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ARTICLE INFO ABSTRACT
Editor: Jan Vymazal Understanding the dynamic changes in peatland area during the Holocene is essential for unraveling the con-
nections between northern peatland development and global carbon budgets. However, studies investigating the

Keywords: centennial to millennial-scale process of peatland expansion and its climate and environmental drivers are still
Melthane limited. In this study, we present a reconstruction of the peatland area and lateral peatland expansion rate of a
Holocene

peatland complex in northern Sweden since the mid-Holocene, based on Ground Penetrating Radar measure-
ments of peat thickness supported by radiocarbon (1*C) dates from four peat cores. Based on this analysis, lateral
expansion of the peatland followed a northwest-southeast directionality, constrained by the undulating post-
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glacial topography. The areal extent of peat has increased non-linearly since the mid-Holocene, and the peatland
lateral expansion rate has generally been on the rise, with intensified expansion occurring after around 3500 cal
yr BP. Abrupt declines in lateral expansion rates were synchronized with the decreases in total solar irradiance
superimposed on the millennial ice-rafted debris events in the northern high latitudes. Supported by the temporal
evolution of peatland extent in four other Fennoscandian peatlands, it appears that the northern peatland areal
extent during the early to middle Holocene was much smaller compared to previous empirical model re-
constructions based on basal age compilations. Interestingly, our reconstruction shows the increments of peat
area since the mid-Holocene coincide with the rise in atmospheric CH4 concentration, and that abrupt variations
in atmospheric CH4 on decadal to centennial timescales could be synchronized with peatland lateral expansion
rates. Based on our analysis we put forward the hypothesis that lateral expansion of northern peatlands is a
significant driver of dynamics in the late Holocene atmospheric CH4 budget. We strongly urge for more empirical
data to quantify lateral expansion rates and test such hypotheses.

1. Introduction

Methane (CHy) is a potent greenhouse gas that strongly affects at-
mospheric chemistry and is responsible for ~20 % of the contemporary
total radiative forcing of all the long-lived greenhouse gases (Etminan
et al., 2016; Peng et al., 2021b). Atmospheric CH4 concentration has
more than doubled from the pre-industrial level of around 700 ppbv to
the present concentration of >1850 ppbv. The causes of this rise are well
understood and are largely attributed to increases in anthropogenic
emissions such as fossil fuels extraction and transportation, agriculture,
and landfills/waste management (Kirschke et al., 2013; Saunois et al.,
2020). However, the ‘anomalous’ increase of atmospheric CH4 concen-
tration of ~100-ppbv since the mid-Holocene (~5300 cal yr BP),
compared to previous interglacial periods, remains intensely debated
and poorly constrained (Blunier et al., 1995; Bock et al., 2017; Levine
et al., 2011; Ruddiman, 2003; Schmidt et al., 2004). One possible
contributor to this anomaly is another disputed issue: the temporal
pattern of northern peatlands expansion and the role that northern
peatlands have played in the atmospheric CH4 fluctuations during
glacial-interglacial periods and mid-Holocene (Blunier et al., 1995;
Nichols and Peteet, 2019; Reyes and Cooke, 2011; Treat et al., 2021).
This highlights a fundamental gap in our understanding of the CH4 cycle
and the Earth’s climate system.

The currently most accepted hypothesis to explain glacial-
interglacial atmospheric CHy4 variations revolves around wetlands, as
the dominant natural source of CH4 (Chappellaz et al., 1993; Frolking
and Roulet, 2007; Konijnendijk et al., 2011; Ruddiman et al., 2020). In
this hypothesis, the observed interglacial increase in CH4 is caused by
(1) changes in the tropical hydrological cycle and (2) the further
development of boreal wetlands after the retreat of continental ice
sheets. Together with an intensified CH4 cycle within terrestrial wet-
lands in response to higher insolation and temperatures, the develop-
ment of wetlands would have led to the observed increase in
atmospheric CH4 (Chappellaz et al., 1990; Chappellaz et al., 1997;
Schmidt et al., 2004). Although it is generally agreed that wetlands were
the dominant natural source of atmospheric methane, the relative con-
tributions of the mid-high northern hemisphere latitudes to the Holo-
cene fluctuations remain an open question (Baumgartner et al., 2012;
Sapart et al., 2012; Singarayer et al., 2011).

Northern peatlands represent the largest carbon pool of wetlands in
the world and they also release 20-45 Tg CH4 into the atmosphere
annually (Fletcher et al., 2004; Saunois et al., 2020; Ziircher et al.,
2013). These emissions strongly affect the content and temporal varia-
tions in atmospheric CH4. Although it is widely acknowledged that
northern peatlands were important natural CH, sources since the Last
Glacial Maximum (LGM; 20,000 years BP), their relative contribution to
atmospheric CH4 dynamics through the Holocene is still the subject of
debate (Hopcroft et al., 2017; Nichols and Peteet, 2019; Treat et al.,
2019; Zheng et al., 2019). Peatland basal radiocarbon (14C) ages
compilation studies have shown that rapid initiation of northern peat-
lands during the early Holocene coincides with abrupt increases in at-
mospheric CH4 concentrations, which implies that the rapid initiation

contributed to the sustained peak in CHy at this time (MacDonald et al.,
2006; Smith et al., 2004; Yu et al., 2010; Yu et al., 2013). However, it is
recognized that the temporal structure of peatland initiation is sensitive
to sampling biases and treatment of basal peat }*C dates. As a result, peat
area estimations based on the compilations might be problematic due to
poor quality control on the basal 14¢ date dataset (Ratcliffe et al., 2021;
Korhola et al., 2010; Loisel et al., 2017; Payne et al., 2016; Piilo et al.,
2020; Reyes and Cooke, 2011).

