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a b s t r a c t 

The carbon burial and greenhouse gas emissions of lakes are pivotal in the global carbon cycle to offset or 

accelerate global warming. However, their balance or the magnitude of anthropogenic increase of carbon burial 

remains uncertain in global lakes. Here, we quantified the carbon sink dynamics and the sink-source balance in 

global lakes with effect-size metrics, that is, the log-response ratio of organic carbon burial between post-1950 and 

pre-1900 periods and the carbon balance ratio between carbon burial and greenhouse gas emissions, respectively. 

The organic carbon burial ratios revealed an average increase of 2.45 times in carbon burial rates during the 

Anthropocene, while the carbon balance ratios were negative in 82.68% of lakes, indicating that most lakes had 

lower burial rates than emission rates and acted as carbon sources rather than carbon sinks. The organic carbon 

burial ratios exhibited a significantly decreasing latitudinal trend and were mainly influenced by lake’s trophic 

state with the explained variation of 44.79%. They were also indirectly influenced by climate, lake morphometry, 

and catchment properties through their interactions with the lake’s trophic state. The carbon balance ratios, 

however, showed a nonsignificant latitudinal trend. They were primarily affected by lake catchment properties 

with the explained variation of 26.21% and were also indirectly affected by climate variables via the interactions 

with catchment properties. Overall, our study highlights that human activities such as lake eutrophication and 

catchment changes have altered the carbon sink and source in global lakes during the Anthropocene, and are 

essential drivers for future evaluations of lake carbon budgets. 
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. Introduction 

Lakes disproportionately affect the global carbon cycle relative to

heir area as a highly efficient carbon sink and an important source

f greenhouse gases. Although lakes cover less than 4% of Earth’s

onglaciated land area [ 1 ], they have the potential to store approxi-

ately 25%− 40% of the organic carbon that is buried in marine sed-

ments [ 2-4 ]. Lakes are also an important source of greenhouse gases

GHG), which equals to nearly 20% of the whole global CO2 fossil fuel

missions into Earth’s atmosphere [ 5 ]. Notably, the estimates of carbon

ink and source in global lakes exhibited variability across different lit-

rature ( Fig. 1 ). For instance, organic carbon burial varies with nearly

hree times differences from 0.04 to 0.12 Pg C yr− 1 [ 6 , 7 ]. The CO2 emis-
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ions vary with nearly six times differences from 0.11 to 0.64 Pg C yr− 1 

 8 , 9 ], while the CH4 emissions show less variations with a range of 0.01

o 0.11 Pg C yr− 1 [ 10 , 11 ]. Whether lakes act as net sinks or net sources

or their regional carbon neutral roles is primarily determined by the

alance between organic carbon burial in the sediments and the evasion

f inorganic carbon into the atmosphere. However, such a balance (i.e.,

arbon sink-source balance) and the temporal variability of organic car-

on burial (i.e., carbon sink dynamics) during the Anthropocene remain

ncertain for global lakes. 

Characterizing the temporal changes of carbon burial in lakes dur-

ng the Anthropocene is critical to constrain the dynamics of global car-

on sinks given the increasing and widespread human disturbance [ 7 ].

ake organic carbon burial is promoted by climate warming and anthro-
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Fig. 1. The synthesis of organic carbon burial (a) and greenhouse gas emissions (b) in global lakes based on various literature sources. The inserted text 

indicates the first author and the publication year of the literature. The studies indicated by ∗ are based on global lakes and reservoirs. The data and corresponding 

references presented in the figure can be found in Table S3. 

p  

i  

t  

c  

b  

o  

f  

s  

s  

e  

c  

g  

p  

s  

t  

a  

b  

h  

s  

t

 

t  

r  

a  

v  

f  

e  

s  

c  

i  

s  

g  

l  

p  

c  

c  

s  

F  

a  

b  

a  

r  

c

 

t  

l  

a  

w  

i  

d  

s  

i  

y  

r  

t  

a  

b  

n  

a  

c  

m  

t  

s  

c  

a  

d  

c  

t  

c  

s  

i

2

2

 

d  

s  

i  

t  
ogenic disturbance via increasing autochthonous production and the

nputs of allochthonous carbon from the catchments [ 12 ]. For instance,

he temperature at ecosystem level has a positive effect on lake organic

arbon burial [ 13 ], while incubation experiments show decreased car-

on burial in lakes with increasing temperature [ 14 ]. The increasing

rganic carbon burial observed during the Anthropocene could not be

ully explained by climate alone, and thus other environmental drivers,

uch as human-induced landscape changes, are proposed to be respon-

ible [ 13 ]. Anthropogenic activities, including land-cover change and

xtensive agriculture, could impact organic carbon burial in lakes by

ausing eutrophication and increasing inputs of terrestrially derived or-

anic matter [ 15 , 16 ]. Eutrophication, induced by excessive nutrient in-

ut, could increase the amount of fresh organic carbon available for

ubsequent depositional processes [ 17 ]. For instance, eutrophication is

he primary driver of the elevated carbon burial rates in European lakes,

s indicated by the strong correlation between total phosphorus and the

urial rates [ 18 ]. Nevertheless, nutrient enrichment could also enhance

eterotrophic bacterial activities and alter microbial community compo-

ition, potentially increasing the mineralization of organic carbon and

hus reducing organic carbon burial [ 19 , 20 ]. 

Furthermore, it remains largely unknown regarding the balance be-

ween carbon burial and GHG emissions in individual lakes, i.e., their

oles in regional carbon budgets, and the major drivers behind this bal-

nce [ 21 ]. Such carbon sink-source balance has been previously in-

estigated in different terrestrial and aquatic environments, such as

orests, grasslands, arable lands, peatlands, and oceans [ 22 ]. For lake

cosystems, they are usually supersaturated in CO2 , acting as net carbon

ources to the atmosphere. However, the extent to which carbon burial

ould offset these CO2 emissions exhibits significant spatial variability,

nfluenced by factors such as latitude, climate, and lake types. For in-

tance, the ratios of lake carbon emissions to burial in high-latitude re-

ions are ten times higher in boreal lakes compared to subarctic-arctic

akes [ 23 ]. The role of individual lakes could be overlooked when com-

aring organic carbon burial to CO2 emissions at regional scales, such as

atchments based on a coastal segmentation [ 24 , 25 ]. Moreover, climate

hange and human activities could significantly affect lake carbon sink-

ource balance, but their impacts are generally understudied [ 12 , 26 ].

or instance, climate warming could enhance lake primary production

nd stimulate CO2 fixation, yet it might also lead to higher organic car-

on mineralization [ 14 ]. Meanwhile, warming trends could facilitate

gricultural expansion and enhance nutrient availability in high-latitude
2

egions, potentially reducing net CO2 production and increasing organic

arbon burial [ 23 ]. 

