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Abstract: Inland lake water–air interfaces, particularly the partial pressure of CO2 (pCO2), have
become key parameters in the study of global carbon cycle changes. However, there are few studies
on short-term daily variations in pCO2 in urbanizing lakes. The fluctuations in pCO2 and CO2 fluxes
(f CO2) were monitored biweekly on-site for pCO2 assessments during daytime hours (7:00–17:00 CST)
from January to September 2020 in an urbanizing lake located in Southwest China. We found a
pronounced and uninterrupted decline in the average levels of pCO2 and f CO2 from 7:00 to 17:00 CST.
Notably, the mornings (7:00–12:00 CST) exhibited substantially elevated pCO2 and f CO2 values
compared to the afternoons. Specifically, compared to 7:00, the mean pCO2 and f CO2 at 17:00 CST
decreased by ca. 74% and 112%, respectively. The average daytime pCO2 was 707 ± 642 µatm,
significantly higher than the typical atmospheric CO2 levels of 380–420 µatm, while the average pCO2

on 9 January, 1 April, and 27 July was lower than typical atmospheric CO2. Each month, all water
environmental parameters showed significant differences. pCO2 and f CO2 reached maximums in
September; water temperature and turbidity significantly increased; and pH, dissolved oxygen and
transparency markedly decreased. Additionally, the correlation between pCO2 and environmental
factors demonstrated that the nutrient levels, dissolved oxygen, pH, and transparency/turbidity had
significant roles in CO2 dynamics in this lake. Therefore, this urbanizing lake could serve as a CO2

source and sink during the daytime.

Keywords: water–air interface pCO2; f CO2; CO2 source–sink interchange; urbanizing lake; carbon
neutral

1. Introduction

From the First Industrial Revolution onward, human activities have caused an unimag-
inable increase in atmospheric carbon (C) of nearly 40%. Over the past several thousand
years, the large amounts of CO2 emitted into the atmosphere from natural sources, such
as marine and terrestrial ecosystems, have been almost completely balanced by removal
through natural processes such as photosynthesis and ocean uptake. The amount of CO2
emitted into the atmosphere by human activities represents only a small fraction of the nat-
ural emissions, but human activities have disrupted this equilibrium, thereby altering the
concentration of greenhouse gases (GHGs, e.g., CO2, methane/CH4, nitrogen oxides/N2O)
in the atmosphere [1–4]. In particular, 44% of the global anthropogenic emissions of carbon
have remained in the atmosphere since 2007 (ca. 4.7 ± 0.1 Gg C year−1; refs. [3–5]); the
remaining 56% of the emitted carbon was absorbed by the oceans and led to acidification,
with subsequent adverse effects on ecosystem function and biodiversity, as indicated by
a reduction of 0.1 pH unit [4–7]. Inland wetlands, such as lakes and reservoirs, are also a
critical part of the global carbon cycle, as opposed to the oceans [3,8–10].
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Previous publications have revealed that global wetland areas cover only 4–6% of the
land area (i.e., 530–570 million hectares), but their carbon stocks (including water bodies,
plants and sediments) account for 12~24% of the total carbon storage in terrestrial ecosys-
tems (i.e., 300–600 Pg C) [8,11–13]. Meanwhile, 60% of the global inland freshwater lake
wetlands emit more than 1.4 Pg C year−1 of CO2 into the atmosphere [14–16], which also
indicates that CO2 emissions from inland wetlands contribute significantly to the global
carbon equilibrium. Interestingly, 90% of inland lakes worldwide exhibit CO2 supersatura-
tion when compared to atmospheric levels, and dissolved CO2 levels in inland freshwater
lakes are higher than typical atmospheric CO2 levels (i.e., 380–420 µatm), indicating that
freshwater lakes have the potential to release CO2 from water into the atmosphere (consid-
ered CO2 ‘source’; refs. [3,17–19]). Therefore, by exploring the carbon equilibrium between
inland lakes and the atmosphere, regional and global carbon budgets could be obtained,
with far-reaching implications for global carbon neutrality and climate change.

To understand the carbon cycle changes at the global or regional scale, the partial pres-
sure of carbon dioxide (pCO2) at the water–air interface in lakes has become a fundamental
factor. This parameter has been identified as a crucial component in relevant studies [13,14].
Studies have shown that the spatial/temporal changes in pCO2 are usually affected by
solar radiation [4,10,20], nutrient status [21], dissolved oxygen (DO; [11]), dissolved or-
ganic carbon (DOC; [22]), the ratio of photosynthesis (P) to respiration (R) [10,23,24] and
lake water temperature [25–27] in terms of thermodynamic effects, biological activity and
water–air C-exchange. In contrast to the conditioned transition between the roles of ‘source’
and ‘sink’ in marine ecosystems [28–30], in the same way as large inland rivers, such as
the Amazon [17], the Mississippi [31], and the Yangtze River [32,33], most inland lakes
are net ‘sources’ of CO2 due to heterotrophic systems [14,27,34,35]. Most of these studies
estimated the carbon dynamics of lakes at global and regional scales from lower tempo-
ral resolutions, such as weekly or quarterly, while current studies on daily variations in
pCO2 and CO2 flux/f CO2 based on the water–gas interface at high temporal resolutions
are rare [10,20]. Currently, there are knowledge gaps regarding pCO2 variability in lakes,
especially urbanizing lakes that are considered highly disturbed, and the assessment of
their CO2 outgassing.