Recent findings (Korhola et al., 2010; Treat et al., 2021; Morris et al.,
2018; Ehnvall et al., 2023) suggest that the role northern peatlands
played in the global CH4 cycle is substantially different from former
assumptions, e.g., MacDonald et al. (2006), Yu et al. (2010), and Smith
etal. (2004). Using revised chronologies of peatland initiation for Alaska
and the circumpolar Arctic, Reyers and Cooke (2011) revealed that
peatland initiation lagged the abrupt increase in atmospheric CH4 dur-
ing the early Holocene and thus could, instead, be responsible for the
aforementioned later rise in CH4 in the mid Holocene. Besides, it is
suggested that the widespread establishment of peatlands was driven by
regionally asynchronous growing season warming (Morris et al., 2018).
A recent basal age compilation study even found that the development of
northern peatland is nearly completely decoupled from trends in at-
mospheric CH4 concentrations during the Holocene (Treat et al., 2021),
calling into question the assumptions built into the basal age compila-
tion studies (Loisel et al., 2017; MacDonald et al., 2006; Ratcliffe et al.,
2021; Yu et al., 2010), along with the idea that the area of northern
peatlands had reached >80 % of the present area extent before the mid-
Holocene and the rapid increment of peat area occurred primarily in the
early Holocene (e.g. Nichols and Peteet, 2019). On the contrary, when a
multi-basal-ages quality control was used in an attempt to eliminate
sampling biases, rapid peatland expansion was found to occur only after
the mid-Holocene (Korhola et al., 2010).

The basal age compilation method to estimate peatland areal extent
was underpinned by the assumption that peatlands expand linearly in
time after initiation. However, there is little empirical evidence to
support this assumption, which has been called into question (Ehnvall
et al., 2023; Loisel et al., 2017; Morris et al., 2018; Ratcliffe et al., 2021).
First, the assumption that peatlands expanded linearly through time is
dubious because terrestrialization and paludification of peatlands is
influenced by a range of biotic and abiotic factors such as regional
growing season climate (Morris et al., 2018; Ruppel et al.,, 2013;
Weckstrom et al., 2010), vegetation succession (Holmquist and Mac-
Donald, 2014; Yu et al., 2013), and especially heterogeneity in land-
scape morphology (Loisel et al., 2013; van Bellen et al., 2011). Secondly,
reconstructions based on frequency histograms of binned calibrated age
ranges cannot be downscaled to regional or local scales, which makes it
difficult to test the connections between peatland development dy-
namics and abrupt climate or environmental changes. For instance, the
expansion of peatlands on the northern Sweden coastline area on a
landscape scale was non-linear and influenced by the wetness of the
terrain, in turn determined by the hydro-edaphic properties, for
example, topographic roughness and sediment porosity (Ehnvall et al.,
2023).
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Previous studies based on basal age isochrones have shown that the
lateral expansion of single peatlands was not linear on millennial
timescales (Korhola, 1994; Mathijssen et al., 2014; Mathijssen et al.,
2017; Mathijssen et al., 2016) and indeed the modern-day expansion
rate as recently reported is not linear or consistent with earlier rates in
the Holocene (Juselius-Rajamaki et al., 2023). However, the links be-
tween the dynamics of peatland lateral expansion on centennial-
millennial and decadal-centennial timescales, abrupt global climate
changes, and topographic features remain understudied. Here, we
reconstruct the lateral expansion history of Deger6 Stormyr, a boreal
oligotrophic mixed mire complex located in northern Sweden (Nilsson
et al., 2008), using extensive high-resolution Ground Penetrating Radar
(GPR) peat thickness measurements in combination with 89 14¢ dates
from four peat cores. The specific aims of this study are to (1) reconstruct
lateral peatland expansion dynamic at decadal-centennial timescales
using fine-resolution GPR measurements of peat thickness, (2) test the
assumption of linear lateral expansion of the peatland after establish-
ment, and (3) discuss the implications of centennial timescale abrupt
climate changes on the lateral expansion of peatlands and atmospheric
CH4 concentrations.

2. Materials and methods
2.1. Study site

The Deger6 Stormyr mire complex (64°11'N, 19°33'E; ~270 m.a.s.1.)
is an oligotrophic minerogenic mire covering 6.5 km?, located approx-
imately 70 km from the Gulf of Bothnia and 60 km north-west of Umea,
capital city of Vasterbotten, northern Sweden (Fig. 1A). It is one of the
national research infrastructures ICOS (Integrated Carbon Observation
System) in Sweden. The peatland consists of a mosaic of interconnected
mires which are underlain by glacial islets and ridges (Fig. 1B). The
bedrock in the area is gneiss and the climate at the site is defined as cold
temperate humid. The landscape of the catchment consists of 70 % mire
and 30 % coniferous forest. The mean annual precipitation and air
temperature from 1961 to 1990 are 523 mm and 1.2 °C, respectively
(Peichl et al.,, 2014). The hottest and coldest month are July and
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January, with mean monthly temperatures being 14.7 and —9.5 °C,
respectively. The growing season normally covers early May to late
October, with the remaining months the site being covered by snow. The
microtopography within the Degero Stormyr catchment is dominated by
moss carpets and lawns, with hummocks occurring sparsely. Carpets and
lawns are characterized by the dominance of Sphagnum majus Russ. C.
Jens, and Sphagnum balticum Russ. C. Jens, while hummocks are domi-
nated by Sphagnum fuscum Schimp. Klinggr. and Sphagnum rubellum
Wils. The vascular plant community mainly consists of Vaccinium oxy-
coccos L., Eriophorum vaginatum L., Rubus chamaemorus L. Hartm.,
Andromeda polifolia L., and Trichophorum cespitosum L. (Nilsson et al.,
2008). Based on Eddy Covariance (EC) measurements, the estimated
total CH4 emission was 9 + 1.8 g CH4-C m ™2 during 2004 and 14 + 2.5 g
CH4-C m~2 during 2005 (Nilsson et al., 2008).

