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Lakes emit large amounts of carbon dioxide (CO,) into the
atmosphere with 0.81 Pg C a~! [1], which offsets approximately
24% of global land carbon sink. However, there is considerable
uncertainty in the estimate due to limited data and the effects of
human activity and climate change. In China, lakes exhibit sub-
stantial variability in CO, exchange, resulting in uncertainties in
national and regional land carbon sink assessments. For instance,
on the Tibetan Plateau, lake-atmosphere CO, exchange can
enhance land carbon sink by 33% or reduce it by 29% [2,3]. China’s
lakes have undergone widespread changes in the past decades;
however, how they shift their role in CO, budget estimations over
time remains unclear due to the shortage of time-series data.

China’s lakes, with their diverse types and extensive distribu-
tion, hold global significance. These lakes are categorized into five
groups [4]: East Plain lakes (EPL), Yunnan-Guizhou Plateau lakes
(YGPL), Tibetan Plateau lakes (TPL), Inner Mongolia-Xinjiang lakes
(IMXL), and Northeast Plain and Mountain lakes (NPML). However,
global estimates of lake carbon emissions have predominantly
relied on data from boreal (e.g., Finland) or northern temperature
regions (e.g., the United States), lacking comprehensive informa-
tion on China’s lakes [5,6]. Notably, the CO, dynamics in lakes
are closely associated with temperature, organic matter loads,
and eutrophic status. These environmental variables in most of
China’s lakes exhibit distinct characteristics compared with those
in boreal or northern temperate regions. Ignoring these differences
poses a challenge in estimating the CO, budget in global lakes.

A number of studies have attempted to estimate CO, emissions
from China’s lakes in the past two decades to fill the data gaps
[3,7]. The results showed that China’s lakes are significant CO,
sources, with a wide range of uncertainty (7.3 to 16 Tg C a™').
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However, these findings have been challenged by regional observa-
tions indicating CO, uptake [2,8]. While existing literature focuses
on emission magnitudes using limited data from different periods
[3,7], investigations into the underlying mechanisms remain
scarce. Human activities and climate change have led to a consid-
erable increase in algal blooms in China’s lakes [9], alongside
changes in lake size and number due to glacier melt and rainfall
runoff [10,11]. Simultaneously, a decreasing external loading
accompanied by increasing dissolved oxygen has been widely
reported [12]. A poor understanding of how CO, responds to these
changes may lead to large uncertainty in emissions estimation and
preclude the accurate prediction of variability under a changing
environment.

Whether China’s lakes act as CO, sinks or sources and their
changes over time remain elusive. In this short communication,
we took advantage of two comprehensive national surveys of
CO, partial pressure (pCO,) conducted during 1988-1992 and
2007-2010 to address this issue, and the CO, emissions are deter-
mined by pCO,. By determining CO, emissions based on pCO, mea-
surements, we compared the pCO, and CO, emissions between the
two periods using an exceptionally extensive dataset. This
approach allowed us to examine the relationship between these
changes and environmental variables.

In total, 282 lakes were surveyed in 1988-1992 and 234 lakes in
2007-2010. The pCO, varied significantly across zones and
between the two periods (Fig. 1), aligning with previous global lake
studies [5]. Highly variable pCO, generally occurred in the EPL and
TPL with numerous lakes, and peak pCO, occurred in the NPML.
Over time, the average pCO, decreased by half, from 709 + 691
to 332 £ 362 patm (1 patm = 0.1 Pa; Table S1 online). The 150 lakes
surveyed in both periods showed a consistent decreasing trend in
pCO, (Fig. 1d). Zonal CO, was unrelated (p > 0.05) to temperature
and precipitation. However, differences in CO, were well explained
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Fig. 1. Spatial distribution and zonal comparison of pCO, in China’s lakes. (a) Spatial distribution of pCO, during 1988-1992; (b) spatial distribution of pCO, during 2007-
2010; (c) the pCO, comparison across five zones which were measured during 1988-1992 and 2007-2010; (d) the pCO, comparison in lakes which were both sampled for
CO, measurement in the two periods (1988-1992 versus 2007-2010); and (e) the relationship of lake pCO, between the two periods. Error bars indicate standard error.

by the soil organic carbon (SOC) and chemical oxygen demand
(COD) loadings in the watershed (Fig. S1 online). This suggests that
external loadings (e.g., dissolved organic carbon, DOC) input may
drive CO, variability by providing substances [13].

