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Abstract

Eutrophication and warming are changing the functioning of lake ecosystems, and their impacts on lake
carbon dioxide (CO,) variability have received increasing attention. However, how eutrophication and warming
change lakes’ carbon cycle has not been determined. Here, the surface partial pressure of CO, (pCO,) and CO,
flux in Lake Taihu, a large and eutrophic lake in eastern China, was investigated based on monthly samplings
over a 24-yr period (1992-2015), during which the lake experienced profound anthropogenic and climate
changes. The results showed that eutrophication caused by nutrient enrichment plays a role in three aspects:
(1) nutrient concentrations controlled the CO, variability on decadal scales; (2) peak pCO, and CO, fluxes
occurred in river mouths due to large external nutrient loading inputs; and (3) eutrophication effects on CO,
varied among subzones, which was linked to external inputs and in-lake primary production. Meanwhile, tem-
perature controls the seasonal variation in CO, by stimulating primary production, leading to significantly
lower pCO, and CO, fluxes in warm seasons with algal blooms. Further analysis suggested that temperature
effects varied spatially and temporally, high nutrient loading may confound the temperature effects via stimu-
lating CO, production. To our knowledge, this study presents the longest field measurements (24 yr) of CO,
from such large and ice-free freshwater lakes with monthly surveys, which may provide a powerful example to
demonstrate that eutrophication and warming can shape CO, variability from a temporal perspective. Future
studies should focus on the interactive warming and eutrophication effects to accurately predict future CO,
emission.

Inland waters (e.g., lakes, reservoirs, rivers, and shallow
ponds) emit large amounts of carbon dioxide (CO,) into the
atmosphere, which must be considered in the global CO, bud-
get estimation (Cole et al. 2007; Tranvik et al. 2009; Raymond
et al. 2013). Understanding the magnitude of CO, emissions
from lakes is challenging due to large temporal-spatial vari-
ability, and identifying the factors driving the variability is
essential to being able to predict the change of lake CO, flux.
Given the lake CO, variability is related to multiple, inter-
connected physical, chemical, and biological processes, long-
term (multidecades) observations are projected to shed light
on the regulation of lake CO, from unique perspectives
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(Davidson et al. 2015; Seekell and Gudasz 2016; Finlay
et al. 2019). However, only a few long-term continuous data
series (more than 10 yr) have been reported until now, which
may seriously hamper the understanding of lake contributions to
the carbon cycle and predicts lake CO, responses to future envi-
ronmental change (Perga et al. 2016; Seekell and Gudasz 2016).
Eutrophication is widespread in inland lakes and its effects
on lake CO, variability has received growing attentions. Most
studies have shown that nutrient levels and algal blooms
in eutrophic lakes are closely linked to CO, production and
consumption, and have the potential to regulate the CO,
temporal-spatial variability (Davidson et al. 2015; Xiao
et al. 2020a; Morales-Williams et al. 2021). For example, nutri-
ent enrichment can increase CO, production and emission
via stimulating respiration (Kortelainen et al. 2006, Wang
et al. 2017) and methane oxidation (Bastviken et al. 2002;
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Denfeld et al. 2016). On the other hand, algal blooms in
eutrophic lakes can consume CO, and decrease emissions
due to high primary production (Balmer and Downing 2011;
Pacheco et al. 2014). It is well known that nutrient enrich-
ment controlled algal blooms in eutrophic lakes, the com-
plexity of intertwined processes between nutrient and
primary production led to uncertain eutrophication effects
on lake CO, variability. Considering lake eutrophication
has increased globally (Ho et al. 2019), the relative influ-
ence of these variables on CO; variability in eutrophic lakes
should be considered to better understand the effects of
eutrophication.

Biogeochemical processes controlling lake CO, variability,
such as metabolism, are generally temperature dependent.
Lakes are sensitive to climate change, and lake water tempera-
tures have increased worldwide due to climate warming
(Woolway et al. 2020). Warming of the water may affect the
functions of lake ecosystems by altering physical processes
(e.g., the duration of ice cover), biological processes (e.g., the
abundance of primary producers), and chemical processes
(e.g., the mineralization of organic matter), which are associ-
ated with CO, variability (Kosten et al. 2010; Davidson
et al. 2015; Finlay et al. 2015). However, predicting the change
of lake CO, under climate warming is difficult mostly due to
the uncertain temperature effects. Specifically, rising tempera-
ture has been shown to increase, decrease, or have neutral
effect on lake CO, level (Sobek et al. 2005; Kosten et al. 2010;
Finlay et al. 2015). Meanwhile, lake warming is accelerating
eutrophication (Kosten et al. 2012; Paerl and Paul 2012; Ho
et al. 2019); however, there is little information on how eutro-
phication and increasing temperatures will combine to affect
current and future lake CO, emissions.