2.2. Peat thickness measurements

Peat thickness was measured by a MALA Ground-penetrating Radar
(GPR) with a 100 MHz shielded antenna (MALA Geosciences, Sweden)
in the winter of 2016. The antenna was towed using a snowmobile to
move forward for the transect profiling. The spacing between traces was
0.1 m and 16 stacks were used for each trace. The sampling time window
was 790 ns, providing a maximum detection depth of 13 m with a ver-
tical resolution of approximately 25-cm. Twenty parallel transects
(Fig. 1B) ranging from 500 to 2500 m long were surveyed. The interval
of the GPR transects is 100 m and the total length of the transects is
around 25 km. The locations and altitudes of the transects were obtained
by SWEREF 99, the national geodetic reference systems of Sweden.
Major sediment interfaces can cause strong GPR reflections owing
mostly to changes in water content which are determined by porosity
and organic matter content (Comas et al., 2005; Warner et al., 1990). To
verify the accuracy of GPR peat thickness measurements, 85 sites along
the 20 transects were manually probed using an iron rod (Nijp et al.,
2019) (Fig. 1B).

Time delay between electromagnetic wave transmitting and recep-
tion was converted to peat thickness using an average peat velocity of
0.038 m ns L. To identify the interface between peat and mineral soil,
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Fig. 1. (A) Locations of Deger6 Stormyr mire complex (solid black pentagram) and other northern peatlands with basal ages, peat basal age dates compiled in (Loisel
etal., 2017) (red points, blue points, and green points represent sites that are older than 10,000 years, between 5000 and 10,000 years, and younger than 5000 years,
respectively); (B) Spatial distribution of the GPR transects (parallel black lines) and locations of the manual probing sites (white solid triangles) using the iron-rod
probing method. The four black solid pentagrams show the locations of the peat cores used in this study. The bold black line represents the catchment of Degero based

upon the LiDAR-derived 2-m resolution DEM (Leach et al., 2016).
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the raw GPR data were processed in the Reflexw software (Sandmeier
Geophysical Research, Germany). Processing steps include: (1) applying
time-varying gain to each trace to create equally distributed amplitudes
in time axis, (2) using a “De-wow” filter to eliminate low frequencies, (3)
using a band-pass filter to eliminate high- and low-frequency noise, (4)
applying a static correction to eliminate the time delay between trigger
and recording, and (5) applying a static correction to account for peat-
land topography (Adrian, 2004; Comas et al., 2005). The peat-mineral
soil interface was manually interpreted in the Reflexw software based
on the strong GPR reflections and exported to peat thickness along the
transects at 1 m resolution.

2.3. Peat area extraction

The resolution of the GPR measurements along and between the
transects is 1 m and 100 m, respectively. To create an evenly spaced peat
thickness grid dataset, the GPR measurements were interpolated into a
grid of 1 m resolution using the natural neighbor interpolation, which is
based on Voronoi tessellation (Tanemura et al., 1983). An evenly spaced
3000 x 3000 matrix of peat thickness interpolation data was thus
computed for further peat thickness distribution mapping and peat area
extent extraction. After the interpolation, the peat thicknesses were
projected to the 3000 x 3000-m space for peat thickness distribution
mapping and peat area extent extraction. The 9 million peat thicknesses,
where each thickness measurement represents a 1 m? area, were then
separated into 800 groups ranging from 1 cm to 800 cm. The calculated
number of each peat thickness is the peat area of that thickness, and the
area unit is m?. The cumulative area from 800 cm to 1 cm represents the
peatland area evolution dynamics.

2.4. Peat core sampling and peatland lateral expansion rate
reconstruction

Four peat cores (Larsson2017, sampled in 2009; HP2018, sampled in
2018; DH19 and DL19, both sampled in 2019) were collected using a
Russian peat corer (Fig. 1B). Eighty-nine plant residual samples from the
four cores were selected for AMS'#C dating and the results are presented
in Table S1. The AMS!*C data from Core Larsson2017 was reported in
Larsson et al. (2017). The AMS'*C data from the top one meter of cores
DH19 and DL19 were reported in Li et al. (2023). The BACON 2.2 R
package (Blaauw and Christen, 2011) was used to simulate the age-
depth model. The 89 AMS'*C dates with their sampling depths were
integrated into one age-depth model representing the Degero Stormyr
peatland complex as these dates are from different locations of the mire
and the model has been iterated 1 million times in the BACON method
(Blaauw and Christen, 2011). Since the recent peat growth rate is esti-
mated to be around 0.9 cm per year based on both 21°Pb dating and a
reference cable buried in 1994 (Olid et al., 2014), an extra depth of 9 cm
was compensated to the Larsson2018 core to make all the cores have the
same starting point. The age-depth model “ALL” (Fig. S1), representing
the Degero Stormyr peatland complex, yields a 56 % coverage of the 89
dates. The accumulation rates (Fig. S2) for the 4 cores as well as the
Deger6 Stormyr peatland complex (ALL) were calculated based on the
age-depth models.

To reconstruct the temporal changes in peat area, we assume that the
age-depth model of “ALL” and its uncertainties can generally represent
the Degero Stormyr peatland complex, as it is the middle one among the
four age-depth models (Fig. S1). The extracted peat area at each peat
depth was converted to the peat area at a certain time based on the age-
depth model of “ALL”. In the meantime, the spatial distribution of peat
thickness at a certain time was also determined based on the relation
between peat thickness and the age-depth model. The lateral expansion
rate (m? yr~!) was calculated using the area difference at two peat
thicknesses to divide the age difference at the two thicknesses, which
derived from the age-depth model. The uncertainties of the “ALL” age-
depth model were treated as the uncertainties of the reconstructions
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of peat area and lateral expansion rate. To avoid overinterpretation, peat
deposits thinner than 40 cm were not analyzed in this reconstruction.
Besides, we also compiled peatland expansion reconstructions from
published data of three other Fennoscandian peatlands, i.e., Kalevansuo
(60°38'49"N, 24°21'23"E, 123 m.a.s.l.) (Mathijssen et al., 2017), Siika-
neva (61°50'N, 24°12'E, 160 m.a.s.l.) (Mathijssen et al., 2016), and
Lompolojankka (68.0°N, 24.2°E, 269 m.a.s.l.) (Mathijssen et al., 2014).
Raw data from these 3 studies were also provided in the recent study
(Mathijssen et al., 2022). For further comparison, the reconstructed
peatland area in this study and the compiled data were normalized
against their current peatland area (4.85, 0.14, 12, and 0.9 km? for
Degero Stormyr, Lompolojankka, Siikaneva, and Kalevansuo,
respectively).

