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The contribution from northern high latitude wetlands are a major uncertainty in the atmospheric
methane (CH4) budget throughout the Holocene. We reconstructed CH4 emissions from northern
peatlands from 13,000 BP to present using an empirical model based on observations of peat initiation
(>3600 dates), peatland type (>250 peat cores), and observed CH4 emissions in order to explore the
effects of changes in wetland type on CH4 emissions over the end of the late glacial and the Holocene. Fen
area increased steadily before 8000 BP as fens formed in major wetland complexes. After 8000 BP, new
fen formation continued but widespread peatland succession (to bogs) and permafrost aggradation
occurred. Reconstructed CH4 emissions from peatlands increased rapidly between 10,600 BP and 6900 BP
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Wetland formation in northern peatlands after 1000 BP decreased CH,4 emissions by 20%—34 + 21 Tg y~! by the
Peatland present day and suggests peatland CH4 emissions will increase with permafrost thaw.
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1. Introduction

Dynamic changes in atmospheric methane (CH4) concentrations
since the onset of deglaciation are recorded in ice cores, with rapid
increases observed in both Greenland and Antarctic ice cores at
during the Bolling-Allergd (14.7 ka (ka = 1000 years BP)) and the
Younger Dryas-Preboreal transition at 11.6 ka (Blunier et al., 1995;
Bock et al., 2017; Brook et al., 2000). The changes in atmospheric
CH4 concentrations predominantly reflect the changes in natural
biological sources during this period, including wildfire, northern
and tropical wetlands, permafrost thaw, lake formation, and others
(Petrenko et al., 2017). Atmospheric scientists have used atmo-
spheric modeling of CH4 sources and sinks aimed at matching the
observed shifts in the interpolar gradient of CH4 concentrations, as
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well as in stable and radioactive isotopes of CHy, in ice cores to
partition the magnitude of the various possible CH4 sources (Beck
et al., 2018; Bock et al., 2017; Brook et al., 2000; Petrenko et al.,
2009, 2017; Sowers, 2010). However, the magnitudes of individ-
ual sources and drivers of change remain uncertain and represent
an area of vigorous debate (Bock et al., 2017; Dyonisius et al., 2020;
Petrenko et al., 2017).

The expansion of northern high latitude peatlands following ice
sheet retreat and the transition to a wetter, warmer climate is
thought to have contributed substantially to the increase in at-
mospheric CH4 concentrations during the deglacial and Holocene
(MacDonald et al., 2006; Jones and Yu, 2010). Today, peatland
complexes cover more than 3.1 x 10® km? in northern high lati-
tudes (Hugelius et al., 2020) and emit an estimated 30 Tg CH4 yr*1
(Frolking et al., 2011), making them an important component of
northern wetland emissions. The formation of northern peatlands
(Jones and Yu, 2010; MacDonald et al., 2006) and permafrost thaw
lakes (Walter et al., 2007) coincides with the rapid increases in
atmospheric CHy at the end of the Younger Dryas, but others have
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proposed increases in tropical wetland sources as the dominant
CH4 source in the early Holocene (Bock et al., 2017; Singarayer et al.,
2011). Nevertheless, understanding how CH4 emissions from
northern peatlands responded to climatic changes in the past
provides valuable insight for understanding how emissions of this
important greenhouse gas will change with a rapidly warming
climate.

Peatlands are wetlands that accumulate organic soils (peat)
because vegetation productivity exceeds decomposition, preser-
ving a record of the timing of their development in the basal
organic sediments. Using radiocarbon ages of basal peats, spatial
and temporal estimates of peat accumulation and peatland
expansion have been made across northern high latitudes (Gorham
et al., 2007; Korhola et al., 2010; MacDonald et al., 2006; Nichols
and Peteet, 2019). Peatlands often initiate as fens, which are
defined by their connection to groundwater, but often accumulate
peat above the groundwater table with time, resulting in a transi-
tion to a precipitation-fed bog. The stratigraphic accumulation of
peat provides a time series of peatland development using the
composition of plant macrofossils within the peat and comparing
the species composition assemblages to present-day vegetation
communities which can be used to reconstruct the evolution of
wetland types through time (Charman, 2002; Mauquoy et al.,
2010). Wetland and peatland types often change over time as a
result of ecosystem succession, long-term climate change, and
permafrost aggradation and thaw (Treat et al, 2016). Re-
constructions of peatland and wetland type have been used both at
a site level to examine local responses to climatic drivers (Kuhry
et al, 1992), and at larger, regional scales to understand re-
sponses to broader climate drivers (Treat and Jones, 2018).

From a greenhouse gas perspective, large-scale changes among
wetland types with different hydrologic regimes and productivity
levels may have altered the net CH4 emissions from wetlands
during the Holocene (Mathijssen et al., 2016; Yu et al., 2013). One
particularly important change is from fens to bogs, which occurs
relatively frequently in northern peatlands as peat accumulates
above the groundwater level (Treat et al., 2016). This shift generally
results in lower CH4 emissions (Treat et al., 2018) and alters the
313C—CHy4 due to differences in dominant CH,4 production pathways
between the two peatland types (Hornibrook, 2009). In the global
CH4 budget during the Holocene, decreases in northern hemi-
sphere CH,4 sources and shifts in 8'3C—CH,4 between 11 ka to 8 ka
have been attributed to the transition from fens to bogs in northern
peatlands (Beck et al., 2018). However, this assumption of fen-bog
transitions during this period has yet to be tested using observa-
tions of peatland types from paleoecological records across broad
spatial scales.

In addition to differences in the stable isotopes of CHy, flux rates
also differ among peatland types. Methane flux rates are the net of
two different processes: CH4 production from the anaerobic
decomposition of organic matter in saturated soils, and CHy
oxidation in overlying unsaturated soils. Wetland type can be a
good predictor of net CHy4 flux rates because of the correlation with
plant community composition, which can represent underlying
differences in productivity, carbon availability, redox status, and
water table position (Blodau, 2002; Bubier, 1995; Treat et al., 2018).
Because of these differences, CH, flux rates from early successional
stage peatlands, such as marshes and fens, can be 50%—700%
greater than from later stage bogs (Treat et al., 2018). Soil tem-
perature is also an important control on CH4 emissions through
controlling rates of microbial processes and is particularly impor-
tant for predicting intra-annual flux dynamics (Chadburn et al,,
2020). Permafrost presence or absence is an important predictor
of annual CH4 emissions, with 200%—1500% larger emissions from
permafrost-free peatlands than from permafrost peatlands (Treat
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et al., 2018). Therefore, capturing these key differences in CHy
flux among different wetland types and permafrost presence/
absence is key to understanding CH4 emissions over time.

