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C L I M AT O L O G Y

China’s lakes remain carbon sources: Insights from the 
balance between intrinsic carbon sequestration 
and emissions
Shilan Wang1,2, Xiaodong Nie1,2*, Yi Wang3*, Ying Zhao3, Josep Peñuelas4,5, Alexander Gelfan6,7, 
Zhengang Wang8, Peng Gao9, Di Tong10, Zhongwu Li1,2*

Accurate assessments of lake carbon balance are essential for filling gaps in the global carbon budget and addressing 
climate change. However, persistent uncertainties arise from an incomplete understanding of intrinsic carbon se-
questration and its balance with emission effects. Here, using source fingerprinting techniques, we isolated the au-
tochthonous organic carbon (OCAuto) burial, which represents the intrinsic carbon sequestration of lakes. We found 
that OCAuto burial accounted for only 53.23% of total lake carbon emissions in the 2020s, leaving China’s lakes as 
carbon sources (−0.83 teragrams of carbon per year). Regionally, lakes on the Qinghai-Tibet and Yunnan-Guizhou 
Plateaus have shifted to carbon sinks, whereas lakes in the eastern and northeastern regions remain major car-
bon sources. Scenario projections indicated that restoring China’s lakes to macrophyte-dominated states under 
the Shared Socioeconomic Pathway SSP2-4.5 scenario could transition them into stable carbon sinks before OCAuto 
burial peaks around 2070. To facilitate this transition, we proposed a lake classification-and-management framework 
based on carbon sink potential and emission risks to guide carbon sequestration and climate mitigation efforts.

INTRODUCTION
Natural carbon sinks are essential for meeting the Paris Agreement’s 
goal of limiting global warming to below 2°C and pursuing efforts to 
constrain warming to 1.5°C (1, 2). Among these, lake ecosystems 
have substantial carbon sink potential, receiving and storing large 
amounts of carbon, thereby playing a vital role in climate regulation 
(3–5). Despite covering only ∼1.8% of Earth’s land surface (6), they 
bury organic carbon (OC) at rates comparable to those of the global 
ocean (7). However, this sink potential may be offset by substantial car-
bon emissions. Globally, lakes are estimated to emit ∼1.8 Pg C year−1 
as CO2 and CH4 combined, equivalent to nearly 5% of global fossil fuel 
CO2 emissions (8–10). Under accelerating global change, determining 
whether lakes function as carbon sources or sinks has become increas-
ingly urgent for accurate carbon budgeting and effective climate miti-
gation strategies.

Recent studies have attempted to assess the carbon source-sink 
status of inland waters, including lakes and reservoirs, by balancing 
sedimentary total carbon or total organic carbon (OCTotal) burial 
against carbon emissions (11, 12). This integrative approach improves 
estimates of global carbon budgets and deepens our understanding of 

the role of lakes in regional and global carbon cycling. However, from 
an ecosystem process perspective, integrated assessments based on to-
tal carbon burial systematically overestimate the intrinsic sequestra-
tion capacity of lakes and fail to accurately evaluate their net climate 
effects. This limitation arises because a substantial fraction of total 
carbon burial in lake sediments consists of allochthonous OC and 
inorganic carbon, which primarily reflect lateral terrestrial inputs or 
physicochemical deposition processes rather than carbon actively cap-
tured and sequestered by lake ecosystems (13–15). Including these 
components in the lake’s carbon sequestration estimate would create a 
risk of double-counting carbon already fixed by terrestrial ecosystems, 
leading to overestimation, thereby misguiding lake and watershed 
management decisions. This perspective is consistent with carbon ac-
counting protocols like the Verified Carbon Standard methodology 
VM0033, which requires deducting allochthonous OC from total 
credited sequestration to ensure that credits represent real greenhouse 
gas removals (16). True intrinsic carbon sequestration in lakes is driven 
by aquatic primary production, through which carbon is actively fixed 
via photosynthesis and ultimately preserved in sediments as autoch-
thonous organic carbon (OCAuto) (15, 17, 18). Accordingly, the OCAuto 
burial represents a direct and ecologically meaningful proxy for lake-
derived intrinsic carbon sequestration. On the carbon emission side, 
all gaseous carbon released through the lake water-air interface must 
be fully accounted for. Regardless of their sources, these gases reflect 
the carbon source release potential of lakes, which directly increase the 
atmospheric carbon load and radiative forcing (19, 20). Consequently, 
a valid assessment of the net climatic impact of lakes requires a strict 
balance between OCAuto burial and total carbon emissions. This frame-
work, which uses asymmetric accounting to avoid overestimation, pro-
vides a basis for developing more precise climate change mitigation 
strategies. This is a critical accounting step that is rarely incorporated 
into current carbon source-sink status assessments.

Comprehensive datasets distinguishing these sources remain 
scarce, creating a gap in our understanding of actual carbon source-
sink status. China provides a valuable case study for this issue, with 
∼80,487 km2 of lakes (21), representing 6.2% of the global lake area 
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in temperate regions (9). These lakes are strongly influenced by both 
climate variability (e.g., precipitation and temperature changes) and 
human activities, such as rapid industrialization and nutrient en-
richment, making them highly representative systems for examining 
carbon cycling under combined natural and anthropogenic pressures. 
In this study, we systematically reassessed the carbon source-sink 
status of China’s lakes by integrating OCAuto burial and lake carbon 
emissions. Here, we address this gap by compiling a comprehensive 
nationwide dataset on OC burial and carbon emissions (CO2 and CH4) 
to build an integrated national database of lake carbon dynamics. Using 
source fingerprinting techniques, we quantified the contributions of 
OCAuto and allochthonous OC to OCTotal burial from 1900 to 2020. 
By excluding allochthonous OC burial, we evaluated the actual carbon 
source-sink status of China’s lakes based on the balance between OCAuto 
burial and carbon emissions. We further projected future trajectories of 
lake carbon dynamics under different climate and socioeconomic sce-
narios (the Shared Socioeconomic Pathways SSP1-1.9, SSP2-4.5, and 
SSP5-8.5) using climate and anthropogenic forcing data (see Mate-
rials and Methods). Ultimately, we proposed a lake classification-
and-management framework based on carbon sink potential and 
emission risks to address the challenges posed by global change.