2.5. Wavelet correlation analysis

To evaluate the correlation at specific timescales and times, we
examined the wavelet-coherence between atmospheric CH4 concentra-
tion and peatland lateral expansion rate based on wavelet analyses
(Torrence and Compo, 1998). The time series of both the peatland
lateral expansion rate and atmospheric CH4 concentration was resam-
pled into a one-year resolution using the spline function in MATLAB. The
interpolation and wavelet-coherence analysis were conducted in MAT-
LAB 2020b (The MathWorks, Inc., USA).

3. Results
3.1. Peat thickness distribution

The interface between mineral soil and peat was generally sharp and
showed high spatial heterogeneity, both when identified through GPR
interpretation and manual probing (e.g., L10) (Fig. 2). The root-mean-
square error (RMSE) between manual and GPR measurements was
0.58 m. This consistency of high agreement between the two methods
becomes clear along transect L10 which has denser manual probing
measurements. Generally, the peat thickness is highly variable and un-
dulating throughout the whole studied area (Fig. 2). Taking the extreme
example of transect L2, peat thickness varied from <30 c¢m to over 7 m
within a 100-m distance. The surface topography shows high variability,
with transects from L10 to L15 were divided into two parts by the forest
hill situated in the southwest part of the catchment. Besides, some small
hills or ridges are apparent in transects L5, L6, L7, L9, and L10 as well.

Manual probing peat thickness ranged from 0.1 m to 6.53 m, with the
median peat thickness being 1.84 m (n = 85). Peat thickness values from
manual probing and GPR measurements at locations nearby were highly
correlated (r2 = 0.86; n = 85; RMSE = 0.58 m) (Fig. 3A). Most of the
manual and GPR measurements fell near the 1:1 line, showing the ac-
curacy of both methods. It is also clearly shown that hand measurements
lead to an underestimation of peat thickness of, on average 0.09 m
(Fig. 3A). For some locations the peat thickness estimate by manual
probing is considerably smaller than the GPR estimate (e.g., L17; Fig. 2).
This difference may be caused by small pieces of wood or root residues
blocking the iron rod for further penetration, resulting in an underesti-
mation of peat thickness by hand measurements.

3.2. Spatial distribution of peat thickness

The GPR measured peat thickness ranged from 0 m to 8 m, with the
median value being 1.91 m along the transects (n = 24,532). While the
median peat thickness at identical locations after the natural neighbor
interpolation was 1.92 m (n = 24,532), with the maximum and mini-
mum values being 7.2 and 0.01 m, respectively. This shows that the
natural neighbor interpolation peat thicknesses are consistent with the
GPR measurements in general. Further linear regression analysis reveals
that the GPR measured and interpolated peat thicknesses are highly
correlated (r? = 0.96; n = 24,532; RMSE = 0.26 m).
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Fig. 2. Peat basin morphology along the 20 GPR transects (surrounding 20 subfigures), and the peat thickness profiles (central figure, the latitude and longitude
numbers represent SWEREF99 TM coordinates). From L2 to L21, the X-axis and Y-axis are elevations (m) and distances (m), respectively. The black lines and blue
lines in the surrounding subfigures are the surface and bottom of the peat deposit; the green and red dots show the location of the iron rod measurements and the
bottom they touched. Notice that the elevation in these sub-figures is not all the same and distance 0 is the location of the most Northwest of the transects.

The spatial distribution of peat thickness is highly heterogeneous,
with several centers situated sparsely across the mire. Peat thicker than
about 2 m has an overall northwest-southeast directionality (Fig. 4).
This directionality is in line with the surface topography of mineral soils
surrounding the mire. Locations with thinner peat are often distributed
with hills and ridges that can be identified from the topography too
(Fig. 1B). The total interpolated area (areas with peat thickness data in
Fig. 4) is 4.85 km? and the total peat volume is estimated at 8,545,908
m°. The area-averaged, GPR-measured, and manually measured peat
thickness is 1.76 m, 2.05 & 0.009 m (mean =+ standard error), and 2.17
+ 0.156 m (mean + standard error), respectively. These differences can
be explained by differences in sampling strategy (areal coverage and
number of measurements). Though peat thickness is up to around 8 m,
most of the peat deposits are <2 m thick (Fig. 5A). The cumulative area
increases with peat thickness nearly exponentially (Fig. 5B). The area
with peat thickness lower than 0.3 m, 1 m, and 1.76 m is 170,292 rnz,
1,519,800 m?, and 2,689,421 m?, which account for 4 %, 31 %, and 55
% of the total interpolated area, respectively (Fig. 5A and B).

