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ABSTRACT
The role of boreal wetlands in driving variations in atmospheric methane (CH4) concen-

trations across the last deglaciation (20–10 ka) and the Holocene is debated. Most studies 
infer the sources of atmospheric methane via ice-core records of methane concentration and 
its light stable isotopic composition. However, direct evidence for variations in the methane 
cycle from the wetlands themselves is relatively limited. Here, we used a suite of biomarker 
proxies to reconstruct the methane cycle in the Chinese Hani peat across the past 16 k.y. We 
found two periods of enhanced methanogenesis, at ca. 15–11 ka and ca. 10–6 ka, whereas 
weak methanogenesis characterized the late Holocene. These periods of enhanced methano-
genesis relate to periods of high/increasing temperatures, supporting a temperature control 
on the wetland methane cycle. We found no biomarker evidence for intense methanotrophy 
throughout the past 16 k.y., and, contrary to previous studies, we found no clear control of 
hydrology on the peatland methane cycle. Although the onset of methanogenesis at Hani at 
ca. 15 ka coincided with a negative shift in methane δ13C in the ice cores, there is no consistent 
correlation between changes in the reconstructed methane cycle of the boreal Hani peat and 
atmospheric CH4 concentrations.

INTRODUCTION
Methane is an important gas for atmospheric 

chemistry because it accounts for ∼20% of the 
total radiative forcing from all of the long-lived 
and globally mixed greenhouse gases. Atmo-
spheric methane concentrations obtained from 
ice cores demonstrate that across the last degla-
ciation (between 20 and 10 ka), concentrations 
doubled from ∼350 to 700 ppbv (Stauffer et al., 
1988). They then exponentially increased to 
>1850 ppbv during the past ∼150 yr.

However, the source of the atmospheric 
methane increase across the last deglaciation 
remains intensely debated (Chappellaz et al., 
1990, 1993; Kennett et al., 2000; Bock et al., 
2017; Petrenko et al., 2017; Treat et al., 2019), 
highlighting a fundamental gap in our under-
standing of the methane cycle and Earth’s cli-
mate system. The main hypothesis to explain the 
deglacial increase revolves around wetlands, the 
dominant natural source of methane ( Saunois 

et al., 2019). According to this hypothesis, an 
expansion of boreal wetlands as the continen-
tal ice sheets retreated, together with an inten-
sified methane cycle within boreal and tropi-
cal wetlands in response to higher terrestrial 
temperatures, led to the observed increase in 
atmospheric methane (Chappellaz et al., 1990). 
Reconstructing past changes in the spatial extent 
of wetlands has been the focus of many stud-
ies (Chappellaz et al., 1993; Loisel et al., 2017; 
Treat et  al., 2019), but the evolution of the 
methane cycle within wetlands across the last 
deglaciation is virtually unconstrained. Here, 
we addressed this critical gap in paleoclimate 
research by using a state-of-the-art biomarker 
approach to reconstruct the wetland methane 
cycle across the past 16 k.y.

METHODS
The boreal Hani peat deposit (42°13′N, 

126°31′E; Fig. 1) is situated in Liuhe County 
in Jilin Province, China, at an elevation of 910 m 
on the western flank of the Changbai Mountains. 

The Hani peat is characterized by minerotro-
phic and meso- to oligotrophic conditions. The 
vegetation predominantly consists of sedges 
(e.g., Carex, Cyperaceae, and Rhynchospora) 
and Sphagnum. The core we collected from the 
Hani peat deposit consists of 574 cm of brown 
to dark-brown peat, underlain by 11 cm of 
brown peat with sand (age ca.10.4 ka; Fig. 2), 
and then 262 cm of dark-brown peat. Below 
847 cm depth, the sediment is grayish-green 
mud, representing the original lacustrine depo-
sitional conditions (for details, see Zheng et al., 
2017). Chronostratigraphy of the core is based 
on 10 accelerator mass spectrometry 14C dates 
from plant fragments in peat intervals and bulk 
organic matter in the bottom lacustrine layer 
(Fig. 2). The procedures for lipid extraction and 
analysis have been described elsewhere (Zheng 
et al., 2017).

Here, we focused on reconstructing the abun-
dance of methanogens that produce methane, 
and methanotrophs that consume methane, in 
peat. Ultimately, it is the balance between these 
two communities that controls the amount of 
methane that escapes into the atmosphere. We 
explored the hypothesis that more methane was 
emitted from boreal wetlands due to an intensi-
fied methane cycle across the last deglaciation 
and the Holocene. Our down-core records might 
have a small temporal offset because aerobic 
oxidation of methane by bacterial methano-
trophs occurs in the acrotelm (peat containing 
living plants), while methanogenesis by Archaea 
occurs at depth in the catotelm (peat containing 
dead plant material). We cannot quantify this 
offset or whether it has been constant through 
the past 16 k.y.