RESULTS AND DISCUSSION
OC sources and burial in lake sediments
We assembled a database of OC source tracer values, including sta-
ble carbon isotope (δ13C) and carbon-to-nitrogen (C/N) ratios from 

73 lakes across five lake regions in China [the Eastern Plain Lake Region 
(EPLR), Yunnan-Guizhou Plateau Lake Region (YGPLR), Northeast 
Plain and Mountain Lake Region (NPMLR), Inner Mongolia-Xinjiang 
Lake Region (IMXLR), and Qinghai-Tibet Plateau Lake Region 
(QTPLR)] (Fig. 1). Using OC source tracers and the Bayesian mixing 
model (MixSIAR) (see Materials and Methods) (22), we quantified 
the partitioning of OCAuto versus allochthonous OC inputs to lake 
sediments from 1900 to 2020. Nationally, the OCAuto contribution to 
OCTotal in lake sediments ranged from 30.89 to 62.33%, and a long-
term trend toward greater autochthony was evident over the past 
120 years (fig. S1). This gradual shift toward more OCAuto inputs 
indicates a reconfiguration of lake carbon cycling, likely driven by 
warming-enhanced aquatic productivity coupled with intensified an-
thropogenic nutrient enrichment.

Based on the total organic carbon burial rate (OCBRTotal) and 
OCAuto contributions for each lake, we estimated an average autochtho-
nous organic carbon burial rate (OCBRAuto) of ∼10.24 ± 2.84 g C m−2 
year−1 for China’s lakes, which is ∼50% of the national mean OCBRTotal 
(20.76 ± 5.88 g C m−2 year−1) (Fig. 2A and tables S1 and S2). Over the 
period from 1900 to 2020, OCBRAuto more than doubled from 7.32 ± 
2.42 to 17.21 ± 9.36 g C m−2 year−1 (Fig. 2A). Notably, we identified 
transition nodes in many burial records between the 1950s and 1970s 
(around 1950–1975; Fig. 2A and table S3). Prior to this midcentury 
transition, OCBRAuto increased modestly, showing an increase of 86.54 
to 162.18%. After the 1950s–1970s transition, however, OCBRAuto ac-
celerated by 1.09- to 2.28-fold through 2020 (Fig. 2B). This midcentury 
shift coincided with China’s rapid industrialization and agricultural 

Fig. 1. The distribution of lake sites for assessing carbon burial and carbon emission in China. The sites are grouped into five lake regions. The base map of China is 
derived from the Standard Map Service of the Ministry of Natural Resources of China, with the permission number GS (2024) 0650. Digital Elevation Model (DEM) data are 
from the Resource and Environmental Science Data Platform (www.resdc.cn). Lake distribution data are from the National Tibetan Plateau Data Center (https://cstr.
cn/18406.11.Hydro.tpdc.270302). Carbon burial and emission sampling sites are from our compiled dataset (https://doi.org/10.5061/dryad.stqjq2chs). The map was cre-
ated using QGIS (version 3.18.2).
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intensification, marked by sharp increases in synthetic fertilizer ap-
plication, land-use change, and nutrient loading to lakes (21). The 
hierarchical partitioning analysis further demonstrates that anthro-
pogenic forcing (including population, fertilizer application, and 
gross domestic product (GDP) is the dominant controlling factor for 
OCBRAuto in China’s lakes over the past century, together explaining 
80.82% of the total variance. In contrast, the influence of climate 
change (temperature and precipitation) was substantially weaker, ex-
plaining less than 20% of the variance (fig. S2). These drivers induced 
a regime shift from a climate-dominated, low-productivity carbon 
burial regime to a nutrient-driven, high-efficiency OCAuto sequestra-
tion regime, mirroring patterns observed in other rapidly developing 
regions (3, 10, 21).

The spatial patterns of OCBRAuto reflect the interplay of climate 
and human influences. Regions such as the EPLR and YGPLR, which 
experience warm, humid climates and high nutrient inputs, exhibit 
sustained high primary productivity and elevated OCBRAuto values 
(12.68 to 15.90 g C m−2 year−1). In contrast, the NPMLR and QTPLR 
(colder or more arid regions) have much lower OCBRAuto (6.64 to 
7.48 g C m−2 year−1), reflecting constraints imposed by cooler climates 
and lower nutrient availability (Fig. 2A). However, natural factors 
alone cannot explain the pronounced regional differences, as the as-
sociations between natural factors (e.g., mean annual temperature and 
latitude) and lake OCBRAuto are weak (fig. S3). In contrast, indicators 
of human activity (e.g., population density, GDP, and fertilizer us-
age) show much stronger correlations with OCBRAuto across lakes 

Fig. 2. General trends and transition nodes in OCAuto burial and OCTotal burial in the five lake regions in China and nationwide. (A) Time series of OCBRAuto and 
OCBRTotal for each region and nationwide from 1900 to 2020. Vertical dashed lines (by region) and a solid line (national) indicate identified transition nodes at which OCBR 
accelerated. (B) Box plots showing the OCBRAuto and OCBRTotal of each lake region before and after the transition nodes. The yellow dashed lines and red dashed lines 
represent the coefficient of variation (CV) of OCBRAuto and OCBRTotal of each lake region before and after the transition nodes, respectively. (C and D) Time series of an-
nual and cumulative OCAuto burial versus OCTotal burial for each region and nationwide. The inset pie charts in (D) show each region’s percentage contribution to national 
cumulative OC burial.
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than climate variables do (figs. S4 and S5 and table S4). These results 
indicate that while climate sets baseline conditions, anthropogenic 
forcing is increasingly the dominant driver of spatiotemporal hetero-
geneity in OCAuto sequestration.

Over the past 120 years, we estimated that China’s lakes collec-
tively buried 84.79 Tg C of OCAuto, accounting for 53.23% of the 
national OCTotal burial (159.29 Tg C) (Fig. 2D). On an annual basis, 
OCAuto burial averaged 0.70 ± 0.22 Tg C year−1 nationally. Among 
regions, the QTPLR had an OCBRAuto (7.48 ± 1.26 g C m−2 year−1) 
below the national average (10.24 ± 2.84 g C m−2 year−1) but con-
tributed 42.61% of the national OCAuto burial (fig. S6 and table S5). 
This disproportionate contribution is driven by the region’s vast spa-
tial footprint, which encompasses 56% of China’s total lake area. As 
a scale-dependent carbon sink, the QTPLR’s extensive surface area 
effectively compensates for its relatively lower burial intensity per 
unit area. This finding highlight that the ecological importance of a 
region should be assessed by its total cumulative carbon sequestra-
tion rather than localized burial efficiency alone, thereby underscor-
ing the QTPLR’s critical role in the national carbon budget. Notably, 
during the past decade, the EPLR has surpassed the QTPLR in an-
nual OCAuto burial (Fig. 2C), despite having less than half the area 
and number of lakes. This notable change is attributed to rapid in-
creases in OCBRAuto in EPLR, driven by urban expansion, proliferation 
of artificial water bodies (e.g., reservoirs and ponds), and sustained 
nutrient loading (figs. S4 and S7). Intensive human activities have 
thus fundamentally altered hydrological and biogeochemical regimes, 
turning densely populated lowland lakes into emerging carbon se-
questration hotspots.