Lake Taihu, the third-largest freshwater lake (area 2338 km?)
in China, has suffered serious eutrophication issues with nutri-
ent enrichment due to rapid population and economic growth
since the 1990s (Duan et al. 2009; Qin et al. 2019; Qi
et al. 2020). Currently, eco-environmental issues, such as fre-
quent algal bloom events together with climate change, have
made the lake a typical research site for ecologists, limnologists,
and environmentalists around the world (Paerl et al. 2011; Lee
et al. 2014; Qin et al. 2019). However, much of these work paid
little attention on the drivers of the lake surface CO, variability,
leading to the effects of eutrophication and climate change on
CO;, flux still unclear. Profound environmental changes in Lake
Taihu, such as increasing temperature and decreasing pollutant
loadings, have occurred over the past 30 yr (Xu et al. 2017;
Zhang et al. 2018a; Qin et al. 2019). Although the correlations
between algal blooms and pollutant loadings are analyzed
(Xu et al. 2017), studies have shown that climate warming has
boosted algal growth in Lake Taihu (Duan et al. 2009; Zhang
et al. 2018a; Qin et al. 2019). Both of these factors provide a
unique opportunity to generalize the effects of local changes
on lake CO, and to predict lake CO, responses to environmen-
tal changes.
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Long-term CO2 from eutrophic lake

In the present study, we report the results of the pCO, of
Lake Taihu over a 24-yr period (1992-2015) on a monthly
scale. Using long-term (1992-2015) records on a monthly
scale, the objectives were to: (1) characterize the pCO, variabil-
ity of a large and eutrophic lake at different temporal-spatial
scales and (2) elucidate the role of eutrophication and climate
change in shaping lake CO,. This work, to the best of the
authors’ knowledge, has the longest field records of pCO, from
large and ice-free lakes in subtropical climates at such high
temporal scales in the published literature around the world.
We believe this study not only improves the understanding of
the CO, cycling of freshwater lakes but also presents a power-
ful data set to evaluate the CO, response to lake environmen-
tal change from a temporal perspective.

Materials and methods

Study region and sampling site

The Lake Taihu catchment, with an area of 36,500 km?, is
located in the southeastern part of the Yangtze River Delta of
eastern China (Fig. 1). The catchment has nearly 200 rivers
and canals connected to the lake without winter ice cover.
The anthropogenic pollutant discharge into the lake through
inflow rivers has been shown to be high but strongly variable
among years; for example, the total nitrogen (TN) input
decreased from 7.55 x 10*t in 1994 to 3.87 x 10* t in 2015
(Qin et al. 2007; Xiao et al. 2019). The local region features a
subtropical climate with a low water temperature (monthly
mean: 3.9°C) and precipitation (monthly mean: 60 mm) in
winter and a peak (water temperature: 31°C; precipitation:
170 mm) in summer (Xiao et al. 2017). The annual precipita-
tion and air temperature are approximately 1100 mm and
16.2°C (Lee et al. 2014), respectively.

Sampling sites were situated in northern and central parts of
the lake and are connected to the Zhihu Gang, Wujing Gang,
and Liangxi River (Fig. 1), the three main inflowing rivers around
the lake. The catchments of Zhihu Gang and Wujing Gang con-
tain a large number of factories (Xu et al. 2017). The Liangxi
River passes through Wuxi, a highly industrialized city with an
urban population of more than 4 million (Xu et al. 2017; Xiao
et al. 2020b). Substantial pollutants from domestic sewage, indus-
trial activities, and agricultural activities are discharged into the
three rivers that then flow into the lake. There were seven sam-
pling sites that were evenly spatially distributed (Fig. 1).

Data acquisition and calculations

Field samplings and surveys of Lake Taihu represent one of
the earliest typical freshwater lake observations in China. The
long-term (1992-2015) observation data were provided by
TLLER (the Taihu Laboratory for Lake Ecosystem Research).
TLLER aimed to understand the patterns, processes, and mech-
anisms of freshwater lake change and was a long-term lake
ecosystem observation station of Chinese Ecosystem Research
Network. Systematic and complete observations of the
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Fig. 1. Location of sampling sites and the three main inflowing rivers (Wujing Gang, Zhihu Gang, and Liangxi River) in Lake Taihu. The sites were
divided into three groups based on external loadings input and eutrophic status, the river mouth inflow (the site of #0 and #6), Meiliang Bay (the sites of
#1, #3, #4, and #5), and the open water (the sites of #7 and #8). The triangles indicate the micrometeorological sites, including lake PTS and land DS.

environmental variables of large eutrophic lakes, including
physical, chemical, and biological parameters, have been car-
ried out monthly by TLLER researchers since 1992.