In this study, we used several different data-based syntheses to
reconstruct northern peatland types, areas, and CH4 emissions
continuously from the Younger Dryas through the Holocene. We
reconstructed total northern peatland areas using a synthesis of
extant (found in present-day) peatland basal ages and partitioned
the areas into nine wetland types including peatlands and other
wetlands that later formed peats using a classification from a
synthesis of paleoecological reconstructions based on plant
macrofossil analysis. We then matched the reconstructed area of
each wetland type with their corresponding present-day CHy4 flux
rates using an extensive synthesis of wetland CHy4 flux rates in order
to reconstruct CH4 emissions from northern wetlands over time.
The goal of this study was to make a first-order estimate of CHy
emissions throughout the Holocene associated with northern
peatland formation, expansion, succession, and permafrost dy-
namics from existing northern peatland areas using the best in-
formation available.

2. Methods

We reconstructed CH4 emissions from extant (found in present-
day) northern peatlands from 13 ka through the Holocene using
several observationally-derived datasets: peatland areas based on
14C dated records of peatland initiation (>3600 basal ages), peat-
land type based on paleoecological analysis of 262 chronologically-
constrained peat cores from across northern high latitudes, and CH,4
fluxes based on an extensive synthesis of contemporary annual
emissions from 256 site-years across 101 sites (Fig. 1). This
approach captures many wetlands areas over time when they
eventually form peat, but using peatlands as a proxy for all wetland
areas excludes some wetlands such as seasonally-inundated wet-
lands and some open-water wetland, marshes, and swamps that do
not form peat. To clarify that we are limiting this study to present-
day peatland areas, rather than non-peat-forming (mineral soil)
wetlands or peatlands no longer on the landscape today, we use
“peatland area” and “peatland CH4 emissions” throughout this
study, even if referring to wetland types that were not technically
peatlands, such as shallow water wetlands and some marshes that
later developed into and are now peatlands. The northern peatland
study region that we used was the LGM permafrost region
(Lindgren et al., 2015; Vandenberghe et al., 2014), an area that
would likely have strong peatland formation in deglacial and
thermokarst landscapes.

2.1. Peatland expansion and succession

To reduce sampling bias from proximity to peatland researchers
(e.g. Fig. 1), we determined permafrost and permafrost-free peat-
land areas separately for each region shown in Fig. 1 using the basal
ages from each region. Present day peatland areas (A) were deter-
mined from soil maps using the total areas classified as “histosol”
(peatlands) and “histel” (permafrost peatlands) within each region
(Table 1; Hugelius et al., 2020). Peatland basal ages (B) were from
Treat et al. (2019) (Fig. 1) and are available on Pangaea (https://doi.
org/10.1594/PANGAEA.873065, Table S2). Basal ages were divided
into 100-year age bins based on the median calibrated radiocarbon
age using IntCal13 (Reimer et al., 2013).

The reconstruction of past peatland extent (area) was based on
cumulative density functions of the fraction of total peat basal dates
and present-day peatland extent. Peatland areas (A) were calcu-
lated for time (t) by summing over 100-year age bins as:
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Fig. 1. Map of the datasets and regions used in this study. Locations of peatland initiation dates (blue circles), peat macrofossil cores used in the reconstruction of peatland
classifications (orange circles), and CH4 flux measurements (yellow circles). The dark gray colors represent the regions used within the reconstruction and the study domain extent,
with the southern limit defined as the LGM permafrost region (Lindgren et al., 2015; Vandenberghe et al., 2014). Latitude grid represents 30 °N, 50 °N, and 70 °N. Inset: current
peatland areas (blue) from (Xu et al., 2018). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1

Present-day peatland areas, permafrost peatland areas, and number of samples from each peatland region (Fig. 1). Regions are shown in Fig. 1. Regional areas and percentage of
permafrost area are adapted from Hugelius et al. (2020). Basal ages from Treat et al. (2019); macrofossil data is also described in Treat and Jones (2018). Abbreviations: N:
number of samples; PF: permafrost found in core in present-day; macro cores: peat cores with'*C-dated macrofossil analysis.

Region name Total Peatland Area (10° km?) Permafrost Area (%) N basal ages N macro cores (no PF)* N macro cores (with PF)
Alaska & Pacific North America 199 53 520 21 5
Arctic Canada & Greenland 260 89 346 2 29
Atlantic North America 204 4 791 25 22
Central North America 874 26 689 31 25
East Siberia 326 85 66 8 16
Fenno-Scandia 245 14 724 11 3
Northwest (European) Russia 274 65 55 5 11
West & Central Siberia 870 49 283 18 6
West, Central, and East Europe 151 1 104 16 0
Total 3403 44 3612 137 117

2 Includes 4 cores in Central North America and 2 cores in West Siberia with unknown permafrost status.

A[ thmr

X Afo (1 )
where the first term represents the cumulative density function.
Here, B; is the number of peatlands that have formed at time t as
indicated by their basal age being that age or older, B is the sum of B;
from tin;e to to, tinir Tepresents the oldest basal age in the database
(tinit = 21 ka), and tp is present-day. This approach assumes that
maximum peatland extent is reached during the present day and
excludes now-buried peatlands (Treat et al., 2019).

To determine the areas of each peatland type, we identified
wetland types from peat cores by using plant macrofossils and
other physical indicators. We selected cores from a large synthesis
macrofossil dataset (Treat and Jones, 2018; Treat et al., 2016) that
met all of the following criteria: 1) they contained the entire peat
profile from the surface to underlying mineral soils and a minimum

of 20 cm of peat; 2) they had relatively high dating resolution of
more than one date per 2000 years; 3) they had detailed macro-
fossil analysis that could be used to classify the peat type over time;
4) they fell within the LGM permafrost region (Lindgren et al., 2015;
Vandenberghe et al., 2014), an area that would likely have strong
peatland formation in deglacial and thermokarst landscapes (Treat
et al,, 2019; Walter Anthony et al., 2014). These selection criteria
resulted in 10,630 records of plant macrofossils and chronologies
from 262 peatland cores (Fig. 1). In the present day, 44 cores were
from permafrost-free fens, 82 cores were from permafrost-free
bogs, 3 were from permafrost-free marshes and swamps, and 117
were from permafrost peatlands.

We categorized these plant macrofossil records into wetland
classes defined by the Canadian Wetland Classification system
(National Wetlands Working Group, 1988) using the methods
described in Treat et al. (2016). The categories included both
peatlands (swamps, rich fens, fens, poor fens, bogs, permafrost bogs
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and peat plateaus, tundra peatlands with permafrost, thawed
permafrost peatlands), and non-peat-forming ecosystems that later
formed peat (shallow water wetlands, marshes, as well as lakes and
rivers, lagoons, permafrost thaw ponds, and uplands). Because
these wetland sites eventually formed peatlands, we refer to all
stages as “peatland” here to distinguish these wetlands from non-
peat forming wetlands found in the present day. For each core,
the classification of peatland type was converted from a depth scale
to an age scale using core-specific age-depth models developed
from core chronologies using BACON (Blaauw and Christen, 2011;
Treat and Jones, 2018) on calibrated radiocarbon ages (Reimer et al.,
2013). The site locations and references are included in Table S1.
Other information in the macrofossil dataset including plant mac-
rofossils, peat properties, and core chronologies is available on
PANGAEA (doi: 10.1594/PANGAEA.863697).