Under the combined influence of climate change and intensified an-

hropogenic activities, lakes are playing more important roles in regu-

ating the regional carbon budgets by increasing carbon sedimentation

nd mediating the balance between carbon sinks and sources. Here,

e quantified carbon sink dynamics and carbon sink-source balance

n global lakes, and evaluated how they were influenced by multiple

rivers. Specifically, we obtained organic carbon burial and CO2 emis-

ion rates from 423 global lakes reported in previous literature, includ-

ng 286 lakes with long-term carbon burial rates over the last 100–200

ears (Table S1), and 137 lakes with pairwise short-term carbon burial

ates and contemporary CO2 emission rates (Table S2). We developed

wo effect-size metrics, namely the carbon burial ratios and carbon bal-

nce ratios, to quantify the carbon sink dynamics and carbon sink-source

alance, respectively. We further evaluated the relative importance of

ature and anthropogenic drivers in explaining carbon sink dynamics

nd sink-source balance across global scales. These hierarchical drivers

ould be categorized as climate variables, lake morphometry, lake catch-

ent properties, and lake trophic state ( Fig. 2c ). We expected that au-

ochthonous and allochthonous productions, represented by the trophic

tate of the lake and the carbon inputs from the catchments, respectively,

ould strongly influence the carbon sink dynamics and sink-source bal-

nce. We further hypothesized that climate and lake morphometry could

irectly mediate the carbon sink dynamics and sink-source balance, and

ould also have indirect influence through their interactions with lake

rophic state and catchment properties. The synthesis of these hierar-

hical drivers could effectively illustrate the carbon sink dynamics and

ink-source balance in the global lakes and provide valuable insights

nto the mechanisms driving carbon cycling in lake ecosystems. 

. Methods 

.1. Data compilation of organic carbon burial and CO2 emission rates 

We compiled organic carbon burial and greenhouse gas emissions

ata from 423 global lakes, which mainly derived from published

ources (Tables S1, S2). These lakes exhibit varying characteristics in lat-

tude, climate, lake morphometry, lake catchment properties, and lake

rophic state. This comprehensive dataset allows us to examine the rel-
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Fig. 2. The organic carbon burial rates and greenhouse gas emission rates across global lakes (a), computation of carbon burial ratios and carbon balance 

ratios (b), and hypothesized drivers and their pathways (c). (a) The map of global lakes with organic carbon burial and greenhouse gas emission rates. The color 

of the points represents lakes with long-term organic carbon burial rates over the past 100–200 years (brown) and lakes with pairwise CO2 emissions and short-term 

organic carbon burial rates during the Anthropocene (blue). (b) Schematic illustration of the quantification of carbon sink dynamics and carbon sink-source balance. 

(c) Hypothesized drivers and their pathways affecting lake carbon sink dynamics and carbon sink-source balance. These environmental drivers include climate 

variables, lake morphometry, lake catchment properties, and lake trophic state. Inset figure in (a) shows Whittaker’s biome classification of lake locations, showing 

the mean annual temperature (MAT, ◦C) and mean annual precipitation (MAP, cm) for all 423 lakes. The comprehensive lists of collected data for this study are 

displayed in Table S1 and Table S2. 
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tive importance of natural and anthropogenic drivers of lake carbon

ink dynamics and carbon sink-source balance. 

The carbon burial dataset consisted of 286 distinct lake observa-

ions of long-term (i.e., the last 100 ∼200 years) sediment focusing cor-

ected organic carbon burial rates, integrating both newly collected and

reviously published regional synthesis data (see Table S1 for a list of

ources). Our dataset was restricted to rates derived from 210 Pb dating

ethods to avoid bias due to the large differences in organic carbon

urial estimated via other methods, such as 14 C dating and sediment

raps [ 27 ]. To ensure consistent dating and organic carbon burial calcu-

ations across all sediment cores, we only selected those records that pro-

ided both 210 Pb and organic carbon concentrations at approximately
3

ecadal resolutions [ 7 ]. Our analysis relied exclusively on whole-system

rganic carbon burial rates (i.e., a single spatially resolved rate for each

ystem), thus we used the average value if data on whole-system organic

arbon burial from the same lake were available in different publica-

ions. Artificial reservoirs were excluded from this study due to their

imited data of long-term organic carbon burial rates worldwide and

heir distinctive characteristics compared to natural lakes. For instance,

eservoirs could exhibit higher carbon burial due to catchment instabil-

ty, high erosion rates, and more favorable conditions for organic carbon

reservation [ 7 , 25 ]. 

The carbon burial-emission dataset included 142 pairwise data of

O emission and organic carbon burial rates from 137 different lakes,
2 
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hich is the largest dataset available so far (see Table S2 for a list of

ources). These lakes are widely distributed in spatial scales and repre-

ent the majority of Whittaker’s biome classification [ 28 ] (Figs. 2 and

4). For estimating CO2 emissions across the air-water interface, we cal-

ulated the average value using data from the same lake across different

easons, provided that such data were available in various publications.

or estimating carbon burial across the sediment-water interface, we

sed short-term organic carbon burial rates, specifically those of post-

950, if multiple estimates of burial rates for the same lake from differ-

nt periods were available. Despite the imprecise temporal alignment

etween carbon burial and contemporary CO2 emissions, the carbon

urial rates of post-1950 are more stable and representative, considering

he potential fluctuations due to mineralization in the initial years af-

er organic carbon deposition [ 29 ]. However, it is challenging to obtain

ore data due to the heterogeneity of data sources for organic carbon

urial and CO2 emissions, and the lack of temporal alignment between

hese two variables. 

.2. Calculating organic carbon burial ratio and carbon balance ratio 

Organic carbon burial rates were divided into three periods based on

lobal anthropogenic activity before and after the beginning of the An-

hropocene: pre-1900, 1900-1950, and post-1950 [ 30 ]. We considered

re-1900 as background or very low disturbance, with limited global at-

ospheric emissions. Human population and industrialization increased

uring the transitory period of 1900-1950. We considered post-1950

s the modern period, reflecting the Post-World War II rapid increase

n both human population and industrialization. In fact, the post-1950

cceleration in the Earth System indicators, known as the Great Accel-

ration, is one of the most convincing candidates for the start of the

nthropocene [ 31 ]. 