The CO, emissions decreased from 12.75 + 2 3.05 mmol m~2d !
in 1988-1992 to —2.02 + 12.30 mmol m~2 d~! in 2007-2010
(Table S1 online), indicating a source-to-sink shift of China’s lakes.
We estimated that China’s lakes emitted 2.748 Tg C a~ ! (25th-75th
percentiles: 1.346-4.138 Tg C a~') during 1988-1992 (Fig. 2).
Among the total CO, efflux, 1.430 Tg C a~! (25th-75th percentiles:
1.319-1.539 Tg C a~ ') came from the EPL (Table S2 online), con-
tributing 52% of the lake emissions. During 2007-2010, the CO,
flux was —0.408 Tg C a~' (25th-75th percentiles: —1.408-0.605
Tg C a~!), with 80% of the influx occurring in the EPL and TPL. This
shift is advocated by a recent field measurement that reported a
few lakes being a significant CO, sink [2,8].

Lake CO, dynamics are related to inter-connected physical,
chemical, and biological mechanisms associated with human activ-
ities and climate change. To differentiate the effects of environ-
mental variables and quantify their contributions to CO,
variability, we categorized these lakes into three types (DOC-rich
lakes, eutrophic lakes, and endorheic lakes, Fig. 2) based on gradi-
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ents in climate, organic carbon, and eutrophic status [3,4,12]. Our
results demonstrated that the variability of lake CO, can be primar-
ily attributed to chemical production in the NPML (DOC-rich lakes),
biological consumption in the EPL and YGPL (eutrophic lakes), and
physical dilution in the TPL and IMXL (endorheic lakes) based on
the correlations between CO, and environmental variables
(Table S3 online).

In the NPML (DOC-rich lakes), we observed peak lake DOC levels
(Fig. S2 online) and a positive correlation between CO, and DOC
(Table S3 online). This suggests that the decomposition of organic
carbon is the primary driver of CO, emissions. It is estimated that
the external carbon loading (represented by COD) decreased by
15% while nutrient loadings (e.g., NH;-N) declined by 13% [12].
These reductions were accompanied by corresponded a 56%
decline in CO, emissions (Fig. 2). In eutrophic lakes at the EPL
and YGPL, characterized by high chlorophyll a (Chl-a), CO, showed
no correlation with DOC but exhibited a negative relationship with
Chl-a (Table S3 online), suggesting that eutrophication can reduce
CO, emissions by stimulating primary production. Over the past
decades, phytoplankton abundance in these lakes has significantly
increased, with Chl-a concentration rising by 83% and cyanobacte-
ria increasing by 92% [9]. The rising cyanobacteria and Chl-a
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Fig. 2. Schematic of the CO, budget (Tg Ca~') in China’s lakes for the studied periods (1988-1992 versus 2007-2010). The five zones were clustered into eutrophic lakes (EPL
and YGPL), DOC-rich lakes (NPML), and endorheic lakes (TPL and IMXL) based on eutrophication, hydrological condition, and watershed-derived DOC input. The Pyoy, iS
photosynthesis, which is represented by green arrows (consume CO, and increase O,). The Re; is respiration, which is represented by orange arrows (consume O, and increase

CO,) in the lakes.

confirmed that the enhanced algal-induced primary production
has led to a shift in these lakes from being CO, sources to becoming
CO,, sinks.

In the endorheic basin lakes (TPL and IMXL), characterized by
low temperatures and relatively sparse population [4], the
decrease in CO, emissions may be attributed to climate change-
induced lake expansion [11]. Previous studies have shown that
increased precipitation has contributed to a rising trend in the
number and size of lakes [11]. Meanwhile, air temperature
increased significantly (Fig. S3 online), likely leading to the expan-
sion of lake areas due to melting snow and glaciers. Lakes that
expand due to precipitation in glacierized catchments or glacier-
fed lakes generally receive fewer terrestrial organic inputs for
CO, production and are typically under-saturated in CO, [14], lead-
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ing to a dilution effect on CO, concentrations. Lakes in the endor-
heic basin typically have high levels of dissolved inorganic
carbon [3], and increased runoff may transport more calcium ions,
which can enhance CO, uptake. Our estimation indicates that a 55%
increase in lake inflow and an 18% increase in lake size resulted in a
142% decrease in CO, emissions from these lakes, effectively shift-
ing them from CO, sources to sinks (Fig. 2).