We partitioned the peatland areas (Equation (1)) into peatland-
class specific areas using the peat categories from the macrofossil
cores described above. The macrofossil cores were separated by
region and permafrost presence at the site in the present day and
were assumed to be representative of wetland development
through time within each region. Using the same cores as this
study, Treat and Jones (2018) showed that patterns of peatland
development were often similar within these same regions and
often correlated with external climatic drivers, providing support
for this assumption. We calculated the areas of each peatland type
through time using:

Pj¢
Aj,t A[ X P[ (2)
Where P is the number of macrofossil peat cores at time ¢, and j is
the peatland classification derived from the peat core reconstruc-
tion. These calculations were done separately for permafrost-free
peatland areas and permafrost peatland areas (Table 1) using
cores without and with permafrost in the present-day, respectively.
In cases where peat basal ages indicated existing peatland area
within a region but there were no macrofossil records from which
to determine peatland type, we assumed that the oldest available
records of the peatland types were representative of peatlands that
formed earlier. The development of the small area of permafrost
peatlands in West, Central, and Eastern Europe were assumed to
follow the developmental history of permafrost cores in
Fennoscandia.

2.2. Peatland CH4 emissions modeling

Northern peatland CH4 emissions depend on peatland type and
area of that peatland type. Methane fluxes were modeled using:

j=n
Fe="> A x Fo. 3)
=

where F; is total northern wetland CH4 emissions at time t, Aj,¢ is the
peatland area at time t of peatland type j derived from the peat core
reconstruction (Eq. (2)), and Fj is the type-specific annual CHy flux
in the present day for each wetland and peatland type (Table 2),
which were determined from an extensive literature review of
annual CH4 flux measurements that includes non-growing season
measurements (Treat et al., 2018). While this approach assumes
that past CH4 fluxes were analogous to today, we discuss below
factors that might contribute to non-analogous CH4 flux and how
this would change the total wetland CHy flux.
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2.3. Uncertainties in peatland areas and CHy flux

We quantified uncertainties in the peatland areas associated
with basal ages and present-day peatland mapping. To quantify
uncertainty associated with basal ages, we used bootstrap resam-
pling to sample from a normal distribution centered on the median
calibrated date and constrained by the two-sigma ages on the tails.
We aggregated these results across each study region to get the
cumulative distribution of basal ages, repeated 500 times, and
calculated the mean number of newly formed peatlands and 95%
confidence intervals. We repeated the area calculation (Eq. (1))
using the minimum and maximum of the 95% confidence intervals.
Uncertainties due to peatland mapping were calculated using the
mapping uncertainty of the present-day peatland area
(500,000 km?; Hugelius et al., 2020) and were assumed to be
constant over time. We assumed independence of the two sources
of uncertainty on the area and summed these error terms to
calculate total area uncertainty.

Uncertainties in CHy flux were calculated from the independent
uncertainties on areal CHy flux rates and area (Eq. (2) and (3)).
Uncertainties in the median peatland CH4 flux across all classes and
for each class were determined using bootstrap resampling with
replacement (R command: sample) with 1000 replicates. We took
the mean of the median CH4 flux across the 1000 replicates and the
95% confidence intervals for each of the peatland classes (Table 2;
Equation (3)).

3. Results

3.1. Trends in peatland and wetland composition and extent since
13 ka

Peatland basal ages indicate that peatland initiation occurred
across the study region following the beginning of deglaciation.
Before 13 ka, the majority of peatland initiation occurred in North
America, with only a few dates indicating peatland formation in
Eurasia (Fig. 1). Peatland initiation rates decreased between 13 ka
and 12 ka, corresponding to cooling during the Younger Dryas
(Fig. 2a). Following the end of the Younger Dryas and the beginning
of the Holocene, peat basal ages indicate a strong increase in
peatland formation in Fennoscandia and West and Central Siberian
regions, particularly in the West Siberian Lowlands (Fig. 1), with the
most rapid rates of peat initiation occurring across northern high
latitudes between 10 ka to 7.5 ka. After 7.5 ka, rates of peatland
initiation in Central and Eastern North America increased as peat-
lands formed in Western Canada, and the Hudson Bay and James
Bay Lowlands, while the formation of new peatlands in West and
Central Siberia was limited (Fig. 1). Overall rates of peatland initi-
ation have been decreasing over the past 4 ka (Fig. 2a).

The earliest records of peatland type from plant macrofossil
records in peat cores show that, prior to 10 ka, most sites were
shallow water wetlands, marshes, or swamps (20—45%) and fens
(20—50%) (Fig. 2b and c). Fens were common in Alaska during the
early part of these records, while shallow water wetlands, marshes,
and swamps and other water bodies (pre-peat) were common
across the rest of the study domain (Fig. 3). The number and per-
centage of records indicating fen peatland type increased strongly
between 12 ka and 7 ka, when 60—70% of all the peat cores at the
time indicated fen-type peatland vegetation assemblages (Fig. 2c).
Records of bogs were rare at 10 ka (Figs. 2 and 3), with only a few
sites in the showing evidence of these wetland types in Central
Europe and North Western Siberia. While shallow water wetlands,
marshes, and swamps made up a large percentage of cores prior to
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Table 2
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Median methane fluxes (g CHs m~2 y~!) to the atmosphere from northern peatlands, and 95% confidence intervals around the median. Recalculated from Treat et al. (2018).
Peatland class represents the categories used in reconstruction (plant macrofossil analysis and CH,4 flux calculations), while the aggregate classes (in parentheses) are shown in

figures and include the sum of the individual peatland classes. CI: confidence interval.

Peatland class (Aggregate class) Median CH4 flux (upper — lower 95% CI) n

Shallow Water (Shallow + Marsh + Swamp) 35.8 (+5.8 — +65.9) 11
Marsh (Shallow + Marsh + Swamp) 46.4 (+25.7 — +67.2) 24
Swamp (Shallow + Marsh + Swamp) 19.9 (+0.0 — +50.9) 13
Fen (Fen) 24.2 (+18.5 — +29.8) 45
Poor Fen (Fen) 27.0 (-3.7 — +57.6) 16
Rich Fen (Fen) 13.0 (+4.6 — +21.7) 16
Bog (Bog) 5.7 (+2.3 — +9.3) 37
Peat plateau & palsa (Permafrost) 29 (+0.4 — +5.4) 18
Tundra peat (permafrost) (Permafrost) 4.1 (+2.1 — +6.2) 30
Permafrost thaw (not shown) 238 (+11.4 — +36.2) 13

10 ka, these peatland types were only a small fraction (<10%) of the
samples during the rest of the Holocene.

