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Key Points:
•

Carbon accumulation in Arctic permafrost peatlands responds inconsistently to warm
climate phases

•

Recent warming is reflected as increase but also as decrease in carbon accumulation

•

Permafrost peatlands are creating a negative feedback to climate warming, but have a
probable future scenario to turn to a positive feedback

Abstract
Northern peatlands have accumulated large carbon (C) stocks since the last deglaciation and
during past millennia they have acted as important atmospheric C sinks. However, it is still
poorly understood how northern peatlands in general and Arctic permafrost peatlands in
particular will respond to future climate change. In this study, we present C accumulation
reconstructions derived from 14 peat cores from four permafrost peatlands in northeast European
Russia and Finnish Lapland. The main focus is on warm climate phases. We used regression
analyses to test the importance of different environmental variables such as summer temperature,
hydrology and vegetation as drivers for non-autogenic C accumulation. We used modeling
approaches to simulate potential decomposition patterns. The data show that our study sites have
been persistent mid- to late-Holocene C sinks with an average accumulation rate of 10.80 –
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32.40 g C m-2 y-1. The warmer climate phase during the Holocene Thermal Maximum stimulated
faster apparent C accumulation rates (ACARs) while the Medieval Climate Anomaly did not.
Moreover, during the Little Ice Age, ACARs were controlled more by other factors than by cold
climate per se. Although we could not identify any significant environmental factor that drove C
accumulation, our data show that recent warming has increased C accumulation in some
permafrost peatland sites. However, the synchronous slight decrease of C accumulation in other
sites may be an alternative response of these peatlands to warming in the future. This would lead
to a decrease in the C sequestration ability of permafrost peatlands overall.

1 Introduction
Previous peatland studies have suggested that during warm climate phases, e.g., the Holocene
Thermal Maximum (HTM, ~ 9000-5000 years ago; Yu et al., 2009) and the Medieval Climate
Anomaly (MCA, ~ 950 to 1200 AD; Charman et al., 2013), northern peatland carbon (C)
accumulation rates were higher than during cool climate phases. These data originated mainly
from boreal peatlands, but comparable data are still scarce at higher latitudes (but see Sannel et
al., 2017; Swindles et al., 2015). Thus, the response of Arctic peatlands to, for instance, recent
warming (Hartmann et al., 2013) remains uncertain despite the fact that future warming may
result in major changes in C accumulation in these high-latitude peatlands. This is partly because
warming increases the growing season length and therefore plant productivity, while at the same
time plant physiology and decay rates of plant litter are affected by changes in soil moisture
conditions. Moisture is an important factor that controls plant net primary productivity (NPP)
through impacting photosynthesis (Field et al., 1995). The estimated rate of permafrost loss may
be c. 4.0 million km2 per one degree warming (Chadburn et al., 2017) and permafrost landscapes
are likely to get wetter (Oberman, 2008; Romanovsky et al., 2010) or drier (Zhang et al., 2018)
in the future depending on microtopographical features. Interlinked changes in temperature and
moisture conditions may trigger shifts in vegetation composition (e.g., Zhang et al., 2018) and
consequently cause significant changes in C accumulation patterns (Charman et al., 2013; Treat
et al., 2016). Moreover, permafrost thaw may expose substantial quantities of old stored organic
C to decomposition (Jones et al., 2017; O’Donnell et al., 2012). This could potentially be
released to the atmosphere as carbon dioxide (CO2) and/or methane (CH4), leading to a positive
climate feedback (Hodgkins et al., 2014). The two possible divergent responses of Arctic
peatlands: i) an increase in carbon accumulation due to increases in photosynthetic input or ii) an
increase in decomposition of plant litter and old carbon due to drying and/or warming, are
challenges for C cycle models and future projections (e.g., Schuur et al., 2009). Will predicted
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changes in permafrost peatland dynamics lead to a positive or a negative feedback to global
warming?
In order to address this question, we selected four permafrost peatlands in northeast
European Russia and Finnish Lapland. These regions have experienced increasing temperatures
in recent decades (Bekryaev et al., 2010; Bulygina & Razuvaev, 2012; Mikkonen et al., 2015).
We investigated changes in C accumulation rates over the past few millennia using a total of 14
peat cores. There was a special focus on warming phases, aiming to provide information for
understanding C accumulation responses to future climate warming. Additional local proxy data
coming from testate amoeba and plant macrofossil analyses, supplemented by available regionalscale tree ring-based summer temperature reconstructions (Wilson et al., 2016) allowed us to
evaluate correlations between C accumulation patterns and various environmental variables.

2 Study sites
The study sites are permafrost peatlands in the discontinuous permafrost zone of Russia and the
sporadic permafrost zone in Finnish Lapland (Fig.1 and Table 1). Indico and Seida are located in
the Arctic northeast European Russian tundra, where extensive permafrost aggradation occurred
from ca. 2200 cal. BP onwards (Hugelius, et al., 2012; Routh et al., 2014). During the MCA,
permafrost thawing and subsequent desiccation was recorded in our study sites (Zhang et al.,
2018). In some parts of our sites, post-Little Ice Age (LIA) warming since 1850 AD has caused
permafrost thawing and triggered Sphagnum establishment while a stronger recent warming has
started to desiccate the peat surface (Zhang et al., 2018). The peat plateaus both at Seida and
Indico are elevated a few meters from the surrounding mineral soil, and the vegetation is
dominated by shrub-lichen-moss communities, such as Betula nana, Rhododendron tomentosum,
Empetrum nigrum, Polytrichum strictum, Sphagnum fuscum, S. lindbergii and sedges of
Eriophorum spp. In contrast to Seida, peat plateau vegetation at Indico is dominated by lichens
and mosses, with less abundant shrubs. On both peat plateaus there are areas of bare peat c. 4
meters across (Repo et al., 2009; Ronkainen et al., 2015).
In the Finnish Lapland sites Kevo and Kilpisjärvi, permafrost probably initiated during
the LIA around 500-100 cal. BP (Oksanen, 2006; Zhang et al., 2018). Vegetation at both sites is
dominated by dwarf shrubs, e.g. Betula nana, Empetrum nigrum, Rubus chamaemorus,
Polytrichum strictum, Dicranum spp, and Sphagnum mosses such as S. fuscum, S. balticum, S.
majus and S. riparium along a hydrological gradient. The sedge Eriophorum vaginatum is also
present. At Kevo and Kilpisjärvi, there are also patches of bare peat, but they are smaller and less
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extensive than those present in the Russian sites.
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Fig. 1. Location of the study sites (red dots). Climate data for each site are derived from the nearest meteorological
station (blue stars), see details in Table 1. Data for circum-Arctic permafrost zonation map are edited from Brown et
al. (1998).

3 Materials and methods
3.1 Sampling
In total, 14 active layer peat cores (Table 1) were collected from four sites in August 2012
(Russia) and 2015 (Finland) using a 5 cm diameter Russian peat corer. Individual cores were
wrapped in plastic and returned to the lab in sealed PVC tubes and stored in a freezer. The cores
were later defrosted and sub-sampled at 1-cm or 2-cm contiguous slices and stored in plastic
bags for further analyses.