The environmental variables considered in the present
study were nutrients (TN, total phosphorus [TP], ammonium
nitrogen [NH;-N], and nitrate nitrogen [NO;-N]), pH, dis-
solved oxygen (DO), water temperature (T,,), alkalinity (Alk),
chlorophyll a (Chl a), dissolved organic carbon (DOC), and
water clarity. The sampling and measurements of these vari-
ables have been previously reported in detail, including the
detection limit and precision for these environmental vari-
ables (Xu et al. 2017; Zhang et al. 2018a; Xiao et al. 2020b).
Specifically, the detection limit for NH;-N/NO;-N and DOC
were 0.6 and 0.4 ugL !, respectively. Long-term (1992-2015)
meteorological data, such as air temperature and wind speed,
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were obtained from the DS station (Fig. 1) of the China Meteo-
rological Observation Network.

The pCO, was calculated according to the measurements of
pH, Alk, and T, of the lake, and our study shows the calcula-
tion processes in detail in the Supporting Information (Text
S1). In the published literature, most lake pCO, is calculated
from T, pH, and Alk (Raymond et al. 2013; Abril et al. 2015;
Weyhenmeyer et al. 2015). Additionally, the probe with a pre-
cision of + 0.01 units for pH measurement in the field was care-
fully calibrated prior to sampling, and Alk was measured on the
sampling day with a precision of + 0.5%. Meanwhile, it should
be noted that only few samples had a pH below 7 in this study,
and the DOC concentration was relatively low (Table S1). Based
on these pH and DOC levels, the uncertainties in lake pCO,
calculation are considered minor (Abril et al. 2015).
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Fig. 2. Annual trend of Chl g, nutrient concentration (NH,-N as an example), and pCO, in the three subzones (river mouth, Meiliang Bay, and open
water) from 1992 to 2015: (a) Chl a in the three subzones, (b) nutrient concentration and pCO; in the river mouth, (c) nutrient concentration and pCO,
in Meiliang Bay, and (d) nutrient concentration and pCO, in open water. Error bars indicate standard errors, and the dashed lines show the turning

points for pCO; in Lake Taihu.

The CO, exchange flux across the lake-air interface (F.) was
calculated using the diffusion model (Cole and Caraco 1998):
Fe=kx Ky x (pCO2 —p,) (1)
where Ky denotes the CO, Henry’s constant (Text S1), p, is the
local atmosphere CO, mixing ratio and was measured by a car-
bon dioxide gas analyzer (Xiao et al. 2014), and k is the CO,
gas exchange velocity across the lake—air interface. The equa-
tions for the k calculation are shown in detail in the Supporting
Information (Text S2). A positive value of F, indicates the lake
emissions of CO, to the atmosphere.
To assess the trophic status of the lake and its effect on
CO, dynamics, the trophic state index (TSI) was calculated

(Text S3) from four major water quality parameters (Zhang
et al. 2018b).

Statistical analysis

We divided the sites into three subzones (Meiliang Bay,
open water, and river mouth) according to geographic differ-
ences in eutrophic status and pollutant loadings. Meiliang
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Bay, located in the northern part of the lake, is a semi-
enclosed bay and is eutrophic due to nutrient enrichment.
There are four sampling sites (#1, #3, #4, and #5) that are
evenly distributed in the subzone. Open water, including sites
#7 and #8 in the central zone of the lake, has lower eutrophica-
tion. The river mouth (sites #0 and #6) near the three inflowing
rivers had the highest pollutant concentrations due to direct
external input. The large differences in the mean concentra-
tions of TN (river mouth: 5.5 mg L™!; Meiliang Bay: 3.1 mg L™ *;
open water: 2.3 mg L") and Chl a (river mouth: 35.2 ug L™%;
Meiliang Bay: 30.1 ug L~!; open water: 13.6 ug L~ ; Table S1)
support the division of the study region.