After 7.5 ka, the number and fraction of peat cores indicating
bog-type peatland vegetation assemblages increased strongly, from
~10 cores to nearly 80 cores by modern times (0 ka), or from about
10% of the cores to 30% of the cores (Figs. 2d and 3). A regional
pattern of fen-bog transition appeared by 7.5 ka in Europe and the
UK, while only a few isolated sites in North America indicated bog
development at 7.5 ka (Fig. 3). Widespread fen-bog transitions
appeared in records from the Atlantic Coast of North America,
Northwestern Canada, and the Baltic region by 5ka. By 2.5 ka, the
transition from fens to bogs on the Atlantic Coast of North America
was nearly complete and the fen-bog transition rate had acceler-
ated in Western Canada (Fig. 3). By the present-day, most records
from Western Canada had developed either into bogs or permafrost
wetlands (Fig. 3).

Permafrost aggradation in peatlands was indicated by plant
macrofossils after 9 ka, with steady increases in the number of
cores with permafrost occurring between 9 ka and 2.5 ka (Fig. 2e).
Regional trends in permafrost aggradation are apparent at 7.5 ka in
sites relatively close to the Beaufort Sea in Alaska and coastal-
adjacent regions of northern Siberia (Fig. 3). By 2.5 ka, permafrost
aggradation in peatlands was common in Northwestern Canada
and in Northern Siberia (Fig. 3). The rate of permafrost aggradation
in peatlands increased slightly after 2.5 ka, and sharply after 1 ka,
with permafrost occurring in ~40% of the peat cores sampled from
the permafrost region by modern times. A major driver of this trend
was the aggradation of permafrost in cores across Western Canada,
Alaska, and Northern Siberia (Fig. 3). While the number of cores
indicating fen peatland types was stable between ~6 ka and 1 ka
due to new peatland initiation and expansion as fens, the wide-
spread transition from fens to bogs and the sharp increase in
aggradation of permafrost (Fig. 3) decreased the relative fraction of
fens occurring in the permafrost region since 7 ka to about 25% of
the cores sampled today (Fig. 2c).

3.2. Changes in peatland area and composition during the Holocene

Assuming that regional peatland development followed the
patterns of peatland initiation from the basal ages (Fig. 2a), we
modeled relatively small peatland areas prior to the Early Holocene
(Fig. 4a). Before 11 ka, we estimate that peatland area comprised
less than 10% of present-day peatland area (<300,000 km?), as most
peatlands had yet to form in the major northern peatland areas
including Hudson Bay Lowlands, West Siberian Lowlands, and
Fennoscandia (Figs. 1 and 4). A period of major wetland formation
and expansion occurred between 10.6 ka and 6.9 ka as peatlands
formed in the West Siberian Lowlands, Hudson Bay Lowlands and
Western Canada (Figs. 4b and 1). In total, wetland and peatland area

increased by nearly 10-fold between the early and mid-Holocene
(from 260 x 103 km? in 11 ka to 2320 x 10% km? in 5 ka).

After 5 ka, northern peatland expansion continued at a slower
rate (Fig. 4a) as the rate of observed peatland initiation decreased
(Fig. 2a). In most regions, the formation of new peatlands was
generally low, accounting for <30% of present-day peatland area
(Fig. 4a). The exception was Central North America, where new
peatland formation after 5 ka accounted for more than 40% of the
total regional area as peatlands continued to form in the Hudson
Bay Lowlands and in the northern boreal parts of Alberta, Manitoba,
and Saskatchewan (Figs. 1 and 4b).

The composition of peatlands changed substantially over time.
Model results showed that prior to 5 ka, 64% of peatland area was
composed of early peatland successional stages: marshes, open-
water wetlands and fens (Fig. 4a). After 5 ka, many of these
marshes, open-water wetlands and fens transitioned to bogs and
permafrost peatlands (Fig. 4a). By 1 ka, the area of marshes, open
water wetlands and fens comprised only 45% of total wetland area,
while bog and permafrost peatland areas nearly doubled in size
(Fig. 4a). Widespread permafrost presence in northern peatlands
increased sharply after 1 ka (Fig. 4a) as permafrost formed in
Canada, across Siberia, and in Northwest (European) Russia (Fig. 3).
We estimate that an additional 670,000 km? of peatlands were
affected by permafrost after 1 ka, which suggests that approxi-
mately two-thirds of permafrost peatlands aggraded permafrost
relatively recently.

3.3. Northern peatland and wetland CH4 emissions during the
Holocene

Northern peatland expansion was one of the dominant drivers
of increased northern extra-tropical peatland CH4 emissions during
the Holocene (Figs. 4a and 5a). Prior to the Holocene (>11.6 ka),
modeled northern peatland and wetland emissions were <6 Tg CH,4
y~! due to the relatively small peatland area. The major source
regions were central North America and Alaska (Fig. 5b). The fastest
modeled growth in northern wetland CH4 emissions occurred in
the early to mid-Holocene (10.6—6.9 ka) during a period of major
wetland formation and expansion across northern high latitudes
(Figs. 4a and 5a), when emissions increased from ~8 to 33 Tg CHy
y~L The major source regions of CH4 emissions during this period
included West and Central Siberia and Central North America due
to the expansion of fens (Fig. 5), which was inferred from basal ages
and plant macrofossil records (Figs. 2 and 3). During this period, the
majority (64%) of peatland area was composed of high-emitting
marshes, open-water wetlands and fens (Fig. 4a, Table 2). Com-
bined, these wetland classes emitted >90% of the total modeled
wetland CH4 emissions (Fig. 5a).

Despite the continued increase in peatland area between 5 ka
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and 1 ka (Fig. 4a), total peatland CH4 emissions stabilized at
42 + 26 Tg CHy y~! as marshes, open-water wetlands and fens
transitioned to lower-emitting bogs and permafrost peatlands
(Figs. 5a and 3). By 5 ka, 90% of CH4 emissions were from mashes,
fens, and open water wetlands, while the remainder was from drier
bogs and colder permafrost wetlands. By 1 ka, ~80% of emissions
were still from marshes, fens, and open water wetlands, despite
these classes making up < 50% of the modeled peatland area
(Fig. 4a).

While the fen-bog transition played an important role in stabi-
lizing wetland CH4 emissions as peatlands expanded, the formation
of permafrost across northern high latitudes resulted in the
strongest net decrease in CH4 emissions (Figs. 3 and 5a). With the
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67% increase in peatland area affected by permafrost after 1 ka
(Fig. 4a), modeled northern wetland CH4 emissions decreased by
~20%—34 + 26 Tg CHy y~ ! in the present-day (Fig. 5a). As a result,
15% of present-day CHs emissions from northern peatlands
(~5 Tg y~!) can be attributed to permafrost peatlands.