Carbon emissions from China’s lakes
The average diffusive CO2 flux (FCO2) and diffusive CH4 flux (FCH4) 
from China’s lakes were estimated at 58.18 ± 23.62 and 18.12 ± 
18.99 g C m−2 year−1, respectively (Fig. 3), consistent with recent 
national observations (23, 24), but substantially lower than earlier 
estimates (5, 25). This discrepancy likely arises from our broader 
spatiotemporal coverage and improved methodological resolution, 
which together encompass diverse lake types, seasons, and long-term 
observations. Moreover, given that the global warming potential 
(GWP) of CH4 is ∼30 times greater than CO2 (GWP100 = 28) (26), the 
carbon fluxes expressed in CO2 equivalents from China’s lakes in-
crease on average by approximately sevenfold, further emphasizing 
the importance of lake feedbacks on the climate system. Over recent 
decades, carbon emission fluxes from China’s lakes have declined 
markedly. Average FCO2 declined from 81.06 ± 46.73 g C m−2 year−1 
in the mid-1990s to 50.09 ± 86.04 g C m−2 year−1 in the 2020s 
(Fig. 3H), whereas FCH4 declined by ∼85% over the past two decades 
(Fig. 3I). This downward trend coincided with a period of rapid cli-
mate warming and associated hydrological and ecological changes. In 
recent years, rising temperatures and precipitation extended growing 
seasons and improved thermal and hydrological conditions for aquatic 
primary producers (fig. S7B) (8, 27). These changes likely stimulated 
in-lake autotrophic activity, as reflected by significant negative cor-
relations between FCO2 and dissolved oxygen (DO) (P < 0.0001; 
fig. S8K), underscoring the increasing role of autotrophic metabo-
lism in regulating water-air CO2 exchange through enhanced CO2 
uptake and oxygen production. In addition, higher oxidation states 
in the water column likely promoted methane oxidation, converting 
part of the sediment-derived CH4 to CO2 before it reached the water 
surface, thereby suppressing net CH4 diffusion (28). Consistently, the 

significant negative correlation between CH4 and DO (P < 0.001; 
fig. S9K) is indicative of enhanced methane oxidation under more 
oxic conditions. Large-scale pollution control and ecological restora-
tion programs implemented in China over the past two decades, such 
as improved wastewater treatment, watershed reforestation, and wet-
land restoration, have also contributed to enhanced carbon uptake 
and sequestration in lake systems (29, 30). Nonetheless, this long-term 
decline was briefly interrupted by a pronounced emission spike 
around 2010–2015 (Fig. 3), which coincided with rapid urbanization, 
reservoir construction, and watershed disturbance. During 2010 to 
2015 alone, China constructed 10,115 new reservoirs (fig. S7D), 
reaching a historical peak. These anthropogenic disturbances altered 
lake hydrological regimes and enhanced sediment resuspension, ex-
posing previously buried OC to oxic conditions, thereby accelerating 
OC decomposition and temporarily elevating carbon emissions (31, 
32). Simultaneously, fertilizer application peaked in certain regions 
(e.g., NPMLR, IMXLR, and YGPLR) during the early 2010s. En-
hanced nutrient runoff from agriculture, coupled with frequent heavy 
rain events, may have temporarily stimulated algal blooms and subse-
quent microbial respiration, producing a short-term pulse of CO2 re-
lease despite the broader mitigation trend (5).

Carbon emission fluxes exhibited pronounced spatial heterogene-
ity across China’s lakes. The highest average FCO2 and FCH4 occurred 
in NPMLR (156.62 ± 36.13 g C m−2 year−1) and IMXLR (33.17 ± 
36.46 g C m−2 year−1), respectively, while both fluxes were lowest in 
YGPLR (Fig. 3, A and B). Among all observations, 57.69% of extreme-
ly high FCO2 values (>500 g C m−2 year−1) and 52.63% of extremely 
high FCH4 values (>50 g C m−2 year−1) occurred in lakes smaller 
than 100 km2. NPMLR lakes contributed 65.38% of FCO2 hot spots, 
whereas QTPLR lakes contributed 47.37% of FCH4 hot spots. Thus, 
lake size appeared to be a primary control on spatial differences in 
carbon emission fluxes, with smaller lakes exhibiting higher fluxes 
(8, 33–34). Small lakes generate higher FCO2 via two mechanisms: (i) 
Shallow depth promotes complete water-column mixing and aerobic 
respiration throughout, accelerating internal OC decomposition (33); 
and (ii) strong terrestrial connectivity in small basins allows greater 
allochthonous OC influx, which provides a sustained supply of alloch-
thonous substrates that stimulates microbial heterotrophic respira-
tion and subsequent CO2 production (8). In parallel, the development 
of localized hypoxic or anoxic microenvironments in sediments fa-
vors CH4 production (34). In addition, weaker hydrological exchange 
and limited oxidative buffering increase the likelihood that CH4 escapes 
complete oxidation and is released across the water-air interface, poten-
tially via microbubble-mediated diffusion (35). Consequently, small 
lakes bear a disproportionate share of lake carbon emissions, high-
lighting their importance for emission mitigation strategies.

Integrating data across all lakes nationwide, diffusion-driven car-
bon emissions from China’s lakes were estimated at 4.16 ± 3.40 Tg C 
year−1, accounting for ∼6% of total carbon emissions from temper-
ate lakes globally, which is comparable to the contribution of surface 
area (6.2%) (9, 25). National lake carbon emissions declined by ∼57% 
from the 2000s to the 2020s, accompanied by a marked shift in emis-
sion composition. CH4 dominated total emissions in the 2010s (∼86% 
of total emissions), whereas CO2 became the primary contributor in 
the 2020s, contributing about 85% of total emissions. Regionally, 
NPMLR remained the largest emission hot spot nationwide, with 
CO2 emissions continuing to increase (Fig. 3E). Lakes in the NPMLR 
are typically cold, saline, or alkaline, and experience relatively lim-
ited human disturbance, conditions that constrain in situ primary 