4. Discussion
4.1. Climatic control on peatland lateral expansion

The climate of the northern high latitudes during the Holocene was
characterized by abrupt millennial timescale ice-rafted debris events,
known as the Bond Events and the Little Ice Age (LIA) (Bond et al.,
1997). The establishment and development of peatlands are largely
influenced by abrupt changes in climate (Charman et al., 2013; Yu et al.,
2010). A previous study has suggested that the ~1450-yr climate peri-
odicity has been regulating the peatland initiation in western Canada
during the Holocene (Campbell et al., 2000). However, the relation
between centennial-millennial abrupt climate change and peatland
lateral expansion in this region has barely been investigated. Based on
our reconstruction, the peatland area of Degero Stormyr increased over
6 times since the mid-Holocene, with an accelerated increase in both
peat area and peat accumulation rate happening during the last 3000
years (Fig. 6A and B). This is consistent with the complex underlying
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The magenta line represents the Degero Stormyr catchment delineated in the
previous study (Leach et al., 2016).

topography below the peat surface reported here and in earlier work
(Malmstrom, 1923; Kulezynski, 1949) which would be expected to result
in a relatively slow and episodic expansion (Ehnvall et al., 2023; Loisel
et al., 2013). We find the lateral expansion rate of Degero Stormyr has
been increasing quadratically in general, with the fastest rates in the mid
and late Holocene and with 5 abrupt changes (Fig. 6). These abrupt
changes were synchronized with the declines in total solar irradiance
(TSI) during the 4 Bond Events and the LIA (Fig. 6B, C, and D). Rapid
increases in lateral expansion rates were generally observed during in-
tervals after the cooling events, with accelerated lateral expansion
during the Medieval Warm Period (MWP) (700-1000 cal yr BP) and the
period after the LIA. The abrupt changes in lateral expansion rate are
well synchronized with the decreases in TSI (Fig. 6C and D). Especially,

the highest lateral expansion and peat accumulation rates occurred after
the end of the LIA and lasted for about 100 years and the abrupt de-
creases in both parameters that proceeded this time coincided with the
Maunder Minimum. This synchrony of events suggests that the lateral
expansion of peatland could be linked to both solar activities and
millennial northern high latitudes climate fluctuations (see Section 4.4
for summary of uncertainties on these aspects).

The millennial timescale rapid increases in peatland lateral expan-
sion rate could be attributed to the positive impact of warm and wet
climate on peatland productivity in the prevalent climatological condi-
tions, thus causing rapid peat development both vertically and hori-
zontally (Charman et al., 2013), with the two processes being somewhat
linked in peatlands with complex underlying topography (e.g. Juselius-
Rajamaki et al., 2023). Additional pulses of higher peat expansion rates
are also associated with the recovery of solar irradiance after a period of
depressed activity. This is highly consistent with what we know about
peatland lateral expansion processes (Rydin et al., 2013). Peatland
expansion or paludification of mineral soil requires the soil to be satu-
rated near-continuously for a period of years to decades (Ivanov, 1981;
Ehnvall et al., 2023), this is consistent with increases in growing season
soil wetness that would be expected with the lower evapotranspiration
and shorter growing season that would accompany reductions in solar
irradiance, this is supported by a reconstruction of nearby (<5 km) mire
surface wetness that shows the wettest conditions during the maunder
minimum (van der Linden et al., 2008). Conversely, once established,
warmer conditions and, possibly reductions in catchment water inputs
(Sallinen et al., 2023; Ehnvall et al., 2023), may favor peat vertical
growth and the persistence of peat on mineral soil, for which the pores
have become clogged by organic matter, so called ‘proto-peat’, during
the preceding colder or wetter period (Rydin et al., 2013).

These climate and solar irradiance dynamics also become apparent
in the reconstructed peatland lateral expansion rates and peat accu-
mulation rate in our study. Lateral expansion seems to intensify in a
warmer climate at around 4800 cal yr BP, which agrees well with
literature reporting widespread increased peatland initiation in North
America (Gorham et al., 2012; Packalen et al., 2014) and Europe
(Edvardsson et al., 2014; Ruppel et al., 2013). In addition, recent studies
showed that peatlands in high-latitude northeast China (Xing et al.,
2016; Zhang et al., 2022; Zhang et al., 2018; Zhao et al., 2014) and
Indonesia (Dommain et al., 2014) have experienced rapid initiation
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Fig. 5. Peat cover area of Deger0 at different peat depths: (A) the expanded peat area, and (B) the cumulative total peat area.

since the mid-Holocene. The hydroclimate that caused these rapid ini-
tiations could also have promoted the lateral expansion of established
peatlands since then.

The accelerated lateral expansion rate, occurring during the last
2500 years, is consistent with the initiation of numerous shallow peat-
lands around the northern hemisphere. Previous investigation has
shown that most of these peatlands were <2 m deep (Gorham, 1991;
Gorham et al., 2012; Hugelius et al., 2020). In our case, >60 % of the
Degero Stormyr peatland is covered by peat that is <2 m thick (Fig. 5).
With a late Holocene northern peatland accumulation rate of around
0.07 cm per year (Larsson et al., 2017; Loisel et al., 2014), these peat-
lands are expected to be initiated during the last three millennia. It has
been pointed out that late Holocene shallow peatlands are typically
understudied due to a clear bias towards deeper sites in the palae-
oecological literature from which most basal ages are derived (Ratcliffe
and Payne, 2016). The lack of representation of basal ages from shallow
and young peats makes estimations of recent peatland dynamics
particularly questionable in previous basal age compilation studies
(Korhola et al., 2010; MacDonald et al., 2006; Yu et al., 2010). While
acknowledging the uncertainties (see Section 4.4), the estimated in-
creases in lateral expansion rate since the mid-Holocene at Degero
Stormyr seem to be in line with the accelerated peatland initiation and
lateral expansion across the northern hemisphere. This suggests that the
lateral expansion process may be a major driver of peat areal extent
increases since the mid-Holocene.