Although biomarker concentrations in 
 natural samples can be influenced by multiple 
processes and do not always correlate with *E-mail: David.Naafs@bristol.ac.uk
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 microbial abundance or activity, to trace changes 
in the size of the methanogen community (exclu-
sively consisting of Archaea), we determined 
the accumulation rates of two common archaeal 
lipids: archaeol (2,3-diphytanyl-O-sn-glycerol) 
and isoGDGT-0 (isoprenoidal glycerol dialkyl 
glycerol tetraether). Archaeol is widespread and 
nearly ubiquitous across the Archaeal domain, 
but it is especially common in methanogenic 
Euryarchaeota (Liu and Whitman, 2008), 
which dominate the archaeal community in 
peat (Urbanová and Bárta, 2014). In culture 
experiments, the concentration of archaeol is 
linearly correlated with the amount of methane 
produced (Sunamura et al., 1999). Archaeol 
is abundant in peat and has been used to trace 
changes in methanogen biomass (Pancost et al., 
2011; Zheng et al., 2014). IsoGDGT-0 is wide-
spread across the Archaeal domain, including 
methanogens (Koga et al., 1993), and 16S rDNA 
results indicate that methanogens dominate the 
archaeal community in peat (Basiliko et al., 
2003), and hence are likely the main source of 
isoGDGT-0. This predominant methanogenic 
source for isoGDGT-0 in peat is consistent with 
the stable carbon isotopic composition (δ13C) 
of isoGDGT-0 in peat (Pancost and Sinninghe 
Damsté, 2003).

Methane can be consumed aerobically by 
Bacteria and anaerobically by Archaea. Tracing 
anaerobic oxidation of methane using biomark-
ers is challenging (Segarra et al., 2015). Follow-
ing previous studies (e.g., Pancost and Sinninghe 
Damsté, 2003; van Winden et al., 2012b; Zheng 
et al., 2014; Inglis et al., 2019), we determined 
δ13C values of the bacterial hopanoid (lipid) 

 diploptene to trace changes in aerobic metha-
notrophy. In modern wetlands, diploptene δ13C 
values range between −22‰ and −45‰ (Inglis 
et al., 2019). Although the more-enriched values 
do not exclude an active methanotrophic commu-
nity (van Winden et al., 2010), very depleted dip-
loptene δ13C values (<−40 ‰) indicate enhanced 
consumption of 13C-depleted methane by the 
bacterial community (Inglis et al., 2019). Such 
depleted values have been observed across the 
Holocene in Chinese peat (Zheng et al., 2014), 
indicating that diploptene δ13C values can trace 
changes in the relative contribution of metha-
notrophs to the bacterial lipid pool. We also 
determined changes in the abundance of dip-
loptene at Hani to trace changes in the bacterial 
community size. Together with the changes in 
archaeal methanogen abundance inferred from 
archaeol and isoGDGT-0 concentrations, these 
data provide new and independent insights into 
the controlling factors for methane cycling pro-
cesses in wetlands.

RESULTS
To correct for changes in peat accumulation 

rates, the archaeol and isoGDGT-0 records are 
expressed as mass accumulation rates (Figs. 2C–
2D; note that the latter are semiquantitative). 
Similar changes in archaeol and isoGDGT-0 
accumulation rates occurred over the past 16 
k.y. The archaeol and isoGDGT-0 accumula-
tion rates were the lowest (mostly zero) from 
ca. 16 to 15.4 ka during the lacustrine interval. 
They then increased when the Hani peatland 
started to develop at ca. 15.4 ka. The archaeol 
and  isoGDGT-0 accumulation rates had ranges 

of ∼0.3–2.9 and 0.1–0.7 µg/g/yr, respectively, 
during the Bølling-Allerød (ca. 14.5–12.6 ka) 
and Younger Dryas (ca. 12.6–11.7 ka), and then 
declined for a brief period. They increased again 
during the early Holocene (ca. 10–6 ka), with 
ranges of 0.2–2.1 and 0.1–1.0 µg/g/yr, respec-
tively. After ca. 6 ka, both rates gradually declined.

Diploptene is absent during the lake interval 
at the bottom of the Hani peat core (Fig. 2B). For 
the remainder of the record, the relative abun-
dance of diploptene does not vary significantly. 
Diploptene δ13C values varied from ‒30‰ to 
‒40‰ (Fig. 2A) and were least depleted during 
the Holocene climatic optimum (ca. 10–6 ka). 
The δ13C values for the C33 long-chain n-alkane, 
reflecting peat-forming vegetation (Naafs et al., 
2019), were similar, −31.5‰ to −38‰, but 
showed no coherent temporal trend.