For temporal analysis, subzonal mean environmental variables
and CO, were used. These subzonal mean values were calculated
for each sampling using all data within the corresponding sub-
zone from 1992 to 2015. In total, there were 288 data sets
(12 months x 24 yr) for the analysis at each subzone. Monthly
subzonal mean variables, including environmental variables
and carbon (pCO, and CO, flux), were then calculated as the
mean values for spring (March-May), summer (June-August),
autumn (September-November), winter (December—February in
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Fig. 3. Monthly mean water temperature, pCO,, and Chl a concentrations in the three subzones (river mouth, Meiliang Bay, and open water) during
the sampling period: (a) water temperature in the three subzones; (b) pCO, and Chl g in the river mouth; (¢) pCO, and Chl g in Meiliang Bay, and (d)
pCO; and Chl a in open water. Error bar indicates one standard error. The relationships between the pCO, and Chl g in the river mouth, Meiliang Bay,

and open water are shown in Fig. 4.

the next year), and annual average values from 1992 to 2015. To
determine the differences among the variables, the least signifi-
cant difference test was performed, and statistically significant
differences between variables were determined at p < 0.0S.

Results

Annual trends of environmental variables

Significant warming and decreasing trends in wind speed
were recorded over the lake from 1992 to 2015 (Fig. S1). The
warming rate and decreasing rate of wind speed of the yearly
measurements at DS station were 0.35°C per decade and
0.27 ms~! per decade, respectively. The annual trend of lake
water temperature exhibited the same pattern (Fig. S1b). The
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mean water temperature was 17.5°C, showing no spatial vari-
ability across the three subzones (Table S1).

The annual mean Chl a and nutrient concentrations varied
significantly (Figs. 2a, S2). The Chl a concentration showed an
increasing trend from 1992 to 1997 in both subzones and
decreased between 1997 and 2007, except for a peak occurring
in 2000 at the river mouth. After 2007, the Chl a concentration
increased, with a peak occurring in 2015. The interannual vari-
ations in nutrient concentrations, such as TN, TP, and NH; -N,
can be divided into four stages in three subzones: (1) from
1992 to 1996 or 1997, the concentrations increased rapidly;
(2) from 1996 or 1997 to 2001, the concentrations decreased;
(3) from 2001 to 2006, the concentrations increased except
for the TP in the river mouth; and (4) after 2006, the concen-
trations, not including those in open water, decreased rapidly,
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Fig. 4. Relationships between pCO, and Chl a, NH,*-N and the ratio of Chl a (ug L") to NH,"-N (mg L™"; Chl a: NH,*-N) in the river mouth (a—c),
Meiliang Bay (d-f), and open water (g-i) based on the long-term (1992-2015) measurements. Red triangles indicate the monthly mean values, and gray

points indicate all data during the sampling period from 1992 to 2015.

with the lowest values occurring in approximately 2015. The
open water was less affected by riverine pollutant discharge
compared to the river mouth and Meiliang Bay, as shown by
significantly (p<0.01) lower nutrient and Chl a concentrations
(Table S1).

Interannual and monthly variabilities of pCO,

The pCO, showed substantial interannual variations
(Fig. 2). Similar to the trends of the nutrients, the pCO, inter-
annual variations in the three subzones can also be divided
into four stages: (1) from 1992 to 1995, the annual mean
pCO; increased rapidly, with peaks occurring in 1995 (river
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mouth: 4213 patm; Meiliang Bay: 1883 patm; open water:
941 patm); (2) from 1996 to 2001, pCO, declined to approxi-
mately 2448 patm in the river mouth, 466 patm in Meiliang
Bay, and 508 patm in open water; (3) from 2002 to 2006,
pCO; increased significantly in Meiliang Bay and open water
and fluctuated at approximately 2900 patm in the river
mouth; and (4) after 2007, pCO, decreased rapidly in the river
mouth and Meiliang Bay, with the lowest values occurring in
2015, but pCO, increased to a peak in 2010 and then declined
in open water.

The lake exhibited remarkable seasonal variations in pCO,,
with low values occurring in the warm season and high values
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occurring in the cold season (Fig. 3). Seasonal variations in the
water temperature were highly consistent across the three sub-
zones (Fig. 3a); however, the pCO, seasonal patterns varied
among subzones. Specifically, seasonal variation in pCO, was
more remarkable in subzones with high Chl a (river mouth
and Meiliang Bay) than in open water with low Chl a. Mean-
while, the pCO, seasonal patterns varied among the four
periods (1992-1995, 1996-2001, 2002-2006, and 2007-2015)
in each subzone, although the seasonal patterns in water tem-
perature and Chl a were consistent across the four periods
(Fig. S3). Specifically, more profound seasonal variation in
pCO, was found during 1996-2001 than during 1992-1995
and during 2007-2015 in each subzone, and seasonal varia-
tion was not evident during 2002-2006.