D
ow

nloaded from
 https://w

w
w

.science.org on A
ugust 19, 2026



Wang et al., Sci. Adv. 12, eaed7393 (2026)     19 August 2026

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

5 of 13

productivity (36). More importantly, climate-driven processes play a 
dominant role, as the NPMLR contains a high density of seasonally 
ice-covered lakes, making CO2 emissions particularly sensitive to 
changes in ice phenology. Remote-sensing analyses based on mod-
erate resolution imaging spectroradiometer data indicated that lakes 
in the NPMLR experienced delayed ice-on dates by ∼0.21 days year−1 
and earlier ice-off dates by ∼0.19 days year−1 (37). As a result, the 
duration of the ice-covered period has shortened at a rate of ∼0.50 days 
year−1. The earlier ice-off and a shortened ice-covered period exac-
erbate the spring-thaw CO2 pulse, even though they compress the 
duration of the spring melt. During winter, ice inhibits water-air gas 
exchange, while microbial decomposition of organic matter and ex-
ternal carbon inputs continue beneath the ice, leading to substantial 
CO2 accumulation within the water column and bubbles entrapped 
within the ice. Upon ice-off, this stored CO2 is rapidly released to 
the atmosphere, typically within ∼10 days, accounting for up to 80% 

of the annual CO2 emissions in cold, oligotrophic lakes (38). In the 
NPMLR, progressive shortening of ice cover concentrates this re-
lease into a shorter spring window, thereby increasing the instanta-
neous FCO2. In addition, permafrost thaw beneath some NPMLR 
lakes can mobilize ancient OC, which is subsequently mineralized 
and emitted as CO2, adding an additional climate-driven source un-
der ongoing warming (39–41). These processes collectively explain 
the high CO2 emissions observed in the NPMLR.

Spatial and temporal patterns of carbon source-sink status
Combining our carbon burial and emission datasets, we evaluated 
the carbon balance of China’s lakes. When considering OCTotal buri-
al against diffusive carbon emissions (CO2 and CH4), China’s lakes 
shifted from carbon sources in the 2000s (∼−3.10 Tg C year−1) to 
slight carbon sinks by the 2020s (0.13 Tg C year−1) (Fig. 4F). If inor-
ganic carbon burial is included, the estimated carbon sink increases 

Fig. 3. Carbon emission characteristics of China’s lakes. (A and B) Box plots represent the overall distributions of FCO2 (A) and FCH4 (B), respectively, in five regions. Each 
circle represents a sampling system. The box plots show the median (middle line), mean (square), and interquartile range (box). (C to H) Time trends in lake CO2 emissions 
for five regions and nationwide, with shaded areas indicating the 25th to 75th percentiles of CO2 emissions. Red numbers in (C) to (H) indicate the values of CO2 sinks 
(negative values). (I) Time distributions of lake CH4 emissions in five regions and nationwide.
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further, indicating that China’s lakes play a critical role in the ter-
restrial carbon cycle. However, nearly half of the OCTotal burial orig-
inated from allochthonous inputs, rather than from lake-driven 
intrinsic carbon sequestration. When allochthonous OC burial was 
excluded from the sequestration term, OCAuto burial offsets only 
53.23% of total gaseous carbon emissions in the 2020s, leaving China’s 
lakes as carbon sources (−0.83 Tg C year−1) (Fig. 4F). This find-
ing challenges the prevailing view of these lakes as carbon sinks (23). 
Compared to the study by Xiao et al. (23), which focused primarily 
on FCO2 across China’s lakes, this study places greater emphasis on 
investigating the balance between the OCAuto burial and total carbon 
emissions, thereby evaluating the net capacity of lakes to remove and 
offset atmospheric carbon via internal biological metabolic process-
es. To enhance robustness, we compiled an expanded, high-density 
database (2047 FCO2 and 324 FCH4 observations) that builds upon 
existing data to better capture high-frequency flux variability and 
minimize seasonal uncertainties. Consequently, while CO2 evasion 
from China’s lakes has declined, showing a clear trend toward be-
coming net CO2 sinks, our actual carbon balance accounting reveals 
that contemporary OCAuto burial efficiency remains insufficient to 
fully offset concurrent total carbon emissions. The remaining 46.77% 
of carbon emissions are derived not only from the mineralization of 
OCAuto, but also from the mineralization of allochthonous OC and 
the physicochemical degassing of inorganic carbon. Such a substan-
tial gap reveals the insufficient intrinsic carbon sequestration within 
China’s lake systems.

In principle, a structurally intact and functionally healthy lake 
ecosystem should efficiently assimilate carbon and sequester a sub-
stantial fraction through long-term burial in sediments (27). In reality, 
however, many lakes in China have undergone ecosystem degradation 
as a result of prolonged eutrophication and the loss or deterioration 

of aquatic vegetation (42). Despite substantial primary productivity 
increases under climate warming, suboptimal phytoplankton com-
munity composition constrains net photosynthetic carbon fixation 
relative to microbial mineralization rates (43). In particular, during 
the 1990s, elevated nitrogen and phosphorus load frequently trig-
gered algal blooms (fig. S7E), pushing many lakes toward turbid, 
algae-dominated regimes (43). Dominance by bloom-forming cya-
nobacteria tends to lower OCAuto fixation efficiency and produce 
biomass that is highly degradable. As a result, a large fraction of OCAuto 
generated during algal blooms is rapidly respired to CO2 rather than 
preserved in sediments (44). In addition, the lake systems in China 
are subjected to the risk of excessive external carbon burdens. Nearly 
half of the OCTotal buried in China’s lakes is supplied by allochthonous 
inputs. In many cases, watershed-derived carbon loading has become 
so large that it exceeds the current capacity of lakes for assimilation 
and long-term burial. This imbalance enhances carbon leakage, there-
by strengthening the carbon emission effects of these lakes.