DISCUSSION
We used archaeol and isoGDGT-0 accumula-

tion rates to infer variability in the methanogen 
community over time. Over the last deglacia-
tion and the Holocene, changes in this archaeal 
biomarker content were broadly associated 
with changes in bacterial branched GDGT–
based estimates of mean annual air tempera-
ture (MAATpeat; Zheng et al., 2017) and mean 
high-latitude summer insolation (Fig. 2). Over-
all, strong (weak) methanogenesis corresponds 
to high (low) temperatures and high (low) sum-
mer insolation. For example, the Holocene cli-
matic optimum is associated with a period of 
high archaeol and isoGDGT-0 accumulation, 
 suggesting enhanced methanogenesis. During 
the late Holocene (starting at ca. 6 ka), tem-
peratures and mean summer insolation declined 
in tandem with a decline in methanogenesis. 
Numerous studies have indicated that methano-
genesis has a strong dependence on temperature, 
with warmer conditions being associated with 
greater methanogenesis and CH4 production 
in wetlands (van Winden et al., 2012a; Yvon-
Durocher et al., 2014). Our Hani peat record 
extends these findings and shows that changes 
in temperature also drive changes in boreal wet-
land methanogenesis on millennial time scales.

Diploptene δ13C values in Hani peat were 
relatively enriched, especially during the period 
between 8 and 6 ka (up to ‒30‰), indicating a 
mixed input of heterotrophic and methanotro-
phic bacteria. These δ13C values do not exclude 
the presence of an active methanotrophic com-
munity (van Winden et al., 2010) and are similar 
to those observed in a recent global survey of 
modern peatlands (Inglis et al., 2019). However, 
they are more enriched compared to those in 
other Chinese peatlands, where values as low as 
−50‰ have been measured during the Holocene 
(Zheng et al., 2014). This suggests a less-active 
methanotrophic community at Hani compared 
to that seen elsewhere in China.
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Figure 1. Location of Hani peatland in northeast China (yellow star) and other Chinese peat-
lands discussed here (orange diamonds). EAWM—East Asian winter monsoon; EASM—East 
Asian summer monsoon; ISM—Indian summer monsoon. Plot was generated using Ocean 
Data View (http://odv.awi.de; Schlitzer, 2018).
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The overall high and invariable C33 n-alkane 
δ13C values indicate that, at Hani, higher plants 
did not significantly assimilate substantial amounts 
of isotopically depleted methane across the last 
deglaciation nor during the Holocene. Assuming 
that the C33 n-alkane δ13C values are representa-
tive for the peat plant material, and hence organic 
substrate, their relative stability further suggests 
that the minor variations in diploptene δ13C values 
reflect changes in microbial processes rather than a 
change in organic matter substrate. The lower dip-
loptene δ13C values in the early and late Holocene 
could reflect minor increases in methanotrophy.

Alternatively, or in addition to temperature, 
at Hani the Holocene was also characterized 

by variations in hydrology, shifting from dry 
conditions during the early Holocene to a wet 
late Holocene (Zheng et al., 2018). These can 
drive changes in methanogenesis. In fact, other 
peatlands in China do document large changes 
in methanotrophy (Zheng et al., 2014; Huang 
et al., 2018) and methanogenesis (Zheng et al., 
2014) during the Holocene, interpreted to be due 
to changes in hydrology. The lack of clear varia-
tions in methanotrophy at Hani suggests that 
changes in hydrology might not have exerted a 
primary control on methanotrophy (or methano-
genesis) in this type of boreal peatland, poten-
tially because it remained water-saturated (and 
hence acidic).

The onset of peat formation, archaeal metha-
nogenesis (increase in isoGDGT-0 and archaeol 
accumulation rates), and an increase in bacterial 
community size (increase in diploptene abun-
dance) at Hani at ca. 15.4 ka coincide with a shift 
in methane δ13C values in Antarctic ice cores 
(Fig. 2F) that has been interpreted to reflect 
enhanced methane emissions from wetlands 
(Möller et al., 2013; Bock et al., 2017). This 
lends support to the theory that the develop-
ment of boreal wetlands across the high north-
ern latitudes during the last deglaciation played 
a role in driving the global atmospheric meth-
ane δ13C budget. However, our methanogen and 
methanotroph proxies exhibited no relationship 

