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% Check for updates Organic carbon burial (OCB) in lakes, a critical component of the global carbon

cycle, surpasses that in oceans, yet its response to global warming and asso-
ciated feedbacks remains poorly understood. Using a well-dated biomarker
sequence from the southern Tibetan Plateau and a comprehensive analysis of
Holocene total organic carbon variations in lakes across the region, here we
demonstrate that lake OCB significantly declined throughout the Holocene,
closely linked to changes in temperature seasonality. Process-based land sur-
face model simulations clarified the key impact of temperature seasonality on
OCB in lakes: increased seasonality in the early Holocene saw warmer summers
enhancing ecosystem productivity and organic matter deposition, while
cooler winters improved organic matter preservation. The Tibetan Plateau’s
heightened sensitivity to climate and ecosystem dynamics amplifies these
effects. With declining temperature seasonality, we predict a significant
slowdown or reduction in OCB across these lake sediments, leading to
carbon emissions and amplified global warming.

Lakes cover only 1.8% of the Earth’s surface’, yet the sequestration of
organic carbon (OC) in lake sediments is comparable to, or even
exceeds, that in marine sediments and soils**. Temperature exerts a
critical influence on the sequestration of OC within lake sediments®®,
On one hand, warming enhances ecosystem productivity, leading to
increased OC input into sediments for sequestration; on the other
hand, it accelerates decomposition, resulting in higher mineraliza-
tion and reduced burial efficiency®”'°. Consequently, the response of

net OC sequestration to global warming remains uncertain. A recent
study examining OC accumulation during the Medieval Warm Period
and the Recent Warming Period" highlights the contrasting respon-
ses of OC accumulation to warming during the growing and the non-
growing seasons (as demonstrated in Fig. 1a, b). This underscores the
need to elucidate how seasonal temperature variations influence
organic carbon burial (OCB) to better predict future dynamics in
carbon cycles.
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Fig. 1| Impacts of seasonal warming on carbon dynamics and study area. Net
carbon balance in lake sediments in response to warming during a growing season
and b non-growing season (NPP: net primary productivity, De: decomposition).
Warming during the growing season results in NPP > De, leading to increased
carbon accumulation, while warming during the non-growing season enhances De,
potentially offsetting NPP, leading to less accumulation of carbon loss. ¢ Study area
and published records of branched glycerol dialkyl glycerol tetraethers (brGDGTs),

pollen, and TOC on the Tibetan Plateau (Supplementary Tables 1, 2, 3). d Time
series and trends of annual surface mean temperature anomalies during 1979-2018
over the Tibetan Plateau (TP-obs)™ and the global mean®. The trends that passed
the significance test (p < 0.05) in the two-tailed test are marked with double
asterisks. e Summer and winter surface mean temperature anomalies (1950-2022)
for the Tibetan Plateau, derived from ERA data®. The trends that passed the sig-
nificance test (p < 0.05) in the two-tailed test are marked with double asterisks.

The Tibetan Plateau, often referred to as the Third Pole™”
(Fig. 1c), is warming at an accelerated rate of approximately 0.46 °C per
decade™, nearly twice the global average of approximately 0.27 °C per
decade® (Fig. 1d). During the period from 1950 to 2022, winter tem-
peratures on the plateau increase significantly faster than summer
temperatures (Fig. 1e). Additionally, the Tibetan Plateau hosts 1424
lakes larger than 1km?, collectively covering an area of 50,323 km? as
of 2018, making lakes a crucial component of the regional carbon
cycle'”8, Between 1984 and 2023, lakes on the Tibetan Plateau stored
approximately 32.8 Tg C of dissolved organic carbon (DOC),
accounting for about 83.2% of total DOC in Chinese lakes”. Notably,
92% of the increase in DOC storage occurred on the Tibetan Plateau’.
Nevertheless, CO, emissions from these lakes have been continuously
increasing®. These unique characteristics position the Tibetan Plateau
as a natural laboratory for exploring the relationship between seasonal
temperature variations and changes in carbon content in lake sedi-
ment. Despite its significance, research integrating long-term quanti-
tative temperature reconstructions with OCB records on the Tibetan
Plateau is scare. Furthermore, the absence of mechanistic interpreta-
tions combining terrestrial carbon cycle models with paleoclimate
models hinders a comprehensive understanding on the response of
OCB in lake sediments to seasonal temperature variations in polar and
alpine environments.

