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a b s t r a c t

Peatland carbon accumulation generally increased during past intervals of natural warming. With recent
anthropogenically-dominated warming being unprecedented over the past ~2000 years, however, it is
unclear how peatland carbon dynamics may operate compared to those under historical natural
warmings. Here we examine the impacts of the recent warming from 1850 CE to present (Recent Warm
Period; RWP) and the historical warming during 1000e1300 CE (Medieval Warm Period; MWP) on
peatland carbon accumulation of the Tibetan Plateau using two continuous peat core records. We
observed major seasonal difference between the two warming periods, with growing season (summer)
warming dominating the MWP, while greater non-growing season warming characterizing the RWP.
Consequently, we found a high net carbon balance during the MWP, suggesting that warming increased
plant production more than decomposition of organic matter. In contrast, a low net carbon balance was
observed during the RWP because non-growing season warming greatly enhanced soil carbon decom-
position that could have completely offset plant carbon uptake. Therefore, recent anthropogenic
warming might have induced a different ecosystem response with lower net carbon balance over the
past millennium than that during historical natural warmings. As other regions of the globe have similar
growing season versus non-growing season warming patterns, the risk of carbon loss from global
peatlands may have been underestimated, implying that there is an even greater challenge for managing
ecosystem carbon sinks under future climate change.

© 2022 Elsevier Ltd. All rights reserved.
ibetan Plateau Earth System
ch, Chinese Academy of Sci-
1. Introduction

Peatlands contain one-third of the global soil carbon storage
(Gorham, 1991; Yu et al., 2010) and thus they play a critical role in
the global carbon cycle and climate change feedbacks (Joosten et al.,
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2016; Leifeld and Menichetti, 2018). However, the response of the
peatland carbon cycle to climate change is still poorly understood,
making it a major source of uncertainty in climate projections
(IPCC, 2014). During climatic warming, changes in peatland carbon
stocks are governed by two opposing processes. In one process,
warming enhances plant growth, which provides increased input to
peat carbon accumulation via plant litter; and in an opposing
process, warming also accelerates soil carbon loss via microbial
respiration of plant litter and soil carbon (Friedlingstein et al.,
2006). The overall net impact of warming on carbon accumula-
tion, including both its sign and sensitivity, remains largely unclear
(Gallego-Sala et al., 2018; Morris et al., 2018; Wilson et al., 2016).
Furthermore, changes in precipitation and evapotranspiration
would also influence the hydrologic regime, microbial decompo-
sition, and carbon accumulation of peatlands.

Dated soil cores provide valuable information for understanding
peatland carbon accumulation dynamics in response to tempera-
ture anomalies (Loisel et al., 2014). Almost all previous studies have
indicated increased peatland carbon accumulation and expansion
during past warm periods, on a large spatial scale: northern peat-
lands (Charman et al., 2013; Yu et al., 2010), to peatlands at regional
scale in Western Siberia (Smith et al., 2004), Alaska (Jones and Yu,
2010), South America (Loisel and Yu, 2013a), and northern China
(Wang et al., 2014b; Zhao et al., 2014). However, compared to past
warm periods, the recent anthropogenic warm period may be
characterized by a different warming pattern, with a higher
warming rate at nighttime than during daytime, and a higher rate
during the non-growing season than during the growing season
(Davy et al., 2017; Hansen et al., 2010). Given the specific climatic
characteristics of recent anthropogenic warming, however, it is
unclear if the enhanced peatland carbon accumulation observed in
past warm periods will also apply to continued anthropogenic
warming.

Peatlands are also widely distributed across highmountains and
plateaus where climate warming tends to be amplified; however,
few studies have investigated the carbon accumulation patterns of
these high-altitude peatlands. On the Tibetan Plateau, which has
largest area of intact alpine peatlands on Earth, and where direct
human disturbances are relatively minor compared to more
populated regions, the recent anthropogenic warming rate is more
than twice the global average (Yao et al., 2019). Thus, the Tibetan
Plateau is well suited to an investigation of the peatland carbon
cycle response to recent (anthropogenically dominated) and past
(natural) warmings.

In contrast to warming episodes over the past millennia that
were driven by natural climatic variations (Liu et al., 2013), recent
warming is caused mainly by anthropogenic greenhouse gas
emissions. This recent warming is also unprecedented in magni-
tude over the past 2000 years (IPCC, 2013; Neukom et al., 2019;
Schurer et al., 2017), and in addition it has complex interactions
with multiple anthropogenic forcing factors (Chen et al., 2021).
Therefore, it is an intriguing questionwhether peatland soil carbon
dynamics under recent warming conditions may differ from those
of the past. Understanding the differences and similarities between
past and recent warmings, in terms of soil carbon dynamics in
peatlands and the underlying climatic drivers, will provide
important information for predicting future changes in peatland
carbon storage under future climatic change scenarios. Northern
Hemisphere climate evolution over the past millennium could be
divided into three major episodes: ‘‘Medieval Warm Period’’
(MWP), ‘‘Little Ice Age’’ (LIA), and “RecentWarm Period” (RWP) (Liu
et al., 2013). The MWP is confirmed to be driven by natural climatic
factors (Liu et al., 2013), which is the closest to those of the modern
period and was thus often used as a paleoclimatic analog for long-
term climate prediction (Liu et al., 2013).
2