Figure 2. Biomarker data 
from the Hani peatland, 
northeast China. (A) Dip-
loptene and C33 n-alkane 
δ13C (error bars depict 
standard deviations), 
where circles reflect 
individual data points, 
and thick lines indicate 
7-point running averages. 
(B) Relative abundance 
of diploptene (crosses 
reflect individual data 
points; thick line indicates 
7-point running average). 
(C) IsoGDGT-0 (isopren-
oidal glycerol dialkyl 
glycerol tetraether) accu-
mulation rates (diamonds 
reflect individual data 
points; line is 5-point run-
ning average) with mean 
summer insolation at 65°N 
(dashed line). (D) Archaeol 
(2,3-diphytanyl-O-sn-glyc-
erol) accumulation rates 
(squares reflect individ-
ual data points; line is 
5-point running average); 
(E) Bacterial branched 
glycerol dialkyl glycerol 
tetraether (brGDGT)–
based mean annual air 
temperatures at Hani 
peatland (northeastern 
China), with calibration 
uncertainty (Zheng et al., 
2017), together with 14C 
dates (gray triangles). 
(F) Atmospheric meth-
ane concentrations and 
δ13Cmethane values obtained 
from Antarctic ice cores 
(Möller et al., 2013; Bock 
et al., 2017). OD—Oldest 
Dryas; B/A—Bølling-
Allerød; YD—Younger 
Dryas; PB—Preboreal; 
op t imum—Holocene 
climatic optimum; wrt 
VPDB—with respect to 
Vienna Peedee belemnite; 
EDML—European Project 
for Ice Coring in Antarc-
tica (EPICA) Dronning 
Maud Land; TALDICE—
Talos Dome Ice Core.
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with atmospheric methane concentrations. Dur-
ing the rapid increase in atmospheric methane 
concentrations that started at ca. 14 ka, there 
is no significant change in methanogenesis or 
 methanotrophy recorded in our biomarker prox-
ies at Hani. Similarly, the return to low methane 
concentrations during the Younger Dryas is not 
matched by a change in the Hani methane cycle, 
and the late Holocene gradual increase in atmo-
spheric methane concentrations coincides with 
a decline in methanogenesis at Hani.

Methane cycling at Hani, especially the 
indicators for methanogenesis, instead appears 
to correspond to local climatic factors. This is 
expected, and it allows an examination of how 
methane cycling in boreal wetlands changed more 
generally during the Holocene. Globally, boreal 
wetlands experienced an increase in mean sum-
mer insolation, and hence temperature, during the 
early Holocene (maximum insolation at ca. 10–8 
ka; Fig. 2), followed by a decline during the late 
Holocene. Therefore, a decline in the intensity of 
the methane cycle within boreal peatlands seems 
an unlikely reason for the decline in atmospheric 
methane concentrations from 10 to 6 ka, when 
temperatures were at a Holocene maximum. The 
same holds true for the observed increase in atmo-
spheric methane concentrations during the past 6 
k.y., when mean summer insolation and tempera-
ture declined (Zheng et al., 2017). A minor role 
for changes in the methane cycle within boreal 
peatlands is further supported by the spatially 
variant change in peatland hydrology across the 
Boreal realm during the Holocene (Borgmark 
and Wastegård, 2008; Zheng et al., 2018), and 
the heterogeneous influence this exerted on the 
peatland methane cycle. It is more likely that 
most of the changes in atmospheric methane 
concentration during the Holocene were driven 
by changes in the (spatial) extent of wetlands and 
not by changes in intensity of the methane cycle 
in peatlands themselves.

CONCLUSIONS
Here, we used biomarker accumulation 

rates and compound-specific δ13C values to 
explore changes in the methane cycle at the 
Hani peatland across the past 16 k.y. The δ13C 
values and abundance of diploptene at Hani 
provide no evidence for significant variations in 
methanotrophy across the past 16 k.y. Instead, 
they suggest a less-dominant methanotrophic 
community than observed elsewhere in Chi-
nese Holocene peatlands. On the other hand, 
archaeal biomarkers indicative for the metha-
nogenic community (archaeol and isoGDGT-0) 
show that methanogenesis did fluctuate and 
was particularly enhanced during periods of 
increasing temperature, such as the last degla-
ciation and the Holocene climatic optimum. 
Although the onset of methanogenesis, as indi-
cated by a sharp increase in concentration of 
archaeal biomarkers, coincided with a nega-

tive shift in δ13Cmethane in Antarctic ice cores, 
there is no consistent relationship between 
changes in archaeal biomarkers, and hence 
methanogenesis, at the boreal Hani peat and 
atmospheric CH4  concentrations. If Hani is rep-
resentative for boreal wetlands globally, our 
biomarker results imply that boreal wetlands 
were not dominant in driving atmospheric CH4 
concentrations across the last deglaciation and 
the Holocene. This hypothesis needs further 
testing across a range of boreal wetlands, and 
future work should also focus on the methane 
cycle within tropical peatlands to explore how 
this evolved across the last deglaciation and 
the Holocene.
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