Encouragingly, recent trends indicate an increase in OCAuto buri-
al and a decrease in carbon emissions, suggesting partial ecosystem 
recovery driven by human intervention. Following the implementa-
tion of the Water Pollution Control and Governance Strategy in 
2007, large-scale initiatives focused on nutrient reduction, wetland 
restoration, and aquatic vegetation rehabilitation were introduced 
(29, 30). Over the past decade, the biomass of efficient carbon-fixing 
groups such as submerged plants and diatoms in China’s lakes has 
increased markedly, while bloom-forming algae have declined (45). 
This change in primary producer community structure supports 
higher and more stable OCAuto production and helps to suppress CO2 
emissions. The resurgence of macrophytes (e.g., submerged macro-
phytes) in particular contributes substantially to the enhancement of 
OC sequestration in lakes (27, 46). Specifically, macrophytes primarily 

Fig. 4. Carbon source-sink status of five lake regions and China as a whole in different periods. Light-colored columns represent total carbon balance values, while 
dark-colored columns represent actual carbon balance values. The total carbon balance is calculated as the difference between OCToal burial and total carbon emissions, 
whereas the actual carbon balance is calculated as the difference between OCAuto burial and total carbon emissions. Positive carbon balance values indicate carbon sinks, 
while negative values indicate carbon sources.
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enhance carbon sequestration through the following three mecha-
nisms: (i) by converting carbon dioxide into recalcitrant tissues such 
as cellulose for long-term preservation, while simultaneously sup-
pressing sediment resuspension to prevent the release of nutrients 
and carbon (27, 46); (ii) by secreting oxygen to facilitate methane 
oxidation and stabilizing iron compounds to sequester and stabilize 
OC (27); and (iii) by providing recalcitrant dissolved organic matter 
while promoting key carbon pump microbial taxa, such as Gamma-
proteobacteria, Alphaproteobacteria, and Actinobacteria, to trans-
form labile carbon into long-term storage forms (46). In this context, 
the QTPLR as a whole transitioned to a carbon sink by the mid-2000s 
(Fig. 4E), and the YGPLR reached near carbon balance and has since 
become a slight carbon sink (Fig. 4B). These cases suggest that lakes 
in high-altitude or high-latitude regions with relatively intact eco-
systems can develop sustained carbon sink function under moder-
ate climate warming.

Carbon sink potential under future scenarios
Scenario projections indicated that the OCAuto sequestration potential of 
China’s lakes would likely approach saturation by the late midcentury, 

with annual OCAuto burial peaking around 2070 across all emission sce-
narios (Fig. 5F). Relative to 2020 levels, annual OCAuto burial was pro-
jected to increase by ∼0.28 to 0.73 Tg C year−1 by 2070. However, 
regional responses to emission scenarios were heterogeneous. Under the 
low-emissions scenario (SSP1-1.9), stringent climate mitigation stabi-
lizes temperatures but also curtails nutrient inputs, limiting productivity 
gains (47). Consequently, high-altitude/latitude regions (e.g., YGPLR, 
QTPLR, and NPMLR), characterized by inherently low nutrient lev-
els and productivity, showed little increase or even decline in annual 
OCAuto burial by 2100 (Fig. 5, B, C, and E). In contrast, under SSP2-4.5, 
moderate warming combined with managed nutrient levels sub-
stantially enhanced productivity and carbon fixation (47). All re-
gions showed higher annual OCAuto burial under SSP2-4.5 compared to 
SSP1-1.9. For example, annual OCAuto burial in IMXLR and QTPLR 
was projected to increase by more than 10%. According to projections 
reported by Li et al. (46), restoring lakes to a macrophyte-dominated 
(clear-water) state through ecological restoration, pollution control, 
and optimized resource use under the SSP2-4.5 scenario would enable 
China’s lake ecosystems to achieve carbon sink status no later than 2056, 
preceding the projected peak of OCAuto burial in ∼2070. Under the 

Fig. 5. Historical changes and future scenario projections of annual OC burial in the five lake regions in China and nationwide. The gray and dark green curves 
represent the historical trends of annual OCAuto burial and OCTotal burial, respectively. The blue curve represents the SSP1-1.9 scenario, the orange curve the SSP2-4.5 
scenario, and the yellow curve the SSP5-8.5 scenario. The light blue, light orange, and light yellow shaded areas represent the 95% confidence intervals of the simulated 
annual OC burial under the SSP1-1.9, SSP2-4.5, and SSP5-8.5 scenarios, respectively, reflecting the underlying uncertainties in the projected climate and anthropogenic 
forcings. All model regression equations and parameters are listed in table S10.
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high-emissions scenario (SSP5-8.5), initially warming and abundant 
nutrients drastically increased annual OCAuto burial, but beyond mid-
century, the effects of extreme warming began to erode those gains (48). 
Specifically, rising water temperatures accelerate OC mineralization 
and microbial respiration, which eventually outweigh the benefits of 
enhanced primary productivity. This thermodynamic and biological 
imbalance causes OCBRAuto to decline after its peak, a trend that is par-
ticularly notable in the QTPLR after 2080 (Fig. 5E). Even in productive 
regions like EPLR, annual OCAuto burial growth was projected to slow by 
late century under SSP5-8.5.

These patterns indicate a fundamental trade-off under climate 
change. Mild to moderate warming (SSP2-4.5) could boost lake car-
bon sequestration if nutrients are sufficient, but beyond a threshold, 
excessive warming and ecosystem disruption are likely to undermine 
long-term carbon sequestration (49, 50). This projected “temperature 
reversal” of lake carbon sink efficiency is conceptually similar to that 
anticipated for terrestrial vegetation productivity under unabated cli-
mate change (49).

Across all scenarios, OCTotal burial is projected to increase more 
rapidly than OCAuto burial (Fig. 5), indicating that a growing fraction 
of OC originates from allochthonous inputs. This pattern highlights 
persistent limitations in controlling allochthonous OC loading, par-
ticularly in regions like the EPLR and IMXLR. Efforts to mitigate nu-
trient pollution and eutrophication offer dual benefits by enhancing 
carbon burial efficiency while simultaneously reducing carbon emis-
sions, as demonstrated across diverse freshwater systems (51). There-
fore, strengthening the management of allochthonous OC loading, 
especially through reducing future nitrogen and phosphorus inputs, 
is critical for mitigating climate change impacts and limiting the min-
eralization and subsequent loss of OCAuto from lakes.

Implications for lake carbon management in China 
and globally
China’s lakes, spanning a wide range of climatic and trophic condi-
tions, offer a valuable case study for global inland water carbon cycle 
research. Our findings demonstrate that excluding allochthonous OC 
inputs fundamentally changes the evaluation of lake carbon balance. 
When carbon sequestration is defined as lake-driven intrinsic car-
bon sequestration preserved as OCAuto burial and contrasted with 
total gaseous carbon emissions, China’s lakes have not yet become 
carbon sinks at the system level. This result reveals the importance 
of source-specific carbon accounting. Although most of China’s lakes 
remain actual carbon sources, their OCAuto burial offsets more than 
50% of carbon emissions. A recent global assessment revealed that 
global lake OC burial (80 Tg C year−1) accounts for only 27.40% of 
lake-derived CO2 emissions (292 Tg C year−1) (52). This proportion 
would be even lower if allochthonous OC burial were excluded from 
credited sequestration, as we do here. These findings highlight the 
critical role of China’s lakes in the global carbon cycle, as their in-
trinsic carbon sequestration capacity exceeds the current global av-
erage when evaluated on a comparable basis and provides valuable 
insights for lake carbon management in other regions.