We introduced an effect-size metric, the log-response carbon burial

atio, to quantify the magnitude and direction (i.e., positive, or negative)

f lake organic carbon burial change during the Anthropocene ( Box 1 ).

his ratio was calculated by comparing the modern rate of organic car-

on burial (post-1950) to baseline value (pre-1900): 

arbon burial ratio = ln 
( 

post − 1950 
pre − 1900 

) 

(1) 

here pre-1900 and post-1950 are the organic carbon burial rates of

akes before 1900 and 1950 to present, respectively. Positive and neg-

tive values of organic carbon burial ratios indicate increases and de-

reases in organic carbon burial rates over time, respectively, while a

ero organic carbon burial ratio suggests no temporal changes. Larger
4

bsolute values of the burial ratio indicate greater temporal changes in

rganic carbon burial rates between the two periods. 

We further applied the log-response carbon balance ratios to investi-

ate the role of each lake in regional carbon cycling ( Box 1 ). This ratio

as calculated by comparing short-term organic carbon burial rates to

ontemporary CO2 emissions: 

arbon balance ratio = ln 
( 

Carbon burial 
CO2 emission 

) 

(2) 

The carbon balance ratio is based on mass balance point of view,

iven that comparable amounts of carbon are buried in sediments and

mitted as gas from lakes worldwide. It should be noted that the car-

on balance ratios are employed as a preliminary evaluation of the

ole of lakes in regional carbon cycling. Although there is a lack of

recise temporal alignment between carbon burial and CO2 emissions,

his approach represents one of the viable methods for comparing the

wo net vertical processes within lakes: evasion versus sedimentation

 23 , 25 , 29 ]. Specifically, lakes with positive carbon balance ratios indi-

ate that carbon burial exceeds CO2 emissions, acting as carbon sinks,

hile lakes with negative ratios indicate that carbon burial is lower than

O2 emissions, acting as carbon sources. It should be noted that we ex-

luded 15 lakes with negative CO2 emission rates, which accounted for

0.95% of the 137 lakes. This is because it is not mathematically applica-

le to include negative CO2 emissions in the carbon balance ratio calcu-

ation. Moreover, there is no need to apply the carbon balance ratios to

uantify the carbon sink-source balance of the lakes with negative CO2 

missions, because they are typically characterized as net autotrophic

cosystems and could be classified as carbon sinks, that is, higher CO2 

ptake by primary producers than the release via ecosystem respiration

 32 ]. 

.3. Data compilation of natural and anthropogenic drivers 

Besides the carbon burial ratios and carbon balance ratios, the

atasets also included natural and anthropogenic variables for each

ake when available. A total of 11 explanatory variables were collected,

ncluding mean annual temperature (MAT), mean annual precipita-

ion (MAP), lake area, mean average depth, maximum depth, nitrogen

nd phosphorus fertilizer use, Normalized Difference Vegetation Index

NDVI), chlorophyll a , total phosphorus (TP), and total nitrogen (TN).

e categorized these explanatory variables into four distinct groups,

hat is, climate variables (MAT and MAP), lake morphometry (lake area,

ean average depth, and maximum depth), lake catchment properties
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w  
nitrogen and phosphorus fertilizer use and NDVI), and lake trophic state

chlorophyll a , TP, and TN) ( Fig. 2c ; Table S4). 

The climate variables and lake morphometry were considered as nat-

ral drivers. For climate variables, we extracted MAT and MAP for each

ake from previous literature when available (Tables S1, S2). The un-

vailable climatic variables were derived by using latitude and longi-

ude from Worldclim database version 2 for 1970–2000 with a spatial

esolution of approximately 30 s ( ∼1 km2 ) [ 33 ]. For lake morphometry,

e extracted lake area, mean average depth, and maximum depth from

revious literature when available (Tables S1, S2). The unavailable vari-

bles were extracted from online repositories, such as Minnesota Pollu-

ion Control Agency ( https://www.pca.state.mn.us/ ). 

The lake catchment properties and lake trophic state were considered

s anthropogenic drivers. For lake catchment properties, we included

he nitrogen and phosphorus fertilizer use data and Normalized Differ-

nce Vegetation Index (NDVI) to examine the impact of allochthonous

arbon on the carbon sink dynamics and carbon sink-source balance

n lakes. The fertilizer use data and NDVI, as indicators of terrestrial

roductivity in lake catchments, have been applied to predict organic

arbon burial in lakes worldwide [ 7 ] and greenhouse gas concentra-

ions across boreal lakes [ 34 ]. Fertilizer application rates for each lake

ere derived by using latitude and longitude from 0.5-decimal degree

nterpolated averages of nitrogen and phosphorus fertilizer application

panning from 1994 to 2001 [ 35 ]. These data are publicly available as

art of NASA’s Socioeconomic Data and Applications Center (SEDAC) at

ttp://sedac.ciesin.columbia.edu/data/collection/ferman-v1 . The aver-

ge NDVI data for each lake from 2000 to 2023 was derived by using

atitude and longitude from MODIS Terra Vegetation Indices MOD13Q1

061 product ( https://lpdaac.usgs.gov/data/ ). This product provides a

emporal resolution of 16 days and a spatial resolution of 250 m [ 36 ].

or lake trophic state, we included important and frequently used vari-

bles, including chlorophyll a , TP, and TN, to indicate lake eutrophi-

ation status and examine the effect of autochthonous carbon produc-

ion on the carbon sink dynamics and carbon sink-source balance [ 37 ].

he chlorophyll a , TP, and TN were extracted from previous litera-

ure when available (Tables S1, S2). The unavailable variables were ex-

racted from online repositories, such as Minnesota Pollution Control

gency ( https://www.pca.state.mn.us/ ), and a database of chlorophyll

 and water chemistry in freshwater lakes [ 38 ]. 

.4. Statistical analysis 

We conducted linear models to explore the distribution patterns of

arbon burial rates, CO2 emission rates, carbon burial ratios, and car-

on balance ratios along latitudinal gradients. We also employed linear

odels to explore the relationships between carbon burial ratios, car-

on balance ratios, and both natural and anthropogenic variables. Prior

o analyses, explanatory variables were log-transformed to improve nor-

ality when necessary. This analysis was performed using the R package

stats ” V 4.2.2. 