3.2 Chronology
Due to a lack of preserved and identifiable plant macrofossil remains in our cores, 44 bulk peat
samples were sent to the Finnish Museum of Natural History (LUOMUS, Helsinki, Finland) and
the Poznan Radiocarbon Laboratory (Poznan, Poland) for accelerator mass spectrometry (AMS)
14
C dating (Table 1 and S1). The chronology of the top part of five cores (Table 1) was
determined using 210Pb dating. A dry 0.2-0.5 g homogenized subsample from each 1-cm interval
was analyzed for 210Pb activity after spiking with a 209Po yield tracer. Details of the applied 210Pb
dating method can be found in Ali et al. (2008) and a modified version from the University of
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Exeter was used in the laboratory (Estop-Aragonés et al., 2018; Kelly et al., 2017). The surface
(0-1 cm) ages of other cores were based on 14C dating, or assumed to be the collecting year. For
those cores with surface ages that were assumed to be the collecting year, the first 14C dated
depth was always at ca. 10 cm (Table 1 and S1).
AMS 14C ages were calibrated using the INTCAL 13 calibration curve (Reimer et al.,
2013). Modern dates in pMC (% modern carbon) were converted to radiocarbon ages prior to
analysis using the NH Zone1 postbomb curve (Hua et al., 2013). All calibrated mean ages were
converted to calendar years before present, where BP is equal to AD 1950. 210Pb ages were
obtained through a Constant Rate of Supply model (Appleby & Oldfield, 1978). A preliminary
investigation of the R packages Clam and Bacon showed that for several cores Clam (Blaauw,
2010) yielded smaller differences between the modeled age and the dated age when compared to
Bacon (Blaauw and Christen, 2011). In addition, Bacon could not be run for core Sei3 BS due to
limited amount of dates. Considering the wide application of Clam in peatland studies, the fact
that the outputs are highly comparable in the case of high dating density (Blaauw et al., 2018)
and our desire to use the same chronological modeling approach for all records, for the current
study we chose to use Clam. Age-depth models were developed using Clam (Blaauw, 2010) in R
version 3.2.4 (R Core Team, 2014); both 210Pb and 14C dates were included in the model and the
smooth spline method was selected initially when developing all age-depth models. Some
chronologies yielded age reversals when the default smoothing parameter 0.3 was employed, and
if a relatively large deviation of the dated 14C date to age-depth model curve occurred when
changing the smoothing parameter, a linear interpolation method was used instead.

3.3 Peat core analysis
3.3.1 Peat properties
Contiguous samples of known volume were extracted from the cores at 1 or 2 cm resolution,
oven-dried (50 °C over night and then 110 °C for 6 hours) and weighed to enable calculation of
bulk density (g/cm3). Bulk density was calculated by dividing the dry peat weight by the wet peat
volume. Percentage C and N content by mass were measured on homogeneous grounded subsamples using a LECO TreSpec Elemental Determinator. Carbon-to-nitrogen molar ratios (C/N)
were calculated from C and N content measurements. For some cores (Ind1, Ind6, Sei1 and Sei4),
loss on ignition (LOI) at 550°C was measured instead of percentage C content (Table S1), for
those cores, we assumed that C content was 50% (Loisel et al., 2014).
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Table 1. Site and peat core information.
Site

Latitude
(N)

Longitude
(E)

MAT
(°C)

Indico,
Russia

67°16′01′′

49°52′59.9′′

-4.0

Seida,
Russia

67°07′0.12′′

62°57′

Kevo,
Finland
Kilpisjärvi,
Finland

69°49′26.1′′
68°53′4.5′′

MAP
(mm)

GDD0

PAR0

P/Eq

Core

501

1074.27

3649.54

1.57

-5.6

501

971.65

3165.96

1.63

27°10′20.7′′

-1.3

433

1151.86

3683.14

1.61

21°3′11.94′′

-1.9

487

985.85

3505.50

1.79

Ind1
Ind2 BS
Ind3 BS
Ind4
Ind5
Ind6
Sei1
Sei2
Sei3 BS
Sei4
Kev1 BS
Kev2
Kil1 BS
Kil2

Depth
(cm)

Surface
age control

Number of
14
C dates

*Basal age
(cal. BP)

MPAR
(mm yr-1)

39
38
48
35
45
44
39
24
30
29
31
33
40
32

Col year
14
C
14
C
210
Pb
210
Pb
Col year
Col year
210
Pb
14
C
Col year
14
C
210
Pb
14
C
210
Pb

4
4
3
2
3
3
4
3
2
2
4
2
5
3

3420 ± 64
7040 ± 48
6260 ± 24
2050 ± 65
7230 ± 64
1885 ± 65
6575 ± 88
3295 ± 82
6485 ± 85
580 ± 29
1485 ± 72
1975 ± 78
3900 ± 73
1645 ± 78

0.38
0.27
0.56
0.49
0.35
0.31
0.08
0.21
0.48
0.50
0.67
0.52
0.11
0.21

Note. Mean annual temperature (MAT) and mean annual precipitation (MAP) data for Indico are from Naryan-Mar meteorological station and cover the period
1961-1990; for Seida are from Vorkuta meteorological station covering the period 1977-2006; for Kevo from Utsjoki Kevo meteorological station and for
Kilpisjärvi from Enontekiö Kilpisjärvi Kyläkeskus meteorological station (Pirinen et al., 2012), both for the period 1981-2010. Climate parameters growing-degree
days above 0°C (GDD0; temperature sum), cumulative photosynthetically active radiation above 0°C during the growing season (PAR0) and the annual
precipitation/annually integrated equilibrium evapotranspiration moisture index (P/Eq) were developed using the CRU 0.5° gridded climatology for 1961-1990
(CRU CL1.0) using PeatStash (Gallego-Sala & Prentice, 2013). BS in core codes represents bare peat surface, other cores are from vegetated surfaces. Ind4 and
Ind5 included 10 cm living Sphagnum in the top, and Ind5 had mineral mixed bottom part (29-45 cm), those samples were removed for this study. Col year:
collecting year. MPAR: mean peat accumulation rate.

3.3.2 Apparent C accumulation rate (ACAR)
Peat vertical growth rates (mm yr-1) were calculated based on the most probable age estimates
yielded by the CLAM age-depth model, thus the chronological uncertainties/errors are not taken
into account for the further analyses. ACAR (g C m-2 yr-1) was calculated by multiplying the
bulk density of each depth increment by C content and accumulation rate (Tolonen & Turunen,
1996). Both core-specific and site-combined ACARs were calculated. We calculated three
different ACAR values: 1) through the whole peat section, 2) between c. 1 ka and the coring year
and 3) between c. 1950 and the coring year.

3.3.3 Peat decay and modeling of past C dynamics
Surface peat is always incompletely decomposed and this needs to be carefully taken into
account when comparing recent C accumulation rates with those of the past. To address this
challenge we applied the modeling approach developed by Loisel & Yu (2013a) and previously
applied, for example, by Wang et al. (2015).
To simulate the potential decomposition processes of the currently only partially
decomposed peat, we first identified the boundary between partially and fully decomposed peats
(henceforth Decpart and Decfull refer to partially and fully decomposed peats). We used bulk
density and C/N value variations (Robinson, 2006; Yu et al., 2001) and the instantaneous rate of
change of the age-depth model (Loisel & Yu, 2013a) to determine the as-exact-as possible
location of the Decpart and Decfull boundary. In most cores, this boundary approximately occurred
in layers dated to ca. 100-200 cal. BP. However, occasionally, for example in Kil1 BS, this
boundary corresponded to a shift from deeper Sphagnum peat to upper ligneous peat dated to ca.
1470 cal. BP. In such cases, we defined the peat formed after AD 1850 as a separate Decpart
section to enable the estimation of impacts of recent warming on C accumulation, i.e. the total
partially decomposed peat section was divided into two sections but both sections were modeled
separately from the Decfull section.
We applied three models (Fig. 2): (1) the exponential decay model (EDM) (Clymo, 1984):
M=