In order to compare the carbon dynamics of these two warm
climate periods, it is necessary to model the past changes in the net
carbon balance of peatlands (Young et al., 2021). Conceptual and
process models of peatland development have been produced for
understanding carbon accumulation and carbon stocks. The Clymo
bog growth model (BGM) assumes that the litter production rate
and decomposition coefficient are constant. Although the Clymo's
BGM model does not take account of some hydrological linkages
and has some limits, this model can be used to derive peat-addition
rate and peat decomposition rate from the cumulative carbon pool
data to understand the long-term overall peat accumulation dy-
namics (Yu, 2011). The Holocene Peat Model (HPM) of Frolking et al.
(2010) contains the hydrological influences and feedbacks. This
model uses 12 plant functional types (PFTs) to represent peatland
vegetation, with each PFT having different litter production and
decomposition characteristics. Even so, this model still cannot
reproduce the detail of variation in peat properties in the core. The
Land surface Processes and eXchanges model (LPX) features a dy-
namic nitrogen cycle, a dynamic carbon transfer between peatland
acrotelm and catotelm, hydrology and temperature dependent
respiration rates, and peatland specific PFTs (Spahni et al., 2013).
The LPX does not take the spatial scale, and effect of spatial dif-
ferences into account. Baird et al. (2012) produced a 3-dimensional
(3D)model (DigiBog) that treats peatlands as complex and adaptive
and that allows for hydrological feedbacks across a range of spatial
scales. Both DigiBog and HPM are process models, which have been
used to understand the behavior of real-world systems through
changing certain parameters over time (Yu et al., 2001). However,
these models require several parameters that are not readily
available for our study region. As the models are updated, these
models are getting closer and closer to the actual development of
peatlands. In this way, we can use these models under certain as-
sumptions and the observed data to reconstruct past changes in the
net carbon balance.

Here we use well-dated, high-resolution net carbon balance
records from two alpine peatlands from hydrologically-closed ba-
sins in the Tibetan Plateau, the world's highest landmass. Our aims
were to investigate and compare the responses of peatland soil
carbon accumulation during a natural warming episode of the past
millennium and those during recent anthropogenic warming. We
found significant differences in seasonal climate signatures, and
thus in soil net carbon balance between the two periods. In contrast
to past natural warming when much of the warming occurred
during the growing season, anthropogenic warming was particu-
larly faster during the non-growing season, which reduced the net
carbon balance of the Tibetan Plateau peatlands because non-
growing season warming greatly enhanced soil carbon decompo-
sition that could have wholly offset plant carbon uptake. Hence the
risk of carbon loss from the world's peatlands may have been
underestimated because other regions of the globe have similar
growing season versus non-growing season warming patterns.

2. Methods

2.1. Study sites and sediment archives

The Tibetan Plateau and its surroundings comprise the Earth's
largest mountain mass, with an average elevation exceeding
4000 m above sea level (m a.s.l.) (Fig. 1). The warming rate of the
region over the last half century is more than twice the global
average (Kuang and Jiao, 2016) and the Tibetan Plateau has the
largest area of the world's highland peatlands (Yu et al., 2010). We
selected two peatlands located in hydrologically-closed basins and
geographically separated by ~300 km: Galang Co (GLC) (29�540N,
95�360E; 2821 m a.s.l) and Zhenbu Co (ZBC) (29�400N, 92�230E;



Fig. 1. Peat records from the Tibetan Plateau. (a) Elevation map of the Tibetan Plateau showing locations of the study sites (GLC and ZBC peatlands). Lakes are indicated by blue
shading and major rivers by light-blue lines. The colors represent elevations (m a.s.l.) as shown in the color bars below. The two sites are separated by ~300 km with an elevation
difference of ~1800 m. (bec) Satellite images of the ZBC and GLC peatlands (source from Google Earth). White lines are contours. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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4677 m a.s.l.) (Fig. 1). The two peatlands also have a more than
1800 m elevation difference and consequently they differ in mean
annual temperature (8.9 �C at GLC vs. 6.4 �C at ZBC). Both sites are
pristine and the vegetation is currently dominated by Kobresia and
Carex plants (Supplementary Fig. S1).