As terrestrial carbon sinks such as forests face mounting pressures 
and potential saturation, inland waters represent a complementary av-
enue for carbon change mitigation. However, the projected continued 
expansion of lakes under climate warming, particularly in high-altitude 
regions, may bring substantial ecological and societal consequences, 
underscoring the urgency of proactive management. In response to 
global climate change, this study proposes a carbon-dynamic–based 

classification and management framework for lakes. The framework 
categorizes lakes into four functional types based on their OCAuto 
burial and carbon emission patterns: (i) high burial–high emission, 
(ii) high burial–low emission, (iii) low burial–high emission, and (iv) 
low burial–low emission. Each type responds differently to climatic 
and anthropogenic pressures and thus requires tailored management 
(Table 1). This framework provides a practical guide for enhancing 
carbon sequestration while mitigating emissions across diverse lake 
contexts. For instance, lakes with high burial–high emission, such as 
those in the EPLR, require combined interventions that focus on im-
proving water quality to reduce respiration carbon losses while also 
protecting sediment carbon burial processes. Lakes with high burial–
low emission (e.g., lakes in QTPLR) mainly need protection against 
warming to maintain their strong sink status. Lakes with low burial–
high emission (e.g., lakes in NPMLR and IMXLR) require aggressive 
nutrient load reduction and possibly engineering solutions (like hypo-
limnetic aeration or stabilized water levels) to curb carbon release. 
Last, lakes with low burial–low emission (e.g., lakes in YGPLR) should 
be preserved through stringent water quality protection, conservation 
of native aquatic vegetation, and buffering against land-use changes or 
invasive species to maintain their near-neutral carbon status.

By recognizing these functional differences and tailoring strategies 
accordingly, policymakers can enhance regional carbon sequestration 
in lakes and contribute to climate change mitigation. For China, en-
hancing OCAuto retention (e.g., via nutrient management and biotic 
restoration) and reducing allochthonous inputs are critical to trans-
forming lakes into actual carbon sinks. For the global community, 
future policies should account for OC source origins and explicitly 
target the enhancement of OCAuto sequestration processes to tap 
the climate mitigation value of lakes. Concurrently, it is essential to 
establish unified carbon source-sink assessment standards and a 
global lake carbon sink monitoring network. This will enable fair 
evaluation of the nations’ nature-based solution carbon sink incre-
ments and facilitate their integration into future global carbon ac-
counting systems.

MATERIALS AND METHODS
Carbon burial data compilation and calculation
We compiled published records of lake sediment OC-related pa-
rameters in China since 1900, including OCTotal content, total nitro-
gen, C/N ratios, δ13C, sediment mass accumulation rates (MARs), 
sedimentation rates (SRs), 210Pb concentration, and 137Cs concen-
tration. A total of 73 lake records were used to construct a time se-
ries of OC burial in China’s lakes. The lakes were grouped into five 
regions: 21 lakes in the EPLR, 17 in the YGPLR, 10 in the NPMLR, 
15 in the IMXLR, and 10 in the QTPLR. These sites encompass a 
broad spectrum of limnological and climatic conditions, ranging 
from plateau alpine lakes to lowland floodplain systems and from 
arid to humid climatic zones. Together, they capture the major envi-
ronmental gradients and lake types across China, thereby ensuring 
strong representativeness for assessing the carbon dynamics of China’s 
lakes at the national scale. Criteria for including a lake dataset were 
as follows: (i) The study was published in a peer-reviewed journal; 
(ii) it reported field measurements under natural (unmanipulated) 
conditions; and (iii) sediment core dating was performed using 
210Pb and 137Cs. Detailed metadata for each lake (latitude/longitude, 
sampling time, lake area, depth, volume, etc.) are provided in table S1. 
OCBRTotal data where necessary, raw data were interpolated to annual 
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resolution using Loess (R 4.4.2) to generate continuous time series 
for each lake.
OCBRTotal data
For each lake, we calculated OCBRTotal (in grams of carbon per 
square meter per year) using two approaches, following established 
methods (52, 53):

Method 1: OCBRTotal was calculated based on the multiplication 
of OCTotal (in grams per kilogram) and MAR (in grams per square 
centimeter per year)

Method 2: OCBRTotal was calculated based on the multiplication of 
OCTotal (in grams per kilogram), SR (in centimeters per year), sedi-
ment dry density (ρ; in grams per cubic centimer), and porosity (φ)

where the ρ and φ were obtained by Eqs. 3 and 4, respectively

where MC is the moisture content of the sediment (in percent) and ρwater 
is the density of water (1 g cm−3). In this study, method 1 was prioritized 
for calculating OCBRTotal. If MAR was not provided, method 2 was used 
to calculate OCBRTotal. The calculation method of OCBRTotal adopted for 
each lake is detailed in table S1. We focused on whole-lake OCBRTotal 
values (each lake treated as a single representative site). If multiple cores 
or studies provided whole-lake OCBR for the same lake, we averaged 
those values. If only a single core from a lake’s deepest zone was available, 
we applied focus-area correction to scale it to a whole-lake average using 
the ratio of that core’s 210Pb flux to the regional atmospheric 210Pb flux, 
ensuring comparability of OCBRTotal across lakes.

OC source identification
This study uses δ13C and C/N as OC tracers, coupled with the Bayes-
ian MixSIAR model (22, 54), to quantify OCAuto versus allochthonous 
OC in sedimentary records. In OC source identification methods, 
tracer values from both lake sediments and OC sources must be pro-
vided. In this study, tracer values from 73 lake sediments are already 
included in the carbon burial database. We also compiled end-member 
tracer values (δ13C and C/N ratios) for OCAuto (including phytoplank-
ton and macroalgae) and allochthonous OC (including terrestrial soil 
OC and vascular plants) from published studies, thereby constructing 
a tracer dataset representing OCAuto and allochthonous OC sources. 
For each lake and time step, we used the MixSIAR model to estimate 
the OCAuto and allochthonous OC contributions to OCTotal buried in 
lake sediments. We applied a hierarchy to identify the OC sources of 
each lake (55): (i) dual tracers (δ13C-C/N) if both were available; (ii) if 
only C/N was available, we used it to identify OC sources; (iii) if no 
tracer data were available for a given lake, we substituted the average 
source contribution from other lakes in the same region. Using these 
approaches, we obtained annual percentage contributions of OCAuto 
and allochthonous OC for each lake from 1900 to 2020. The methods 
and data sources for each lake are listed in table S2. Last, we computed 
the OCBRAuto for each lake by multiplying the OCAuto contributions 
by that lake’s OCBRTotal.