!
∗ (1 − ! !!∗! )
!

where p is the peat addition rate, ! is the peat decay coefficient, t is time and M is the observed
cumulative peat organic matter pool; (2) the C flux reconstruction model (CFM) (Yu, 2011):
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NCU! =

NCP!
! !!∗!

where the net peat C pool (NCP) is used to calculate net C uptake (NCU), ! is calculated using
EDM, t is time; and (3) a simplified peat decomposition model (PDM) (Frolking et al., 2001):
M! =

!
1 + !"

where p and α are derived from EDM, Mt is the remaining peat at time t. The EDM, which
includes only long-term peat decay processes, was applied to derive p and α using curve-fitting
analysis directly from the observed cumulative peat mass data. We applied the EDM separately
for the Decpart and Decfull peat sections and assumed that within these sections the peat decay rate
was constant (Clymo, 1984). But, if large variations in peat accumulation rates existed inside the
sections Decpart or Decfull, we applied the EDM separately to different peat sections to ensure that
the most accurate peat decay rate estimates were achieved. These values were then used to drive
the CFM (for Decfull peat C fluxes) and the PDM (for Decpart peat C fluxes), which are
independent from one another. For Decfull peats, CFM was used to back-calculate the amount of
C that was initially deposited (C uptake). For Decpart peats, PDM was used to simulate the
potential peat decomposition over a certain period of time and to calculate the remaining amount
of peat (which is equivalent to the C uptake if multiplied by the assumed 50% C content in peat
organic matter) that will be eventually buried into deeper layers (Loisel & Yu, 2013a).

Peat core
Upper
section

Decomposition
Deeper
section
Partially
Fully

EDM
p1, α1
PDM

Transfer to
deeper section
Peat remains
*50% C content

EDM
p2, α2
CFM
Original NCU

Fig. 2. Flowchart showing the peat decomposition modeling used in this study. Peat cores are divided into upper
(partially decomposed) and deeper (fully decomposed) sections according to their decomposition degrees. The
exponential decay model (EDM) and peat decomposition model (PDM) are applied to upper sections to estimate the
peat remains that will be transferred to deeper sections after simulated future decomposition. EDM and carbon flux
reconstruction model (CFM) are applied to deeper sections to back calculate their original net carbon uptake (NCU).
50% of the peat remains from the upper section yield the potential C remains that will be transferred to the deeper
section, which is comparable with the calculated original NCU of deeper section. p: peat addition rates; α: peat
decay coefficients.
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3.3.4 Environmental variables and their links to non-autogenic C accumulation
Testate amoeba or/and plant macrofossil-based water-table depth (WTD) reconstructions were
produced at 1-2 cm resolution using the transfer function of Zhang et al. (2017) for testate
amoeba and an extended transfer function of Väliranta et al. (2012) for plant macrofossil data.
Vegetation was grouped into three types: herbaceous (grass, forbs, Equisetum and Cyperaceae),
ligneous (shrubs, trees and rootlets) and bryophytes (mostly Sphagnum spp.) according to Treat
et al. (2016). In addition to identifiable plant remains, the proportion of unidentifiable organic
matter (UOM) was also estimated (see Väliranta et al., 2007 for the applied method). Tree ringbased last millennium Northern Hemisphere summer temperature (Tsum) reconstructions (Wilson
et al., 2016) were used to provide a regional climate record, and correspondent Tsum for each
sample was derived from the published reconstruction curve.
Autogenic processes were considered when studying the effect of environmental
variables on C accumulation by fitting decay curve to each profile (Charman et al., 2013). The
EDM derived p and α for each core were used to simulate the carbon accumulation rates (CARs)
under constant conditions (without external environmental drivers). The differences (△CAR)
between modeled CARs and actual measured ACARs were considered to be the variation in C
accumulation due to non-autogenic (i.e. environmental) processes. Z scores of △CAR were then
calculated over the total length of cores from each site to enable between-site comparisons.
Correlation analyses of the relationship between non-autogenic △CAR z scores and corespecific environmental variables and regional Tsum were carried out in R version 3.2.4 (R Core
Team, 2014) using the corr.test function in the “psych” package to test the relative importance of
each variable in determining C accumulation for each core, for each site, for each region and for
all cores combined. Only a sub-dataset for the last millennium was used here. Then a multiple
linear regression analysis (stepwise) was applied to data from each site, each region and all sites
combined dataset to evaluate the influences of variables on overall C accumulation. Three
interaction terms (Tsum*WTD, Tsum*N% and Tsum*UOM) were used as additional variables.

4 Results
4.1 Chronology and vertical peat accumulation
Vertical peat growth rates were not consistent during the last few millennia (Table 1, S1 and Fig.
S1). The depth of the peat cores in our four sites ranged from 24 to 48 cm and the basal ages
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ranged from 580 to 7040 cal. BP. The shortest core Sei2 (24 cm) had a basal age of 3295 cal. BP
and the age-depth model suggested a hiatus between 1010 to 50 cal. BP. Three cores collected
from bare peat surface at Indico (Ind2 BS and Ind3 BS) and Seida (Sei3 BS) gave very old
surface ages of 4950, 3660 and 5970 cal. BP respectively (Table S1). These cores were used to
investigate long-term C accumulation patterns only and removed from the analysis of peat decay
modeling. Two cores collected from bare peat surfaces in Lapland, at Kevo (Kev1 BS) and
Kilpisjärvi (Kil1 BS), both yielded modern surface ages (Table S1). Mean peat accumulation
rates from all the studied sites ranged from 0.08 to 0.67 mm yr-1 (Table 1). Cores collected from
the same site tended to show relatively similar accumulation rates (standard deviation (SD) ≤
0.10 mm yr-1), but as an exception, Sei3 BS (0.48 mm yr-1) and Sei4 (0.50 mm yr-1) from Seida
had clearly higher accumulation rates than Sei2 (0.21 mm yr-1) and especially Sei1 (0.08 mm yr1). It is notable that at Kilpisjärvi, peat accumulation rates were slower and more stable than
elsewhere.