Further analysis showed that pCO, generally peaked in
winter. In the river mouth, the annual mean pCO, in winter
(2843 + 437 patm) was significantly (p < 0.05) greater than the
mean in spring (2189 + 472 patm), summer (1631 + 126
wpatm), and autumn (2187 + 244 patm), and the pCO, in the
spring, summer, and autumn showed insignificant (p > 0.05)
differences. In Meiliang Bay, the mean pCO, in spring
(937 £ 97 patm) and winter (988 + 168 patm) was approxi-
mately twice that in summer (468 £+ 67 patm) and autumn
(585 £ 179 patm). In open water, the mean pCO, in spring
(725 £ 108 patm) and winter (783 £ 103 patm) was also
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higher than that in summer (531 + 12 gatm) and autumn
(545 £ 96 patm), with significant (p < 0.05) differences.

Effects of environmental variables on the pCO, variations

The pCO, was negatively correlated with biological vari-
ables (the Chl a in our study) and positively correlated with
nutrients based on the long-term observations across sites and
time in the three subzones (Fig. 4). Chl a indicated primary
production in the eutrophic lake and affected the pCO, sea-
sonal variation, and the negative correlations between pCO,
and Chl a were more significant in the river mouth and
Meiliang Bay than in open water (Fig. 4a,d,g). The pCO, of
open water was also less influenced by nutrients (NH; -N as an
example of the study). Additionally, the pCO, was negatively
correlated with the ratio of Chl a to NH; -N (Fig. 4¢,f,i).

The subzonal pCO, exhibits different responses to eutro-
phication status (Fig. 5). The TSI was used to assess the eutro-
phication status, which was associated with Chl a (Fig. Sa—c).
The annual mean TSI with values larger than 50 (Table S1)
indicated that the three subzones were eutrophic. The pCO,
increased with increasing TSI in the river mouth with high
river pollutant discharge (Fig. 5d) but decreased with increas-
ing TSI in Meiliang Bay with frequent algal blooms (Fig. 5e). A
neutral influence of TSI on pCO, was found in open water
with lower eutrophication (Fig. 5f).
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Fig. 6. Correlations between monthly pCO, and water temperature in (a) the river mouth, (b) Meiliang Bay, and (c) open water based on long-term
(1992-2015) sampling.

Table 1. Linear regression equation between normalized monthly mean pCO; (y, uatm) and water temperature (x, °C) among differ-
ent periods (1992-1995, 1996-2001, 2002-2006, and 2007-2015, and the full period (1992-2015)) in the three subzones. The period
division was based on the annual trend in pCO, as shown in Fig. 2.

Meiliang Bay

Open water

River mouth
1992-1995 y=—0.03x+3.89, R?=0.41, p<0.05
1996-2001 y=—0.01x+3.60, R>=0.61, p<0.01
2002-2006 y=—0.01x+3.69, R°=0.16, p=0.20
2007-2015 y=—0.01x+3.30, R?=0.48, p<0.05
1992-2015 y=—0.01x+3.55, R?=0.74, p<0.01

y=—0.05x43.57, R*=0.78, p<0.01
y=—0.02x+3.01, R’°=0.86, p<0.01
y=—0.01x+3.18, R?=0.40, p<0.05
y=—0.02x+3.15, R*=0.52, p<0.05
y=—0.02x+3.16, R°=0.76, p<0.01

y=—0.03x+3.26, R*=0.58, p<0.01
y=—0.02x+2.96, R*=0.69, p<0.01
y=—0.01x+3.03, R?=0.08, p=0.38
y=—0.01x+3.02, R*=0.29, p<0.05
y=—0.01x42.98, R?=0.62, p<0.01

The pCO, decreased with increasing water temperature
(Fig. 6; Table 1). However, both analyses showed that the cor-
relations between water temperature and temperature varied
spatially and temporally. Spatially, the highest correlation was
generally found in Meiliang Bay, suggesting a relatively high
temperature dependency of pCO, in the eutrophic subzone
with algal blooms. Temporally, the highest correlation was
found in 1996-2001, during which nutrient loadings were
low. Meanwhile, less temperature dependency was found in
eutrophic river mouths with significant external loading
inputs. It should be noted that the correlations between pCO,
and temperature were positively correlated with the ratio of
Chl a to TN and negatively correlated with the ratio of TN to
TP (Fig. S4).