Based on this background, in this work, we thus investigated the daytime changes
of pCO2 and CO2 fluxes in a subtropical urbanizing lake named Bailuwan in Chengdu,
Southwest China. Therefore, our objectives were (i) to investigate daytime pCO2/f CO2
and related parameters in situ biweekly from Jan. to Sept. 2020, and (ii) to explore the
role of environmental factors in the sink-and-source behaviors of CO2 in urbanizing lakes.
These findings will greatly enhance our understanding of the daily CO2 mechanisms and
enhance the accuracy of C-evaporation assessment in urbanizing inland freshwater.

2. Methods
2.1. Site Description

The research was carried out at Bailuwan Lake, with coordinates of 104◦7′40.5′′ E
longitude and 30◦34′56.01′′ N latitude; this lake is situated within the round-the-city
ecological zone, Chengdu, Sichuan, Southwest China (refer to Figure 1). It serves as an
urban tourism eco-wetland, meticulously developed by the Jinjiang District Government.
In 2017, it received recognition as the first National Urban Wetland Park in Chengdu, China.
With a total area of 200 hectares, the lake encompasses approximately 67 hectares of open
water surface and has depths ranging from 0.5 to 6.5 m. This lake is fed primarily by
a tributary of the Dongfeng Canal (Dougou River), which discharges lake water to the
outside through evaporation and ditches.

The study area has a humid subtropical climate with a mean annual temperature
of 16.5 ◦C, with the lowest temperatures occurring in January and the highest in July
or August. Throughout our 9-month investigation, the daily average air temperature
surrounding the lake ranged between−5 and 30 ◦C (refer to Figure S1A), while the average
annual precipitation was ca. 900 mm. On average, the annual solar radiation hours were
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approximately 1032, with higher radiation hours from April to August during the study
period (see Figure S1B).
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Figure 1. The geographic location of the studied Bailuwan Lake. The specific location denoted as P
indicates the site where the water samples were collected and where on-site dynamic monitoring
occurred. The image provided above is an adapted representation created using Baidu® Maps
(https://map.baidu.com/; accessed on 2 April 2023) for reference.

2.2. Field Measurements

During the study period, we conducted biweekly field visits from January to Septem-
ber 2020 to gather measurements of pCO2 and other relevant water quality parameters.
However, due to the severe effects attributed to the new coronavirus COVID-19, we were
not able to perform testing in February and March. To ensure accuracy and consistency, we
selected a fixed location near the lake outlet for water sample collection and monitoring, as
indicated in Figure 1. Throughout each field trip, we conducted in-situ measurements at
7:00, 10:00, 14:00, and 17:00 China Standard Time (CST) at about 2 m from the lake shore.
All parameters were measured at 30–50 cm below the water surface, including pH, water
temperature (twater), transparency (TPC), turbidity (FNU), electrical conductivity (EC), total
dissolved solids (TDS), DO, bicarbonate (HCO3

−; BCB), and carbonate (CO3
2−; CB). To

reduce the influence of rainfall and runoff, we deliberately scheduled the field trips on
sunny days, adjusting the timing accordingly. By monitoring the obtained pH, BCB and the
Henry’s law constant (Kh) and ion concentrations in water, pCO2 in the carbonate system
can be calculated [36]. Therefore, the mass fraction of CB and BCB can be calculated by
titration using phenolphthalein and methyl orange as indicators for field monitoring.

Among the parameters measured, the TPC was determined utilizing a 200 mm di-
ameter black-and-white disc, while the FNU was monitored by a HACH-TSS portable
turbidimeter (Danaher Corporation, Washington, DC, USA). We evaluated pH, EC, TDS,
and twater employing a Hanna-HI9829 detector (Hanna Instruments, Padua, Italy), while
DO was detected using a Hanna-HI98186 equipment (Hanna Instruments, Padua, Italy).

To determine the water samples, we referred to the current Chinese methodological
book The Analytical Methods for Water and Wastewater Monitoring (The 4th Edition)
and the methods in the latest Chinese national standard The National Standard for Food
Safety Test Methods for Drinking Natural Mineral Water [GB 8538-2022; The National
Standard of the People’s Republic of China (published in Chinese); Issued 30 June 2022,
and implemented 30 December 2022]. In brief, four drops of phenolphthalein indicator
were added after transferring the collected 100 mL water sample to a 250 mL flask, and the
solution turned red. Then, we titrated with a standard solution of hydrochloric acid until the
color became clear. We recorded the volume of standard hydrochloric acid solution used for
titration (called P). If the solution remained colorless with the addition of phenolphthalein
indicator, we titrated with standard hydrochloric acid solution after adding three drops
of methyl orange indicator in a conical flask until the solution changed from orange to

https://map.baidu.com/
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orange-red. The volume (M) of the standard hydrochloric acid solution used for titration
was recorded. We then determined the total volume of hydrochloric acid standard solution
(T) consumed by the water sample according to Equation (1):