4.2. Links between dynamics of peatland lateral expansion and
atmospheric CHy

The atmospheric CH4 concentration in the northern hemisphere
showed strong fluctuations throughout the Holocene (Fig. 6F). It
reached a minimum at the mid-Holocene (around 5300 cal yr BP) and
since then has been generally increasing, with the most rapid increases
occurring after around 2500 cal yr BP (Blunier et al., 1995). This general
increasing trend in atmospheric CH4 concentrations agrees well with the
areal expansion of the four peatlands compiled in this study, with most

of the increase happening during the late Holocene (Fig. 6F and G). In
addition, the centennial-millennial timescale changes in atmospheric
CH4 concentration are synchronized with most of the abrupt variations
in peatland lateral expansion rate superimposed on the changes of TSI
and IRD. For example, both lateral expansion rate and CH4 concentra-
tion experienced a sudden increase and decrease at the beginning and
end of Bond event 1, respectively. Abrupt declines in both the estimated
lateral expansion rate and CH4 concentration were presented at the end
of MWP and LIA. These abrupt changes could be attributed to either
declines in TSI or intensifications in IRD, suggesting global climatic
changes or northern high latitudes sea-atmosphere circulations may
have played important roles in the process of peatland lateral expansion
and hence the variations in atmospheric CH4 concentrations (Blunier
et al., 1995; Hopcroft et al., 2017; Morris et al., 2018). Wavelet coher-
ence analysis shows that the peatland lateral expansion rate of Degero is
significantly correlated to atmospheric CH4 concentration on a ~20-yr
timescale throughout the mid-Holocene, while the correlations were
also significant at around 2500 and 500 cal yr BP on a ~100-yr timescale
(Fig. 6H). These periodicities and their wavelet coherences in the time
domain indicate the decadal-centennial changes in atmospheric CHy
concentrations might be contingent on the lateral expansion dynamics of
northern peatlands, which are subjected to solar activities and hydro-
climate changes in the northern high latitudes.

It is worth noting that differences exist between the single peatland
historical areal extent reconstructions. Deger6 Stormyr and
Lompolojankka show similar expansion trends but differ from Kale-
vansuo and Siikaneva (Fig. 6G). Despite the different morphological
settings that are expected to control lateral expansion, the development
of at least Lompolojankaa is remarkably similar to Degero. Interestingly,
despite the differences across the four sites, all single-peatland-based
reconstructions show far smaller peat areal extent at the mid-Holocene
than the previous global and regional estimates based on compiled
basal peat 14¢ dates (MacDonald et al., 2006; Spahni et al., 2013). Since
basal age compilation studies were largely uncertain due to data avail-
ability and mismatched representative peatland in areas such as north-
ern Europe and the Western Siberian Lowlands (Loisel et al., 2017;
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Ratcliffe et al., 2021), it is expected that this difference may be caused by
younger peatlands being underrepresented in the basal age compilation
studies. This suggests that the areal extent of northern peatlands before
the mid-Holocene might have been overestimated in such previous es-
timates (Nichols and Peteet, 2019; Treat et al., 2021; Yu et al., 2013).
Consequently, the contribution of the lateral expansion of northern
peatlands to the global atmospheric CHy cycle since the mid-Holocene
would thus also be underestimated. In the following paragraphs, we
exploratively estimate the impact of northern peatland lateral expansion
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Fig. 6. Time series of: (A) peat accumulation rates of the 4 cores (Larsson 2017,
HP2018, DH19, and DL19) and the reconstruction (ALL) based on them (the
raw radiocarbon age-control points are shown as colored points with error bars
represent 1o age range) (B) total peatland area and (C) lateral expansion rate of
Degero (black error bars represent the uncertainties in the age); (D) total solar
irradiance anomaly (ATSI) reconstruction based on 14C and '°Be contents in ice
core and tree ring (Steinhilber et al., 2012); (E) the ice-drifted debris (IRD)
record for ocean core MC52-VM29-191 (Bond et al., 1997) (gray bars and the
numbers from 1 to 4 designate the Bond events, number 0 indicates the ‘Little
Ice Age’ event); (F) calibrated atmospheric CH,4 concentrations in Arctic ice
cores (Beck et al., 2018); (G) normalized peatland area of Degero, Kalevansuo
(Mathijssen et al., 2017), Siikaneva (Mathijssen et al., 2016), Lompolojankka
(Mathijssen et al., 2014), the average and standard deviation of the 4 peatlands,
and the Spal3 peatland area (dashed cyan line) based on the land surface
process model (LPX-Bern 1.0) (Spahni et al., 2013) and Mac06 cumulative
curve (dashed red line) of the northern peatlands peat initiation probability
(MacDonald et al., 2006); (H) wavelet coherence between lateral expansion rate
of Degerd Stormyr and atmospheric CH, concentration. The direction of the
black arrows indicates the phase shift between ecosystem lateral expansion
rates and atmospheric CH,4 levels (right: in phase, meaning the timeseries are
perfectly correlated; up: lateral expansion rate leads atmospheric CH, level by
n/2; left: the timeseries are out of phase; down: lateral expansion rate lags by
n/2). The white dashed line represents the cone of influence (Torrence and
Compo, 1998), beyond which edge effects are abundant, and results should be
i‘nterpreted with caution.

<«

on atmospheric CH4 dynamics. We use the assumption that the lateral
expansion of four peatlands is a representative sample of northern
peatlands. While this is clearly a bold and perhaps questionable
assumption to make, we would argue it is more realistic than modelled
lateral expansion, based on a disproven assumption of linear growth,
which to date have been the primary basis of our understanding of
northern peatland lateral dynamics and thus peatland contribution to
pre-historical CH4 concentrations. We recognize this sample size is small
but is the best we have available at the current stage (see Section 4.4 for
more details). The number of relevant reconstructions in literature is
highly limited and we thus urge for more empirical data and multiple
cores within peatlands to quantify lateral expansion to further support
the hypothesis developed below.