The variability in annual pCO, was positively correlated
with NHf-N and TN, especially for river mouths (Fig. 2;
Table S2). Significant negative correlations between pCO, and
Chl a were found in the river mouth and Meiliang Bay, and
the annual pCO, in river mouth was negatively correlated
with DO in the river mouth. It should be noted that the
annual pCO, variability were not related to temperature in the
three sub-zones (Figs. 2, S1; river mouth: r = 0.03, p = 0.89;
Meiliang Bay: r = 0.14, p = 0.53; open water: r = 0.06,
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p = 0.77). Meanwhile, the measurements of DOC were con-
ducted from 2004 to 2015, and analysis using the correlation
between annual variation in DOC and annual variability in
pCO,, reveals a strong relationship between DOC and pCO, in
river mouth (Table S2).

pCOz and CO, flux

The mean pCO, in Meiliang Bay (785 4+ 360 patm) and
open water (661 + 160 patm) was significantly (p <0.01)
lower than that in the river mouth (2225 + 993 patm) during
the sampling period, and the average pCO, was 1224 + 869
patm across the three subzones. The CO, exchange flux
between the lake-air interface was calculated via the equa-
tion above. The CO, flux varied spatially, annually, and sea-
sonally, which was consistent with the pCO,. Spatially, peak
CO, emission flux occurred in the river mouth (annual mean
value: 93.6 + 48.6 mmol m 2 d~'; Fig. $5). For comparison,
the annual mean CO, emission fluxes in Meiliang Bay and
open water were 20.0 +22.3 and 12.7 + 8.8 mmol m 2 d ',
respectively. Annually, the CO, emission flux showed sub-
stantial variations in both subzones (Fig. S6). Seasonally,
high CO, emission flux occurred in spring and winter for
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both subzones (Fig. $6). The average CO, emission flux was
42.1 + 44.8 mmol m 2 d ! across the three subzones.

Discussion

Changes in CO; and the role of eutrophication

The lake has experienced eutrophication due to human-
driven pollutant discharge by inflowing rivers (Qin
et al. 2007). The large differences in pCO, and associated CO,
flux between the river mouth and other subzones (Fig. S5)
supported the interpretation that human-induced external
input plays an important role in lake CO, emissions. The river
mouth had the highest nutrient and DOC concentrations
(Table S1) due to high human-driven river discharge, which
has been demonstrated by previous studies (Qin et al. 2007;
Xu et al. 2017; Xiao et al. 2020b) and our field samplings
(Fig. S7). These high external inputs can increase pCO, by
increasing respiration and organic matter degradation (Sobek
et al. 20035; Kortelainen et al. 2006). Importantly, higher pCO,
in inflowing rivers also controlled the pCO, variability in river
mouths (Fig. S7¢), indicating that the direct external input of
CO, may significantly fuel the CO, level (Stets et al. 2009;
Weyhenmeyer et al. 2015; Wilkinson et al. 2016). Thus, signif-
icantly higher CO; in the river mouth can be interpreted as a
consequence of external nutrient and carbon input from the
watershed, which would stimulate microbial activities and
enhance respiration, resulting in more CO; production (Sobek
et al. 2005; Kortelainen et al. 2006; Zhang et al. 2021).

The large interannual variability in CO; also indicated the
impact of anthropogenic eutrophication. From 1992 to 1995,
the increasing pCO, mostly resulted from the increase in
external input due to rapid industrial expansion and popula-
tion growth in the Lake Taihu catchment (Xu et al. 2017),
which could be seen in the increasing lake nutrient concentra-
tions (Figs. 2, S2). We proposed that high nutrient loadings
may stimulate mineralization and increase CO, production,
which had been shown in previous studies (Kortelainen
et al. 2006; Perga et al. 2016; Wang et al. 2017). Between 1996
and 2001, the decline in pCO, could be explained by the
decrease in external pollutant input due to watershed manage-
ment (Paerl et al. 2011). However, external input via rivers
increased again after 2001 (Xu et al. 2017; Xiao et al. 2020a),
probably leading to increasing pCO, (Fig. 2). In Lake Taihu,
serious algal blooms in 2007 caused a highly publicized drink-
ing water crisis, prompting a wide range of activities to reduce
external pollutant inputs (Qin et al. 2019). These measures
may have directly led to the decline in pCO, and associated
CO, flux after 2007. The high sensitivity of lake CO, dynam-
ics to external input has been reported in other lakes world-
wide via measurements and modeling (Maberly et al. 2013;
Weyhenmeyer et al. 2015; Kiuru et al. 2018), suggesting that
changes in human-driven eutrophication play an important
role in altering lake CO, budgets via affecting internal meta-
bolic activities (e.g., respiration) and external loading input.
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Previous studies have shown that lake eutrophication can
cause either an increase (Kortelainen et al. 2006; Morales-
Williams et al. 2021) or a decrease (Balmer and Downing 2011;
Pacheco et al. 2014) in pCO,, leading to a large uncertainty in
evaluating the effects. Similarly, our study showed that pCO,
increased in the river mouth corresponding to an increasing
TSI, the index of eutrophication status; in contrast, it
decreased in Meiliang Bay with an increasing TSI (Fig. 5). The
two subzones were both eutrophic with nonsignificant
(p >0.05) differences in TSI and Chl a. The river mouth
received high external inputs of nutrients and CO, via rivers
(Fig. S7), which not only increased TSI but also increased
pCO,, leading to pCO, covarying with TSI in the same direc-
tion. Chl a dominated the TSI in Meiliang Bay without direct
internal input (Fig. Sb), likely leading to a decrease in pCO,
with increasing TSI due to high primary production (Balmer
and Downing 2011; Pacheco et al. 2014). Previous studies
found that the effects of eutrophication on pCO, varied
among lakes (Kortelainen et al. 2006; Marotta et al. 2010; Bal-
mer and Downing 2011). Considering the river mouth and
Meiliag Bay were both eutrophic, our results suggest that the
effects can vary among subzones within a single lake, which
was linked to external input and in-lake primary production.