4.2 Peat properties
Peat properties varied with depth and also between different cores and sites (Fig. 4 and Table S1).
When data from all the studied cores were combined, the mean bulk density (± SD) value was
0.13 ± 0.06 g cm-3, which is similar to the mean bulk density (0.111 ± 0.067 g cm-3) for peats
from western Russia and Fennoscandia (Loisel et al., 2014). N content analyses yielded an
average value of 1.49 ± 0.70%, which resembles the value of 1.48 ± 0.72% reported in a
permafrost peat compilation by Treat et al. (2016). The average LOI value was 79.67% with a
relatively large SD of 13.86%. The mean C content value of 50.23 ± 4.37% is slightly higher
than the previously reported mean from these regions: 49.2 ± 3.2% for western Russia and 44.4 ±
5.7% for Fennoscandia (Loisel et al., 2014), but is still within their standard deviation range. The
average C/N ratio was 51.94 with a large SD ± 50.71. Core specific mean peat property values
were variable (Table S1). The average core bulk density ranged from 0.07 ± 0.03 (Ind3 BS) to
0.20 ± 0.05 g cm-3 (Sei2). LOI values within cores showed large variations only for core Sei1
with a SD ± 18.9 %, while other measured cores, e.g. Ind6 and Sei4, had more homogeneous
LOI values. Additionally, Sei4 had the highest mean LOI value 93.71 ± 5.70%. The measured
average core C content of organic matter ranged from 44.92 ± 4.18 (Ind5) to 52.67 ± 0.79%
(Kev1 BS). The average core N content ranged from 0.41 ± 0.18% (Ind3 BS) to 2.27 ± 0.22%
(Sei3 BS). C/N ratio varied notably between the cores; the range spanned from 23.17 ± 2.27
(Sei3 BS) to 148.61 ± 65.44 (Ind3 BS).
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4.3 ACAR variability
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Mean long-term ACARs in the Russian sites were 13.66 g C m-2 yr-1 for Indico and 12.90 g C m2
yr-1 for Seida (Table 2). In the Finnish Lapland sites, the Kilpisjärvi cores yielded a lower value
of 10.80 g C m-2 yr-1, while a much higher value (32.40 g C m-2 yr-1) was recorded at Kevo
(Table 2). Core specific (Fig. 3 and Table 2) ACARs were lowest for Sei1 (4.32 g C m-2 yr-1) and
highest for Kev1 BS (33.88 g C m-2 yr-1). All our cores except the two from Kevo (33.88 and
30.91 g C m-2 yr-1) had lower ACARs than was reported for northern peatlands (22.9 g C m-2 yr-1)
in Loisel et al. (2014), but insignificantly (p = 0.437) differed from the value reported for
permafrost peats (14.0 g C m-2 yr-1) by Treat et al. (2016). When the time frame was restricted to
the last ca. 1 ka (Table 2), cores Ind4 (29.64 g C m-2 yr-1), Sei2 (26.86 g C m-2 yr-1) and also the
two cores from Kevo yielded higher ACARs than 22.9 g C m-2 yr-1, the mean for northern
peatlands (Loisel et al., 2014). When focusing only on recent decades (Table 2), almost all cores
had much higher ACARs when compared with the other temporal approaches (entire core and 1
ka), with a largest value of 72.35 g C m-2 yr-1 for core Kev2. In each case, Indico, Seida and
Kilpisjärvi had similar site-based ACARs (1.2 < SD < 4.1), while Kevo had the highest ACAR,
approximately twice as high as the other sites.

Indico

Seida

Kevo

Kilpisjärvi

Fig. 3. Apparent carbon accumulation rates (ACARs) for each core (left) and for each site (right). Each color
indicates one site. Each box plot shows 1st and 3rd quartiles, median (horizontal lines), mean (dots), and maximum
and minimum values (whiskers) and outliers.

For each core, ACARs varied with depth (Fig. 4). The very high ACARs reported from,
for example, core Ind1 (38.25 g C m-2 yr-1) and Kev1 BS (42.71 g C m-2 yr-1) around 1500 cal.
BP were unrealistically high and may have resulted from chronological uncertainties (see also
Sannel et al., 2017). In order to evaluate the temporal patterns of ACARs for each site, we
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grouped ACAR data into 100-year bins for the last 1000 years and 200-year bins before that (Fig.
5). The above-mentioned conspicuously high values (Fig. 5a-d) were omitted from further data
analysis. A combined ACAR history from which the high ACAR peaks and also the recent
incompletely decomposed peats had been removed is shown in Fig. 5e. At Indico (Fig. 5a), a
high ACAR phase (15-20 g C m-2 yr-1) was dated to around 7000-6000 cal. BP, after this the
ACARs declined to 5-10 g C m-2 yr-1. During the last millennium, ACARs gradually increased,
with some fluctuations until a sharp increase started at 100-0 cal. BP. At Seida (Fig. 5b), a
similar high ACAR phase was detected and dated to 6000-7000 cal. BP and to recent decades. At
Kevo (Fig. 5c) stable and low ACARs persisted until a significant increase started ca. 100-0 cal.
BP. At Kilpisjärvi (Fig. 5d) a gradual increase in ACAR started ca. 1800 cal. BP but there has
been a more pronounced increase in ACAR during the recent years. When all sites and data were
combined (Fig. 5e), highest ACARs (ca. 15 g C m-2 yr-1) occurred during 7000-6000 cal. BP then
decreased sharply to ca. 5 g C m-2 yr-1. Subsequently, a gradual increase in ACAR ended with a
minor peak (12 g C m-2 yr-1) at around 350 cal. BP.

4.4 Peat decay and modeling of C dynamics
The exponential decay model (EDM) yielded various decay coefficients and peat addition rates
for different peat sections of the studied 11 cores (Table S2). Generally, and as expected, higher
decay coefficients (α) were derived for Decpart peats, though the values varied a lot. For Decpart
layers, the largest value was 117.70×10-4 yr-1 (Ind4) and the lowest value was 4.11×10-4 yr-1
(Ind6). For the Decfull peat sections, the largest value was 9.57×10-4 yr-1 (Ind5) and the lowest
value was 0.18×10-4 yr-1 (Kev2). Peat addition rates (p) confirmed the pattern where Decpart peats
had higher accumulation rates than Decfull layers.
The C flux reconstruction model (CFM) suggested net C uptake (g m-2 yr-1, NCU) for the Decfull
peat sections (Table S3), ranging from 4.04 to 13.77 g m-2 yr-1. These estimates represented the
average annual peat C flux that entered the Decfull sections over the past few millennia. The peat
decomposition model (PDM) simulated the remaining peat C mass of the Decpart layers after 100
(ranged from 1.32 to 50.36 g m-2 yr-1) and 300 years (ranged from 1.20 to 34.61 g m-2 yr-1) of
decomposition. After a decomposition simulation of 100 years, eight out of eleven cores yielded
higher remaining peat C mass (g m-2 yr-1) than the average value of the modeled past NCU, i.e.
more NCU was derived for the Decpart peats than Decfull peats, while only seven of them
continued to yield the same result when the setting decomposition time was changed to 300 years
(Fig. 6).
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Table 2. Apparent carbon accumulation rates (ACARs) (g C m-2 yr-1) since basal, 1 ka and recent past of peat cores from the four studied permafrost peatlands.

Indico

Seida

Kevo
Kilpisjärvi

Ind1
Ind2 BS
Ind3 BS
Ind4
Ind5
Ind6
Sei1
Sei2
Sei3 BS
Sei4
Kev1 BS
Kev2
Kil1 BS
Kil2

Since basal
ACAR
Average
ACAR/site
14.93
9.74
15.54
20.99
12.59
8.14
13.66
4.32
13.92
16.89
16.48
12.90
33.88
30.91
32.40
8.35
13.24
10.80

Depth
(cm)
11
27
27
33
10
7
29
24
26
15
24

Since ca.1 ka (950 AD)
Age
ACAR
Average
(cal. BP)
ACAR/site
1125
6.24
1020
29.64
1115
13.22
1062
8.96
14.52
1061
2.92
1012
26.86
600
16.48
15.42
989
34.44
1083
36.95
35.70
1013
10.59
1005
15.00
12.80