T = M + P (1)

Considering different values of P (i.e., P = T, P > 1/2T, P = 1/2T, P < 1/2T, P = 0), the
following Equations (2) and (3) were employed to determine the CB and BCB:

CB = [2 × P × CHA × 30.005]/V × 1000 (2)

BCB = [(M − P) × CHA × 61.017]/V × 1000 (3)

where CHA denotes the level of the HCl standard solution, while V indicates the volume
of the measured water sample. In this study, CHA was 0.025 mol L−1, and V was 100 mL.
Furthermore, the notation [30.005] represents the mass of CO3

2−, while [61.017] indicates
the corresponding mass of HCO3

− under the same conditions.
Once the field data collection was completed, we collected water samples for laboratory

analysis at four specific time points during each trip: 7:00, 10:00, 14:00, and 17:00 CST. The
water samples were collected using a customized polyethylene grab sampler that was
specifically designed for this study. In brief, 500 mL of the collected lake water was
added to 0.5 mL of MgCO3 suspension (1%) to determine the level of chlorophyll a (Chla)
in the water [37]. The 3 mL of sulfuric acid was used for nitrate (NT; see Method S1)
and total phosphorus (TP; Method S2) determination, while the filtered water sample
(20 mL) was inspected for total carbon (TC), inorganic carbon (IC) and total dissolved
nitrogen (TDN; Method S3). In addition, the filtered water samples (50 mL) were tested
for four anions (fluoride/F−, chloride/Cl−, sulfate/SO4

2−, and nitrate/NO3
−). To ensure

proper preservation, all collected samples were stored in acid-washed high-density brown
polyethylene bottles in a cooler to maintain their integrity during transportation.

2.3. Laboratory Analyses
2.3.1. Determination of Anions

In accordance with the National Environmental Protection Standard of the People’s
Republic of China [HJ 84-2016 (published in Chinese); Issued 26 July 2016, and implemented
1 October 2016), the IC-2800 ion chromatography (Sichuan Keshengxin Environmental
Technology Company, Chengdu, China) was employed to determine the four anions (F−,
R2 = 0.9996; Cl−, R2 = 0.9991; NO3

−, R2 = 0.9998; SO4
2−, R2 = 0.9999).

2.3.2. Detection of Metabolized Carbon

In our study, TC and IC were analyzed employing a total organic carbon analyzer of
the TOC-L CPH Basic System (Shimadzu Corporation, Kyoto, Japan), and standard curves
were plotted (IC: R2 = 1.0000; TC: R2 = 1.0000). To determine the total organic carbon (TOC)
concentration (mg L−1), the following Equation (4) was used:

TOC = TC − IC (4)

2.3.3. Eutrophication Evaluation

Based on the Methods and Technical Regulations for Eutrophication Evaluation of
Lakes (Reservoirs) (Zhuzhan Shengzi (2001) No. 090) issued by the China Environmental
Monitoring Center, the comprehensive nutrient status index (TLI (∑)) was used in this
study to evaluate the eutrophication degree of this water body following Formula (5) (see
Method S4 for details).

TLI
(
∑

)
= ∑m

j=1 Wj · TLI(j) (5)
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2.3.4. Calculation of pCO2

When the aqueous solution is in balance, the levels of HCO3
−, CO3

2−, H2CO3 and
dissolved CO2, which make up inorganic carbon, are dependent on the pH, twater and
ionic strength (ref. [18,36,38–40]). Therefore, we used the CB equilibrium model to evaluate
pCO2 according to the pH, HCO3

−, CO3
2−, Kh, and ions with the following Equation (6):

pCO2 = [H2CO3]/KCO2= α
(
H+

)
·α

(
HCO3

−)/
(
KCO2 ·K1

)
(6)

where α(H+) and α(HCO3
−) represent the ionic activities of [H+] and [HCO3

−], respec-
tively:

α (H+) = 10−[pH] (7)

α(HCO−3
)
=

[
HCO−3

]
× 10−0.5

√
I (8)

I = 0.5([K+] + 4[Ca2+] + [Na+] + 4[Mg2+] + [Cl−] + 4[SO4
2−] + [NO3

−] + [HCO3
−]) (9)

where I represents the ionic strength. However, the concentrations of the three cations
([K+], [Na+] and [Mg2+]) were not detected (n.d.) in this study. Therefore, Equation (9) can
be simplified to (10) (see Method S5 for details):

I = 0.5(4[Ca2+] + [Cl−] + 4[SO4
2−] + [NO3

−] + [HCO3
−]) (10)

2.3.5. Estimation of f CO2

Previous studies have established that CO2 diffusion at the water–air interface is
affected by temperature, salinity, wind speed and the disparity in pCO2. Therefore, we
employed the model (11) to estimate the water–air f CO2 (refs. [41,42]).

