 2020 QGIS Geographic Information System. Open Source Geospatial
Foundation Project. See http:/ /qgis.osgeo.org.

Martikainen PJ, Nykédnen H, Crill P, Silvola J. 1993 Effect of a lowered water table on nitrous
oxide fluxes from northern peatlands. Nature 366, 51-53. (d0i:10.1038 /366051a0)

2001207 08 ¥ 205 Y SUpi] 144 ®1syeuinol/bio'Buysigndaposiefo


http://dx.doi.org/10.1002/lno.10335
http://dx.doi.org/10.1002/lno.11645
http://dx.doi.org/10.1029/2020JG006038
http://dx.doi.org/10.1029/2018JG004786
http://dx.doi.org/10.1002/jgrg.20103
http://dx.doi.org/10.1111/j.1365-2486.2007.01339.x
http://dx.doi.org/10.1016/j.quascirev.2020.106596
http://dx.doi.org/10.1073/pnas.1916387117
http://dx.doi.org/10.1073/pnas.1916387117
http://dx.doi.org/10.1111/j.1365-2486.2005.01042.x
http://dx.doi.org/10.1029/2009GL042064
http://dx.doi.org/10.1002/ppp.626
http://dx.doi.org/10.1111/j.1365-2486.2006.01267.x
http://dx.doi.org/10.2307/3544151
http://dx.doi.org/10.1038/s41598-018-27770-x
http://dx.doi.org/10.1029/2019JG005094
http://qgis.osgeo.org
http://dx.doi.org/10.1038/366051a0

Downloaded from https://royalsocietypublishing.org/ on 08 May 2022

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ramaswamy V et al. 2001 Radiative forcing of climate change. In Climate Change 2001: The
Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change, pp. 68. Cambridge, UK: Cambridge University
Press.

Olefeldt D, Roulet NT. 2012 Effects of permafrost and hydrology on the composition and
transport of dissolved organic carbon in a subarctic peatland complex. . Geophys. Res. 117,
G01005. (d0i:10.1029/2011JG001819)

Strom L, Tagesson T, Mastepanov M, Christensen TR. 2012 Presence of Eriophorum scheuchzeri
enhances substrate availability and methane emission in an Arctic wetland. Soil Biol. Biochem.
45, 61-70. (d0i:10.1016/j.s0ilbio.2011.09.005)

McGuire AD et al. 2018 Dependence of the evolution of carbon dynamics in the northern
permafrost region on the trajectory of climate change. Proc. Natl Acad. Sci. USA 115, 3882-3887.
(doi:10.1073/pnas.1719903115)

Frolking S, Talbot ], Jones MC, Treat CC, Kauffman JB, Tuittila E-S, Roulet N. 2011 Peatlands
in the Earth’s 21st century climate system. Environ. Rev. 19, 371-396. (d0i:10.1139/a11-014)
Treat CC et al. 2019 Widespread global peatland establishment and persistence over the last
130,000 y. Proc. Natl Acad. Sci. USA 116, 4822-4827. (d0i:10.1073/ pnas.1813305116)

Johansson M, Christensen TR, Akerman HJ, Callaghan TV. 2006 What determines
the current presence or absence of permafrost in the Tornetrdsk region, a sub-
arctic landscape in Northern Sweden? AMBIO |J. Hum. Environ. 35, 190-197.
(doi:10.1579/0044-7447(2006)35[190: WDTCPO]2.0.CO;2)

Holgerson MA, Raymond PA. 2016 Large contribution to inland water CO; and CHy
emissions from very small ponds. Nat. Geosci. 9, 222-226. (d0i:10.1038 /nge02654)

Wik M, Varner RK, Anthony KW, MacIntyre S, Bastviken D. 2016 Climate-sensitive
northern lakes and ponds are critical components of methane release. Nat. Geosci. 9, 99-105.
(doi:10.1038 /ngeo2578)

Chanton JP, Whiting GJ, Happell JD, Gerard G. 1993 Contrasting rates and diurnal
patterns of methane emission from emergent aquatic macrophytes. Aquat. Bot. 46, 111-128.
(doi:10.1016/0304-3770(93)90040-4)

Grosse W, Biichel HB, Tiebel H. 1991 Pressurized ventilation in wetland plants. Aquat. Bot. 39,
89-98. (doi:10.1016/0304-3770(91)90024-Y)

Schaefer K, Lantuit H, Romanovsky VE, Schuur EAG, Witt R. 2014 The impact
of the permafrost carbon feedback on global climate. Environ. Res. Lett. 9, 085003.
(doi:10.1088/1748-9326/9/8 /085003)

Schuur EAG et al. 2013 Expert assessment of vulnerability of permafrost carbon to climate
change. Clim. Change 119, 359-374. (doi:10.1007 /s10584-013-0730-7)

Whiting G, Chanton J. 1993 Primary production control of methane emission from wetlands.
Nature 364, 794-795. (d0i:10.1038 /364794a0)

Olefeldt D et al. 2016 Circumpolar distribution and carbon storage of thermokarst landscapes.
Nat. Commun. 7, 1-11. (d0i:10.1038 /ncomms13043)

Sannel ABK, Kuhry P. 2011 Warming-induced destabilization of peat plateau/thermokarst
lake complexes. J. Geophys. Res. Biogeosci. 116, 1-16. (doi:10.1029/2010JG001635)

Turetsky MR et al. 2020 Carbon release through abrupt permafrost thaw. Nat. Geosci. 13,
138-143. (d0i:10.1038 /s41561-019-0526-0)

Forster P et al. 2007 Changes in atmospheric constituents and in radiative forcing. Chapter 2.
In Climate Change 2007. The Physical Science Basis. Contribution of Working Group I to the Fourth
Assessment Report of the Intergovernmental Panel on Climate Change (eds S Solomon, D Qin, M
Manning, Z Chen, M Marquis, KB Averyt, M Tignor, HL Miller). Cambridge, UK: Cambridge
University Press.

Etminan M et al. 2016 Radiative forcing of carbon dioxide, methane, and nitrous oxide: a
significant revision of the methane radiative forcing. Geophys. Res. Lett. 43, 12614-12623.
(doi:10.1002 /2016GL071930)

G o i s


http://dx.doi.org/10.1029/2011JG001819
http://dx.doi.org/10.1016/j.soilbio.2011.09.005
http://dx.doi.org/10.1073/pnas.1719903115
http://dx.doi.org/10.1139/a11-014
http://dx.doi.org/10.1073/pnas.1813305116
http://dx.doi.org/10.1579/0044-7447(2006)35[190:WDTCPO]2.0.CO;2
http://dx.doi.org/10.1038/ngeo2654
http://dx.doi.org/10.1038/ngeo2578
http://dx.doi.org/10.1016/0304-3770(93)90040-4
http://dx.doi.org/10.1016/0304-3770(91)90024-Y
http://dx.doi.org/10.1088/1748-9326/9/8/085003
http://dx.doi.org/10.1007/s10584-013-0730-7
http://dx.doi.org/10.1038/364794a0
http://dx.doi.org/10.1038/ncomms13043
http://dx.doi.org/10.1029/2010JG001635
http://dx.doi.org/10.1038/s41561-019-0526-0
http://dx.doi.org/10.1002/2016GL071930

	Introduction
	Methods
	Site location
	Vegetation species composition
	Radiative forcing calculations

	Results
	Change in landcover area at Stordalen Mire
	Trace gas emissions and radiative forcing of Stordalen Mire

	Discussion
	Stordalen Mire is getting wetter
	Stordalen Mire C balance
	Stordalen Mire is serving as a positive feedback to climate change

	Conclusion
	References