Since recent years (after 1950 AD)
Depth
Age
ACAR
Average
(cm) (cal. BP)
ACAR/site
2
-4
11.52
19
-3
56.99
11
3
41.23
3
-4
10.51
30.06
1
-24
4.76
5
-3
36.22
5
-15
36.42
25.80
6
-8
43.70
7
-11
72.35
58.03
1
-56
8.42
3
-10
31.70
20.06
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Fig. 4. Bulk density (BD), nitrogen content (N%) and apparent carbon accumulation rates (ACARs) plotted against age for the studied cores. Plant
macrofossil results of analysed 10 cores are shown using plant function types (PFT). Black lines (without symbols) indicate hydrological shifts
reconstructed using testate amoeba data, and black dash lines indicate results from plant macrofossil data (left: wet; right: dry; no scales are shown).
Note four sets of Y-axes (ages) are used. Climate phases are indicated using purple (Medieval Climate Anomaly), gray (Little Ice Age) and red (recent
warming) shadings.
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Fig. 5. (a-d) Apparent carbon accumulation rates (ACARs) for four permafrost peatlands with error bars
representing standard errors of the means (standard deviation of its sampling distribution to the means). Up to 1000
yrs BP, calculations are for each 100-yr bin, for the later periods, calculations are for each 200-yr bin. (e) Combined
data for all sites after removing those samples that may be influenced by uncertainty of 14C dating and samples
accumulated since 100 cal. BP (see text for details). In each site, ACARs presented by the red curve in recent
warming period is rescaled (see Fig. 4 for original values). Climate phases are indicated using purple (Medieval
Climate Anomaly), grey (Little Ice Age) and red (recent warming) shadings.
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300 years decomposition

100 years decomposition
Ind1

Ind1

Ind4

Ind4

Ind5
Ind6
Sei1
Sei2

Ind5
Ind6
Sei1
Sei2

Sei4
Kev1 BS
Kev2
Kil1 BS

Sei4
Kev1 BS
Kev2
Kil1 BS

Kil2
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Difference between recent and past NCU (g m -2 yr -1 )
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Fig. 6. Differences between the expected remaining C mass of recent accumulated peat after 100 and 300 years
decomposition and the original net peat C uptake (NCU) during the past few millennia (from c. 100 cal. BP to the
bottom age of the cores). Blue bars indicate that recent NCU is higher than that of the past, and red bars indicate the
opposite pattern.

4.5 Non-autogenic C accumulation and correlations with environmental variables and regional
summer temperature
Non-autogenic CAR z scores were grouped into 100-year bins for the last 1000 years and 200year bins before that (Fig. S2). At Indico, C accumulation for different cores showed fluctuations
around 7000-6000 cal. BP. From 6000 to 2000 cal. BP, C accumulation was stable. After that, C
accumulation for individual cores showed large fluctuations especially during the LIA and the
recent warming period. Overall, C accumulation was faster during the LIA than any other period.
At Seida, higher C accumulation phases were dated to 6000-4000 cal. BP, the LIA and post 1950
AD. During the recent warming period, different cores showed large variations. At Kevo, overall
stable C accumulation has persisted until present. Before 100 cal. BP, different cores showed
small variation, while after 100 cal. BP very large variations were detected. At Kilpisjärvi,
reduced C accumulation occurred around 2000, 650 and 50 cal. BP. Two cores showed large
variations for the transition period from the MCA to LIA, and post 1950 AD. When data from all
sites were combined, increased C accumulation occurred before ca. 3000 cal. BP, then C
accumulation declined until the LIA. A distinct increase of C accumulation happened during the
LIA. During recent warming, first a decline happened which was followed by a latter increase in
C accumulation.
Correlation analyses showed that only in a few cases there was a relationship between
non-autogenic CAR z scores and the studied environmental variables (Table 3). Core Sei2
showed a strong significant positive correlation (r = 0.97, p < 0.05) between WTD and non-
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autogenic CAR z scores. Kev1 BS yielded significant correlations between N content (r = 0.42, p
< 0.05), C/N (r = -0.42, p < 0.05), WTD (r = 0.60, p < 0.05) and non-autogenic CAR z scores.
The rest of the cores suggest that there are no correlations. The analysis of combined data
showed a significant weak negative correlation to bryophytes proportion (r = -0.23, p < 0.05),
while no correlations were observed for other variables. Non-significant relationships between
individual variables and non-autogenic CAR z scores suggest that the relationships are non-linear,
multivariate or some of the drivers have not been identified. The multiple linear regression
analysis for Seida site yielded a model (adj. R2 = 0.91, p = 0.03) with only WTD as the
significant variable, while the analysis for all sites combined dataset yielded a poor model (adj.
R2 = 0.04, p = 0.04), including only bryophyte proportion as the significant variable. But beyond
that, the multiple linear regression analyses for other sites and two regions ended up with no
valid variables (stepwise method).

Table 3. Correlation coefficients (r) between non-autogenic carbon accumulation rate z scores and environmental
variables for each core, each site, each region and all sites combined.
Ind4
Ind5
Ind6
Indico
Sei1
Sei2
Seida
NEE Russia
Kev1 BS
Kev2
Kevo
Kil1 BS
Kil2
Kilpisjärvi
Lapland
All sites

Tsum

N%

C/N

-0.01
0.47
-0.27
0.02
0.34
0.13
-0.01
-0.01
0.13
0.16
0.13
-0.21
0.11
0.06
0.11
0.06

-0.23
-0.06
-0.14
-0.29
-0.29
-0.19
0.42 *
0.02
0.05
-0.05
0.04
0.08
0.05
-0.03

0.40
0.23
0.32
0.38
0.38
0.25
-0.42 *
0.04
0.01
0.11
-0.01
-0.03
0.00
0.11

WTD
-0.04
0.18
-0.51
-0.02
0.10
0.97 *
0.46
0.14
0.60 *
0.09
0.11
-0.12
0.45
0.18
0.12
0.11

Bry

Her

Lig

UOM

-0.06
-0.26
-0.15
-0.73
-0.73
-0.45
0.19
-0.20
-0.15
-0.04
-0.25
-0.25
-0.17
-0.23*