Carbon emission data
We assembled one of the most comprehensive datasets to date of car-
bon emission fluxes (FCO2 and FCH4) from China’s lakes. In total, 
we compiled 2047 FCO2 and 312 FCH4 observations from 524 lakes 
spanning 1990–2020. FCO2 data were obtained either from di-
rect flux measurements, including floating chamber and headspace 
equilibration methods coupled with gas chromatography, or were 
calculated from water chemistry (pH, alkalinity, and temperature) 
using the CO2SYS-MATLAB v2.0 program. The precision of pH 

OCBRTotal =MAR × OCTotal × 10 (1)

OCBRTotal = SR × OCTotal × ρ × (1−ϕ) × 10 (2)

ρ = 2.65 − 0.0525 × OCTotal (%) (3)

ϕ=
(

MC×ρwater
)

∕
[

MC×ρwater+(1−MC)×ρsediment

]

(4)

Table 1. The carbon-dynamic–based classification and management framework for lakes. This table summarizes the classification of lake types, their 
distribution characteristics, carbon source-sink features, major risks, and corresponding management measures.

Classification type Distribution  
characteristics

Carbon source-sink 
features

Major risks and challenges Core management measures

High burial–high  
emission (e.g., EPLR)

Mid-to-low latitude regions 
with warm-humid climates 

and elevated nutrient 
loading.

High OCAuto burial rate, but 
carbon sink potential is 

offset by substantial carbon 
emissions.

Elevated carbon emissions 
due to high productivity and 
anthropogenic disturbance. 
Conflict between develop-
ment pressures and carbon 

management goals.

Combine water quality control, 
ecological restoration, and pollution 
reduction to mitigate OC mineraliza-

tion and enhance sedimentary carbon 
sequestration. Balance development 

and conservation.

High burial–low emis-
sion (e.g., QTPLR)

High-altitude wetland and 
permafrost systems.

High OCAuto burial with 
minimal carbon emissions, 

functioning as strong 
carbon sinks.

Climate warming (especially 
under SSP5-8.5) destabiliz-

ing carbon storage.

Preserve thermal stability through 
aquatic vegetation restoration, wetland 

system protection, and water stratifi-
cation.

Low burial–high  
emission (e.g., NPMLR 
and IMXLR)

Arid and semi-arid regions 
with hydrodynamic distur-
bances and high anthropo-

genic pressures.

Low OCAuto burial but 
extremely high carbon 

emission rates, functioning 
as strong carbon sources.

High carbon emissions from 
wind-driven sediment re-

suspension and agricultural/
irrigation pressures.

Focus on short-term measures like 
wastewater treatment and precision 

agriculture; long-term actions include 
water-saving irrigation infrastructure 
and ecological water storage systems.

Low burial–low  
emission (e.g., YGPLR)

Plateaus and high moun-
tain ecosystems with 

well-preserved ecological 
integrity and high-water 

quality.

Low OCAuto burial and car-
bon emissions, approaching 
carbon neutrality. Acts as a 
regional ecological barrier.

Minimal risks due to stable 
ecological conditions, but 
vulnerable to disturbance.

Protect ecosystem stability through 
low-impact measures: restore aquatic 
vegetation, establish ecological buffer 
zones, and protect highland wetlands.
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measurements was ±0.002. Total alkalinity was determined on the 
sampling day by a fixed-endpoint titration with 0.02 M hydrochloric 
acid. FCH4 data were consistently measured using gas chromatog-
raphy in combination with floating chambers or headspace tech-
niques. Where multiple measurements existed for the same lake and 
sampling period, values were averaged to obtain a representative 
carbon emission flux. We also compiled auxiliary data on potential 
controls of carbon emission fluxes, including water chemistry (pH, 
dissolved carbon, and nutrient concentrations), physical attributes 
(geographic location, elevation, mean depth, volume, and area), and 
climatic variables (air and water temperature and precipitation). The 
extensive coverage of lake sizes, types, and seasons in this dataset 
enabled robust regional characterization of lake carbon emissions 
across China.

Climate, anthropogenic forcing, and lake area data
Historical climate data, including precipitation and air temperature 
during 1900–2020, were obtained from the CRU TS 4.04 dataset. Fu-
ture climate projections (2020–2100) under the SSP scenarios were 
retrieved from Coupled Model Intercomparison Project phase 6 out-
puts via the Earth System Grid Federation. We selected precipitation 
from the MRI-ESM2-0 model and air temperature from the GFDL-
ESM4 model, as these models have been identified as among the 
best-performing for China (56). We focused on three representative 
scenarios: SSP1-1.9 (very low forcing), SSP2-4.5 (medium stabiliza-
tion), and SSP5-8.5 (high emissions). All climate datasets were down-
loaded from the National Tibetan Plateau Scientific Data Center. 
Monthly climate data were subsequently aggregated to annual resolu-
tion, and climate variables for different years were systematically ex-
tracted for each of the five lake regions.

For anthropogenic drivers, we compiled annual time series of human 
population, GDP, and fertilizer consumption for China covering the pe-
riod 1952–2020 from the National Bureau of Statistics and other pub-
lished sources. Future population and GDP projections for 2020–2100 
under each SSP scenario were taken from gridded provincial-level SSP 
datasets for China (57, 58). Because scenario-based projections of fertil-
izer consumption were not available, future fertilizer use was estimated 
based on historical trends using a Bayesian framework. Specifically, a 
Bayesian linear regression model was constructed using the “brms” 
package in R 4.4.2. Based on existing time series data, the future trend of 
fertilizer consumption was predicted using time extrapolation, and the 
95% confidence interval was calculated using the posterior predic-
tion distribution. To ensure numerical stability while minimizing sub-
jective bias, we used weakly informative priors for the intercept and the 
smoothing term’s standard deviation (Student’s t priors, following 
the default setting in brms) and noninformative flat priors for the 
population-level coefficients (e.g., the fixed effects). Visual inspection of 
trace plots and rank histograms suggested good model convergence and 
no other pathological chain behaviors, with convergence confirmed by 
the Gelman-Rubin criterion (all R̂ ≤ 1.01) (table S6). Effective sample 
sizes exceeded 1000 for all parameters, ensuring reliable posterior infer-
ence. We also obtained historical (1900–2019) and future scenario data 
(2020–2100) on land use change (LUCC) (59, 60), including cropland, 
forest land, and grassland.