Dissolved oxygen (DO) serves as a reliable indicator of CO, vari-
ability, although the underlying mechanisms vary geographically.
The negative correlation between CO, and DO (Fig. S4 online) can
be attributed to either respiration, where oxygen is consumed
and CO, is produced, or photosynthesis, where CO, is fixed and
oxygen is produced. The significant relationship between CO,
and DOC in NPML (Fig. S4 online) suggested that organic matter
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degradation dominates the DO levels. However, in eutrophic lakes
at the EPL and YGPL, the CO, levels were unrelated to DOC
(Table S3 online), while a positive correlation between DO and
Chl-a (Fig. S5 online) was observed. This indicates that the relation-
ship may be driven by primary production, as increased algae-
induced primary production can lead to a decrease in CO, and an
increase in DO. The increase in DO concentration in China’s inland
water has been reported [12]. In this context, the DO levels also
significantly increased due to high primary production in eutrophic
lakes and declining external loadings in DOC-rich lakes (Fig. 2).
These factors likely contribute to the decline in CO, emissions.

Our results provide evidence that anthropogenic and natural
factors concurrently regulate the CO, variability of lakes on a
national scale. The impact of eutrophication on CO, variability is
evident from its strong correlation with Chl-a and DO levels
(Table S3 and Fig. S4 online). While the intensive degradation of
organic matter contributes to substantial CO, emissions from lakes
in the NPML [13], the reduction in human-derived external load-
ings [12] likely contributes to the decrease in CO, efflux. The
impacts of natural factors and climate change on CO, variability
are via two mechanisms. Firstly, climate warming has increased
primary production in lakes, leading to lower CO, levels. Secondly,
the lakes in the cold TPL region are highly sensitive to temperature;
therefore, climate warming might have substantially enhanced the
CO, variability. Overall, our findings highlight the complex inter-
play between anthropogenic and natural factors, as well as the
influence of climate change, in shaping the CO, dynamics of lakes.

The source-to-sink shift of China’s lakes has three implications.
First, the primary CO, uptake occurred predominantly in lakes expe-
riencing algal blooms, which differs from previous studies [3].
This highlights the significance of accurately estimating the CO,
budget by considering diverse lake types [1]. Second, the signifi-
cant difference in CO, levels observed between the two periods
underscores the importance of long-term sampling to improve
the quantification of CO, emissions. Last, our findings demonstrate
that DO is the best predictor of CO, variability. A recent survey
with long-term measurements revealed increasing DO concentra-
tions in eutrophic lakes due to high primary production [15], sug-
gesting that eutrophic lakes can act as CO, sinks within the
terrestrial biosphere.

Our study revealed a significant shift in China’s lakes, leading to
substantial changes in the CO, budget, as evidenced by a halving of
pCO,. This shift can be primarily attributed to increased primary
production in eutrophic lakes, reduced external carbon loadings
in organic carbon-rich lakes, and expanded water volume in endor-
heic lakes. This transition on a nationwide scale highlights the
importance of considering multiple mechanisms when assessing
CO, flux in lakes. It underscores the need for comprehensive inves-
tigations of various environmental changes to accurately under-
stand CO, dynamics in lakes. Furthermore, lake CO, dynamic
variabilities are related to the size, eutrophic status, and saline of
the lakes. Given the global significance of China’s lakes and their
diverse types, it is crucial to gather more detailed lake datasets,
including saline lakes and eutrophic lakes, to improve the accuracy
of CO, budget estimations. Additionally, the CO, emissions were
calculated from the pCO,, which may bias the emissions due to
the limitations and uncertainties of snapshot sampling and the
pCO, measurements, and more direct measurements with tempo-
rally representative are also needed to accurately estimate the
emissions. In conclusion, our findings shed light on the complex
interplay of factors affecting CO, dynamics in China’s lakes, high-
lighting the need for comprehensive data and a nuanced under-
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standing of these ecosystems their

contributions to the carbon cycle.
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