In this study, we present records of branched glycerol dialkyl
glycerol tetraethers (brGDGTs) and n-alkanes derived from a well-
dated lacustrine sediment sequence in Lake Nanglalu, southern Tibet
(Fig. 1c, Supplementary Fig. 1, Supplementary Discussion for a char-
acterization of regional setting and sampling, Supplementary Data 1),
to quantify Holocene variations in temperature and OCB. Our

reconstructed temperature record is compared with published lake
brGDGT sequences and seasonal temperature simulations from the
transient climate simulation of the Last 21,000 Years (TraCE-21ka)*-*.
Additionally, we expand our dataset to include 45 published total
organic carbon (TOC) and pollen concentration records across the
Tibetan Plateau to investigate how OCB responds to seasonal tem-
perature variations. Finally, a process-based ORCHIDEE (ORganizing
Carbon and Hydrology in Dynamic EcosystEms) model” was
employed to simulate the terrestrial organic carbon cycling pro-
cesses and uncover the mechanisms behind OCB’s response to
temperature seasonality during the Holocene. Our results, in con-
junction with the synthesis of the published TOC dataset, suggest an
increased OCB during periods of heightened temperature season-
ality on the Tibetan Plateau in the early-to-middle Holocene relative
to the middle-to-late Holocene. This indicates a positive relationship
between regional temperature seasonality and OCB in lakes. These
findings can help in predicting long-term OCB dynamics in the con-
text of global warming characterized with weakening temperature
seasonality (Fig. 1e).

Results and discussion

Seasonal biases in brGDGTs-based temperatures on the Tibetan
Plateau

BrGDGTs have two Cyg alkyl chains with 4-6 methyl substituents and
0-2 cyclopentyl moieties, which have been extensively used as paleo-
thermometers. This is due to the ability of the producers of these
compounds to alter the fluidity of their lipid membranes in response to
temperature variations* %, In the Nanglalu record, the brGDGT-based
temperatures reveal a distinct two-phase pattern throughout the
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correlation analysis was performed between brGDGTs-based temperatures and
cumulative positive degree days (CPDD) data extracted from Liu*. Asterisks indi-
cate that the correlation is statistically significant at the 0.01 level based on a two-
tailed test. h-1 Isothermal maps of monthly temperatures during the Holocene in
TraCE-21ka”.

Holocene: a cooler period from the Early-to-Mid Holocene (EMH, ~12 to
6.5 ka BP), followed by a warming trend from the mid-Holocene to the
present (-6.5 to present) (Supplementary Figs. 2 and 3, Supplementary
Discussion for a characterization of BrGDGTs-based temperature
reconstruction in the Nanglalu). The methylation positions of brGDGTs
in Nanglalu differ significantly from those in surface soils on the Tibetan
Plateau® (Supplementary Fig. 4). Additionally, based on the carbon
number distribution of n-alkanes from Nanglalu (Supplementary Fig. 5),
it can be inferred that Nanglalu predominantly represented a shallow
lake or wetland depositional environment during the Holocene, with
minimal terrestrial input from the surrounding watershed. Based on
these observations, we conclude that the brGDGTs in Nanglalu are
primarily of lacustrine origin. Therefore, the temperature reconstructed
from brGDGTs mainly reflects lake water temperature. We combined
brGDGTs record of Nanglalu with 13 published lake sediment brGDGT
records across the Tibetan Plateau®>° (Fig. 1c, Supplementary Table 1).
The majority of these lake sediment brGDGTs are of lacustrine origin
(Supplementary Table 1). We further observed that temperature varia-
tion patterns of these lakes are latitude-dependent. Specifically, in
higher-altitude regions, brGDGTs-based temperatures in lake sediments