We collected two peat cores from the GLC and ZBC peatlands in
September 2019 using a Russian peat corer (Fig. 1). Both cores
spanned the entire interval of peat accumulation, with the bases of
the cores reaching the underlying clay and silt deposits (Fig. 2). The
length of peat core GLC was 93 cm and that of core ZBC was 80 cm.
The cores were sub-sampled at 1-cm intervals, but here we only
focus on the peat sediments above the silty clay sediments. The
chronology was established using accelerator mass spectrometry
(AMS) 14C dating of seven terrestrial plant macrofossils samples
(which are unaffected by the reservoir effect) and one bulk organic
sediment sample. Radiocarbon analysis was carried out at Beta
Analytic Laboratory and 14C Chronology Laboratory of Lanzhou
University using AMS. The measured and calibrated ages are listed
in Table 1. The ages are expressed in years before present (BP),
3

where “present” is defined as 1950 CE (Common Era). Bayesian age-
depth modelling (Bacon) was performed using OxCal v4.2.2 and a
Poisson-process (P-sequence) single depositional model at 1-cm
increments, with a K value of 100 (Blaauw and Christen, 2011;
Ramsey, 2008), to produce the age-depth model (Fig. 2).
2.2. Acrotelm/catotelm boundary detection

To quantify and compare decadal and centurial-scale carbon
accumulation rates, the acrotelm/catotelm boundary need to be
identified (Loisel and Yu, 2013b). As plant litter and new peats in
the acrotelm are exposed to oxygen, they are subjected to a higher
decay rate. Once in the catotelm, the decay rate declines and be-
comes slower under anaerobic conditions. Therefore, the long-term
maximal depth of the summerwater table, reflecting themaximum
depth of oxygenated conditions, is usually used to define the
acrotelm/catotelm boundary (Ingram, 1982). We measured the
water level in a steady state with a meter ruler after we drilled the
peat core. The ratio of precipitation to temperature that affects the



Fig. 2. Lithostratigraphy and Bacon age-depth models for the GLC and ZBC peat cores. The different colors of the rectangular column represent changes in lithology. The transparent
light blues are the calibrated 14C dates, and the darker greys indicate the most probable calendar ages. The grey stippled lines are 95% confidence intervals and the red curve is the
single ‘best’ model based on the median age for each depth interval. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Table 1
Results of AMS 14C dating analysis of the GLC and ZBC peat cores from the Tibetan Plateau.

Laboratory number Core ID Depth (cm) Analyzed material Conventional radiocarbon age (yr 14C BP) d13C (‰) Calibrated age (cal yr BP, 2s range)

Beta544060 GLC-33 32e33 Stem 80 ± 30 �27.0 105 (24e260)
Beta 558954 GLC-43 42e43 Stem 380 ± 30 �23.6 449 (318e505)
Beta 544068 GLC-53 52e53 Stem 410 ± 30 �27.9 483 (367e520)
Beta 544061 GLC-78 77e78 Stem 880 ± 30 �27.5 788 (728e908)
LZU20090 ZBC-13 12e13 Stem 10 ± 20 �24.4 51 (40e240)
Beta544063 ZBC-50 49e50 Stem 760 ± 30 �26.6 691 (666e730)
Beta 544064 ZBC-80 79e80 Stem 830 ± 30 �25.7 887 (744e1087)
Beta 544067 ZBC-101 100e101 OS 2050 ± 30 �26.0 1223 (1130e1315)

Note that all of the dated materials are terrestrial plant macrofossils, except for sample 544067 from the ZBC peat core, which was bulk organic sediment. Linear extrapolation
method was used to measure the reservoir effect on radiocarbon ages of sample 544067 from the ZBC peat core. The calculated reservoir age is ~800 years, which is consistent
with reservoir ages estimated from the Tibetan Plateau (Hou et al., 2012). The chronology was established using accelerator mass spectrometry (AMS) 14C dating of seven
terrestrial plant macrofossils that were unaffected by the reservoir effect, and one organic sediment (OS) sample.
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water level of peatlands in the summer of 2019 was almost the
average value in recent decades in GLC and ZBC (Supplementary
Fig. S2). Therefore, the measurement of water table position in
September 2019 could be seen as a good approximation of the
acrotelm/catotelm boundary.
2.3. Peat property and macrofossil analysis

Volumetric peat samples were freeze-dried for 12 h to deter-
mine the dry bulk density (DBD). The organic carbon (OC) content
was determined using a total organic carbon analyzer (TOC-5000A,
Shimadzu). On the basis of the chronologies and the measured DBD
(g cm�3) and organic matter content (OM, %; OC � 2), we can
4

calculate the cumulative peat (M) data.
Peat sub-samples were washed with a strong jet of water over a

125 mm sieve after estimating the abundance of unidentifiable
organic matter (UOM). The residues were inspected under a stereo
microscope at 7.3 � to 120 � magnification, and
400 � magnification when necessary. The relative abundance of
plant species at each depth interval was estimated using a 10 � 10
square grid salver.
2.4. Conceptual peatland carbon accumulation modeling

The basal layers of the peat cores have undergone decomposi-
tion for a longer time than the upper layers, so we used the
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conceptual model of Clymo (1984) to represent this autogenic peat
accumulation process. Assuming a constant peat addition rate
(PAR; g OM m�2 yr�1) driven by plant NPP at the top of the peat
column, and a constant peat decay coefficient (a; yr�1), the PAR and
a were derived directly from the cumulative peat data for the
acrotelm and catotelm separately by using the Clymo's model
(Supplementary Fig. S3):

M¼ PAR
a

� �1� e�at� (1)

where M is the cumulative peat (g cm�2) at time t (yr). The PAR
determines the general slope of the cumulative peat versus age
curve, and a determines the curvature (Yu et al., 2003).