f CO2 = KT KH [pCO2(water) − pCO2(air)] (11)

where f CO2 represents the flux of water–air CO2. KH and KT represent the solubility and
gas exchange rate of CO2 at a specific temperature, respectively. Among them, the KH is
influenced by temperature, salinity, and pressure (cf. ref. [43]):

KH = e[A1+A2(100/T)+A3(T/100)] (12)

In addition, the normalized Schmidt number 600 (K600) was converted to the gas
exchange rate (KT) of CO2 using Equation (13) [44]:

KT = K600 × (
600

ScCO2
)n (13)

where n represents the Schmidt number exponent. Specifically, n is 0.50 for wind speeds
above 3.7 m s−1, while n is 0.75 for wind speeds below 3.7 m s−1 [45]. In this study, a
Schmidt number of 0.67 was used under typical conditions, as supported by the findings
of [38]. In addition, the formula (14) for K600 and related explanations have been shown
in Method S6. The U10 is the normalized wind speed at a height of 10 m above the water
surface at the time of sampling.

K600 = 2.07 + 0.215U10
1.7 (14)

In the whole study, we employed the IBM-SPSS Statistics 22 software for statistical
analysis and the SigmaPlot 14.0 for making graphs. Moreover, Tukey’s test was performed
at a significance level of 0.05.
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3. Results
3.1. Changes in pCO2

Our computational analysis revealed a clear continuous decreasing trend in pCO2 from
early morning (7:00 CST) to afternoon (17:00 CST) for all 11 sampling days from January to
September 2020 (Figure 2). The mean pCO2 decreased significantly (p < 0.05) from 10:00
to 17:00 (n = 11). The mean pCO2 decreased by ca. 29% from 7:00 (1198 ± 880 µatm) to
10:00 (834 ± 623 µatm), declined by ca. 50% from 10:00 to 14:00 (489 ± 309 µatm) and
reduced by ca. 47% from 14:00 to 17:00 (308 ± 166 µatm). The average daytime pCO2
throughout our study (n = 44) was 707 ± 642 µatm. The highest daytime mean pCO2 was
observed in September (1263 ± 756 µatm; n = 4), while the lowest occurred in January
2020 (203 ± 39 µatm; n = 4; Figure 3). Moreover, our analysis found a significant (p < 0.05)
disparity in the pCO2 levels of the lake during the morning (7:00–12:00 CST) and afternoon
(12:00–17:00 CST) periods. The average pCO2 values recorded were 1016 ± 767 µatm and
399 ± 259 µatm, respectively, based on a sample size of 22 (Figure 4A).
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Figure 2. Cont.
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Figure 2. Hourly variation of pCO2 and estimated f CO2 in Bailuwan Lake. (A–K): The hollow circles
represent the pCO2 value (solid line) and the f CO2 value (dotted line) at a specific sampling time
(n = 1). (L): The hollow circles represent the average pCO2 values (solid line) and f CO2 values (dotted
line) calculated from a total of 11 measurements at each sampling time.

3.2. Variations in fCO2

Similar to the diurnal variation in pCO2, CO2 fluxes (fCO2) for all 11 of our sampling days
also showed a decreasing trend during the day (Figure 2). All samples showed a significant
(p < 0.05) decrease in diurnal fCO2 between 7:00 CST and 14:00 CST, except for 20 April 2020
(daytime fCO2 of 78 at 7:00 and 91 mmol m2 h−1 at 10:00). Regarding the whole investigation
period, the mean fCO2 at 7:00 was significantly reduced by ca. 47% (41 ± 58 mmol m2 h−1) at
10:00 and ca. 89% (8 ± 330 mmol m2 h−1) at 14:00, respectively (n = 4), while the mean fCO2
at 17:00 decreased to ca. 112% (−10 ± 16 mmol m2 h−1). We also observed that the mean
daytime fCO2 throughout the study period was lowest in January, when it was highest in
September 2020, with an overall mean of 29 (± 67) mmol m2 h−1 (n = 11; Figure 3). Likewise,
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for pCO2, a marked discrepancy (p < 0.05) in fCO2 between morning (59 ± 72 mmol m2 h−1)
and afternoon (−1 ± 25 mmol m2 h−1) was also recorded (n = 22; Figure 4B).
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were generated using data obtained from all measurements conducted during each sampling month,
with a total of four or eight measurements available.
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Figure 4. Differences in the means of pCO2 (A), f CO2 (B), twater (C) and DO (D) during morning
(7:00–10:00 CST; n = 22) and afternoon (4:00–17:00 CST; n = 22) in Bailuwan Lake. The rectangular
bars above indicate the mean values of all detections at two specific time points, while the error
bars represent the SDs (A,C,D) or standard error (B). Distinct lowercase letters indicate significant
differences (p < 0.05) in the mean values between the morning and afternoon hours, as determined by
Tukey’s tests.
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3.3. Ambient Factors of CO2

In this studied lake, the mean DO of the water–air interface in the morning was signifi-
cantly (p < 0.05) lower than that in the afternoon (n = 22), while the mean water temperature
(twater) had no marked difference (p > 0.05) between the morning and the afternoon. For
other parameter changes, the twater, EC, TDS, TPC and FNU during the daytime exhibited
no significant discrepancy at the four times, while pH, DO and Chla all reached their
highest values at 17:00, with 8.48 ± 0.25, 8.60 ± 1.41 mg L−1 and 22.96 ± 15.63 mg m−3,
respectively (Table 1).