generally increased during the EMH, reaching their maximum before
subsequently decreasing and then steadily rising again from the middle
Holocene onward (Fig. 2a-c, Supplementary Fig. 6A). In contrast, in
lakes from lower-latitude regions, brGDGTs-based temperatures show a
continuous warming trend throughout the Holocene (Fig. 2d-g, Sup-
plementary Fig. 6B). We further compared these brGDGT records with
TraCE-21ka simulated annual mean temperatures and seasonal tem-
peratures. It was found that lakes at higher latitudes exhibit contrasting
trends between brGDGT-based temperatures and both modeling
annual and winter mean temperatures (Supplementary Figs. 7A and 8A),
but show greater alignment with summer mean temperatures (Sup-
plementary Fig. 9A). In contrast, lower-latitude lakes demonstrate
opposing trends between brGDGT-based temperatures and summer
mean temperatures (Supplementary Fig. 9B), while annual and winter
mean temperatures reveal closer consistency (Supplementary Fig. 7B,
8B). Notably, nearly all brGDGTs-based temperature records from lakes
on the Tibetan Plateau correlate well with the cumulative positive
degree days data extracted from TraCE-21ka (Fig. 2a-g, Supplementary
Figs. 10 and 11). According to the TraCE-21ka modeling data, we
observed similar meridional changes in the duration of above-freezing
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Fig. 3 | Impacts of temperature on organic carbon burial. a Total n-alkane
content in the Nanglalu. b Total organic carbon (TOC) in Nanglalu**. ¢ BrGDGTs-
based temperature reconstruction for Nanglalu, with the shaded area representing
the 95% confidence interval. d Integrated analysis of TOC across the Tibetan Pla-
teau, with the blue curve representing the Generalized Additive Model (GAM) fit
and the shaded area indicating the 95% confidence interval. e Integrated analysis of
pollen concentration across the Tibetan Plateau, with the red curve representing

Month

the GAM fit and the shaded area indicating the 95% confidence interval. f Global CO,
reconstruction®. In a-f, the blue gradient bar highlights the Early to Mid-Holocene
period. g, h Equilibrium and transient simulations of organic carbon stock,
respectively, based on the ORCHIDEE model in this study. i-l. Linear trends from the
early to late Holocene for temperature (i), net primary productivity (NPP) (j),
heterotrophic respiration (HR) (k) and NPP-HR (1). Results for NPP, HR and NPP-HR
are from transient simulation.

temperatures throughout the year, which expanded as latitude
decreased (Fig. 2h-1).

The presence of ice cover may inhibit the activity of brGDGT
producers®, and the ice layer restricts thermal exchange between lake
water and the atmosphere®. As a result, temperatures recorded by
brGDGTs tend to reflect only the months above freezing”***, Notably,
in lower-latitude regions, the temperature reconstructed from
brGDGTs during months above freezing shows a persistent increasing
trend throughout the Holocene, while summer temperatures simu-
lated at the same grid points exhibit a long-term decreasing trend
(Supplementary Fig. 9B). For the Tibetan Plateau, the overall decline in
summer temperatures during the Holocene is also supported by
temperature reconstructions based on alkenones and chironomids
(Supplementary Fig. 12A, B). This phenomenon highlights a contra-
diction between the rising trend in months above freezing tempera-
tures and the declining trend in summer temperatures. In lower-
latitude regions, the months above freezing encompass not only the
summer season but also parts of spring, autumn, and even winter
(Fig. 2k, 1). These periods are collectively referred to as non-summer
months. Simulations from TraCE-21ka indicate that the temperatures
during these non-summer months have consistently increased
throughout the Holocene (Supplementary Fig. 13). The rising trend in
non-summer temperatures likely compensates for the declining sum-
mer temperatures, resulting in an overall increase in months above
freezing temperatures at lower latitudes (Fig. 2d-g, Supplementary
Fig. 10B). In contrast, at higher latitudes, the shorter duration of
months above freezing minimizes the contribution of non-summer
temperatures to the cumulative thermal energy (Fig. 2h-j). As such, the
variability in months above freezing temperatures more resembles
that of summer temperatures. However, since the Mid- to Late Holo-
cene, increasing atmospheric CO, concentrations® may have led to an
extension of the months above freezing, causing months above

freezing temperatures at higher latitudes to decouple from summer
temperatures and exhibit a persistent upward trend (Supplemen-
tary Fig. 9A).

Consequently, on the Tibetan Plateau, temperatures recon-
structed from brGDGTs reflect the temperature above freezing, which
align well with the cumulative positive degree days simulations from
TraCE-21ka (Fig. 2a-g, Supplementary Fig. 10, 11). We thus introduce
the cumulative positive degree days (CPDD) to interpret the brGDGTs-
based temperature reconstructions on the Tibetan Plateau. CPDD is
particularly useful for two reasons: first, it better captures changes in
the duration and extent of months above freezing; second, CPDD
closely aligns with the phenology of brGDGT-producing organisms,
reflecting their ecological and metabolic activity. Furthermore, the
Tibetan Plateau shows an overall decreasing trend in summer tem-
peratures and an increasing trend in non-summer temperatures
throughout the Holocene (Supplementary Figs. 8, 9, and 13), reflecting
the pronounced seasonal temperature differences during the EMH.
The rising trend in winter temperatures is also corroborated by tem-
perature reconstructions using multiple proxies (Supplementary
Fig. 12C-F), including mollusks*’, Pediastrum algae”, and stable
isotopes**** from various regions.