Based on the estimated site-averaged temporal pattern of lateral
expansion rate in our synthesis, the peatland area at 6000 cal yr BP was
around 35 % of the pre-industrial level (Fig. 6F). Taking the area of
northern peatlands to be 4.0 x 10° km? (Gorham, 1991 ; Yuetal., 2010),
it is estimated that around 2.64 x 10° km? of peatland area was newly
formed in the northern high latitudes since the mid-Holocene. Given the
current or time-averaged median annual CH4 emission rate of the
studied northern peatland being 13.4 g CH4 m~2 yr~! (Nilsson et al.,
2008; Turetsky et al., 2014), and unit conversion factor 2.78 Tg CH4
ppb’1 under an 8.4-yr lifetime (Levine et al., 2011; Ziircher et al., 2013),
the expansion of northern peatlands since the mid-Holocene could
potentially cause an increase of ~35 Tg CH,4 emission. This would
correspond to a ~98 ppbv CH4 perturbation to the atmosphere.
Considering the uncertainties in lateral expansion rate and differences in
CH4 emission intensity from peatlands in different hydroclimatic and
vegetation conditions, this estimate is surprisingly close to the 100 ppbv
‘anomalous’ CHy4 rising since the mid-Holocene (Ruddiman and Thom-
son, 2001). More importantly, the centennial-millennial timescale var-
iations in atmospheric CH4 concentrations, where a higher increase
happened during the late Holocene (after 2500 cal yr BP), are propor-
tionate to the increment of northern peatlands size (Fig. 6F and G). In the
light of that the lateral expansion was influenced by hydroclimate var-
iabilities, which could also result in significant changes in the rate of
CH4 emissions, it is plausible that the hydroclimate responsible for the
decrease in lateral expansion rate could also cause significant reductions
in CH,4 emissions, even as peatland areal extent continued to increase.
Therefore, it seems that the ‘anomalous’ CH4 rise and the decadal-
centennial declines within this rise may be attributed to the general
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increase in northern peatland areal extent since the mid-Holocene and
the dry/cold climate superimposed on some of the TSI minimums that
led to stagnation or reduction in the lateral expansion rate. We thus
hypothesize that the lateral expansion of northern peatlands since 5300
cal yr BP may be a significant driver of the ‘anomalous’ CH4 rise. Once
again, we stress this hypothesis needs more firm empirical support to be
fully confirmed.

In contrast to this increased lateral expansion after 5300 cal yr BP,
previous studies based on basal age compilations suggested that the peat
areal extent of northern peatlands at 5300 cal yr BP was at least already
80 % of its current extent (Loisel et al., 2017; MacDonald et al., 2006;
Treat et al., 2016; Yu et al., 2010). The remaining 20 % increase in
northern peatland extent could only cause a ~ 40 ppbv CH4 perturbation
to the atmosphere. This may explain why Treat et al. (2021) found the
northern peatland was nearly completely decoupled from the trend in
atmospheric CH4 concentration throughout the Holocene. However, if
the lateral expansion pattern estimated from our compilation (Fig. 6G)
would have been used, it is alternatively plausible that the northern
peatlands were <40 % of their present areal extent before the mid-
Holocene. Therefore, the increment of northern peatland extent and
its lateral expansion processes could be more strongly coupled with at-
mospheric CH4 concentration variations during the late Holocene than
that of early Holocene.

Notwithstanding the mentioned necessary assumptions and extrap-
olation due to limited data availability, our exploratory finding supports
the hypothesis of Blunier et al. (1995), that the increased atmospheric
CH4 concentration in the mid-Holocene was caused by an increasing
contribution from northern wetlands (Blunier et al., 1995). Because the
CH,4 emitted from peatlands/wetlands is more depleted in §!°CH,4 than
that from geological sources, 5'3CH, signals are widely used in tracing
its sources (Conrad, 2005; Fisher et al., 2017; Nisbet et al., 2016). Recent
studies have shown that CH4 emitted from high-latitude peatlands/
wetlands was more depleted in 5'3CH, than that from tropical and
temperate regions (Fisher et al., 2017; Guo et al., 2021). It is thus ex-
pected that the atmospheric CHy is relatively depleted in 5'C when
there were more emissions from the northern peatlands. Interestingly, it
has been noted that atmospheric CH4 rising since the MWP was
accompanied by continuous depletion in 5'3CH, (Ferretti et al., 2005;
Sowers, 2010). These observations are in concert with enhanced CHy4
emissions from northern peatlands after the mid-Holocene due to
intensified lateral expansion, further supporting our speculation.

By examining the contribution of northern peatlands to CH4 emis-
sions in relation to the abrupt atmospheric CH4 concentration declining
during the 8.2 kyr cooling event, Ziircher et al. (2013) found that CHy4
emissions originating from northern peatlands could only explain 23 %
of the observed decline. This suggests that the contribution of northern
peatland CH4 emission to the atmospheric CH4 concentration is still
small before the mid-Holocene. It has been proposed that intensified
tropical wetlands CH4 emission could be the main driver of the ‘anom-
alous’ increase (Singarayer et al., 2011). However, the megadrought at
around 4000 cal yr BP recorded in the low latitudes (Blunier et al., 1995;
Peng et al., 2021a) contradicts the fact that atmospheric CH4 was rising
by that period (Fig. 6D), suggesting this hypothesis needs verification.
Our results indicate that the increment of peat areal extent in the
northern peatland may be a key factor controlling the ‘anomalous’ at-
mospheric CHy4 rising since the mid-Holocene, as revealed by the
consistent synchrony in atmospheric CH4 concentration and peatland
lateral expansion dynamics.

Our results, corroborated by supplementary data from other sites,
support the hypothesis of northern peatlands as major source of atmo-
spheric CHysince the mid-Holocene (Blunier et al., 1995). Although
anthropogenic early rice paddy cultivation (Ruddiman et al., 2008),
Hudson Bay Lowlands’ peatland initiation (Packalen et al., 2014), and
increased tropical wetland emissions (Chappellaz et al., 1997; Singar-
ayer et al., 2011) have been invoked as dominant controls on the mid-
Holocene atmospheric CHy rising. We propose that if other northern
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peatlands follow the same expansion pattern seen here in our analysis,
the non-linear lateral expansion could be a plausible driver of the at-
mospheric CH4 increase since the mid-Holocene, rather than early
anthropogenic (Ruddiman, 2003; Ruddiman et al., 2008) or Southern
Hemisphere tropical wetland (Singarayer et al., 2011) emissions.