The PAR and a of each peat core were evaluated using a curve-
fitting procedure. The modeled decay coefficient values were then
used to reconstruct the peatland carbon fluxes using the empirical
model of Yu (2011). The Yu's peatland carbon flux reconstruction
model uses the observed net peat carbon pool (NCP) values ob-
tained from peat cores to back-calculate net carbon uptake (NCU)
by considering NCU as the initial input of peat carbon. The net
carbon release (NCR) represents the summed carbon release of all
peat cohorts. Both NCU and NCR take into account changing plant
production inputs, despite being derived from a constant decay
constant. Time histories of peat carbon uptake and release were
divided at 10-year intervals. The equations of the Yu's model have
the following form:

NCUt ¼NCPt
e�a*t (2)

NCRt ¼
Xinitiation age

k¼t

 
NCPk
e�a*t �

NCPk
e�a*ðt�1Þ

!
(3)

where k is the peat cohort ID to track all peat cohorts older than
time t since the peatland initiation. For example, k ¼ 1 means the
peat cohort of the last 10 years. The net carbon balance (NCB) was
calculated as the difference between NCU and NCR as derived
above,

NCB¼NCU � NCR (4)

The Frolking's peat decomposition model (Frolking et al., 2001)
was used to simulate the amount of peat transferred from the
acrotelm to the catotelm. The equation has the following form:

Mt ¼ PAR
1þ at

(5)

where PAR is the constant rate of organic matter added to the
acrotelm, and a small amount of peat is transferred into the cato-
telm (Mt) after decomposition (a) over time t. Thus, this approach
links the acrotelm peat carbon fluxes to the long-term rate of peat
storage by comparing remaining acrotelm peat mass at the acro-
telm/catotelm boundary to the catotelm peat input term (Loisel and
Yu, 2013b). After a period of time, how much peat carbon in the
current acrotelm will be transferred into the catotelm following
aerobic decay is predicted and this value can be compared with the
long-term peat carbon pool.
2.5. Statistical analysis of meteorological data to determine
temperature trends

We obtained daily surface temperature data from the China
Meteorological Data Service Center. The data are subjected to
5

rigorous quality control by the China Meteorological Administra-
tion to ensure their quality and integrity, via inspection of the
format, missing values, limit values, changes in range, internal
consistency, and spatiotemporal consistency. The 94 meteorolog-
ical stations on the Tibetan Plateau and the surrounding region
with an elevation higher than 2000 m a.s.l. were selected in this
study. Detailed information about the meteorological stations is
given in the Table S1. Amongst these 94 stations, Xiangride and
Maqing have been updated to December 1997. Monthly mean
surface temperature is calculated if the specified month has more
than 24 days using daily mean surface air temperature data. The
regional average values for Tibetan Plateau are derived from the
average of all 94 stations for the period (until 2019).

3. Results

3.1. Core chronology

The 93-cm long peat core GLC has an age of 728e908 cal yr BP at
the depth of 78 cm, and the 80-cm long peat core ZBC has a basal
age of 744e1087 cal yr BP (Table 1), based on Bacon age modeling
results (Fig. 2). The youngest 14C data of the GLC is 24e260 cal yr BP
(33 cm), and the youngest 14C data of the ZBC is 40e240 cal yr BP
(13 cm). For each peat core the Baconmodel was used to construct a
chronological frame spanning the past ~1000 years and based on
four 14C dates.

3.2. Peat geochemical properties

Based on the field observations of the long-termmaximal depth
of the summer water table, the acrotelm/catotelm boundary of GLC
and ZBC are 8e9 cm and 5e6 cm deep, respectively. OC and DBD
showed opposite trends, with the increasing OC and decreasing
DBD from the bottom to the surface in GLC and ZBC peatlands
(Supplementary Fig. S4). The average OC of GLC was 31%, and the
average OC of ZBC was 24%. While the average DBD of the two peat
cores was the same (0.04 g cm�3). The average DBD of acrotelm
samples (0.02 g cm�3) was half less than that of catotelm samples
(0.04 g cm�3) for core GLC, and the average DBD of acrotelm
samples (0.006 g cm�3) was much lower than that of catotelm
samples (0.04 g cm�3) for core ZBC. The average carbon density
values of GLC and ZBC are 0.011 and 0.007 g C cm�3, respectively.