Correlation between seasonal temperature difference and
organic carbon burial

We observed peak values of total n-alkane content during the EMH,
exhibiting a trend consistent with TOC** (Fig. 3a, b). There is a sig-
nificant positive correlation between the two, with Spearman r values
of 0.74 (p < 0.01) (Supplementary Fig. 14). This indicates that n-alkanes
can serve as indicators of organic matter burial. Furthermore, almost
all carbon chain lengths exhibited peaks during the EMH period
(Supplementary Fig. 15), suggesting that both aquatic and surrounding
terrestrial ecosystems had higher productivity, leading to a higher
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organic carbon entering the lake sediments and being buried. It is
noted that the high biological productivity and enhanced OCB in
sediments during the EMH correlate well with reduced CPDD and
enhanced seasonal temperature differences (Fig. 3a-c). The CPDD
exhibits significant negative correlations with total n-alkane content
and TOC, with Spearman’s rank correlation coefficients of -0.70 and
-0.54, respectively (p <0.01, Supplementary Fig. 14). In contrast, sea-
sonal temperature differences derived from TraCE-21ka show sig-
nificant positive correlations with total n-alkane content and TOC, with
Spearman’s rank correlation coefficients of 0.72 and 0.54, respectively
(p <0.01, Supplementary Fig. 14). Extending back to 21 ka ago, the OCB
sequence generally varies coincidentally with seasonal temperature
differences changes, both exhibiting peaks between 15 ka and 6 ka and
lower values before and after (Supplementary Fig. 16). We compiled
TOC sequences from 25 lakes across the Tibetan Plateau (Supple-
mentary Table 2), and found that 19 of the records exhibited peaks
during the EMH period (Fig. 3d, Supplementary Figs. 17A and 18),
suggesting a widespread increase in OCB in lake sediments across
much of the region. Additionally, analysis of 20 pollen concentration
sequences (Supplementary Table 3), which indicate plant productivity,
revealed that 14 of them also exhibited peaks during the EMH (Fig. e,
Supplementary Figs. 17B and 19), suggesting that a significant portion
of the Tibetan Plateau experienced elevated vegetation productivity
during this time. We thus propose that the enhanced seasonal tem-
perature differences during this time served as a potential driving
factor for OC accumulation in lake ecosystems. The reason could be
that higher summer temperatures favored vegetation growth, thereby
enhancing OC inputs, while lower temperatures during the non-
summer months inhibited mineralization, promoting the burial of OC
in lakes. The combination of abundant OC inputs and reduced
mineralization facilitated significant OCB during the EMH period.

To validate this hypothesis, we conducted a simulation using the
ORCHIDEE model to examine OC cycles on the Tibetan Plateau
(27-35°N, 77-107°E) during the Holocene (Methods section). ORCHI-
DEE is a process-based dynamic vegetation model that integrates a
suite of ecosystem processes, including photosynthesis, phenology,
carbon allocation, carbon flow from biomass to litter, from litter to soil
carbon, and heterotrophic respiration®. It is particularly well-suited for
simulating land carbon dynamics across different spatial scales and
assessing its potential input to lake sediments®. In this study, we used
ORCHIDEE under the assumption of 100% wetland coverage, because
wetlands provide a relatively simple carbon source, allowing us to
focus on isolating the impacts of climate variables. Furthermore, lakes
and wetlands are interconnected within regional ecosystems and
hydrological cycles, making ORCHIDEE simulations valuable for
understanding the influence of temperature on OCB. Our simulations,
including both equilibrium and transient runs, revealed higher OC
stock during the EMH compared to the Mid-to-Late Holocene
(Fig. 3g, h). This suggests that the climate conditions during the EMH
was more favorable for OCB. The OCB is largely determined by the
balance between net primary productivity (NPP) and heterotrophic
respiration (HR)". To further explore how temperature and precipita-
tion influence NPP and HR on the Tibetan Plateau, we compared their
seasonal variability with temperature and precipitation. The results
show that NPP is poorly synchronized with precipitation, particularly
in lower-latitude regions (Supplementary Fig. 20). Instead, NPP
increases significantly when temperatures exceed 5 °C, with the onset
of growth occurring earlier in lower-latitude regions (Supplementary
Figs. 20 and 21). This suggests that plant growth on the Tibetan Plateau
is primarily constrained by temperature thresholds. In scontrast, HR
exhibits a strong seasonal correlation with temperature but is less
dependent on precipitation (Supplementary Figs. 21 and 22). Addi-
tionally, the annual variations in NPP and HR throughout the Holocene
demonstrate a stronger correlation with temperature than with pre-
cipitation (Supplementary Fig. 23). These findings indicate that