Table 1. Hourly changes of the water quality indicators in Bailuwan Lake. Different lowercase letters
indicate marked differences between means at different sampling times (p < 0.05). Additionally,
the values presented for each sampling time represent the means of all measurements conducted
throughout the study, with a total of 11 measurements. The abbreviations used in the figures
correspond to the following parameters: twater, EC, TDS, TPC, FNU, DO, and Chla.

Time/
CST

twater/
◦C

pH/
NU

EC/
µs cm−1

TDS/
mg L−1

TPC/
cm

FNU/
NTU

DO/
mg L−1

Chla/
mg m−3

7:00 23.87 ± 5.43 a 7.97 ± 0.34 b 482.36 ± 20.60 a 240.45 ± 9.93 a 39.00 ± 14.93 a 22.48 ± 8.46 a 4.87 ± 2.09 b 22.46 ± 9.81 ab
10:00 24.95 ± 5.63 a 8.19 ± 0.43 ab 482.55 ± 17.82 a 240.18 ± 9.13 a 40.09 ± 13.60 a 21.76 ± 8.15 a 6.43 ± 2.37 b 23.78 ± 11.14 a
14:00 27.26 ± 6.94 a 8.33 ± 0.32 ab 482.73 ± 18.17 a 241.18 ± 9.83 a 43.68 ± 11.89 a 20.33 ± 6.81 a 7.02 ± 1.54 ab 18.12 ± 8.90 b
17:00 27.55 ± 7.18 a 8.48 ± 0.25 a 478.18 ± 20.50 a 238.91 ± 10.77 a 42.86 ± 10.59 a 20.05 ± 5.64 a 8.60 ± 1.41 a 22.96 ± 15.63 a

To accurately reflect the nutrient status of the water bodies in Bailuwan Lake, we also
calculated the TLI(∑) based on Equation (5) (Method S4). Our analysis showed that the
four parameters (NT, TDN, TP and Chla; Table 1 and Figure S2) used to calculate TLI(∑)
were apparently different at four different sampling times. The calculated TLI(∑) was 63.52
(60 < TLI(∑) ≤ 70; Tables 2 and S1), indicating that Bailuwan Lake is middle-eutrophic.
Furthermore, in accordance with the Surface Water Environmental Quality Standard of
China [GB 3838-2002; The National Standard of the People’s Republic of China (published
in Chinese); Issued 28 April 2002, and implemented 1 June 2002], we conducted tests to
assess the levels of the four anions in water. Our results indicated that the water quality of
Bailuwan Lake met the criteria for class I classification, as shown in Table S2.

Table 2. The comprehensive nutritional status index TLI (∑) in Bailuwan Lake. The TLI(∑) is a
comprehensive indicator used to assess the overall nutritional status. The TLI(∑) is calculated by
summing up the nutritional status indices of individual parameters, where Wj denotes the relative
weight of the trophic status index assigned to the jth parameter, and TLI (j) denotes the trophic status
index specifically associated with the j-th parameter. The means are the average of all the measured
indices (n = 44) in this lake during the study period. In this study, nitrate (NT) and total dissolved
nitrogen (TDN) were converted to TN (see Table S1). For the evaluation methods of NT, TP, TDN and
eutrophication status, please refer to the attached Methods S1~S3.

Parameters Means TLI (j) Wj Wj × TLI (j) TLI (∑)

Chla (mg m−3) 21.83 58.48 0.3261 19.07 63.52
TP (mg L−1) 0.13 61.46 0.2301 14.14
TN (mg L−1) 2.23 68.12 0.2192 14.93

TPC (m) 0.41 68.48 0.2246 15.38

For the monthly variation, all water environment parameters showed significant
differences across investigation months (Figures 5–7). Interestingly, as twater gradually
increased to stabilization (p > 0.05) from January to September, DO and TPC decreased
significantly, while FNU increased gradually, but Chla and chloride decreased sharply
in September 2020 (Figures 5 and 7). In addition, the water bicarbonate concentration
(Figure 7F) was highest in January, while it was markedly lower and stable (p > 0.05) in
other months, and the water TC and IC decreased from April and then gradually increased
until September 2020 (Figure 6A,B).
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Figure 5. Monthly changes of all environmental parameters including twater (A), pH (B), EC (C),
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Figure 6. Monthly changes in TC (A), IC (B) and TOC (C) in Bailuwan Lake. The box diagrams follow
a similar format as shown in Figure 4. The data for these figures were derived from all detections in
each month (n = 4, 8).
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4. Discussion 
By the end of 2019, more than 60% of China’s resident population had become 

urbanized [46,47]. The process of urbanization has been rapidly advancing, accompanied 
by human activities that have inevitably impacted inland freshwater systems, including 
urban lakes, affecting their water-carbon cycling [3,27,48]. Therefore, it is crucial to 
investigate the dynamics of carbon sink/source behaviors in lakes, along with their 
influencing factors. It is crucial to understand the carbon balance of urban lakes in 
developing countries, which could help promote carbon neutrality and peak carbon 
emissions. 