4. Discussion

4.1. Role of northern extra-tropical peatland emissions in the global
CH4 budget

Our present-day northern peatland CHy flux of 34 + 26 Tg y ! is
consistent with but at the low end of other estimates of northern
wetland emissions, which range from 31 to 65 Tg y~, and include
both a larger geographic area and non-peatland wetlands and
inundated areas (Saunois et al., 2016; Thompson et al., 2017; Treat
et al., 2018) depending on the study domain and the sources
considered. Our estimate of present-day emissions for Canada,
Alaska, and northern parts of the U.S. (Fig. 1) was 13.2 Tg CHs y ™},
with 2.1 Tg CH4 y~! from Alaska. These emissions are substantially
larger than earlier estimates of growing season wetland emissions
of 41-6.9 Tg CHy4 season™! for Canada (Webster et al., 2018) and
annual emissions of 61 Tg CHs y~' for Canada and Alaska
(Bridgham et al., 2006). These differences in peatland CH4 emis-
sions from North America between this study and others may be
driven by difference in wetland types considered (including the
presence/absence of permafrost) and differences in CHy4 flux rates,
including differences from sites with and without permafrost and
winter CH, emissions. Importantly, the modeled areas of bogs, fens,
and permafrost peatlands fell within the earlier estimates for
Canada (Table 1, Table S2).

Overall, the timing of increases in northern wetland and peat-
land emissions show little correlation with atmospheric CH4 re-
cords from ice cores (Fig. 6a and b). Using atmospheric box models,
northern hemisphere sources were inferred as 155—180 Tg CHs y~!
during the Holocene (Bock et al., 2017). Against these estimates,
CH4 emissions from extant peatlands were a relatively small
component of northern hemisphere CH4 emissions, and ranged
from 5 to 43 Tg CH4 y~ !, or 5—27% of northern hemisphere sources
(Fig. 5b and c, Beck et al., 2018). The relatively small magnitude of
northern peatland emissions during the Holocene (<45 Tg CHs y 1)
as well as often opposing trends (Fig. 6b) points toward other re-
gions and/or other sources being the dominant drivers of global and
northern hemisphere CH4 emissions rather than extant northern
peatlands. Potential other northern CH4 sources could include
permafrost thaw and thermokarst lakes and wetlands (Brosius
et al.,, 2021), glacial lakes (Brosius et al., 2021), exposed continen-
tal shelves (Kaplan, 2002; Kleinen et al., 2020), non-peat forming
northern wetlands (Yu et al,, 2013; Byun et al., 2021), and/or
wildfire (Bock et al., 2017).

However, parsing the magnitude of other northern hemisphere
sources is difficult both between latitudinal regions (e.g. tropics vs.
northern high latitudes) and among source types due to limitations
of paleoclimate and paleoecological proxies. Other studies have
indicated that tropical wetlands were likely the dominant driver of
global CH4 emissions during the Holocene (Bock et al., 2017;
Rhodes et al., 2017; Singarayer et al., 2011); emissions from tropical
wetlands occur in both northern and southern hemispheres.
Bottom-up reconstructions and modeling of tropical wetland
emissions based on observations of tropical wetland dynamics are
limited by an understanding of tropical wetland dynamics and
extent even in the present-day but do point to the importance of
these regions (Kleinen et al.,, 2020). Information on past tropical
wetland dynamics is even more limited than present-day (Treat
et al,, 2019).
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4.2. Peatland and wetland dynamics during the Younger Dryas (13
ka — 11.6 ka)

Several studies hypothesized that the early formation of wet-
lands and peatlands represented a major new source of CH4 to the
atmosphere, corresponding to the abrupt increase in atmospheric
CH4 at the end of the Younger Dryas (MacDonald et al., 2006; Yu
et al., 2013). While Central North America and Alaska were the
major source regions for wetland CH4 emissions during the
Younger Dryas (Fig. 5b) because of early peatland formation in the
Great Lakes Region and Alaska (Figs. 1 and 3), we found little cor-
relation between the records of atmospheric CH4 and northern
wetland CH4 emissions using a larger dataset of peatland initiation
dates (Fig. 6d). Peatland and pre-peatland wetland CH4 emissions
from extant peatland areas were modeled as 5 + 5 Tg CH4 y~ ! prior
to the end of the Younger Dryas and were limited by small wetland
area rather than wetland type, as most wetlands were fens and
other high-emitting wetland classes (Figs. 4a, 5a and 3). At 12.1 ka,
northern peatland emissions represented ~10% of the northern
extra-tropical sources of 48 + 4 Tg CH4 y~! and 5% of northern
hemisphere sources (96 Tg CH4 y ') inferred from ice core records
(Baumgartner et al., 2012).

Unlike the atmospheric CH4 concentrations that increased
rapidly at the end of the Younger Dryas beginning around 11.7 ka,
northern peatland CH4 emissions increased slowly (Fig. 6a and c).

The modeling approach that we used in this study did not capture a
rapid peatland response to warming that resulted in large CHy
emissions. However, there is significant uncertainty in the recon-
struction of wetland area and CH4 flux during the Younger Dryas
(Figs. 4a and 5a). If large peatland areas formed earlier and
expanded faster than found in this study, as proposed by both
Nichols and Peteet (2019) and MacDonald et al. (2006), or were
more extensive in the past than in the present-day due to peatland
loss and burial (Treat et al., 2019), total wetland emissions could
have been substantially larger, as could the rate of increase in
peatland CH4 fluxes at the end of the Younger Dryas. Using the
peatland areas proposed by Nichols and Peteet (2019) shown in
Fig. 4a for the Younger Dryas and CHy4 flux rates based on the
observed peatland types (e.g. Fig. 2), annual peatland CH4 emis-
sions at 12.1 ka would be five to six times larger than we estimated,
ranging from 23 to 32 Tg CH4 y~ . Nichols and Peteet (2019) also
found an increase in peatland area of 275,000 km? between the end
of the Younger Dryas (11.7 ka) and 11 ka that was two to three times
larger than what we found in this study (Fig. 4a), which would have
resulted in an increase of northern peatland CH4 emissions of
~10 Tg CH4 y~' rather than 3 Tg CH,4 y~! that this study found
(Fig. 5a). Still, even a 10 Tg CH4 y~! increase under the rapid
peatland expansion scenario proposed by Nichols and Peteet (2019)
is relatively small compared to modeled northern hemisphere
sources of ~150 Tg CH,4 y~! or the size of the sources responsible for
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the rapid increase of atmospheric CHy (Fig. 6b, Beck et al., 2018).
From this, it is likely that the rapid formation of northern peatlands
and subsequent CH4 emissions were at most a relatively minor
driver of the rapid increase in atmospheric CH4 concentrations at
the end of the Younger Dryas (Fig. 6a).