temperature is the dominant factor regulating both NPP and HR on the
Tibetan Plateau, ultimately driving OCB dynamics.

On one hand, higher summer temperatures during the EMH
favored vegetation growth, leading to relatively higher NPP (Fig. 3i, j).
Although elevated temperatures may also enhance HR (Fig. 3k), the
significantly higher NPP compared to HR likely resulted in more OC
deposition into the sediments (NPP-HR=2.04 gC/m?/day, Fig. 4a,
Supplementary Fig. 24). On the other hand, the lower temperatures
during the winter of the EMH reduced the decomposition rate of OC
(Figs. 3i, k, 4b), allowing for substantial OC preservation (Fig. 4). Since
the mid-Holocene, summer temperatures have exhibited a declining
trend, corresponding to significant decreases in NPP and HR, from 5.6
to 4.8 gC/m*day and 3.56 to 3.37 gC/m?/day, respectively (Figs. 3i-k,
4a, ¢, and Supplementary Table 4). Concurrently, the value of NPP
minus HR shows a significant decreasing trend (Fig. 3I), indicating a
reduction in OC inputs. In contrast, the substantial increase in winter
temperatures has extended the growing season and stimulated
microbial activity (Fig. 4d), leading to a significant reduction in OCB
from the mid to late Holocene (Fig. 4). Therefore, we conclude that
seasonal temperature differences are the key influencing factor for
OCB in lake sediments on the Tibetan Plateau. The greater tempera-
ture difference between summer and winter enhances conditions that
favor OCB.

Weakening temperature seasonality depressed organic carbon
burials in lakes

We observed a decline of TOC content in the lake sediments of the
Tibetan Plateau, coinciding with an upward shift in both CPDD and
atmospheric CO, concentrations around 7-6 ka BP (Fig. 3¢, d, f). This
phenomenon may result from a positive feedback loop between
decomposition of OC, CO, emissions to atmosphere, and climate
warming (Fig. 4). Once OC is buried in sediments, it no longer parti-
cipates in the short-term carbon cycle of the biosphere-atmosphere,
thereby preventing greenhouse gas production in these natural
systems*. During the EMH, the high OCB in lake sediments on the
Tibetan Plateau somewhat suppressed the concentration of green-
house gases in the atmosphere. However, as temperatures during the
winter significantly increased, the rate of OC decomposition acceler-
ated markedly. Coupled with the high OC content in the sediments,
this led to a substantial release of CO, into the atmosphere, further
amplifying warming and accelerating OC decomposition in the sedi-
ments. As seasonal temperature differences weakened throughout the
Holocene, the OCB decreased from approximately 0.4 gC/m?/day in
the EMH to about 0.2 gC/m?/day in the Mid- to Late Holocene. The
simulated seasonal temperature differences throughout the Holocene
appears higher on the Tibetan Plateau compared to surrounding
regions (Supplementary Fig. 25), but it has not been evident in the last
few decades (Supplementary Fig. 26). This situation can be attributed
to the region’s higher winter warming rate compared to summer
warming rate (Fig. 1e). Consequently, as seasonal temperature differ-
ences continue to diminish in the future, the rate of OCB in sediments
may be significantly reduced. Additionally, the positive feedback
mechanism, as proposed in Fig. 4, could potentially accelerate
this trend.