4.1. Changes in the pCO2 Contribution to the Source–Sink Interchange 
In this study, there was a significant overall decrease in pCO2 and fCO2 from January 

to September 2020 (n = 11) between 7:00 CST and 17:00 CST (Figure 2). Moreover, the 
average pCO2 during the mornings (7:00–12:00 CST; n = 22) was markedly (p > 0.05) higher 
than that in the afternoons (12:00–17:00 CST; Figure 3) in this middle-eutrophic lake, 
indicating that the dynamics of pCO2 in this system are mainly driven by biological 
photosynthesis (P) [10,49], influenced by the balance between P and respiration (R) [19,50]. 
Our previous work [10,20,24] and other studies in aquatic systems [21,33] have also 
obtained similar findings. In general, both P and R abide by the circadian rhythms, i.e., C 
fixation occurs only during the day, whereas respiration occurs throughout the 24 h cycle 
[27,51]. In our study, a significant negative correlation between DO and pCO2/fCO2 was 
observed (i.e., pCO2/DO = −0.801**, fCO2/DO= −0.811**) (Tables 3 and S3), indicating that 
surface pCO2 is primarily driven by respiration and exceeds atmospheric CO2 levels when 
P is less than R (i.e., heterotrophic). Conversely, in autotrophic ecosystems, pCO2 was 
lower than atmospheric CO2 [20,35]. When P : R > 1.0, lakes may experience CO2 over-
saturation. Previous studies have shown that inorganic carbon storage has a strong 
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Figure 7. Monthly changes of F− (A), Cl− (B), NO3
− (C), SO4

2− (D), CO3
2− (E) and HCO3

− (F) in
Bailuwan Lake (n = 4, 8).

4. Discussion

By the end of 2019, more than 60% of China’s resident population had become ur-
banized [46,47]. The process of urbanization has been rapidly advancing, accompanied by
human activities that have inevitably impacted inland freshwater systems, including urban
lakes, affecting their water-carbon cycling [3,27,48]. Therefore, it is crucial to investigate
the dynamics of carbon sink/source behaviors in lakes, along with their influencing factors.
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It is crucial to understand the carbon balance of urban lakes in developing countries, which
could help promote carbon neutrality and peak carbon emissions.

4.1. Changes in the pCO2 Contribution to the Source–Sink Interchange

In this study, there was a significant overall decrease in pCO2 and f CO2 from January to
September 2020 (n = 11) between 7:00 CST and 17:00 CST (Figure 2). Moreover, the average
pCO2 during the mornings (7:00–12:00 CST; n = 22) was markedly (p > 0.05) higher than
that in the afternoons (12:00–17:00 CST; Figure 3) in this middle-eutrophic lake, indicating
that the dynamics of pCO2 in this system are mainly driven by biological photosynthesis
(P) [10,49], influenced by the balance between P and respiration (R) [19,50]. Our previous
work [10,20,24] and other studies in aquatic systems [21,33] have also obtained similar
findings. In general, both P and R abide by the circadian rhythms, i.e., C fixation occurs
only during the day, whereas respiration occurs throughout the 24 h cycle [27,51]. In our
study, a significant negative correlation between DO and pCO2/f CO2 was observed (i.e.,
pCO2/DO = −0.801**, f CO2/DO= −0.811**) (Tables 3 and S3), indicating that surface
pCO2 is primarily driven by respiration and exceeds atmospheric CO2 levels when P is
less than R (i.e., heterotrophic). Conversely, in autotrophic ecosystems, pCO2 was lower
than atmospheric CO2 [20,35]. When P:R > 1.0, lakes may experience CO2 over-saturation.
Previous studies have shown that inorganic carbon storage has a strong influence on
dissolved CO2 concentrations in selected lakes and reservoirs in the United States [6,27,52].

Table 3. Daily correlation (n = 4) analysis of pCO2 and f CO2 versus time in Bailuwan Lake. r2,
regression coefficients; x, time; y1, pCO2; y2, f CO2.