0.11
0.30
0.16
0.01
0.01
0.09
-0.15
-0.02
-0.02
0.29
0.05
0.06
0.02
0.03

-0.13
0.15
0.01
0.73
0.73
0.45
0.04
0.25
0.22
-0.46
0.45
0.13
0.13
0.19

0.16
0.16
0.16
-0.03
-0.03
0.09
-0.05
-0.03
-0.03
0.31
-0.03
0.05
0.02
0.04

Note. Significant correlations are given (*p < 0.05). Tsum: summer temperature. Bry: Bryophytes. Her: Herbaceous.
Lig: Ligneous.
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5 Discussion
When predicting the fate of permafrost peatland C sequestration and storage under future climate
warming, it is useful to understand past relationships between climate and peatland dynamics.
The drivers of C sequestration are complex, and several processes need to be considered. For
instance, it has been suggested that warming could result in the transformation of permafrost
peatlands to fen environments. This would promote high ACARs due to increased productivity
because of warming and reduced decomposition in moisture saturated, anoxic peat, although
even if this is the case, the net radiative effect remains uncertain because of the potential increase
of methane emissions (Swindles et al., 2015). Moreover, studies on high-latitude non-permafrost
peatlands suggest that there will be a warming-induced vegetation change from minerotrophic
fen conditions to more oligo- and ombrotrophic Sphagnum-dominated conditions that may
enhance the C sink capacity of peatlands (Loisel & Yu, 2013a), or unchanged vegetation but
with increased NPP stimulated by warmer temperatures and longer growing seasons (Klein et al.,
2013a). This might be potentially one trajectory for permafrost peatlands. Additionally, only
small immediate changes in NPP may occur linked to permafrost thaw due to tradeoffs between
slow growth rates of long-lived woody plants on dry surfaces and more responsive bryophyte
community growth in collapsed wet depressions (Camill et al., 2001). There is also evidence that
warmer temperatures and wetter conditions enhance C sequestration and thus peat accumulation,
i.e. increase the net peatland C uptake (Wilson et al., 2017).
The environmental data for the last millennium that we achieved in this study show corespecific variability (Fig. 4). But we also recorded some comparable features to previous studies.
For example, in Russia the MCA warming resulted in permafrost thawing and the consequent
establishment of moist fen-type communities (Ind4) (Zhang et al., 2018), which correspond to
previous European Russian studies (e.g., Routh et al., 2014). However, these moist communities
were subsequently replaced by shrubs and dry conditions, which were supported by testate
amoeba reconstructions. A dry MCA has been reported from a nearby region (Kremenetski et al.,
2004) and some other areas for example in Arctic Canada and southern Finland (Helama et al.,
2009). During the LIA, Finnish sites appear to have been wet at the beginning of the LIA, which
corresponds to the humid climate recorded in Finland (Linderholm et al., 2018; Väliranta et al.,
2007). Both Russian and Finnish sites suggest habitat changes towards drier communities over
recent decades. A similar trend was also found previously in northern Sweden (Gałka et al.,
2017). Chronologically, this habitat change corresponds to extensive permafrost degradation
reported for the last c. 50 years (Jones et al., 2016; Kokfelt et al., 2009). A multiple linear
regression between these environmental variables and ACAR data suggest that summer
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temperature ( = 22.53, p = 0.002), WTD ( = 6.28, p = 0.018) and UOM ( = -0.40, p = 0.017)
are significant explanatory variables explaining overall ACAR patterns (Table S4). A previous
study indicated that under warmer temperatures apparent recent carbon accumulation is higher in
wet microhabitats than in dry habitats, due to lower decomposition rate (McLaughlin & Webster,
2014). In the current study plant functional types were not significant variables, which is in
contrast to the pattern found for southern peatlands (Loisel & Yu, 2013b). However, all the
detected significant variables in our data are linked to decomposition, which indicates the
possible influence of autogenic processes, namely long-term decay, on the relationship. After
removing the autogenic trend, none of our studied environmental variables were consistently
highlighted as significant drivers on C accumulation (Table 3). This suggests that the response of
permafrost peatland carbon accumulation dynamics to climate is more complex than expected,
and there may be interactions between permafrost and the possible environmental variables,
which may respond differently depending on local conditions. To date the autogenic peat decay
models do not include the permafrost dynamics-induced peat decay changes that largely
influence carbon dynamics (see Jones et al., 2017; O’Donnell et al., 2012). Therefore, future
efforts in understanding the links between permafrost dynamics and decay changes are required
to more accurately investigate the relationships between carbon accumulation and environmental
variables.

5.1 Local-scale inconsistencies in carbon accumulation patterns
Replicated records from the same peatland should provide a more robust picture of past peatland
dynamics (Loisel & Garneau, 2010; Mathijssen et al., 2016, 2017; Pelletier et al., 2017; Zhang et
al., 2018). Our study supports the need for replication. We detected relatively large internal
ACAR variations at most of the peatland sites (Fig. 3-5 and Table 2). For example, at Indico the
mean ACAR for each core ranged from 8.14 to 20.99 g C m-2 yr-1 and at Seida from 4.32 to
16.89 g C m-2 yr-1. Our data include only three records (Ind2 BS, Ind3 BS and Sei3 BS) with old
basal ages > 6000 cal. BP, meaning that only these captured part of the HTM (Holocene Thermal
Maximum) when peat accumulation was presumably higher than during the late Holocene
(Loisel et al., 2014; Yu et al., 2010). In general, our records represent a shorter period of time
and accordingly the mean ACAR values are lower than for those reported earlier from similar
regions (Botch et al., 1995; Oksanen, 2006; Oksanen et al., 2003; Turunen, 2003).
External environmental factors sometimes had opposite influences on carbon
accumulation rates in different cores (Fig. S2). For instance, during the LIA core Ind6 suggested
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a large increase while other cores showed stable or slightly decreased rates; during the transition
from the MCA to LIA, two cores from Kilpisjärvi also experienced adverse pattern. Such a
pattern where C accumulation of adjacent cores, a few meters apart, respond differently to the
same external driver was also reported by Gao & Couwenberg (2015). Even in those cases when
external drivers had the same forcing, either leading to increase or decrease in C accumulation,
respectively, the magnitudes varied.
Permafrost aggradation probably explains some of the very low ACAR values <5 g C m-2
yr-1 detected in, for example, Ind1 ca. 3500-2200 cal. BP, Sei1 ca. 3495-580 cal. BP and Kev1
BS ca. 1445-140 cal. BP (Fig. 4) (Bauer & Vitt, 2011; Garneau et al., 2014; Hunt et al., 2013;
Seppälä, 2006). During these periods peat accumulation rates were as low as 2×10-5 m-2 yr-1.
Moreover, a long-term hiatus in the accumulation record may occur, as has been detected in the
age-depth model of Sei2 (see also Routh et al., 2014 and Sannel et al., 2017). In addition, the
very low carbon accumulation rates, when followed by thaw, could also be the results of peat
decomposition of the formerly frozen peat layers upon thaw (see Jones et al., 2017; O’Donnell et
al., 2012). In contrast, permafrost thaw may have resulted in also very high ACARs (> 50 g C m2
yr-1) as recorded in Ind4 and 5, where Sphagnum is encouraged to grow in-situ by the
hydrological changes brought about by warming (Zhang et al., 2018).

5.2 Regional-scale inconsistencies in carbon accumulation patterns
In addition to small-scale habitat factors driven by microtopography, ACAR patterns can be
expected to vary between different climate regimes (Charman et al., 2015). In general, the
ACAR values detected in this study ~12 g C m-2 yr-1, are notably low when compared with the
average of 22.9 g C m-2 yr-1 for northern non-permafrost peatlands (Loisel et al., 2014), probably
due to the smaller Arctic net primary production and standing biomass (Saugier et al., 2001).
Spatial variation in NPP is driven by growing-degree days above 0°C (GDD0) and
cumulative photosynthetically active radiation above 0°C during the growing season (PAR0) at
hemispheric scales (Charman et al., 2013). Between our study sites there are no large variations
in these indices, but at Kevo GDD0 and PAR0 are slightly higher than at the other sites (Table 1).
This may partly explain recorded high ACARs at Kevo, in addition to the influences of
incomplete decomposition. Correlation analysis between mean ACARs for each core and climate
parameters, that is the same for each site, showed that GDD0 was significantly correlated to
ACARs (r = 0.651, p = 0.012). This is in line with studies published for some boreal and
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subarctic peatlands (Garneau et al., 2014), while PAR0 and the moisture index P/Eq yielded no
significant correlations, although the number of sample sites is small and the range in GDD0 and
PAR0 is also limited. This is in contrast with previous suggestions that PAR0 explains variations
in C accumulation more strongly than GDD0 (Charman et al., 2013; Xing et al., 2015). Growing
season warmth expressed as temperature sum (GDD0) could influence both NPP and
decomposition, while PAR0 is an important control on NPP, thus our data may highlight the
importance of decomposition on Arctic permafrost peatland C accumulation process.
Nevertheless, the positive correlation between GDD0 and ACARs suggests that NPP must have
been increasing more than decomposition under a warming climate. In this study we did not find
a significant relationship between ACARs and the moisture index P/Eq. However, this does not
preclude the importance of moisture on ACARs when associated to local-scale permafrost
peatland dynamics (Gałka et al., 2017; Swindles et al., 2015; Zhang et al., 2018).