Methods

Materials and chronology

A 3.44 m sediment core was retrieved from Lake Nanglalu (29.25°N,
87.23°E, 4475m as.l) in Ang Ren County, Xi Zang Autonomous
Region, China, in June 2021 (Supplementary Discussion for a char-
acterization of regional setting and sampling). The sediment core
consists of alternating black, high-organic-matter sediments and gray-
white clastic sediments (Supplementary Fig. 1B). We collected eight
samples for accelerator mass spectrometry (AMS) radiocarbon dating
(Supplementary Table 5). The AMS “C samples were processed and
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Fig. 4 | Relationship between temperature seasonality and organic carbon
burial during the Holocene. a During the Early to Mid-Holocene (EMH), elevated
summer temperatures enhanced both net primary productivity (NPP) and het-
erotrophic respiration (HR), with NPP consistently exceeding HR and resulting in
an increased flux of organic carbon (OC) into sediments. b Lower winter tem-
peratures during the EMH suppressed HR, favoring the preservation of OC in
sediments. ¢ In the Mid-to Late Holocene (MLH), decreased summer temperatures
reduced both NPP and HR compared to the EMH, resulting in a diminished flux of
OC into sediments. d Rising winter temperatures during the MLH intensified HR,

leading to greater decomposition of OC stored in sediments. The cyclic diagram
illustrates the positive feedback mechanism among OC decomposition, CO,
emissions to the atmosphere, and climate warming. OCB=organic carbon burial.
NPP, HR and NPP-HR are expressed in gC/m?/day. The plus sign (+) represents the
amount of OC entering sediments, with more plus signs indicating a higher
amount. The thickness of the arrows corresponds to the intensity of each process,
with thicker arrows indicating greater intensity. Detailed data comparisons are
provided in Supplementary Table 4.

measured by Beta Analytic Testing Laboratory (Miami, Florida, USA).
All radiocarbon dates were calibrated to calendar years BP using the
IntCal20 calibration dataset"’, which spans approximately from 12 ka
to the present. Plant remains were used for dating all layers except
those at depths of 48 cm, 70 cm, and 90 cm, where no plant remains
were available, and bulk sediments were used instead. All the ages were
consistent with the stratigraphic sequence, and the age-depth model
was constructed using rBacon 2.2*%, Our chronological framework
generally aligns well with the Nanglalu record, which was dated using
charcoal by Miehe** (Supplementary Fig. 1D). Previous studies indi-
cated that the radiocarbon age of lacustrine sediments in Tibetan
Plateau was significantly affected by reservoir effect*~>'. However, ages
from both our dataset and Miehe"* suggest very young ages at the
surface. and the radiocarbon results from bulk sediments at 70 cm and
176 cm are nearly consistent with the results from the charcoal at
66 cm and 170 cm, indicating that the obtained *C dates in this study
are minimally impacted by the “C reservoir effect. Furthermore, the
relatively shallow water levels during the Holocene and the limited
input of surrounding materials further support the minimal impact of
the reservoir effect.

Biomarker measurements

The total of 172 samples were freeze-dried and ground prior to che-
mical pretreatment. Approximately 0.3-10g of each sample was
ultrasonically extracted four times using dichloromethane: methanol
(9:1, v/v) solution for 15 min. The total lipids were concentrated with N,

gas and saponified for over 12 h with a 6% KOH solution in methanol.
Neutral lipids, including n-alkanes and brGDGTs, were further extrac-
ted through silica gel column chromatography using n-Hexane and
MeOH, respectively. The n-alkanes were analyzed using an Agilent
7890B Gas Chromatograph (GC) equipped with a Flame lonization
Detector (FID). The GC system was configured with a DB-1ms capillary
column (60 m x 0.32mm x 0.25 pm), nitrogen as the carrier gas,
an injection port temperature of 310 °C, and a column flow rate of
1.3 ml/min. A 1pl sample was injected. The temperature program
started at 40 °C, held for 1 min, then increased at a rate of 10 °C/min to
150 °C, and at 6 °C/min to 310 °C, with a final hold for 20 min. The
BrGDGTs were analyzed using the improved chromatographic proce-
dure of Hopmans®?, with full separation of 5- and 6-methyl isomers by
UPLC-APCI-MS (the ACQUITY I-Class plus/Xevo TQ-S system), equip-
ped with two coupled UPLC silica columns (BEH HILIC columns, 3.0 x
150 mm, 1.7 pum; Waters) in series, fitted with a pre-column and main-
tained at 30 °C. The samples were dissolved in 1000 pl of n-hexane and
4l were injected. BrGDGTs were eluted at a constant flow rate of
0.4 ml/min over a period of 80 min. The mobile phases, A and B, where
A =hexane and B = hexane: isopropanol (9:1, v/v), were run isocratically
at 82% A and 18% B for the first 25 min, followed by a linear gradient to
65% A and 35% B from 25 to 50 min, and then to 100% B from 50 to
60 min, with an additional 20 min for re-equilibration. BrGDGTs were
ionized in the APCI source at a probe temperature of 550 °C, with a
corona voltage of 5.0 puV, a cone voltage of 110 V, a desolvation gas flow
of 1000 I/h, a cone gas flow of 1501/h, and a collision gas flow of
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0.15 ml/min. The detection of BrGDGT isomers was performed using
selective ion monitoring (SIM) mode via [M +H]" ions at m/z 744 for
the C4¢ standard and at m/z 1050, 1048, 1046, 1036, 1034, 1032, 1022,
1020, and 1018 for brGDGT compounds®. The pretreatment and
measurement of n-alkanes and brGDGTs were carried out at the
Nanjing Institute of Geography and Limnology, Chinese Academy of
Sciences.