4.3. Early Holocene (10—8 ka): rapid wetland expansion

By 10 ka, extant peatland areas more than doubled from the
Younger Dryas (Fig. 4a), but the increased peatland CH4 flux
comprised a similar percentage (~10%) of total northern hemi-
sphere CH4 emissions because these emissions also increased
(Fig. 6¢). Previous studies of atmospheric CH4 have invoked wide-
spread fen-to-bog transitions during this period in order to explain
changes of 3'>C in atmospheric CHy (Beck et al., 2018; MacDonald
et al., 2006). However, we find little evidence for widespread fen-
to-bog transitions in extant peatlands before 7.5 ka using paleo-
ecological records from peatlands (Fig. 3). Instead, these transitions
predominately occur after 7.5 ka (Figs. 2 and 3).

While this reconstruction found that northern peatlands
contributed ~10% of the 175 Tg CH4 y~! northern hemisphere
sources at 10 ka (Fig. 5¢; Beck et al., 2018), using different methods
to estimate peatland and wetland area produced substantially
different results. For example, a recent process-based modeling
study found that the contribution of northern extra-tropical

inundated sources was substantially larger: 48 Tg CH4 y~ !, or ~30%
of the northern hemisphere sources (Kleinen et al., 2020). The areal
CHy4 flux rate from Kleinen et al. (2020) was about 20% lower
compared to this study, so differences were due to the larger source
area, which included lakes and ponds as well as other source areas
like terrestrial wetlands on shelf areas in Beringia that flooded with
deglacial sea level rise (Kleinen et al., 2020; Treat et al,, 2019). A
recent synthesis of northern lake basal ages found that lake for-
mation occurred earlier than peatland formation (Brosius et al.,
2021), which would support a larger northern source region that
occurred earlier in addition to peatlands. Using the larger peatland
areas at 10 ka from Nichols and Peteet (2019) and flux rates from
this study, peatland emissions were 44 Tg CH4 y~!, similar to
Kleinen et al. (2020).

4.4. Mid-Holocene (8—5.5 ka): fen to bog transitions

Peatland expansion continued during the mid-Holocene and
northern wetland CH4 emissions rose from 28 + 19 to 40 + 26 Tg
CH4 y~ ! (Fig. 5a), which increased their contribution from <20% to
>25% of northern hemisphere emissions (Fig. 6¢). Increased peat-
land CH4 emissions between 8 ka and 5.5 ka were mainly driven by
large areas of fen formation, particularly in central North America,
as well as continued peatland expansion in West and Central
Siberia (Figs. 3, 4a and 5b). Despite the increase in reconstructed
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northern wetland and peatland CH4 emissions during this period,
the total inferred northern hemisphere CH4 emissions remained
relatively stable (Fig. 5b; Beck et al., 2018), again suggesting that
northern peatlands were not the major driver of global or northern
wetland emissions. The stable northern hemisphere emissions
despite increases in northern peatland emissions implies a
decrease in other northern hemisphere CHy4 sources between 8 ka
to 5.5 ka to offset these reconstructed northern peatland emissions.
If southern hemisphere tropical wetland emissions decreased
during this period as suggested by others (Beck et al., 2018;
Singarayer et al., 2011), decreased emissions from tropical wetlands
in the northern hemisphere is also possible. While total northern

10
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hemisphere CH4 emissions may have changed little between 8 ka
and 5.5 ka, the fraction of emissions from the tropics vs. northern
high latitudes likely shifted during this period to accommodate the
increased northern peatland emissions (Fig. 6¢).

4.5. Late Holocene to present day (5.5 ka — present): permafrost
formation

Peatland emissions were nearly stable during the late Holocene
despite continued wetland expansion due to internal successional
processes, namely the fen to bog transitions but also permafrost
aggradation, which both reduced areal CH4 flux rates (Table 2).
During this period, rates of peatland initiation decreased (Fig. 2a);
earlier studies showed that northern peatland expansion during
this period occurred mainly via paludification, also referred to as
lateral expansion across the landscape (Korhola et al., 2010; Ruppel
et al,, 2013). This method of peatland expansion does not generally
lead to the formation of high-emitting early successional peatland
stages (such as shallow-water wetlands, marshes, and swamps),
which is reflected in the small number of these records during this
period (Figs. 2b and 3). The continued transition of fens to bogs was
very apparent, particularly in North America, but even more
notable was the widespread aggradation of permafrost in peatlands
(both fens and bogs) between 5 ka and present-day (Fig. 3).

While the fen-bog transition played an important role in stabi-
lizing wetland CH4 emissions as peatlands expanded, the formation
of permafrost in peatlands across northern high latitudes resulted
in a strong net decrease in CH4 emissions of ~20%—34 + 21 Tgy~ ! in
the present-day (Fig. 5a). The decrease in peatland emissions dur-
ing the last thousand years again showed no correlation with at-
mospheric CH4 concentrations in the ice core record (Fig. 6) and
likely reflects the importance of other CH4 sources in the global
budget during the late Holocene (Mitchell et al., 2013). Northern
peatland emissions comprised ~25% of northern hemisphere
emissions at both 5.5 ka and 1 ka, coinciding with increasing
northern hemisphere emissions (Fig. 6). During this period, areal
estimates of peatland extent from this study agreed better with
other areal estimates using different approaches, resulting in esti-
mated northern wetland and peatland emissions of 43—58 Tg CH,
y~1 (Fig. 4a; Kleinen et al., 2020; Nichols and Peteet, 2019).

The extensive permafrost formation in peatlands during the last
thousand years under regionally colder climates (Figs. 3 and 4a)
implies an enhanced vulnerability to permafrost thaw as climate
warms and if ecosystem protections (e.g. moss layers) are disturbed
(Halsey et al., 1995; Shur and Jorgenson, 2007). Given the vulner-
ability of much of extensive regions of permafrost peatlands, there
is a strong likelihood of higher CH4 emissions as permafrost thaws
(e.g. Hugelius et al., 2020) and CHy4 flux rates return to similar rates
to before permafrost formed. Permafrost thaw in peatlands largely
results in an inundation of the peat surface and a roughly seven-
fold increase in CHy4 flux (Table 2), which could increase annual
CHy4 flux from boreal zone peatlands by as much as 2 to 14 Tgy ', if
peatlands became drier (bogs) or wetter (fens, newly thawed
permafrost), respectively.

4.6. Opportunities for improving quantification of northern wetland
and peatland CH4 flux during the Holocene

4.6.1. Methane fluxes

One major limitation of this empirical modeling approach to the
reconstruction of wetland CH4 flux is the issue of non-analogous
CH4 fluxes, i.e., that present-day flux measurements may not be
representative of past fluxes. Methane flux rates are the net result
of production, oxidation, and transport, which have different con-
trolling factors but can simplified to temperature (controls rates of
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microbial processes), water table (controls the balance between
zones of anaerobic production and aerobic consumption), and
vegetation composition and productivity (controls transport via
aerenchymous plants as well as amount of substrate) (Bridgham
et al.,, 2013). Vegetation composition is constrained by the macro-
fossil assemblages and given the range of water table conditions
wetland plants associated with the different wetland types are,
these parameters are likely relatively well constrained. However,
changing insolation during the Holocene impacted growing season
temperatures and length, which is harder to constrain by our
reconstruction. High summer insolation in the early Holocene
resulted in warmer-than-present conditions in many peat-forming
regions in the northern high latitudes (Kaufman et al., 2004;
MacDonald et al., 2006; Jones and Yu, 2010), likely impacting CHy4
production, but it is unclear how their magnitudes compared with
today.