Temperature influences on CO, variations

Long-term sampling showed that pCO, decreased with
increasing water temperature (Fig. 6; Table 1). This finding
was consistent with long-term field measurements from boreal
lakes (Finlay et al. 2015) and with the longest lake mesocosm
experiment in Denmark (Davidson et al. 2015), showing a
decrease in pCO, with warming. However, it should be noted
that a previous study also reported that warming increased
lake CO, production (Kosten et al. 2010). Temperature is
related to the variability of a series of abiotic and biotic param-
eters (e.g., primary production, respiration, and nutrient avail-
ability), which are associated with lake CO, consumption and
production (Gudasz et al. 2010; Kosten et al. 2012; Davidson
et al. 2015). Thus, the temperature effect may be related to
these factors, probably leading to warming could either
increase lake CO, emission via stimulating respiration or
decrease emission via promoting primary production.

Here, both analyses identified that temperate-induced algal
blooms caused a decrease in lake pCO, (Figs. 3, 4). Algal
blooms played an important role in lake CO, uptake (Balmer
and Downing 2011; Pacheco et al. 2014), leading to significant
negative correlation between pCO, and Chl a (an index of
algal blooms; Fig. 4). Algal blooms in the lake were boosted by
a warmer climate (Duan et al. 2009; Qin et al. 2019), and sea-
sonal variation in Chl a was consistent with temperature
(Fig. 3). Lower pCO, occurred in warm seasons with higher
Chl a and it peaked in cold seasons with lower Chl g, and the
pCO, seasonal variation was more profound in the river
mouth and Meiliang Bay with high Chl a (Figs. 3, S3),
suggesting the indirect effect of temperature related to primary
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production (Davidson et al. 2015). Specifically, a nonsignifi-
cant (p > 0.05) water temperature difference between spring
(16.4°C) and autumn (19.7°C) was found in this study; how-
ever, a significantly (p <0.05) lower pCO, in autumn was
observed, mostly due to the significantly (p < 0.05) higher Chl
a at that time. It is likely that temperature controls the sea-
sonal variation in Chl a (Fig. 3), which in turn influences the
seasonal variations in pCO..

However, the temperature effects reported here varied spa-
tially and temporally. Although the seasonal variation in tem-
perature was remarkably uniform across the three subzones
and the four periods (Figs. 3, S3), temperature played a smaller
role in the river mouth with significant external loadings and
during 2002-2006 with high nutrient loadings (Fig. 6;
Table 1). Considering the significant correlations between
pCO, and NH; -N, TN, and DOC (Fig. 4; Table S2), our results
are consistent with a long-term mesocosm experiment and
with a global-scale database, showing that nonthermal factors
(e.g., nutrient and dissolved carbon fraction) may confound
the temperature effect on pCO, (Sobek et al. 2005; Davidson
et al. 2015). Meanwhile, the temperature effects were nega-
tively correlated with the ratio of TN to TP and positively cor-
related with the ratio of Chl a to TN (Fig. S4). Considering
that the temperature could increase CO, consumption via
stimulating algal blooms and N loadings could increase CO,
production via stimulating respiration as shown above, our
results suggested that the temperature effect could be ampli-
fied with decreasing N loading and increasing Chl a mostly
due to CO, consumption override those of production.