N-alkanes calculation

The n-alkanes were quantified using an external standard method. Five
standard samples with known concentrations were tested to establish a
standard curve, yielding a linear regression equation of y = 13.306x + 0.23,
with an R? value of 0.9992. In this equation, y represents the peak area of
n-alkanes, which can be used to determine the relative concentration of
each sample. The absolute concentration of each sample was calculated
by multiplying the relative concentration by the fixed volume (400 pl)
and dividing by the weight of the sample.

BrGDGTs-temperature calibration

The autochthonous sources of brGDGTs were first confirmed (Sup-
plementary Discussion for a characterization of BrGDGTs-based tem-
perature reconstruction in the Nanglalu). We further used calibration
formula for regional/global lake sediments to calculate paleo-
temperatures (Supplementary Table 6). By comparing results from
different calibration formula®*-283938535 we found that, apart from the
calibration by Giinther*®, which showed a reverse pattern, all other
formulas yielded consistent trends in temperature variations during
the Holocene. In this study, the calibration formula by Giinther>* were
not adopted (Supplementary Table 6). We used the calibration formula
from Martinez-Sosa” for further analysis, which incorporates sediment
samples from 272 lakes worldwide and closely aligns with the brGDGTs
distribution in Nanglalu. This formula, based on a Bayesian calibration
model, accounts for temperatures during months above freezing in
high-latitude or high-altitude regions. The calculated temperatures
were further validated using calibration formulas from Raberg®® and
Wang®. All calculations were performed using Microsoft Office 2016.

Cumulative positive degree days calculation

We analyzed 14 brGDGTSs records from the Tibetan Plateau, all of which
contain at least five age control points during the Holocene and have
been calibrated with radiocarbon dating (Supplementary Table 1). The
published brGDGTs data extraction was carried out using GetData2.2.
The brGDGTs in these lakes are primarily autochthonous, and the
reconstructed temperatures mainly represent lake water tempera-
tures. Due to the presence of freezing periods in high-altitude lakes,
the activity of brGDGT-producing organisms is significantly reduced
during these times”. Additionally, ice layers insulate the lake water
from atmospheric temperatures®®, leading brGDGTs to primarily
record temperature variations during the months above freezing.
Here, we used monthly surface atmospheric temperatures simulated
by TraCE-21ka to calculate temperature variations during months
above freezing (Data source: https://www.earthsystemgrid.org/
project/trace.html). The processing and calculations of the TraCE-
21ka data were carried out in PyCharm 2021. Our analysis revealed that
the duration of the months above freezing varied throughout the
Holocene (Fig. 2h-l). To compare this with brGDGTSs records, we cal-
culated the mean temperature between the two 0 °C isolines. How-
ever, we found that when using mean temperatures, the reconstructed
temperature curve was jagged despite, showing a inconsistent trend
with brGDGTs (Supplementary Fig. 27). These discrepancies likely
stem from variations in monthly temperature weights and significant
expansions of duration of months above freezing in lower-latitude
regions. To address this issue, we considered using cumulative positive
degree days (CPDD) instead of mean temperatures, as the brGDGTs-
based temperature reconstructions for most of the lakes showed a

significant Pearson correlation with CPDD (Supplementary Discussion
for a characterization of BrGDGTs-based temperature reconstructions
across the Tibetan Plateau). The Pearson correlation analysis was
performed using IBM SPSS Statistics 25 and R4.3.3.