3.3. Modeled peat addition and decomposition patterns

Peat mass is the amount of peat per unit area. The cumulative
peat mass of the 70 years (acrotelm) for GLC was 0.16 g OM cm�2,
and the cumulative peat mass of the 40 years (acrotelm) for ZBC
was 0.03 g OM cm�2 (Fig. 3), while the cumulative peat mass of the
previous 1000 years (catotelm) for GLC was 2 g OM cm�2, and the
cumulative peat mass of the 1000 years (catotelm) for ZBC was 1.1 g
OM cm�2. The PAR values of the acrotelm (29 ± 2 g OM m�2yr�1)
and catotelm (28 ± 2 g OMm�2yr�1) for GLC were almost the same,
and the PAR of acrotelm (9 ± 1 g OM m�2yr�1) for ZBC was much
lower than that of catotelm (16 ± 2; 30 ± 3 g OM m�2yr�1). The
decay coefficient (a) of the acrotelm (0.01 yr�1) was higher than
catotelm (0.001 yr�1) for both GLC and ZBC cores.

The peatland carbon flux reconstruction model yielded NCU
values for the catotelm that ranged between 7.1 and 37.4 g C
m�2yr�1 in GLC, and the NCU values in ZBC ranged between 2.0 and
38.9 g C m�2yr�1 (Fig. 4). The summed carbon release of all peat
cohorts was 16.1 g C m�2yr�1 in GLC, and 10.2 g C m�2yr�1 in ZBC.
The peat decomposition model simulated peat mass loss in the
acrotelm for 70 years in GLC, and for 40 years in ZBC. Remaining
peat masses of 26 g m�2 after 10 years (equivalent to 89.7% of initial



Fig. 3. Cumulative peat mass and exponential decay model for the GLC and ZBC peat cores. Peat accumulation patterns for GLC acrotelm (a), GLC catotelm (b), ZBC acrotelm (c), and
ZBC catotelm (d). The brown dots represent the cumulative peat mass during different years, and the dark blue lines are the results of the fitted model. The dash line separates the
two fitted models. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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mass), and 16 g m�2 after 70 years (equivalent to 55.2% of initial
mass) were obtained in GLC. Remaining peat masses of 8 g m�2

after 10 years (equivalent to 88.9% of initial mass), and 6 gm�2 after
40 years (equivalent to 66.7% of initial mass) were obtained in ZBC.
The entire record can be divided into three periods: ~1000e1300
CE, ~1300e1850 CE and ~1850 CE to the present, which correspond
respectively to the MWP, LIA, and RWP (Moberg et al., 2005)
(Fig. 5a). For GLC, the average NCB values for theMWP, LIA and RWP
are 22.7 ± 6.1, 2.15 ± 4, and �5.5 ± 1.5 g C m�2yr�1, respectively
(Fig. 4b); and for ZBC they are 23.1 ± 10.6, �2.8 ± 2.1,
and �4.2 ± 1.9 g C m�2 yr�1, respectively (Fig. 4d).
3.4. Past vegetation change

Macrofossil records for cores GLC and ZBC (Supplementary
Fig. S5) show that peat profiles have been always dominated by
Carex and Kobresia throughout the last 1000 years. The Carex was
abundant in presencewith average levels of 18% and 26% in GLC and
ZBC, respectively. The Kobresia remnants had averages of 36% and
40% in GLC and ZBC, respectively. There was more moss found in
GLC than ZBC, and no Potentilla found in ZBC. The abundances of
Cynoglossum in GLC and ZBC varied greatly, from absence to 63%. A
few Primula leaves and stems were found in both cores GLC and
ZBC.
6

4. Discussion

4.1. Tibetan Plateau peatlands development over the past
millennium

The carbon accumulation records show clear multi-centennial-
scale changes over the past millennium (Fig. 5b and c). NCU and
NCB showed decreasing trends in both peatlands from ~1000 CE to
the present (Fig. 5b and c). Therefore, even though both the MWP
and RWP were/are anomalously warm, their net carbon accumu-
lation balances are substantially different.

Precipitation were the primary sources of water input for the
GLC peatland, and there was no glacial meltwater input over the
past millennium (Zhou et al., 2010). For the ZBC peatland, current
water sources were also dominated by precipitation, and no gla-
ciers are currently present within its catchment; however, we
cannot exclude the possibility that a glacier existed in the catch-
ment during the MWP and LIA. Nonetheless, the consistent pat-
terns of higher carbon accumulation during the MWP and lower
carbon accumulation during the RWP for the two peatlands indi-
cate that glaciers, if present, had minimal impact on peat carbon
accumulation at the two sites over the past millennium. Neither
GLC nor ZBC has runoff input, and their water source is ultimately
precipitation to the peatlands or the small watersheds. Even if the
water level in peatlands is influenced by lake level, the lake level
likely reflects regional moisture balance and regional climate
because of a very small watershed. The effective moisture record
from regional studies (Yang et al., 2014) shows no obvious evidence