To further evaluate the key drivers of carbon burial ratios and carbon

alance ratios, we employed random forest analysis [ 39 ] and structural

quation modelling (SEM) [ 40 ]. First, random forest analysis was con-

ucted to quantify the relative importance of climatic variables, lake

orphometry, lake catchment properties, and lake trophic state on car-

on burial ratios and carbon balance ratios. The importance of each pre-

ictor variable was determined by evaluating the decrease in prediction

ccuracy (that is, increase in the mean square error between observa-

ions and out-of-bag predictions) when the data for that predictor were

andomly permuted. The accuracy importance measure was computed

or each tree and averaged over the forest (5,000 trees). The contribu-

ions of predictor variables were scaled to sum to 100. This analysis was

onducted using the R package randomForestSRC V3.2.3 [ 41 ]. 

Second, SEM [ 40 ] was used to explore the interactive effects of nat-

ral and anthropogenic drivers on carbon sink dynamics and carbon

ink-source balance. The hypothesized links were developed based on
5

ur expectation that lake trophic state and lake catchment properties

ould strongly influence carbon sink dynamics and sink-source balance.

e further expected that climate variables and lake morphometry could

irectly mediate the carbon sink dynamics and sink-source balance, and

ould also have indirect influence through their interactions with lake

rophic state and catchment properties ( Fig. 2c ). Before modeling, all

ariables in the SEMs were z-score transformed to allow comparisons

mong multiple predictors and models. Consistent with previous studies

 42 ], we used composite variables to capture the collective effects of cli-

ate variables, lake morphometry, lake catchment properties, and lake

rophic state. The candidate observed indicators were shown in Table

4. The indicators for each composite were selected based on the multi-

le regressions for carbon burial ratios or carbon balance ratios (Table

5). Based on all the hypothesized paths among composite variables

that is, full model; Fig. 2c ), we examined all alternative models and

hose the final model that met the model fit statistics with the low AIC

alue [ 43 ]. The detailed modeling fit indices for all alternative models

ere provided in Table S6. We implemented SEMs using the R package

avaan V.0.6-15 [ 44 ]. It is worth noting that the sample size may vary

cross different analyses due to missing environmental data. 

. Results 

.1. Lake organic carbon burial and CO2 emission rates 

In the 286 global lakes, the organic carbon burial rates varied widely,

anging from 0.01 to 223.30 g C m− 2 yr− 1 across individual lakes of all

eriods in three regions: China (n = 74), Europe (n = 73), and the USA

n = 139) (Fig. S1). Average organic carbon burial rates in China (9.53 g

 m− 2 yr− 1 ) were nearly four times lower than those in Europe and the

SA (40.94 and 35.16 g C m− 2 yr− 1 , respectively). During the Anthro-

ocene, organic carbon burial substantially increased from pre-1900 to

ost-1950, but also showed variations across the studied lakes. Specifi-

ally, the average organic carbon burial rates increased from 14.33 g C
− 2 yr− 1 for pre-1900 to 22.45 g C m− 2 yr− 1 for 1900-1950, and fur-

her to 43.94 g C m− 2 yr− 1 for post-1950. The magnitude of the mean

ncrease in burial rates from pre-1900 to post-1950 varied among re-

ions: the lowest increase, 9.04 g C m− 2 yr− 1 , was observed in China,

hile the highest increase, 39.61 g C m− 2 yr− 1 , occurred in Europe. 

In the 137 global lakes, the carbon burial rates had a mean of 21.98 g

 m− 2 yr− 1 and ranged from 0.01 to 204.40 g C m− 2 yr− 1 . Mean-

hile, the carbon emission rates, represented by CO2 , had an average

f 60.26 g C m− 2 yr− 1 and a range of − 97.10 to 411.71 g C m− 2 yr− 1 

 Fig. 3b ). The carbon burial rates, but not the carbon emission rates,

n China ( n = 48), Europe ( n = 32), and the USA ( n = 13) were sig-

ificantly higher than those in other regions ( n = 49), such as Africa,

outh America, and Oceania. However, nonsignificant differences were

bserved in the carbon burial and emission rates among China, Europe,

nd the USA (Fig. S2a, b). There was also no significant relationship be-

ween carbon burial and emission rates, but the CO2 emissions showed

elatively higher rates than the organic carbon burial ( P < 0.001, Fig.

3). 

.2. Organic carbon burial ratio and carbon balance ratio across lakes 

We developed organic carbon burial ratios to quantify the lake car-

on sink dynamics during the Anthropocene. The carbon burial ratios

ad a mean of 0.97 and ranged from − 0.69 to 3.84 across individual

akes. These ratios revealed that the organic carbon burial rates in-

reased on average 2.45 times from pre-1900 to post-1950. The carbon

urial ratios in the USA (mean 1.03) were significantly higher than those

n Europe (mean 0.78). However, there were no significant differences

etween the carbon burial ratios in the USA and China (mean 0.93)

Fig. S1d). The carbon burial ratios between post-1950 and pre-1900

ere higher than those between 1900-1950 and pre-1900 (mean 0.39),

https://www.pca.state.mn.us/
http://sedac.ciesin.columbia.edu/data/collection/ferman-v1
https://lpdaac.usgs.gov/data/
https://www.pca.state.mn.us/
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Fig. 3. Geographic patterns of lake organic carbon burial and carbon emissions. (a) Organic carbon burial rates (g C m− 2 yr− 1 ) in lake sediments. Dark brown: 

the pre-1900 period ( n = 228, R2 = 0.05); Brown: the post-1950 period ( n = 286, R2 = 0.05). (b) Carbon burial ratios ( n = 228, R 2 = 0.02) between the two periods 

of post-1950 and pre-1900; (c) The pairwise organic carbon burial rates (g C m− 2 yr− 1 ) and greenhouse gas emission rates (g C m− 2 yr− 1 ). Green: carbon emission 

rates ( n = 127); Brown: organic carbon burial rates ( n = 127). (d) Carbon balance ratios ( n = 127) between organic carbon burial rates and carbon emission rates. 

Solid lines represent statistically significant linear models ( P ≤ 0.05) and dashed lines represent nonsignificant linear models ( P > 0.05). 
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ndicating accelerated organic carbon burial in global lakes in recent

ecades. 

We further developed carbon balance ratios to reflect the lake carbon

ink-source balance. The carbon balance ratios had a mean of − 1.60 and

anged from − 5.90 to 3.28. The average ratio was highest in the USA

− 0.59) and lowest in China (− 1.93). The carbon balance ratios in Eu-

ope, with an average of − 1.17, were significantly higher than those

n China, but showed nonsignificant difference with those in the USA.

egative carbon balance ratios were observed in 82.68% of lakes, indi-

ating that carbon burial rates were lower than CO2 emission rates. This

uggests that most lakes act as carbon sources rather than sinks in re-

ional carbon cycling. However, organic carbon burial could still offset,

n average, 21.55% of CO2 emissions in these lakes. This is similar to a

ecent global assessment, which revealed that the global organic carbon

ink estimate of 80 Tg C yr− 1 corresponds to about 27% of the global

O2 emissions estimated at 292 Tg C yr− 1 from lakes to the atmosphere

 27 ]. 