TOC and pollen concentration synthesis analysis

The published TOC records from 25 sites and pollen concentration
records from 20 sites on the Tibetan Plateau were collected using
GetData2.2 (Supplementary Tables 2 and 3). These records span the
entire Holocene and have five or more ages, all of which have been
calibrated. The Bacon model was used to re-fit the age-depth rela-
tionships for all records. Furthermore, Z-score standardization was
applied to these records, followed by the use of a GAM (Generalized
Additive Model) to fit the results of Z-score. To investigate the repre-
sentativeness of the integrated records, a statistical analysis on each
individual TOC and pollen concentration record was conducted. The
GAM fitting and statistical analysis were both conducted using
PyCharm 2021. Among the 25 TOC records, 19 exhibited peaks during
the EMH (Supplementary Fig. 18). Similarly, 14 out of the 20 pollen
concentration records showed peaks during the EMH (Supplementary
Fig. 19). Pollen concentration represents the number of pollen grains
per unit volume or weight of a sample. We used pollen concentration
as an indicator of vegetation productivity, acknowledging that varia-
tions in sedimentation rates and local wind patterns among lakes could
influence pollen deposition. However, most lakes show pollen con-
centration peaks during the EMH, suggesting increased vegetation
productivity during this period.

Wetland carbon cycle modeling

The ORCHIDEE-PEAT land surface model was used to simulate the wet-
land carbon cycle processes which include vegetation photosynthesis,
phenology, carbon allocation to plant biomass compartments, carbon
flow from living biomass to litter pools and soil carbon pools, and het-
erotrophic respiration®. The simulations covered the regional range of
25-35°N and 77-107°E, at the four time points: 12 ka BP, 9 ka BP, 6 ka BP,
and 3 ka BP. The simulations require meteorological forcing data, land-
cover maps, and atmospheric CO, concentration data. For meteor-
ological forcing, we bias-corrected temperature and precipitation data of
TraCE based on 1901-1910 modern observational data (https://blogs.
exeter.ac.uk/trendy/protocol/) to improve temporal and spatial resolu-
tion as well as reliability™. For each simulation, to highlight the impact of
climate change on organic carbon production, we assume that all grid
points in the study area are covered by 100% wetland and the atmo-
spheric CO, concentration was fixed at 270 parts per million. We per-
formed both equilibrium and transient simulations to model OC burial in
the wetlands of the Tibetan Plateau. Four equilibrium simulations were
conducted, with the model forced by the climate of 12 ka BP, 9 ka BP, 6 ka
BP, and 3 ka BP, respectively. For each equilibrium simulation, the model
was run for 30,000 years, by which time a steady state was reached for
soil carbon pools. The transient simulation began at 12 ka, with the model
run for 3000 years using the climate of 12 ka BP. This was followed by a
3,000-year simulation using the climate of 9 ka BP, a 3,000-year simu-
lation using the climate of 6 ka BP and a 3,000-year simulation using the
climate of 3 ka BP. We primarily analyzed simulated variables of net
primary productivity (NPP), the decomposition of organic carbon via
heterotrophic respiration (HR) and thus its potential preservation in
sediments indicated by total soil organic carbon (OC). The processing
and calculations of the OC simulation results were conducted in
PyCharm 2021.

ERAS data calculation

The 2-m temperature data from 1950 to 2022 from the ERAS-Land
monthly averaged dataset were used in this study®. The warming rate of
the Tibetan Plateau (27-40°N, 73-103°E) was calculated by performing
a linear regression on the temperature data from 1950 to 2022 for each
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0.1°x0.1° grid point, with the regression coefficient representing
the warming rate (Data source: https://climate.copernicus.eu/).
We used the average temperature from 1981 to 2010 as a baseline and
calculated the differences between temperatures during various peri-
ods and this baseline to derive the anomalies for global temperatures
and the winter and summer temperatures of the Qinghai-Tibet Plateau.
The ERAS5 data processing and calculations were performed in
PyCharm 2021.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The authors declare that the main data supporting the findings of this
study are available within the article and its Supplementary Informa-
tion files. Extra data are available from the corresponding author upon
request.
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