R-Squared
pCO2 (y1 = b0 × eb1 x) fCO2 (y2 = b0

′x + b1
′)

b0 b1 R2 b0
′ b1

′ R2

9 January 2020 303.6 −0.83 0.611 −16.50 −10.5 0.661
1 April 2020 866.2 −3.26 0.816 −72.30 16.9 0.713

20 April 2020 2546 −1.88 0.833 −160.8 137 0.790
5 May 2020 2620 −2.89 0.954 −187.9 123 0.952

19 May 2020 1430 −2.28 0.860 −159.7 92.3 0.780
5 June 2020 1022 −1.50 0.585 −71.40 46.4 0.568
23 June 2020 10639 −4.22 0.985 −582.5 410 0.947
12 July 2020 2228 −3.71 0.989 −144.3 73.4 0.912
27 July 2020 992.9 −2.58 0.916 −72.50 26.3 0.896

14 August 2020 9868 −5.05 0.995 −429.3 277 0.953
6 September 2020 7862 −4.03 0.917 −360.6 257 0.978

Moreover, the average daytime pCO2 was 707 ± 642 µatm (n = 44), which was signifi-
cantly elevated compared to typical atmospheric CO2 levels (i.e., 380–420 µatm; [17,18,53]).
This observation indicated that the biological productivity at a depth of 1.0 m exceeded
the dissolution of water CO2, with the potential for CO2 to be released into the atmo-
sphere [10,54]. Thus, to some extent, it can be considered that this lake becomes a ‘source’ of
CO2 during the day. Interestingly, the average pCO2 on 9th January, 1st April, and 27th July
2020 was lower than typical atmospheric CO2 levels (n = 4), with values of 203 ± 39 µatm,
205± 106 µatm, and 299± 146 µatm, respectively (Table 3). Similar phenomena were also ob-
served in our studies on Capitol Lake, University Lake and Qinglonghu Lake [10,20,24]. One
possible reason is the influence of increased precipitation on the sampling days (Figure 1).
In terms of diurnal variation, a higher cumulative precipitation can lead to a significant
increase in daily pCO2 variations, thus promoting CO2 exchange [55]. Additionally, owing
to the relative openness of the sampling sites, higher wind speeds accelerated the exchange
of soluble gases with the atmosphere, resulting in a decrease in pCO2. Consistent with
previous studies, the regression between pCO2 and wind speed had a significant negative
correlation with no time lag [56], suggesting that accelerated gas exchange between CO2
and water is the main process driving the decline in pCO2 [57,58]. Based on these findings,
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this urbanizing lake has the potential to function as both ‘source’ and ‘sink’ of CO2 during
daytime hours.

4.2. Environmental Factors Affecting the Lake pCO2 and fCO2

In the present publications, the variations regarding pCO2 and f CO2 in lakes were
closely related to environmental factors such as nutrient status, DO, pH and TPC/FNU. We
focused on a lake in the central urban area of Chengdu, China, that is inevitably influenced
by residential and industrial areas, despite being classified as a middle-eutrophic lake.
This study revealed that high nutrient content could significantly stimulate the biological
activity of aquatic phosphorus and thus increase CO2 uptake. Further, the enrichment of
nutrients enhanced the decomposition of organic matter by fostering the proliferation of
aquatic organisms, leading to an augmented release of CO2 [10,20,42]. This finding aligns
with the significant negative correlation (R2 = −0.801**) observed between DO and pCO2
in this study. For instance, the dynamic fluctuations in CO2 in typical highly productive
tropical lakes depend heavily on the diurnal biological metabolism cycle [59], whereas no
significant diurnal variation in f CO2 has been observed in low-nutrient lakes [60].

DO plays an important role in maintaining the respiration and metabolic processes of
organisms in water, which is affected by multiple factors such as twater, pressure, flow rate,
and organic matter in water. Among them, twater is crucial in influencing the concentration
of DO. Under the same water pressure and water velocity conditions, a lower water
temperature correlates to a higher concentration of dissolved oxygen in water. In our
study, the water temperature gradually increased from January to September, while the
DO gradually decreased from January to September. As shown in Tables 1 and S3, the
water temperature was negatively correlated with DO (R2 = −0.189) because the oxygen
molecules were more easily dissolved in water at low temperatures.

The continuous dissolution of atmospheric CO2 also could drive changes in lake water
pH, altering the response of aquatic species to pH-sensitive pollutants [7,61]. In agreement
with the results obtained in this investigation, a notable inverse relationship between
pCO2/f CO2 and pH (Table S3) was observed, indicating a critical pH threshold where a
shift occurred from CO2 absorption capacity to emission sources. In river wetlands, a pH
exceeding 8.59 indicates a CO2 sink, while a pH below 8.59 acts as a carbon source [18,30].
Hence, we hypothesize that dramatic changes in pH and nutrient levels in lake systems are
closely linked to urbanization, leading to elevated pCO2 levels in the water body [7,62].

Lake depth is also a factor to consider when estimating CO2 flux. Generally, the dynam-
ics of CO2 in deep lakes are more complex than those in shallow lakes due to variations in
sunlight availability and gas transfer between layers [63]. In this study, TPC and pCO2 at a
sampling depth of 1 m showed a significant negative correlation, while FNU exhibited an
obvious positive correlation (p < 0.05; Table S3). Similar results have been found in other
aquatic systems. For instance, Podgrajsek et al. [58] reported higher nighttime CO2 flux
levels than daytime levels in a shallow 1.3 m lake in central-eastern Sweden, which could be
attributed to water-edge convection. In deep lakes, primary production often occurs in the
upper water column, while R may prevail in the oxygen-depleted deep layers. This conclu-
sion was validated by Liu et al. [64] in the deep (4–8 m) Ross Barnett Reservoir in Mississippi,
USA. Furthermore, Spafford and Risk [63] investigated a deep (>20 m) oligotrophic lake in
Canada and found distinct diurnal peaks of CO2 evaporation between 1:00 and 10:00 Atlantic
Daylight Time (ADT). The CO2 net exchange rates decreased during daylight hours until
the minimum solar radiation (ADT 17:00–21:00). This diurnal exchange pattern, similar to
shallow lakes, may be influenced by microstratification and lateral variations in substrate
composition and carbon.