5.3 Response of C accumulation to warmer climate phases
5.3.1 Response to historical warm climate
The distinct higher ACARs around 7000-6000 cal. BP correspond to the suggested Holocenescale pattern for northern peatlands (Loisel et al., 2014; Yu et al., 2010). In contrast to the HTM,
warm MCA did not trigger rapid C accumulation development (Fig. 4 and 5). One important
difference between these two warm phases is that, at least in Russia, the MCA was preceded by
permafrost-occupied conditions, while there was no permafrost before or during the HTM. This
is in line with previous studies where no link between warm summers and C accumulation
patterns on permafrost peatlands was found (Gao & Couwenberg, 2015). The MCA was also a
considerably shorter period than HTM and the spatial features, geographic distribution and
strength of the anomaly were more variable (Mann, 2002). Thus, the MCA signature may be less
clearly detectable in our sites (Zhang et al., 2018).
Interestingly our data did not indicate an overall decline of C accumulation from the
MCA to LIA that was visible for more southern bog peatlands (Charman et al. 2013), instead
distinct higher C accumulation occurred during the LIA. Similarly, Gao & Couwenberg (2015)
reported of carbon accumulation peaks which occurred during the Little Ice Age. Therefore, in
sub-Arctic regions, during cold periods, ACAR dynamics may be controlled more by hydrologyrelated decomposition processes rather than by low productivity (Klein et al., 2013b).
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5.3.2 Response to recent warming
The ACARs were typically much higher for the upper peat sections which accumulated after
200-100 cal. BP (e.g., Lamarre et al., 2012; Loisel et al., 2010), obviously partly because
complete decomposition of plant material has not yet occurred. After taking into account
potential decomposition processes using three different approaches, the results from those upper
peat sections yielded comparable rates to those calculated from the past one to seven millennia
(Fig. 6).
For most of the peat sections, after 100 and 300 years of decomposition, respectively, the
CAR will still be greater than that of the past few millennia (Fig. 6), suggesting an increased C
sink capacity. Longer and warmer growing seasons during the recent decades may have played a
key role in the observed increase in CAR through stimulated NPP (Charman et al., 2013). In
addition, changes in vegetation (Loisel & Yu 2013a; Treat et al., 2014) from sedges to Sphagna,
and possibly decrease in N% probably indicating decrease in decay rates (Bragazza et al., 2012;
Charman et al., 2015; Sannel & Kuhry, 2009), seem to explain part of the enhanced C sink
capacity (Fig. 4).
For some of the records, the simulated decomposition models predicted lower CAR than
that calculated for the preceding millennia (Fig. 6). For these sites the supposedly positive effect
of higher temperature and increased solar radiation cannot counterbalance the negative effect
caused by, for instance, moisture deficiency (Zhang et al., 2018). Consequently, similar to some
boreal peatlands (e.g., Nichols et al., 2014), it is possible that these sites are transforming into
environments which sequestrate atmospheric C less efficiently, and thus create a positive
accelerating feedback for anthropogenic warming.

These inconsistent responses of Arctic permafrost peatland C dynamics to past warming
phases and to recent warming indicate that sensitivity of these ecosystems to warming is not
straightforward (see also Gao & Couwenberg, 2014). This complicates understanding their future
role in global biogeochemical cycles under the warming climate. Under warm conditions, C
accumulation may increase due to higher NPP, while it may also decrease because of increased
evapotranspiration or drainage processes which cause moisture deficiency (e.g., van Bellen et al.,
2011). In addition, warming may stimulate decomposition, but in turn severe water deficiency
may limit microbial activity (Faucherre et al., 2018). The final C uptake ability is also linked to,
for instance, local microtopographical conditions. Intense permafrost thawing eventually causes
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peatland collapse and saturation with thaw water potentially leading to increase in carbon
sequestration through increased NPP and decreased CO2 emissions, although wetting promotes
CH4 emissions (Swindles et al., 2015). Also some studies suggest that critical loss of sporadic
and discontinuous permafrost in the coming century may lead to a loss of the large deep C
storage (Jones et al., 2017; Schuur et al., 2015). Thereby in the future the net effect can either be
an increase or a reduction in ACARs, or even turning the site to a net C source (Chaudhary et al.,
2017; Wang et al., 2015; Zhang et al., 2013).

6. Conclusions
Sub-Arctic peatland data from northeast European Russia and Finnish Lapland indicated
complex carbon (C) accumulation patterns during the past few millennia. Large variations in C
accumulation rates occurred both at the local and regional scales. A range of possible
environmental drivers were investigated but no consistent relationship with temporal variations
in carbon accumulation rates were detected. However, permafrost aggradation and thawing were
important factors influencing C accumulation.
Warm climate phases seems to have triggered increase in C accumulation during the
Holocene Thermal Maximum and recent decades, but the same pattern did not occur during the
Medieval Climate Anomaly. Moreover, the response of C accumulation rate to recent warming
was not consistent, as both increased and decreased C accumulation patterns were detected. The
Little Ice Age had a weak forcing on C accumulation as the data indicated relatively high C
accumulation rates for that period. Future C dynamics might depend not only on the magnitude
of temperature increase per se and associated decomposition changes, but also on local-scale
permafrost dynamics and consequent changes in hydrology and vegetation. A cautious
conclusion is that permafrost peatlands may create a short-term negative, cooling, feedback to
climate warming, but that there is a probable risk they turn to positive feedback elements in the
future.
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Introduction
This supporting information provides the age-depth models of studied 14 peat cores (Fig. S1)
and non-autogenic carbon accumulation patterns for 14 peat cores (Fig. S2). Table S1 shows
radiocarbon dating and peat property details. Table S2-S3 show the derived parameters and
results from the used modeling approaches. Table S4 shows the results of multiple linear
regression analysis of apparent carbon accumulation and environmental variables.

1

Fig. S1. Age-depth models of studied peat cores from four permafrost peatlands. Post-bomb
dates are shown in green and pre-bomb dates are shown in blue.

2

D



,QG
,QG%6
,QG%6




,QGLFR

,QG
,QG
,QG





E

6HL
6HL

6HLGD

6HL%6
6HL










=VFRUHV



F



.HYR



.HY%6
.HY







G

.LOSLVMlUYL
.LO
.LO%6










$OOVLWHV

H




















$JH FDO%3





Fig. S2. (a-d) Non-autogenic carbon accumulation z scores for four permafrost peatlands with
error bars representing standard errors of the means. Up to 1000 yrs BP, calculations are for
each 100-yr bin, for later periods, calculations are for each 200-yr bin. (e) Combined data for all
sites are shown. Samples that may be influenced by uncertainty of 14C dating were removed
(see text for details). Climate phases are indicated using purple (Medieval Climate Anomaly),
grey (Little Ice Age) and red (recent warming) shadings.
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Core
Ind1

Ind2 BS

Ind3 BS
Ind4
Ind5
Ind6
Sei1

Sei2

Sei3 BS
Sei4
Kev1 BS

Kev2
Kil1 BS

Kil2
All cores

Dated depth (cm)
6-8
12-14
24-26
38-40
0-1
8-9
19-20
37-38
1-2
19-20
47-48
19-20
34-35
25-26
34-35
44-45
12-14
24-26
42-44
8-10
14-16
22-24
38-39
6-7
7-8
23-24
0-1
25-26
6-8
28-30
0-1
17-18
26-27
30-31
18-19
32-33
0-1
21-22
28-29
30-31
39-40
17-18
20-21
31-32