The organic carbon burial ratios, but not the carbon balance ratios,

howed predictable patterns along the latitudinal gradient. For the or-

anic carbon burial ratios, there was a significantly decreasing trend

owards high latitudes ( P < 0.05, Fig. 3b ), which was different from

he burial rates for both periods of pre-1900 and post-1950 ( P < 0.05,

ig. 3a ). It is worth noting that the organic carbon burial ratios showed

eaker variation than the burial rates along the latitudinal gradient,

ith a slope of − 0.014 for the burial ratios, whereas the higher slopes

f 0.403 and 1.171 for the burial rates during the pre-1900 and post-

950 periods, respectively. For the carbon balance ratios, however,

here was no clear latitudinal pattern, with the pairwise carbon burial

ates ( P > 0.05) and the CO2 emission rates ( P = 0.053) also showed no

ignificant relationship with latitude ( Fig. 3c, 3d ). 
6

.3. Drivers on organic carbon burial ratio and carbon balance ratio 

We further examined the influence of environmental drivers, such

s climate variables, lake morphometry, lake catchment properties, and

ake trophic state, on the organic carbon burial ratios and the carbon

alance ratios ( Fig. 4 ). The organic carbon burial ratios showed a sig-

ificant relationship with key biogeochemical indicators of lake trophic

tate, including chlorophyll a ( R2 = 0.11) and total phosphorus (TP,
2 = 0.09). Specifically, these ratios increased significantly with higher

hlorophyll a and TP ( P < 0.05). The burial ratios also had significant

ositive relationships with nitrogen and phosphorus fertilizer applica-

ion ( R2 = 0.08 and 0.10, respectively), but a negative relationship with

ormalized difference vegetation index (NDVI, R2 = 0.02) in the catch-

ent, indicating complex connections between organic carbon burial

nd terrestrial materials from surrounding catchments. Further, there

as a positive relationship between carbon burial ratios and regional

limate, such as mean annual temperature (MAT, R2 = 0.08), which

s consistent with their decreasing latitudinal pattern. However, lake

orphometry, such as lake maximum depth, had a significant negative

elationship with burial ratios with R2 of 0.08 ( Figs. 4 a and S5a). 

The carbon balance ratios were primarily linked to lake catch-

ent properties and trophic state, including nitrogen fertilizer appli-

ation ( R2 = 0.03), chlorophyll a ( R2 = 0.12), and total nitrogen (TN,
2 = 0.07). Meanwhile, the carbon balance ratios increased significantly

ith increases in MAT ( R2 = 0.05) and mean annual precipitation (MAP,
2 = 0.03). However, there was no significant relationship between car-

on balance ratios and lake morphometry, such as lake area, average

epth, and maximum depth ( Figs. 4 b and S5b). 

For the organic carbon burial ratios, the most important explanatory

ariable revealed by random forest models was chlorophyll a , which is
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Fig. 4. Natural and anthropogenic drivers of organic carbon burial ratios and carbon balance ratios. MAT: mean annual temperature (◦C); MAP: mean 

annual precipitation (mm); Maximum depth: lake maximum depth (m); N fertilizer: nitrogen fertilizer use (kg/ha); Chlorophyll a : water chlorophyll a ( 𝜇g/L). These 

environmental variables were selected as representatives of natural and anthropogenic drivers, with the remaining environmental variables presented in Fig. S5. (a) 

The linear models showed relationships between the carbon burial ratios and environmental drivers: MAT ( n = 228, R2 = 0.08), MAP ( n = 228), Maximum depth 

( n = 204, R2 = 0.08), N fertilizer ( n = 220, R2 = 0.08), and Chlorophyll a ( n = 136, R2 = 0.11) . (b) The linear models showed relationships between the carbon 

balance ratios and environmental drivers: MAT ( n = 127, R2 = 0.05), MAP ( n = 127, R2 = 0.03), Maximum depth ( n = 111), N fertilizer ( n = 107, R2 = 0.03), and 

Chlorophyll a ( n = 96, R2 = 0.12) . Solid black lines indicate statistically significant linear models ( P ≤ 0.05), while dashed black lines indicate nonsignificant linear 

models ( P > 0.05). 
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sually a proxy for water quality and lake trophic state. Specifically,

hlorophyll a accounted for 44.79% of the explained variations, fol-

owed by MAT (43.54%) and MAP (6.01%) ( Fig. 5a ). For the carbon bal-

nce ratios, the total relative contributions of climate factors (i.e., MAT

nd MAP) were predominantly 53.82%. The other explanatory variables

ncluded lake catchment properties and trophic state, such as nitrogen

ertilizer application (26.21%) and chlorophyll a (14.47%) ( Fig. 5b ). 

To quantify the interactive effects of the multiple environmental

ariables on the lake carbon sink dynamics and the carbon sink-source

alance, we applied SEM to statistically synthesize their hypothesized

elationships [ 40 ] ( Fig. 2c ). Model performance statistics showed that

he path analysis produced good models describing the carbon sink dy-

amics and carbon sink-source balance based on a nonsignificant Chi-

quare statistic, SRMR < 0.05, and CFI values > 0.95 (Table S6). These

odels explained 15.5% of the variation in lake carbon sink dynamics,

hile they accounted for 6.4% of the variation in carbon sink-source bal-

nce in the global lakes. It should be noted that the explained variations

ay not be as high as expected. This is largely because some potentially

mportant variables, such as the lake trophic state, are not available for

ach lake in the literatures. Other variables, such as land-use change

 15 , 16 ], may also influence the carbon sink dynamics and sink-source

alance. 