Higher CH4 flux rates in the past, particularly during the early
Holocene, have been proposed as a result of warmer growing sea-
son temperatures corresponding to higher apparent vegetation
productivity (Yu et al., 2013) and many peatlands exhibit high rates
of carbon accumulation in their early stages and in the early Ho-
locene (Jones and Yu, 2010; Loisel et al., 2014). Our model shows
that the mean areal CH4 flux rate was three times higher in 11.6 ka
than today due to the predominance of high-emitting fens,
marshes, and open water wetlands, while today more than 50% of
the peatland area is composed of low-emitting bogs and perma-
frost peatlands (Fig. 4a). However, the few process-based modeling
studies to calculate wetland CH4 emissions over these long time
periods found lower CHy4 flux rates in the late glacial and early
Holocene than the present due to the effects of CO, fertilization and
warm summer (and winter) temperatures today (Kaplan, 2002;
Kleinen et al., 2020). While a process-based model is an ideal tool to
explore the net effects of longer growing seasons, warmer summer
temperatures, and wetter conditions on CHy flux rates, significant
uncertainty remains in the parameterization due to limited data
about the processes underlying CH4 fluxes: production, oxidation,
and transport, even in the present day (Xu et al., 2016). Further-
more, process-based models are generalized across vegetation
types, while CH4 flux rates differ significantly among vegetation
types (Bubier, 1995) and subsequently, among wetland classes
(Table 2). This study demonstrates the importance of considering
and differentiating between wetland types (Fig. 5a). A modeling
approach that can capture the differences in CHy4 flux between fens,
bogs, and permafrost peatlands as well as model the response of
fluxes to insolation, seasonal temperature differences, and CO,
fertilization would be the ideal way to move forward.

Our estimate of northern peatland CH4 flux was particularly
sensitive to the annual CH4 flux from fens given their large area
during the Holocene (Fig. 4a). This was demonstrated with a simple
sensitivity analysis using annual fluxes estimated from growing
season measurements rather than annual measurements and the
area measurements from Fig. 4 (Table S3; Treat et al., 2018). While
annual emissions from bogs decreased by <5% with the inclusion of
nearly 90 additional measurements, annual CH4 emissions from
fens were 50—65% smaller except in rich fens (Table S3). Using
these smaller CH4 fluxes from fens resulted in substantially smaller
peatland emissions (20%) throughout the Holocene and in the
present day, although emissions still fell within the original range
of uncertainty (Figure S1). Annual emissions were 6.8 Tg CHg y~!
(20%) lower overall, and emissions from central North America (the
major driver of Canadian emissions) were estimated at 6.7 Tg CHy
y~ 1, closer to emissions from Webster et al. (2018) for Canada. This
points to the relatively high uncertainty and high spatial variability
of annual CH4 flux measurements from fens, which might not be
surprising given the broad range of vegetation, hydrology, and

1
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geochemistry encompassed by this peatland class. That the results
using different CH4 fluxes still fell within the original range of un-
certainty in northern peatland CH4 emissions (Figure S1) also
demonstrates that the statistical approach to representing uncer-
tainty in CH4 fluxes that we used adequately captures this
variability.

Methane fluxes may have also differed in the past due to
different water tables and vegetation composition. For example,
European peatlands are drier today than during the past 1000 years
(Swindles et al., 2019), which might bias the present-day mea-
surements of CH4 flux that we use in the reconstruction towards
smaller fluxes (e.g. Blodau, 2002) and could mean that past emis-
sions were larger than found in this study. Similarly, it is possible
that the wetland classification used to model CH4 fluxes based on
present-day vegetation communities may not directly translate to
past vegetation communities and wetland types based on macro-
fossil assemblages (Byun et al., 2021). Preservation of individual
species varies through time and among sites, and inferences must
be made on broader categories of peat composition (i.e., bryophytic,
herbaceous, ligneous). However, the approach used in this study
does account for the presence of sedges, which are correlated with
larger CH4 emissions in northern wetlands (Bubier, 1995; Treat
et al., 2018), are indicative of wet conditions, and are evident in
the macrofossil records (Charman, 2002; Treat et al., 2016), likely
giving a solid first-order estimate of northern wetland CHy flux.
Difficulties also emerge when vegetation communities and plant
macrofossils between wetland classes are similar, such as with
some bogs and permafrost plateaus (Treat et al., 2016), although
both have relatively low CHy4 flux rates (Table 2).

4.6.2. Wetland and peatland areas

We compared our results to two other recent studies, peatland
areas to Nichols and Peteet (2019), where we also used their area
reconstruction to compute CH4 emissions, and CH4 emissions and
components (CHy4 flux rates and wetland areas to Kleinen et al.
(2020)), in order to better constrain the uncertainty in the recon-
structed CH4 emissions from this study. Nichols and Peteet (2019)
reconstructed northern peatland areas for a slightly larger high
latitude region (study domain extended further south) using a
statistical approach based on the cumulative basal ages and
including additional basal ages from the U.S. Midwest. They found
more peatland initiation earlier than in this study (Fig. 4a, dashed
line). Using the larger areas in the early Holocene from Nichols and
Peteet (2019) increased total CH4 emissions substantially, five to six
times larger than we estimated during the Younger Dryas, but
peatland emissions were still not the dominant contributor to total
northern hemisphere emissions (43—58 Tg CHs v~ vs. > 150 Tg CHy4
y~! emissions from Beck et al., 2018).

Overall, the disadvantage to basing past wetland areas on
present-day peatland areas and cumulative basal ages is that this
approach underestimates the past CHs-producing wetland area to
some extent. Some areas that were wetlands and peatlands during
the Holocene are not found in the present day, including formerly
exposed continental shelves and regions that were drained for
agriculture (Treat et al., 2019; Byun et al., 2021). Using wetland
areas from process-based modelling that captured climate, topog-
raphy, and reconstructed sea levels, Kleinen et al. (2020) modeled
dynamic wetland areas over time, including wetlands formed on
now-inundated coastal shelves. They found that larger northern
wetland emissions during the early Holocene (10 ka) due to a larger
source area but lower CH4 emission rates than in this study; this
trend held to the pre-industrial period. It is unclear how much of
this larger source area was due to peatlands; the wetland areas they
used were based on satellite-derived inundation maps and can
include lakes and ponds. Lakes and ponds can produce CH4 but are
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not wetlands and have poorly quantified emissions (Wik et al.,
2016); their areas were also dynamic during the Holocene
(Brosius et al., 2021). In addition, some wetland areas are missed by
satellite classifications of inundation because they have trees
(Webster et al., 2018) or the water table is below the soil surface
(Minasny et al., 2019), either because wetlands are only seasonally
rather than permanently inundated or because thick organic soils
obscure the easy detection of saturated soil, as occurs in peatlands.