We collected records of total lake surface area for each of the five 
regions from 1960 to 2020, based on national lake inventories and 
remote sensing studies (61). To estimate lake area prior to 1960 
(when direct observations are scarce), we constructed a multivariate 
Bayesian regression model linking total lake area to climate (mean 

annual temperature and precipitation) and human factors (popula-
tion and GDP). Significant correlations exist between lake area and 
these drivers, which we used as predictors in a Markov chain Monte 
Carlo fitting (four chains, 10,000 iterations) (table S7). The model 
yielded reconstructed lake area time series for 1900 to 1959 with 95% 
confidence intervals. This provided a continuous annual lake area 
dataset from 1900 to 2020 for use in upscaling analyses.

Based on the above data processing, a complete historical sequence 
and different scenario datasets were ultimately formed. Spatially, the 
data were divided into five lake regions based on their boundaries, and 
temporally, they were unified into a continuous interannual sequence.

Statistical analysis
After compiling time series for each lake and region, we performed 
statistical tests and regression analyses to explore trends and rela-
tionships. We used linear regression and Pearson correlation analy-
ses to examine relationships between carbon fluxes (OC burial and 
carbon emission) and various natural/human factors, with statisti-
cal significance set at the significance level of P < 0.05. Hierarchical 
partitioning analysis (using the R package “glmm.hp”) was performed 
to quantify the independent contributions of climatic and anthropo-
genic factors to OCBRAuto. Structural change tests (using the R package 
“trend”) were used to detect transition nodes in time series of sedi-
ment indicators (table S3). All statistical analyses and plotting in this 
study were done using R (version 4.4.2), Python (version 3.8), QGIS 
(version 3.18.2), and Origin (version 2024).

Carbon burial and carbon emission from the individual lake 
scale to the regional scale
The upscaling of carbon burial and carbon emission in China’s lakes 
from individual lake scale to regional scale was achieved using a Monte 
Carlo simulation integrated with an area-weighted approach. The 
Monte Carlo analysis ran 10,000 iterations for each lake region. Each 
iteration randomly selected OCBRTotal/Auto values or carbon emission 
fluxes (FCO2 and FCH4) based on a normal distribution with mean and 
standard deviation of the specific lake region. The simulated values 
were then multiplied by the total lake area for each corresponding lake 
region. After 10,000 iterations, we obtained the mean, standard devia-
tion, and the quartiles (25th to 75th percentiles) of these indicators 
from the simulated distribution. The OCBRTotal/Auto and carbon emis-
sion fluxes for China’s lakes are each calculated as the area-weighted 
average of the corresponding indicators from the five lake regions. The 
OCTotal/Auto burial and carbon emissions for China’s lakes are each 
obtained by summing the corresponding indicators from the five lake 
regions. The final carbon burial data at the regional scale spans the time 
period from 1900 to 2020, with annual intervals. The carbon emis-
sion data covers the period from 1990 to 2020. Considering the limited 
availability of yearly carbon emission data, it is presented at five-year 
or 10-year intervals.

Assessment of carbon source-sink status
This study assessed the carbon source-sink status of lake systems by 
quantifying the carbon balance, defined as the difference between car-
bon burial and carbon emissions. Lakes with a positive carbon balance 
were identified as carbon sinks, whereas those with a negative balance 
were considered carbon sources. When calculated using OCTotal burial 
and carbon emissions, this metric reflects the total carbon balance of 
lakes, highlighting their role as terminal nodes in terrestrial ecosystem 
carbon cycling. By contrast, when calculated using OCAuto burial and 
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carbon emissions, this metric reflects the actual carbon balance of 
lakes, capturing the balance between their intrinsic carbon sequestra-
tion capacity and their carbon emission effects.

where Carbon balanceTotal is the total carbon balance, Carbon balanceActual 
is the actual carbon balance, and carbon emission is the total carbon 
emissions including CO2 and CH4.

Stepwise multiple linear regression modeling and 
scenario prediction
To predict future carbon dynamics, we constructed multiple linear 
regression (MLR) models for OC burial in each lake region. This ap-
proach has been widely applied to identify dominant drivers and to 
develop empirical relationships with good explanatory and predictive 
performance, thereby supporting scenario-based projections of fu-
ture change (3, 62). Candidate independent variables in this study 
included annual mean temperature (Temp), annual precipitation 
(Prep), population (Pop), GDP, fertilizer consumption (Fert), crop-
land (Crop), forest land (Forest), and grassland (Grass). To minimize 
multicollinearity, we calculated variance inflation factors (VIFs) and 
iteratively removed predictors with VIF > 10. We then performed ex-
haustive subset regression, testing all combinations of the remain-
ing predictors, and selected the model with the highest R2 and lowest 
Akaike and Bayesian information criteria as optimal for each region. 
To ensure the statistical validity of the selected models, we performed 
rigorous diagnostic testing of the residuals. Given the sample size (n > 
50), we assessed the normality of residuals using the Kolmogorov-
Smirnov test (table S8), supplemented by visual validation through 
residual histograms and Q-Q plots (figs. S10 and S11). Our diagnostic 
results consistently indicated that the residuals met the assumptions 
of normality, homoscedasticity, and independence.

Each region’s OC burial was thus modeled as a linear function of 
a subset of climate and socioeconomic drivers (see tables S9 and S10 
for details). All selected models were statistically significant (P < 
0.05). We verified model performance by comparing predicted with 
observed annual OCAuto/Total for historical periods (fig. S12, A to E). 
The optimal models captured historical burial trends well. For exam-
ple, removing any one factor from the optimal QTPLR model caused 
a clear increase in model residuals (fig. S12F), indicating that the 
chosen predictor sets are robust.

where YOCburial is the predicted OC burial in the lake sediments, X 
are potential independent variables, XTemp is temperature, XPrep is 
precipitation, XPop is population, XGDP is GDP, XFert is fertilizer con-
sumption, XCrop is cropland, XForest is forest land, XGrass is grassland, 
A is an array of coefficients of each model variable, and δ is constant.

We then used these regional MLR models to simulate OC burial 
under future SSP scenarios. For each region, we input the projected 
Temp, Prep, Pop, etc. for SSP1-1.9, SSP2-4.5, and SSP5-8.5 (from 2020 
to 2100) to predict annual OCAuto burial and annual OCTotal burial 
trajectories. We addressed scenario uncertainty by propagating the 
95% confidence intervals of model predictions (shown as shaded 
bands in Fig. 5). All model equations, coefficients, and performance 
metrics are provided in tables S8 to S10.
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