The predictors showed divergent effects on lake carbon sink dynam-

cs and sink-source balance regarding their influence strength and direc-

ions ( Fig. 6 ; Table S7). For the carbon sink dynamics, the lake trophic

tate and catchment properties showed similar important direct effects

 R = 0.221 and 0.236, respectively), while lake catchment properties

ad a strong indirect effect ( R = 0.108) and a total effect of 0.344.

urthermore, we found that climate variables and lake morphometry
 t  

7

lso showed indirect influences on the carbon sink dynamics via the

nteractions with lake trophic state, with total indirect effects of 0.221

nd 0.116, respectively. For the carbon sink-source balance, lake catch-

ent properties exhibited the most significant direct effect of 0.253.

he climate variables mainly showed an indirect influence of 0.205 on

he lake carbon balance via the interactions with catchment properties.

uch divergent effects of multiple environmental variables were statisti-

ally supported by random forest analyses ( Fig. 5 ). For instance, chloro-

hyll a , an indicator of lake trophic state, accounted for 44.79% of the

xplained variations in carbon sink dynamics, while nitrogen fertilizer

pplication, reflecting lake catchment properties, accounted for 26.21%

f the explained variations in carbon sink-source balance. 

. Discussion 

Lakes become increasingly important for carbon burial especially un-

er the joint effects of global warming and escalated anthropogenic ac-

ivities [ 12 , 13 ]. While the long-term storage of organic carbon is fre-

uently documented [ 45 , 15 , 7 ], there are few reports on the quantifica-

ion of temporal changes in the organic carbon burial rates for individ-

al lake on a global scale. It is also unclear how much greenhouse gas

missions could be offset by organic carbon burial in global lakes. This

urther limit our comprehensive understanding of the spatial distribu-

ion of the temporal changes in carbon burial and the balance between

arbon burial and greenhouse gas emissions, and also the environmen-

al factors that influence them. Here, we developed the carbon burial

atios to quantify the temporal changes in carbon burial, i.e., carbon

ink dynamics. We then applied the carbon balance ratios to quantify

he balance between carbon burial and CO emissions, i.e., carbon sink-
2 
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Fig. 5. Relative importance of environmental variables that influence carbon burial ratios (a) and carbon balance ratios (b) in random forest models. 

Environmental variables are colored by class: climate variables, lake morphometry, lake catchment properties, and lake trophic state. MAT: mean annual temperature 

(◦C); MAP: mean annual precipitation (mm); Maximum depth: lake maximum depth (m); N fertilizer: nitrogen fertilizer use (kg/ha); Chlorophyll a : water Chlorophyll 

a ( 𝜇g/L); TP: Total phosphorus ( 𝜇g/L). 

Fig. 6. Structural equation models to explain carbon sink dynamics (a) and carbon sink-source balance (b). The carbon sink dynamics and carbon sink-source 

balance were quantified with carbon burial ratios and carbon balance ratios, respectively. Response variables are displayed within grey boxes and include carbon 

sink dynamics and carbon sink-source balance. Predictor variables are colored by driver class: climate variables, lake morphometry, lake catchment properties, and 

lake trophic state. R2 denotes the proportion of variance explained for endogenous variables. Arrows between variables represent statistically significant standardized 

direct effects. Arrow widths and accompanying numbers are the relative effects (that is, standardized path coefficients) of modeled relationships. Composite and 

observed variables are indicated in ovals and rectangles, respectively. More details on the model fit are summarized in Tables S6, S7. 
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ource balance. Finally, we constructed the statistical models with hi-

rarchical drivers to explain the spatial patterns observed in these two

etrics. 

.1. Carbon sink dynamics and carbon sink-source balance in lakes 

Our study is among the very first ones to examine the temporal

hanges in organic carbon burial rates across global lakes, referred to

s carbon sink dynamics, and further explore the environmental drivers

nderlying the temporal changes. The increased magnitude in burial

ates from pre-1900 to post-1950 in China was lower than those ob-

erved in Europe and the USA. This may be attributed to the larger lake

ize of collected lakes in China compared to those in Europe and the

SA, which might have reduced the impact of anthropogenic distur-

ance on the organic carbon burial [ 46 ]. In addition, the lakes, located

n Mongolia-Xinjiang Plateau and Qinghai-Tibetan Plateau in China,
8

ere relatively unaffected by anthropogenic activity, and exhibited a

ower increased magnitude in burial rates [ 46 ]. However, the increased

atios in burial rates of China, as indicated by the carbon burial ratios,

ere similar to those of the other regions (Fig. S1d). It should be noted

hat the above increased magnitudes are less comparable across lakes

argely due to their differences in background burial rates across dif-

erent regions worldwide. Thus, the carbon burial ratio, as an effect-

ize metric that disregards the background, could be used to directly

ompare the increase ratios of carbon burial rates in individual lakes

orldwide. 

The organic carbon burial ratios indicated that organic carbon burial

ates have increased by average 2.45 times since 1900. The observed

ncrease ratio in organic carbon burial is similar to those reported

n another global study, which showed that burial rates have tripled

cross all biomes over the last 100 years [ 7 ]. However, the observed

ncrease ratio exceeds the average values reported in previous studies
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rom similar regions, such as 1.58 in North America [ 13 ], 2.20 in Eu-

ope [ 18 ], and 2.00 in China [ 46 ]. Although our study focuses on the

emporal changes in burial rates, the observed increase ratio is com-

arable to the increased magnitude of organic carbon burial. For in-

tance, carbon burial in global lakes has increased from 0.05 to 0.12

g C yr− 1 (that is, a 1.40-fold increase) over the last 100 years [ 7 ],

nd inland waters have experienced an increase from 0.05 Pg C yr− 1 in

he pre-industrial era to 0.15 Pg C yr− 1 at present (that is, a 2.00-fold

ncrease) [ 47 ]. 

On average, the carbon balance ratios was − 1.60 across the global

akes, which is similar to those of boreal and subarctic-arctic lakes in

candinavia with a range from − 1.39 to − 4.45 and a mean of − 3.40

 21 ], but substantially lower than those for temperate lakes and reser-

oirs in Conterminous United States (mean = 0.33) [ 48 ]. Furthermore,

e found that lakes in temperate biomes, such as temperate grasslands,

avannas and shrublands, exhibited relatively higher carbon balance ra-

ios (Fig. S4). This phenomenon is consistent with the fact that temper-

te lakes are relatively effective at sequestering carbon [ 48 ]. It should

e noted that our calculation of the above ratios considered only CO2 

missions but not CH4 emissions. This is mainly because CO2 emissions

re more readily available than CH4 in the literature, and CH4 emission

s less important in terms of only C units [ 25 ]. Considering the stronger

reenhouse effect of CH4 [ 49 ] and the revealed carbon balance ratios,

e expected that lakes should have a higher potential to act as sources

or releasing carbon. 