Age (BP)
220 ± 30
1686 ± 40
1785 ± 30
3216 ± 36
4385 ± 35
5240 ± 35
5708 ± 30
6109 ± 31
3425 ± 35
5182 ± 28
5466 ± 31
109 ± 22
2066 ± 25
726 ± 24
4105 ± 35
6308 ± 33
240 ± 30
345 ± 35
1941 ± 35
560 ± 30
3230 ± 35
4245 ± 40
5775 ± 38
1105 ± 30
1050 ± 30
3085 ± 30
5220 ± 40
5690 ± 40
100.51 ± 0.34 (pMC)
580 ± 37
105.92 ± 0.34 (pMC)
50 ± 30
1540 ± 30
1610 ± 30
380 ± 30
2020 ± 30
106.57 ± 0.34 (pMC)
1650 ± 30
3965 ± 35
4065 ± 35
3575 ± 30
600 ± 30
495 ± 30
1750 ± 30

cal. BP
235
1615
1700
3420
4950
6035
6490
7040
3660
5950
6260
125
2050
675
4700
7230
230
400
1885
580
3495
4780
6575
1010
* 965
3295
5970
6485
-5
580
-57
140
1445
1485
410
1975
-56
1570
4450
4540
* 3900
585
* 525
1645

PAR range
0.04-1.00

BD (g cm-3)
0.11 ± 0.02

LOI (%)
78.14 ± 7.67

C (%)
-

N (%)
-

C/N ratio
-

0.08-0.43

0.08 ± 0.02

-

49.95 ± 1.59

0.83 ± 0.18

62.42 ± 11.05

0.08-0.88

0.07 ± 0.03

-

50.68 ± 1.33

0.41 ± 0.18

148.61 ± 65.44

0.07-2.00

0.09 ± 0.04

-

48.22 ± 3.24

1.25 ± 0.43

35.25 ± 8.11

0.02-1.23

0.10 ± 0.06

-

44.92 ± 4.18

1.00 ± 0.51

36.26 ± 6.91

0.06-0.70

0.07 ± 0.02

79.22 ± 5.54

-

-

-

0.02-0.13

0.17 ± 0.08

71.04 ± 18.9

-

-

-

0.01-1.43

0.20 ± 0.05

-

50.26 ± 1.62

2.26 ± 0.61

24.48 ± 8.78

0.48

0.07 ± 0.01

-

51.79 ± 0.80

2.27 ± 0.22

23.17 ± 2.27

0.04-0.1

0.07 ± 0.01

93.71 ± 5.70

-

-

-

0.07-1.03

0.11 ± 0.03

-

52.67 ± 0.79

1.69 ± 0.11

31.23 ± 2.08

0.08-2.53

0.14 ± 0.04

-

51.62 ± 2.07

1.83 ± 0.38

29.35 ± 5.83

0.02-0.13

0.15 ± 0.02

-

51.84 ± 2.40

2.05 ± 0.15

25.27 ± 2.00

0.12-0.57

0.13 ± 0.02

-

47.68 ± 6.17

1.77 ± 0.26

27.86 ± 6.46

0.13 ± 0.06

79.67 ± 13.86

50.23 ± 4.37

1.49 ± 0.70

51.94 ± 50.71

PAR: peat accumulation rate (mm yr-1); BD: bulk density; LOI: loss on ignition. The values of BD, LOI, C and N content (%) are present as mean ± standard
deviation. pMC: percentage modern carbon. *Ages are removed from age-depth modeling.

Table S1. Radiocarbon dating details and peat properties of peat cores in this study.
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Decpart peat
Ind1

19.44 ± 4.78

35.65

adj.R2
0.9847

Ind4
Ind5
Ind6
Sei1
Sei2!

187.90 ± 14.27
68.29 ± 2.66
12.50 ± 0.21
2.79 ± 0
98.97 ± 9.84!

117.70
50.29
4.11
5.55
114.80!

0.9934
0.9982
0.9917
0.9999
0.9846!

p

α

Decfull peat
p
α
40.10 ± 1.15 2.00
4.46 ± 0.50 0.24
12.90 ± 0.12 2.48
17.94 ± 1.32 9.57
4.32 ± 0.58 1.09
5.19 ± 0 0.29
17.37 ± 0.14! 0.24!

adj.R2
0.9883
0.9879
0.9997
0.9829
0.9825
0.8828
0.9997!

Decpart peat
p

adj.R2
0.9999
0.9999

Sei4
Kev1 BS

34.07 ± 0
87.30 ± 1.43

α
49.98
8.70

Kev2
Kil1 BS

154.70 ± 8.36
22.3 ± 0.75

53.58
12.1

0.9910
0.9909

62.69 ± 4.21!

63.46!

0.9954!

Kil2!

Decfull peat
p
α
adj.R2
12.60 ± 0.18 3.00
0.9926
10.00 ± 0.24 2.75
0.9853
79.30 ± 2.58 5.40
0.9885
15.50 ± 0.25 0.18
0.9992
28.40 ± 1.04 8.43
0.9841
22.20 ± 0.63 2.46
0.9999
29.60 ± 0.46! 4.18!
0.9984!

Values in italic represent the sections that may be impacted by the uncertainty of dating and removed from further analysis.

Table S2. Results of the exponential decay modeling of all studied peat cores, with partially decomposed (Decpart) and fully decomposed (Decfull)
peat sections processed separately. p: peat addition rate (g m-2 yr-1), α: peat decay coefficient (*10-4 yr-1).

Remaining C mass (g m-2 yr-1)
initial input
after 100 yrs
after 300 yrs
Ind1
Ind4
Ind5
Ind6
Sei1
Sei2

9.72
93.95
34.15
6.25
1.40
49.49

8.82
43.16
22.72
6.00
1.32
23.04

Remaining C mass (g m-2 yr-1)
initial input
after 100 yrs
after 300 yrs

NCU
(g m yr-1)
-2

4.70
20.73
13.61
5.56
1.20
11.14

4.04
6.56
9.21
7.11
4.94
8.70

Sei4
Kev1 BS
Kev2
Kil1 BS
Kil2

17.35
43.65
77.35
11.15
31.35

11.36
40.16
50.36
9.95
19.18

6.82
34.61
29.67
8.18
10.79

NCU
(g m-2 yr-1)
12.6
5.63
8.00
7.83
13.77

Table S3. Comparisons between the expected remaining C mass of present peat after 100, 300 years decomposition and the net peat C uptake
(NCU) of past few millennia.

Intercept
Tsum
WTD
UOM
N%
C/N ratio
Herbaceous
Ligneous

β-Coefficients
(SE)
57.24 (18.74)
22.53 (6.94)
6.28 (2.59)
-0.40 (0.16)
-13.99 (8.51)
-0.16 (0.23)
-0.01 (0.14)
0.09 (0.09)

Standardized
β
0.32
0.24
-0.26
-0.24
-0.09
-0.01
0.11

95% CI

p-value

19.82 to 94.66
8.68 to 36.39
1.11 to 11.46
-0.72 to -0.07
-30.97 to 2.99
-0.62 to 0.30
-0.29 to 0.28
-0.09 to 0.27

0.003
0.002
0.018
0.017
0.11
0.50
0.97
0.30

Tsum: summer temperature; WTD: water-table depth; UOM: unidentifiable organic matter; N%: nitrogen content; C/N: carbon/nitrogen; CI: confidence interval.
* adj. R2 = 0.42, p < 0.001.

Table S4. Multiple linear regression modeling* of relationship between apparent carbon accumulation rates and environmental variables for all
sites combined dataset.
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