Fig. 4. Last millennium peat carbon fluxes for the GLC (a, b) and ZBC (c, d) peat cores
using the empirical model of peatland carbon flux reconstructions of Yu (2011). The
net carbon pool (NCP) represents today's peat stock as observed/reconstructed from
peat cores; the net carbon uptake (NCU) represents the average annual peat carbon
flux that entered the peatland over the past 1000 years, and the net carbon release
(NCR) represents the summed carbon release of all peat cohorts over time. The net
carbon balance (NCB, black dots) was calculated as the difference between NCU and
NCR. The smoothed lines are five-point moving averages (brown line). (For interpre-
tation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 5. Long-term trends in reconstructed net carbon balance (NCB) in the Tibetan
Plateau peatlands compared with the Northern Hemisphere (NH) temperature
anomaly over the past millennium. (a) Reconstructed NH mean temperature anomaly
over the past millennium (Moberg et al., 2005) (light-red curve is the raw data and the
dark-red curve is the 30-yr moving average), and NH mean temperature anomalies
from 1850 CE to the present based on weather station data (red curve is the raw data
and the black-red curve is the 30-yr moving average; ftp://ftp.ncdc.noaa.gov/pub/data/
ghcn/v4). (b) Net carbon balance (NCB) in the GLC peatland (black dots). The brown
fitted line is the result of five-point moving averages; (c) Net carbon balance (NCB) in
the ZBC peatland (black dots). The brown fitted line is the result of five-point moving
averages. Grey shading corresponds to the two warm periods recognized over the past
millennium: the Medieval Warm Period (MWP) and the Recent Warm Period (RWP).
(For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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of the influence of lake level changes on carbon accumulation of the
two peatlands over the past millennium (Supplementary Fig. S6),
suggesting that the water level of the two hydrologically-closed
peatlands was relatively stable. In the nearly 100 cm-long section
of the two peatlands, we observed that minerals are mainly clay.
The nutrient content of clay minerals is low compared to less-
weathered, phosphate and feldspar minerals (Kylander et al.,
2018). Therefore, clay minerals input might not have significant
impacts on the peatland vegetation growth and carbon accumu-
lation due to low nutrient contents. The vegetation compositions of
the two sites show little changes over the past millennium
(Supplementary Fig. S5), which enables us to exclude the effects of
changes in vegetation composition on organic matter production
and decomposition that influence peat carbon accumulation.

The peatlands at both GLC and ZBC were first formed at ~1000
CE (Fig. 2), when the climate transitioned from a cool to a warm
period, as documented by rapid tree growth in the region (Wang
et al., 2014a). A review of paleoenvironmental changes across the
Tibetan Plateau indicates that 800e1000 CE marks the transition
between a cooling interval and a warm period. Two tree ring width
data series from the southeastern Tibetan Plateau indicate faster
tree growth from 900 to 1000 CE due to increasing temperature
(Hao et al., 2020). Increasing temperatures also increase the length
of the growing season, which is an important limiting factor for
7

helophyte growth (Aaby and Tauber, 1975). In addition, the warm
climate favored helophyte colonization of the lakeside area,
enabling peat to form at the MWP.

The basal peat date from ZBC is younger than that fromGLC, as is
also the carbon accumulation history (Fig. 2), which indicate a delay
in carbon sink development of ZBC core compared to GLC. The
meteorological data from the nearby weather stations show that
the annual temperature in the GLC peatland (8.9 �C) is greater than
at the ZBC peatland (6.4 �C) due to the lower altitude; therefore, the
temperature of GLC was generally always higher than at ZBC over
the past millennium. Higher temperatures promoted earlier hel-
ophyte growth in the lakeside area of GLC than at ZBC, and the
temperature differences in the growing seasons may have caused a
50-year delay in peat initiation at the ZBC peatland. This evidence
supports the positive relationship between peatland carbon accu-
mulation and temperature during the MWP. Therefore, the differ-
ences in the timing of peat formation between the two peatlands
were mainly due to temperature differences (that is, because the
ZBC peatland is at a lower elevation than GLC).
4.2. Different carbon-climate feedbacks under past and recent
warming