.2. Latitudinal patterns for the carbon burial ratios and carbon balance 

atios 

Towards higher latitudes, we observed a decrease in the temporal

hanges of organic carbon burial rates since 1900. This is supported

y the fact that the organic carbon burial ratios showed a significantly

egative latitudinal trend across global lakes. Such a latitudinal pat-

ern is rarely reported in previous literature for the temporal changes

f organic carbon burial rates, except for the organic carbon burial

ates [ 7 , 13 ]. For instance, the organic carbon burial rates are negatively

orrelated with latitude in a suite of northern lakes [ 13 ]. When more

akes were included such as the low-latitude lakes from China, how-

ver, the carbon burial rates consistently showed increasing latitudinal

rends for the global lakes in both periods of post-1950 and pre-1900

 Fig. 3a ). These results suggest that there is a clear discrepancy in the

eographical variations between the carbon burial rates and their tem-

oral changes. The quantification of the temporal changes in carbon

urial rate of each lake could provide novel information on how the

akes could contribute to the future regional carbon sink in a global

cale. 

In contrast, the carbon sink-source balance exhibited no clear latitu-

inal trends in the global lakes. This is supported by the nonsignificant

elationship between latitude and the carbon balance ratios ( Fig. 3d ).

uch a latitudinal pattern is unexpected as there are previous reports

requently showing latitudinal differences in the balance between CO2 

missions and carbon burial. For instance, when two regions are com-

ared, the average ratio of emission to burial is substantially higher in

oreal lakes than in subarctic-arctic lakes [ 21 , 23 ]. However, when the

lobal lakes were considered, such as including the tropical and tem-

erate lakes, there were nonsignificant latitudinal trends for the carbon

alance ratios ( Fig. 3d ). These results collectively suggest that in addi-

ion to climate variables, local factors, such as the specific ecological

nd environmental conditions unique to each region, could also be cru-

ial drivers of carbon sink-source balance. The heterogeneity of data

ources for organic carbon burial and CO2 emissions may contribute to

he nonsignificant latitudinal trends for the carbon balance ratios. The

ntegration of a more comprehensive assessment of lake carbon burial

nd emissions, along with increased spatial and temporal coverage, is

hus encouraged in future studies to enhance our understanding of car-
on sink-source balance. 

9

.3. The effects of natural and anthropogenic drivers on organic carbon 

ink dynamics 

Organic carbon burial in lake sediments is generally controlled

y three primary processes: autochthonous production, inputs of al-

ochthonous carbon from catchment areas, and mineralization within

oth the water column and sediments [ 8 ]. Across global lakes, we

nd that the increased ratios in organic carbon burial were directly

ttributed to the increase in autochthonous production and indirectly

nfluenced by the transport and subsequent deposition of terrestrial or-

anic matter into lake sediments. 

Our results firstly indicate that the increased ratios of organic car-

on burial rates were primarily driven by lake trophic state during the

nthropocene. This is supported by the positive relationships between

rganic carbon burial ratios and lake total phosphorus and chlorophyll

 ( Figs. 4 a and S5a). It should be noted that carbon burial rates, rather

han carbon burial ratios, are the focus in previous studies, but are also

hown to be influenced by lake trophic state. For instance, the recent

0-year carbon burial rates and the mean burial rates during the pe-

iod 1950-1990 were primary driven by cultural eutrophication, i.e.,

otal phosphorus, in European mesotrophic to eutrophic lakes [ 18 ]. The

ake carbon burial rates for post-1950 were positively correlated with

n-lake total phosphorus in Yunnan-Guizhou Plateau while with the to-

al nitrogen in East Plain in China [ 46 ]. Such effects of nutrients on

arbon burial rates could be attributed to the enhanced autochthonous

rganic matter production due to the continuous increase of in-lake total

hosphorus and the total nitrogen concentration and subsequent sedi-

entation [ 32 ]. Collectively, we show here that lake trophic state could

nfluence not only carbon burial rates but also the organic carbon burial

hanges since 1900, which is especially true regarding chlorophyll a

 Figs. 4a , 5a ), and indicates that lakes with higher trophic states would

ave higher organic carbon burial increases. 

Secondly, the increased ratios of organic carbon burial in lake

ediments were also influenced by lake catchment properties, such as

ertilizer usage, which reflects the intensified agricultural activities

 Fig. 4a ). This suggests that organic carbon burial ratios are determined

ot only by in-lake nutrient availability and primary productivity, but

re also influenced by terrestrial carbon inputs [ 50 ]. For instance, lakes

utrophicated with fertile agricultural catchments accumulate more

rganic carbon than those surrounded by undeveloped catchments

 51 ]. The contemporary organic carbon burial rates in lakes of both the

innesotan region and the Yangtze floodplain are primarily controlled

y the intensification of agriculture within their respective catchments

 15 , 17 ]. Intensive agriculture is the main source of soil erosion,

eading to the transport of sediments, terrestrial organic carbon, and

utrients to inland waters [ 50 ]. This may therefore enhance organic

arbon burial both directly through the high delivery and effective

reservation of terrestrially derived organic carbon, and indirectly

hough nutrient enrichment (eutrophication) by stimulating aquatic

roductivity and thus the sedimentation of aquatic organic carbon

 15 , 32 , 45 ]. In contrast, the NDVI in the lake catchment exhibited a

istinct negative relationship with organic carbon burial ratios (Fig.

5a). This pattern suggests that higher vegetation cover might mitigate

he effects of agricultural activities on organic carbon burial. This

ould be explained by the fact that extensive vegetation cover tends to

educe soil erosion and consequently decrease the amount of carbon

roded from the soil and delivered to aquatic ecosystems [ 52 ]. While

he rate of land-cover conversion has decelerated in temperate regions,

he intensification of agriculture in less developed regions is expected

o continue to meet future food demands [ 53 ]. The intensification of

griculture, coupled with increased soil erosion and sedimentation,

ould lead to the reinforcement of the lake carbon sink. 

Finally, the increased ratios of organic carbon burial were also pos-

tively affected by climate variables, such as mean annual temperature.

his is consistent with previous reports that the temperature at the re-

ional scale exerts a weak but positive impact on lake organic carbon
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urial [ 13 ], although warmer water temperatures could lead to more

ineralization and less organic carbon burial as suggested by experi-

ental incubations of boreal lake sediments [ 14 ]. Temperature increase

ay result in enhanced aquatic primary productivity and increase the

mount of organic carbon produced within lakes’ basins [ 54 , 55 ]. More-

ver, climate warming could exhibit stronger effect by disrupting catch-

ent hydrological budgets, consequently affecting the delivery of both

errestrial carbon and nutrients to lakes [ 56 , 57 ]. However, lake organic

arbon burial ratios were negatively affected by lake morphometry,

hich is supported by the negative relationships between organic car-

on burial ratios and lake maximum depth ( Figs. 4a and S5a). This is

onsistent with the fact that shallower lakes could have greater burial

fficiency at temperate and high latitudes [ 58 ]. 