One major limitation for model validation of CH4 emissions is
the maps of methane-emitting areas, including the separation of
permanent wetlands, peatlands, seasonally inundated wetlands,
lakes, rivers, and ponds and within peatland types. Recent advances
using remote sensing may help to tease out these important, yet
different, sources of CH4 (Matthews et al., 2020), although some
issues remain, like the absence of peatlands in Arctic Canada
(Webster et al., 2018). For peatlands and wetlands, further classi-
fication data like the proportion of fens and bogs or vegetation
species composition are needed across northern high latitudes in
order to determine whether disagreements in total CH4 flux be-
tween process-based models and other observations are due to
problems in the modeled CH4 flux rates or in the areal inputs
(Melton et al., 2013).

In northern latitudes, non-peat-forming seasonally or perma-
nently flooded wetlands comprise an additional and potentially
important CH4 emissions source (Bridgham et al., 2006; Treat et al.,
2018). Our approach to reconstructing areas misses those addi-
tional sources that are not present on the landscape today, which
could have occurred in large wetland areas that either did not form
peat, and are excluded from our analysis, or formed peat (basal
dates) much later, and so arrive late in our analysis (e.g. "pre-
peatland wetlands" in Alaska; Yu et al., 2013). While we include
some of these wetland areas (marshes) if they later formed peat
(Fig. 4), this is likely an underestimation of total methane-
producing wetland area, which could shift the wetland areas
closer to those found in the other studies (e.g. Kleinen et al., 2020;
Nichols and Peteet, 2019). Additionally, other wetlands not on the
landscape today (e.g. buried peat) are not explicitly included in
these CH4 emissions estimates because of limited information on
location and extent, but are implicitly included in the flux error
given the relatively large area uncertainty used in the analysis
(Fig. 4). This includes peatlands that were buried or otherwise lost
from the landscape (Treat et al., 2019), like in Beringia, which would
have been an additional CH4 source in the early Holocene and LGM.
Peatland area was also lost due to peat mining and artificial
drainage, which has occurred during the 19th and 20th centuries in
large areas of the American Midwest (Byun et al., 2021; Prince,
1998) and Europe (Joosten and Clarke, 2002) including relatively
large areas in Ireland, Scotland, Germany and Poland. In these cases,
while we have some idea of the locations, an understanding of the
extent of these wetlands is lacking and would benefit future esti-
mates. This is a basic requirement before these regions can be
accounted for in past CH4 budgets. Finally, additional sampling
from understudied regions, particularly in central and eastern
Siberia (Table 1), in order to determine both CH4 flux rates and the
ecosystem development history, would be useful to further refine
these first continuous estimates of northern peatland CHy4 flux.

4.6.3. Reconciling top-down and bottom-up comparisons of
atmospheric CH,4 budgets

Atmospheric box modeling is a useful tool to separate tropical
northern hemisphere emissions from northern high-latitude CHy
sources (Bock et al., 2017), but it does encounter some limitations.
Modeling to quantify the impact of differences in atmospheric
lifetimes of CH,4 over time resulted in emissions differences of as
much as 10% (Hopcroft et al., 2018; Murray et al., 2014), which
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changes the relative fraction of northern peatland emissions, but
does not change the disagreement between the records or that
northern peatlands are a relatively small component of total
emissions. Recent analysis has shown the presence of dust in ice
cores from Greenland can cause artefacts in the CH4 record (Lee
et al., 2020); quantifying the impact of this finding on the Holo-
cene CHy record will require additional analyses and sampling.
Additional proxies like radiocarbon and isotopic measurements
have been used to separate some old-carbon sources of CHy4 (e.g. gas
hydrates and permafrost thaw) from contemporary biogenic pro-
duction (Dyonisius et al., 2020); further creative approaches may be
required to partition emissions among wetlands (including tropical
and northern) and other high-latitude northern sources using these
top-down approaches and constraints.

Despite the relatively large uncertainties in northern peatland
CH4 emissions in this study (Fig. 5b), these results still provide
important insights into northern CH4 budgets for the last 13 ka. We
show important differences from top-down model inferences,
including observations of the later timing of fen-bog transitions and
the importance of permafrost aggradation to CHy fluxes. While
emissions are not insignificant, without substantially larger area
and/or CHy4 fluxes, extant northern peatlands do not appear to be
the dominant driver of atmospheric CH4 concentrations either
during the Younger Dryas or during the Holocene (Fig. 6). A recent
synthesis of lake CH4 emissions during the Holocene shows that
peak initiation rates from lakes precede peak northern peatland
emissions but were likely of a similar or smaller magnitude (Brosius
etal.,2021). Similar bottom-up approaches across other known and
hypothesized sources (e.g. thermokarst lakes, non-peat forming
wetlands, exposed continental shelves, tropical wetlands, wildfire)
would also be a useful complement to top-down approaches by
providing first-order estimates of emissions utilizing the observa-
tional constraints. More observations of tropical wetlands,
including improved area estimates, understanding of temporal
dynamics, and CHy4 estimates in the present day are also key to
resolving past emissions.

5. Conclusions

The results of this study show that CH4 emissions during the
Holocene from extant northern peatland are nearly completely
decoupled from trends in atmospheric CH4 concentrations and
modeled northern hemisphere CH4 emissions using top-down
approaches, even after accounting for fen-bog transitions, perma-
frost aggradation, and CHy4 flux rate differences among wetland
types. These results suggest that other sources were likely the
major drivers of atmospheric CHy4 at the end of the Younger Dryas
and throughout the Holocene. While peatland CH4 emissions from
present-day peatland areas accounted for 20—25% of total northern
hemisphere emissions during the past 5 ka (Fig. 6¢), we found that
the role of extant peatlands in the early Holocene was likely limited
by their small spatial extent. How peatland area developed over
time remains the largest factor of uncertainty in these re-
constructions, with wide variation among different estimates for
areas before 5 ka. Permafrost aggradation and ecosystem succes-
sion (from marshes and shallow water wetlands to fens and then
bogs) in peatlands have significantly limited the increase in CHy
emissions throughout the Holocene than would have been ex-
pected from wetland expansion alone. The past peatland areas
modeled using this reconstruction method will likely require
revision in the future with additional evidence for earlier (or later)
peatland formation as new peatland basal ages are published and
compiled or new peatland areas are mapped in poorly known re-
gions (e.g. Eastern Siberia, Fig. 1). Further efforts to reconcile at-
mospheric records of CH4 concentrations and isotopes with
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empirical and process-based models are necessary, but consider-
ation of differences among northern wetland types is critical,
particularly associated with permafrost formation.
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