4.3. Millennial timescale paludification and spatial heterogeneity of peat
thickness

Peatland lateral expansion rates have been incorporated into several
studies focusing on long-term carbon exchange dynamics (Korhola,
1994; Mathijssen et al., 2014; Mathijssen et al., 2017; Ruppel et al.,
2013). In these studies, multiple basal peat dating samples within one
peatland were used to reconstruct the millennial timescale lateral
expansion of the peatland (Korhola, 1994; Mathijssen et al., 2014).
However, the use of this method in large-scale peatland complexes is
often compromised by a high degree of spatial heterogeneity in peat
depth due to underlying topography, which is usually not well-
constrained due to limited sampling sites and peat thickness measure-
ments (Korhola et al., 1996). Our measurements with high sampling
density show that peat thickness varies considerably in space (Fig. 4).
We accounted for such heterogeneity by extracting peatland areas at
different peat depths using a high-resolution peat thickness model based
on GPR measurements. Next, we reconstruct historical peatland areas by
combining the area-depth result with an age-depth model based on 89
AMSC dates of macrofossil samples from four peat cores (Table S1)
(Larsson et al., 2017; Nilsson et al., 2001). By doing so, not only the
temporal evolution of peatland area and the lateral expansion rate, both
horizontal and vertical, could be estimated (Fig. 6A and B), but also the
likely spatial progression of peatland development can be illustrated
(Fig. 7). In comparison with previous studies using basal ages for
reconstructing millennial timescale peatland developments during the
Holocene (Korhola, 1994; Mathijssen et al., 2017; Mathijssen et al.,
2022), our GPR-based reconstruction can provide a more nuanced un-
derstanding of the dynamics in the peatland lateral expansion processes
both temporally and spatially.

Our reconstructions show peatland distribution in Degero was scat-
tered in multiple isolated pockets before the mid-Holocene (Fig. 7),
pointing to peat initiation in landscape depressions at which terrestri-
alization took place. From these isolated pockets, paludification was the
dominant peat-forming and lateral expansion mechanism after the mid-
Holocene (Malmstrom, 1923). The individual small peatland basins at
Degero coalesced into a single large peatland complex at around 2000
cal yr BP, similar to the Siikaneva peatland complex (Mathijssen et al.,
2016), but different from the smaller peatlands such as Reksuo (Korhola
et al., 1996; Korhola, 1994) and Lompolojankka (Mathijssen et al.,
2014). The paludification of Degero from 6000 to 1000 cal yr BP has a
southeast-northwest directionality (Fig. 7), which is consistent with the
dominant direction of post-glacial landforms and drainage networks in
the region (Ehnvall et al., 2023; Hoppe, 1959), which could be likely
caused the flatter surface topography in this direction as revealed by
LiDAR-derived Digital Elevation Model (DEM) (Fig. 1B) (Leach et al.,
2016). This directionality constrained by underlying topography is an
important consideration that has perhaps been overlooked in previous
studies identifying the role of slope in regulating growth rates and
estimating peatland lateral expansion rate only based on single or few
directions of transect analysis (Almquist-Jacobson and Foster, 1995;
Granlund et al., 2022; Loisel et al., 2013; Juselius-Rajamaki et al., 2023).
Directionality of post-glacial landforms is something that would ideally
be incorporated into models of high latitude peatland expansion in the
future.

4.4. Uncertainties and recommendations

Though a detailed spatial peatland progression through time was
reconstructed in this study, uncertainties in peat basal ages and the age-
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Fig. 7. Maps showing the peatland that developed during each time slice in the current catchment of Deger6 Stormyr peatland complex.

depth model could not be well addressed due to the heterogeneities in
peat accumulation through time and space. It is well understood that the
age-depth relationship may vary by several hundreds to thousand years
across different points in a mire (Korhola, 1994; Piilo et al., 2020).
Multiple spatially well-distributed age-depth models are ideally needed
for a more precise understanding of peatland lateral expansion, which
due to high expenses are extremely scarce. Our estimate, therefore,
inevitably comes with an uncertainty of several hundred to thousand
years as well. However, the strong agreement between our lateral
expansion rate and that of other intensively dated peatlands is encour-
aging and supports the calculated expansion rate of Degero to be close to
the mean climate-controlled expansion rate of northern peatlands
(Fig. 6G), despite the uncertainty in age. Among other reasons, this
study stresses the data scarcity of, and research needs for, site-specific
peatland lateral expansion reconstructions. More information, such as
multiple age-depth models for peatlands in different hydroclimatic and
geomorphological settings, is needed to validate our hypothesis for the
northern peatlands.

5. Conclusion

We reconstructed the 6000-year peatland lateral expansion history of
a peatland complex in northern Sweden, based on 89 AMS*C dates from
four peat cores and high-resolution Ground Penetrating Radar (GPR)
peat thickness measurements along 25 km of transects. Based on our
analysis, rapid lateral expansion of the peatland seems to have occurred
after around 3500 cal yr BP. Accelerated lateral expansion occurred
during the Medieval Warm Period and after the little ice age. Abrupt
declines in both atmospheric CH4 concentration and peatland lateral
expansion rates are found to coincide with ice-rafted debris events and
increased total solar irradiance. Further synthesis of lateral expansion
data from four Fennoscandian peatlands suggests that over around 60 %
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of the northern peatland area incrementally expanded through lateral
growth from existing peatlands after the mid-Holocene. This expansion
could have caused an increase of approximately 100 ppbv CHy4 in the
atmosphere since then. In turn, this dynamic increment of the northern
peatland area was in concert with the ‘anomalous’ increase of atmo-
spheric CHy4 concentrations after the mid-Holocene. Based on these an-
alyses, we speculate that northern high latitudes and global
hydroclimatic changes have been dominant drivers of both peatland
expansion and the global carbon cycle since the mid-Holocene. Never-
theless, we stress that there is currently too little empirical support
available to fully test this hypothesis. Thus, we recommend that more
studies are made where multiple peat cores taken from within the same
peatland are dated. This study highlights the dynamic nature of lateral
expansion processes in northern peatlands and emphasizes that their
climatic controls are likely important drivers of the mid-Holocene
‘anomalous’ increase in atmospheric CH4 concentrations.
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