4.3. Uncertainties in the Current Estimates of the Lake CO2 Escape

In recent years, many studies have focused on quantifying CO2 escapes from fresh-
water to the atmosphere. [3,65,66]. However, different studies have shown substantial
variations in global estimates of CO2 release from inland freshwater systems such as lakes
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and reservoirs (0.06–0.84 Pg C year−1; e.g., [1,2,15,38,50,67]). The potential reasons for
these large discrepancies include geographical differences [51,59,68,69], limitations of meth-
ods [15,70,71], and temporal variability [65,72,73]. Notably, current estimates of f CO2
often suffer from poor coverage of low-frequency time series, such as monthly or seasonal
sampling data. In our study, the rapid decline in daytime water–air pCO2/f CO2 occurred
within a very short time frame, suggesting that one-time measurements commonly used
in previous studies may tend to underestimate or overestimate daily CO2 outgassing. On
the other hand, the observations in this study were conducted from 7:00 to 17:00, without
nighttime measurements. Nighttime CO2 outgassing is often more pronounced when
dark P is nearly inactive, possibly due to favorable conditions for respiration (P:R < 1.0)
or intense physical changes in lake water [33]. Gu et al. [35] conducted an analysis of
lake data collected between 1987 and 2006 and discovered a slight increase in average
nighttime pCO2 (224 µatm) compared to daytime levels. Similarly, Reis and Barbosa [59]
examined a tropical lake (P-type) in Brazil and observed that the mean nighttime pCO2
(from 21:00 to 17:00 BRT) was higher than the daytime pCO2 (from 9:00 to 17:00 BRT,
approximately 436 m). Moreover, measurements directly recorded from the Ross Barnett
Reservoir indicated that nighttime f CO2 was approximately 70% higher than daytime levels
(8:00–20:00 CST) during a one-year observational period [64]. Based on these findings, we
therefore believe that current estimates of CO2 evaporation from lakes, at regional or global
scales, may be significantly underestimated. To standardize and reduce uncertainties in
CO2 evaporation estimates, it is crucial to understand and constrain all factors that may
contribute to data dispersion and differences and to further enhance monitoring at smaller
timescales, particularly during the nighttime.

5. Conclusions

In this work, for the daily variability, a significant and continuous decrease in average
pCO2 and f CO2 from early morning to evening was observed. Specifically, on the one
hand, the average pCO2 decreased by ca. 29% from 7:00 to 10:00, by ca. 50% from 10:00 to
14:00, and by ca. 47% from 14:00 to 17:00. Compared to 7:00, the average f CO2 significantly
decreased by ca. 112% at 17:00. Throughout the study period, the average daytime pCO2 and
f CO2 were 707 ± 642 µatm (higher than typical atmospheric CO2 levels of 380–420 µatm)
and 29 ± 67 mmol m2 h−1, respectively, although the average pCO2 on 9 January, 1 April,
and 27 July was lower than typical atmospheric CO2 levels. The pCO2 and f CO2 were
significantly higher in the mornings than in the afternoons (p < 0.05). Each month, all water
environment parameters showed significant differences. These above findings suggest that
this studied urbanizing lake has the potential to act as both a ‘source’ and ‘sink’ of CO2
during the daytime. However, there are significant discrepancies in global estimates of
CO2 emissions from inland freshwater systems, which could be attributed to geographical
differences, methodological limitations, and temporal variations. To reduce uncertainties in
CO2 evaporation estimates, it is crucial to further constrain all factors that may contribute to
data dispersion and differences, especially by enhancing monitoring at smaller timescales,
such as during nighttime.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15193365/s1, Method S1: Determination of NT. Method S2:
Determination of TP. Method S3: Determination of TDN. Method S4 Eutrophication evaluation.
Method S5: Calculation of pCO2. Method S6: Estimation of CO2 fluxes. Figure S1: Daily air
temperature and precipitation (A; mm d−1) and radiation (B; h d−1) during the study period in
Bailuwan Lake. Figure S2: Monthly and hourly changes of water NT (A, B), TDN (C, D) and TP (E, F)
in Bailuwan Lake. Table S1: Correlation between parameters of Chinese lakes/reservoirs and Chla
with rij and rij

2. Table S2: Concentrations and evaluation of water anion levels in Bailuwan Lake.
Table S3: Pearson correlation analysis of environmental parameters in Bailuwan Lake (n = 44) at
p < 0.05. References [10,20,24,37,38,41,43–45,73] are cited in the supplementary materials.
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