.4. The effects of natural and anthropogenic drivers on carbon sink-source

alance 

The carbon sink-source balance was primarily affected by lake catch-

ent properties and climate variables. Since the carbon sink-source bal-

nce is quantified based on the comparison of organic carbon burial to

O2 emissions, lake catchment properties and climate variables could

nfluence the balance by affecting both organic carbon burial and CO2 

missions. The application of nitrogen and phosphorus fertilizers could

esult in regional differences in nutrient availability, which appear to

ave influences on the carbon sink-source balance, as higher nutrient

evels generally stimulate CO2 fixation and net ecosystem production

 23 ]. This would lead to a decrease in net CO2 evasion and an increase

n carbon accumulation in sediments [ 21 ], thereby increasing carbon

alance ratios. For instance, carbon accumulation has been shown to be

ery rapid, whereas pH is generally high resulting in relatively small
ig. 7. Future perspectives on the study of carbon sink dynamics and carbon s

f estimates concerning carbon sink dynamics and carbon sinks-source balance world

alance. 

10
O2 evasion in heavily loaded agricultural lakes [ 51 , 59 ]. In addition,

itrogen fertilizer use may influence the carbon sink-source balance by

ncreasing nitrogen deposition in lake sediments, as sediment nitrogen

ool is positively linked to carbon accumulation/evasion ratio in boreal

akes [ 21 ]. 

Climate variables, including temperature and precipitation, are also

rucial variables that influence the carbon sink-source balance. Tem-

erature could affect both the mineralization and burial of carbon by

nfluencing aquatic respiration and primary production [ 60 ]. Increas-

ng temperature could stimulate algal growth and lead to the increase

f primary production, thereby promoting the organic carbon burial in

ake sediment [ 45 ]. It could also accelerate heterotrophic respiration

ates, increase CO2 emissions, and decrease the burial efficiency of or-

anic matter after sedimentation [ 14 ]. The differential temperature de-

endence of photosynthesis and respiration may lead to the positive re-

ationship between carbon balance ratios and mean annual temperature

n our study ( Fig. 4b ). Temperature and precipitation also have an indi-

ect effect on lake’s carbon cycle through their influence on terrestrial

arbon fixation and the subsequent carbon leaching to the lake [ 61 ].

or instance, precipitation could increase terrestrial inputs of nutrients

nd organic matter [ 62 ] that may further promote lake production, thus

eading to an increase in carbon burial and a decrease CO2 emission. 

.5. Future perspectives 

We propose future perspectives aimed at increasing the accuracy of

uture estimates regarding global carbon sink dynamics and carbon sink-

ource balance, and enhancing the explanation of these dynamics and

he balance ( Fig. 7 ). 1) Data types. Incorporating both inorganic car-
ink-source balance. The aim of these perspectives is to enhance the accuracy 

wide, and to provide a more comprehensive explanation of these dynamics and 
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on burial and methane evasion is essential for accurately assessing

arbon sink dynamics and carbon sink-source balance. While organic

arbon burial remains the dominant process in most lakes, inorganic

arbon burial processes, including carbonate precipitation and diagen-

sis, also significantly contributes to carbon sinks in closed lake basins

ocated in arid and semi-arid regions. Additionally, the quantification

f methane evasion, such as diffusive emission, ebullitive emission, and

lant-mediated methane transport, is crucial due to methane’s potent

reenhouse effect, enabling a deeper understanding of their potential

o influence the carbon sink-source balance. 2) Data distribution. While

ecent studies have indicated higher organic carbon burial in humid

ropical forest lakes [ 7 , 27 ], current observational data predominantly

ocus on lakes in northern latitudes. More systematic studies in under-

epresented regions and ecosystems, particularly those at low latitude

nd within the global south, is crucial to mitigate data scarcity for the

ssessment of carbon sink dynamics and carbon sink-source balance.

ncluding lake ecosystems across distinct climates, typologies, and the

ull latitudinal range, along with a more realistic natural lake area esti-

ate, will further improve future estimates of global carbon fluxes. 3)

cosystem types. Carbon burial assessments would also profit from fur-

her investigations in reservoirs and eutrophic systems, such as agricul-

ural ponds, given their significant contribution to global carbon sinks,

nd due to the likelihood that these systems will become even more

bundant in the future. 4) Environment drivers. To explain the global

ake carbon sink dynamics and carbon sink-source balance more com-

rehensively, it’s crucial to include a broader range of variables. These

hould encompass key lake properties, such as oxygen availability, pH,

nd biological activity, and diverse human activities, such as industrial

nd agricultural practices and economic growth. 5) The offset of carbon

urial to greenhouse gas emissions. The carbon burial ratios and carbon

alance ratios offer a valuable framework for quantifying carbon sink

ynamics and assessing their ability to offset carbon sources in local

akes. Utilizing these ratios could lead to a more detailed and accurate

valuation of the role of carbon burial in offsetting global greenhouse

as emissions, particularly when this evaluation is based on local rather

han global average data. 

. Conclusion 

Lakes play a critical role in the global carbon cycle by burying car-

on in sediments and emitting greenhouse gas into the atmosphere.

akes become increasingly important for carbon burial during the An-

hropocene, but there has been little consideration of temporal change

n organic carbon burial across global lakes. It also remains uncertain

ow much greenhouse gas emissions could be offset by organic carbon

urial. In this study, we developed and applied effect-size metrics, in-

luding the carbon burial ratio and the carbon balance ratio, for each

ake to quantify the temporal change of lake carbon burial, the bal-

nce between organic carbon burial and greenhouse gas emissions, and

he relative importance of natural and anthropogenic drivers. Our find-

ngs indicate that most lakes have consistently increased organic carbon

urial during the Anthropocene but still exhibit lower organic carbon

urial rates than carbon emission rates, acting as carbon sources rather

han carbon sinks in the regional carbon cycling. Moreover, our results

emonstrate that the lake trophic state exerts significant control over

ake carbon sink dynamics, while lake catchment properties determine

arbon sink-sources. These findings highlight the need of climate and

nthropogenic-induced changes to be considered as integrated drivers

f lake organic carbon burial and greenhouse gas emissions under global

hange. 
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