Implications of the lake CO, budget

Temporal and spatial variability in CO, within lakes has
received considerable attention to accurately estimate the CO,
budget (Natchimuthu et al. 2017; Loken et al. 2019; Xiao
et al. 2020a). Our results showed large pCO, and CO; fluxes
occurred in the river mouth with high external input. It is esti-
mated that lake littoral zone or river mouth CO, emissions in
eastern China were approximately 1.4 times higher than those
in open water (Li et al. 2018), and the magnitude was approxi-
mately 8 in this study. Meanwhile, the lowest pCO, and CO,
fluxes occurred in the summer and peaked in the winter due
to the seasonal variations in temperate-related primary pro-
duction (Figs. 3, S6), which is consistent with a field survey in
eutrophic Lake Donghu in a subtropical climate (Xing
et al. 2005) and with a study in 151 temperate lakes (Trolle
et al. 2012). Thus, our results reported here suggest efflux esti-
mates either excluding river mouths with high external input
or focusing on warm seasons with high primary production
may underestimate lake CO, emissions. These further empha-
sized the importance of considering spatiotemporal variability
in CO, to obtain unbiased lake flux (Natchimuthu et al. 2017;
Klaus et al. 2019).

A highly dynamic role of the lake as atmospheric CO,
source was found in our study. Specifically, a significantly
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decreasing trend in annual CO, emissions was presented over
the 24-yr study (1992-2015). Our results found nutrient con-
centrations affect the lake pCO, and CO, flux variability on
an interannual scale (Figs. 2, S6), which is consistent with a study
that reconstructed long-term pCO, using paleolimnological data
(Perga et al. 2016). Both of these suggest that the substantial
interannual variability in CO, was partly explained by the
changing nutrient loading. It is worth to note that large inter-
annual variability in inland water nutrient loadings have been
found (Zhou et al. 2017; Fig. S2), suggesting the importance of
long-term measurements to accurately estimate lake CO, budgets
and better understand their roles in the carbon cycle. For exam-
ple, the CO, emission flux of the eutrophic part of the lake was
estimated to be 30 mmol m 2 d~! based on measurements from
2000 to 2015 (Xiao et al. 2020a), which was lower than the value
in the presented study (42.1 mmol m % d ™).

The warming rate of the lake was 0.35°C per decade, which
was similar to the average rate of global lakes (Woolway
et al. 2020). Our results showed that the pCO, and CO, fluxes
decreased with increasing temperature, especially for Meiliang
Bay, which is affected by frequent algal blooms. Meanwhile,
the temperature effect was amplified with an increasing ratio
of Chl a to TN. Decreasing lake N loadings have been reported
due to environmental protection actions to improve water
quality (Zhou et al. 2017; Qin et al. 2019), but algal blooms
have increased with climate warming (Kosten et al. 2012; Ho
et al. 2019). Considering the significant role of algal blooms in
lake CO, variability (Balmer and Downing 2011; Pacheco
et al. 2014), future warmer climate would have a large role in
lake CO, flux via stimulating algal blooms.

It is worth to note that there are several limitations in our
study. First, significant temporal variation of CO, was observed,
future studies should conduct field sampling with a greater fre-
quency to better understanding the drivers of lake CO, variabil-
ity. Second, our results showed peak pCO, and CO, flux
occurred in river mouth with large external loading, and quan-
tifying the rates of nutrient and carbon inputs from watershed
can provide useful information to explain the CO, variability.
Third, we found that eutrophication and warming both drove
lake CO, variability, future studies should investigate the inter-
active effects on CO, variability to accurately predict future
emissions. Lastly, this study only looked at CO, dynamics but
to have a more holistic picture of carbon gas emissions in the
lake future studies should also consider CH4 dynamics, which
have been shown to be impacted by nutrients and warming
(Xing et al. 2005; Denfeld et al. 2016; Xiao et al. 2017).

Conclusions

Long-term (1992-2015) sampling at the monthly scale
showed that the pCO, and CO, fluxes varied spatially, season-
ally, and annually. The highest pCO, and CO, fluxes occurred
in the river mouth due to substantial external input. Lower
pCO, and CO, fluxes were found in the warm season with
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high Chl a. The most notable feature was that the pCO, and
CO, fluxes varied greatly over 24 yr, much longer than in pre-
vious results, suggesting the importance of long-term field
measurements to achieve unbiased results.

Eutrophication caused by nutrient enrichment controlled
the variability of pCO, and CO, fluxes on decadal scales. Tem-
perature drove the seasonal variation in CO, emissions by
stimulating primary production, especially for eutrophic lakes.
Our results reported here suggest that eutrophication and
warming both drove lake CO, variability.
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