The MWP and RWP were the two most important warming

ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/v4
ftp://ftp.ncdc.noaa.gov/pub/data/ghcn/v4
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intervals over the past millennium (Liu et al., 2013) (Fig. 5a). The
MWP warming was driven by natural climatic factors, while that of
the RWP is driven mainly by anthropogenic greenhouse gas emis-
sions (Liu et al., 2013). Using mean annual temperature record
reconstructed from four ice cores from across the Tibetan Plateau
(Yao et al., 2019) (Fig. 6d), and summer temperature anomalies
reconstructed from sediment alkenonemeasurements at three lake
sites (Fig. 6b; see Supplementary Fig. S7), we found that the mean
annual temperature during the MWP was the lowest over the past
millennium, but that the summer (growing season) temperature
was the highest. This implies that the MWPwarming in the Tibetan
Plateau occurred mainly in summer, and its non-growing season
temperature increase was small compared to that of the RWP.
During the RWP, the summer temperature was lower than that of
the MWP (Fig. 6b), while the mean annual temperature was the
highest over the entire last millennium (Yao et al., 2019) (Fig. 6d).
Hence, warming during the RWP can be mainly attributed to the
non-growing season temperature, with the temperature increase of
the growing season being less than that of the MWP. Records of
monthly temperature for the six most recent decades averaged
across the 94 meteorological stations in the Tibetan Plateau also
confirm a much larger increase in non-growing season tempera-
tures (0.46 �C per decade in the winter months, DJF) compared to
those of the growing season (0.21 �C per decade in the summer
Fig. 6. Comparison of the net carbon balance (NCB) over the past millennium in
peatlands of the Tibetan Plateau with natural and anthropogenic forcings. (a) Northern
Hemisphere summer insolation curve (Berger and Loutre, 1991). (b) Tibetan Plateau
summer (growing season) temperature anomaly over the past millennium integrated
from three alkenone-based summer temperature records (He et al., 2013; see
supplementary Fig. S7 for detail). (c) 10-year bins of Z-scores of composite NCB of the
GLC and ZBC peatlands (this study). (d) Tibetan Plateau mean annual temperature
curve over the past millennium reconstructed from the composite of four ice core d18O
records from across the Tibetan Plateau (Yao et al., 2019). Dashed lines in (b) and (d)
represent periods of different change rates. Grey shading corresponds to the two warm
periods recognized over the past millennium: the Medieval Warm Period (MWP) and
the Recent Warm Period (RWP).
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months, JJA) (Fig. 7). Therefore, the seasonal warming pattern
during the RWP is different from that recorded during the MWP,
which was forced by natural factors.

We then calculated the average values of the 10-year interpo-
lated Z-scores of the NCB for each peat core (GLC and ZBC) (Fig. 6c),
which showed that higher NCB corresponded to a greater magni-
tude of warming during the growing season (Fig. 6b), but a lesser
degree of warming during the non-growing season (as inferred
from the relationship between Fig. 6b and d) in the MWP, with
almost no change in summer solar insolation (Berger and Loutre,
1991) (Fig. 6a). The greater growing season warming during the
MWP would have promoted increases in net primary productivity
by extending the length of the growing season and enhancing plant
growth. While microbial activity and peat decomposition would
also have been higher during the growing season, they would be
largely unchanged during the non-growing season due to the lesser
degree of warming during that season (Yu et al., 2010). Therefore,
during the MWP, the increase in the plant NPP rate was higher than
the increased microbial respiration rate, leading to the formation of
peat and increased net peat carbon balance in the Tibetan Plateau
(Fig. 6c). This high net carbon accumulation balance under natural
warming provided negative feedback to climatic warming (Fig. 8).

In contrast to the MWP, the lower NCB during the RWP (Fig. 6c)
corresponded to a lesser degree of warming during the growing
season (Fig. 6b) and greater warming during the non-growing
season (as inferred from the relationship between Fig. 6a and d),
with almost no change in summer insolation (Fig. 6a). The lesser
degree of warming in the growing season would have limited the
increase in NPP via shortening the length of the growing season
and thereby limiting plant growth. In addition, the greater warming
during the non-growing season would accelerate microbial activity
and peat decomposition. The increased soil organic carbon
decomposition during the non-growing season was so great that it
exceeded the increased rate of growing season NPP. As a result, the
Tibetan Plateau peatlands during the RWP were actually a poor
carbon sink or even an atmospheric carbon source (Fig. 6c), which
further provided a positive carbon accumulation - climate warming
feedback (Fig. 8). Hence, the net carbon balance during the recent
anthropogenically-dominated warming was the lowest in the past
millennium and its variation exceeded natural variability (Fig. 6c).

Although rising atmospheric temperatures could influence the
length of the growing season and plant growth, a snow cover could
have an insulating effect in the winter, keeping soil temperatures
slightly warmer and thus leading to faster decomposition. As
greater non-growing season warming characterizes the RWP and
warmer air can hold more moisture, the snow cover on the Tibetan
Plateau should have increased in RWP. Indeed, the snow mass over
the Tibetan Plateau has increased with increasing air temperature
based on the microwave satellite remote-sensing data (from 1978
to 2006) and meteorological observation data (Che et al., 2008). As
snow thickness increases, the insulating effect of snow cover in-
creases and results in a warmer soil. Warmer soil temperature
would increase peat decomposition and result in low carbon
accumulation. The insulating effect reaches the maximum when
snow is at its optimal thickness (about 40 cm), and the average
snow-depth of the two sites is 7e9 cm from 1978 to 2006 during
winter (Che et al., 2008). The depth of snow cover in the MWP
might be lower than 7e9 cm. Therefore, further increase in snow
thickness would increase insolation effect, causing soil warming,
elevated decomposition, and reduction in carbon accumulation. On
the other hand, the MWP warming in the Tibetan Plateau occurred
mainly in summer, and its non-growing season temperature in-
crease was minimal compared to that of the RWP. Therefore, the
snow cover of the two sites was fragile, and the snow cover may
have had less insulating effect on soil temperature in the MWP.



Fig. 7. Rate of monthly mean temperature increase at elevations above 2000 m a.s.l. on the Tibetan Plateau. (a) The statistics of the rate of monthly temperature increase averaged
over the 94 meteorological stations show that the warming over the last six decades mainly occurred in the non-growing season, especially in the winter season, and that the
temperature increment of the growing season (summer season) is small. (b) Locations of the meteorological stations above 2000 m a.s.l. in the Tibetan Plateau are indicated by black
dots. Land topography information was obtained from the ETOPO1 dataset (Amante and Eakins, 2009). The color bars represent elevations in m above sea level (a.s.l.). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 8. Conceptual model of the peatland carbon-climate feedback for the Tibetan Plateau. Arrows represent effective processes, and the boxes represent different variables related
to peat carbon accumulation. ‘þ’ and ‘-’ indicate positive and negative feedback, respectively. △NPP rate represents an increased rate of NPP, and △Decomposition rate represents
an increased rate of peat decomposition.
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Indeed, our carbon flux measurement data also documented
9

that the annual carbon emissions in the peatlands of the Tibetan
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Plateau during the non-growing season were 2.4e4.1 times higher
than those during the growing season (Supplementary Fig. S8). The
net ecosystem carbon balance (NECB; Chapin et al., 2006) as often
calculated from carbon flux measurements is similar to NCB
conceptually (Yu, 2012), but they were derived differently. The
NECB is often derived from direct measurements or calculations of
various carbon flux terms explicitly, including net ecosystem pro-
duction, calculated ecosystem respiration, CH4 emissions and
fluvial outputs of dissolved carbon. Due to spatial and time con-
straints, however, non-respiratory carbon release, such as from
fires and volatile organic carbon, are often not included. On the
other hand, the NCB is derived through decomposition of the
observed final carbon accumulation values into two flux terms
representing carbon uptake and carbon releasedthe latter
implicitly including all carbon output fluxes as mentioned above.
Both approached have respective pros and cons in terms of process
understanding and timescales, and their further integration would
advance ecosystem carbon cycle research, including understanding
and projecting responses of terrestrial ecosystems to global change
at relevant decadal and multidecadal timescales.

There are quite a few studies that show that the recent warming
has led to a decline in carbon accumulation in peatlands in the pan-
Arctic (Chaudhary et al., 2020), Minnesota (Hopple et al., 2020), and
Finland (Zhang et al., 2020). These areas also showed greater non-
growing season warming during the recent 50 years. Nevertheless,
none of them proposed that the growing season versus non-
growing season warming patterns play an important role in
recent carbon release. Instead, they suggest that the permafrost
thaw or the drought caused by warming is the leading cause of
carbon release in peatlands. However, we believe that the greater
non-growing season warming in recent anthropogenic warming is
one of the critical reasons for the peatland carbon release. Ac-
cording to the IPCC Sixth Assessment Report (IPCC, 2021), other
regions across the world show a similar pattern in warming sea-
sonality, suggesting that the risk of carbon loss from the world's
peatlands have been underestimated.

5. Conclusions and implications

It has been long recognized that climate change has important
impacts on peatland carbon dynamics. Early studies have estab-
lished a global relationship between peatland carbon accumulation
rates and climate changes (Gallego-Sala et al., 2018). Extensive peat
carbon accumulation during warmer periods is also recorded in
northern peatlands through the last glacial cycle (Treat et al., 2019).
However, no studies have thus far explicitly assessed the impacts of
seasonal warming patterns on peat net carbon accumulation bal-
ance. Considering that carbon dynamics could vary significantly
across different seasons, this lack of a seasonal warming pattern
may be a major source of uncertainty in assessing the response of
the global peatland carbon cycle to climate change.

The past can be used to generate scenarios for the future, and
the peatland carbon cycle during past warm periods has often been
used to predict its future trajectory under anthropogenic warming.
However, for such projections, one needs to compare and validate if
the recent and projected anthropogenic warming mimic the be-
haviors of past warmings, in particular in terms of the seasonality of
warming. Such essential comparisons, however, are scarce in the
literature. On the Tibetan Plateau, recent anthropogenic warming is
generating a climate signature different from that of past warming
driven by natural forcing. During the MWP, when the growing
season dominated the warming, the Tibetan Plateau peatlands
acted as a strong carbon sink, while during the RWP, with dominant
non-growing season warming, they were a carbon source. This
anthropogenic warming might have induced a different ecosystem
10
response, with a large decrease in carbon sequestration.
We have reported results from two peatlands, and both sites are

situated adjacent to lakes that may not be representative of
“typical” northern peatlands. We argue that local hydrology of
these peatlands likely reflects regional moisture balance due to
their small watersheds, but further studies of oligotrophic or
ombrotrophic bogs would be needed to confirm our findings.
Furthermore, the magnitude of the changes reported in this study
should be treated with cautionwhen extrapolating to other sites or
regions. In any case, our results provide one of the first tests of a
critical hypothesis about the important role of climate seasonality
in controlling long-term carbon accumulation in peatlands.

Data and code availability

The peat carbon accumulation data and R scripts used for post-
processing data are available at: Dryad https://doi.org/10.5061/
dryad.h70rxwdj7.
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