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Abstract: We conducted 24-h real-time monitoring of temperature, salinity, dissolved oxygen,
and nutrients in the near-shore (M4-1), front (M4-8), and offshore (M4-13) regions of the 31◦ N section
of the Changjiang (Yangtze) River estuary plume in summer. Carbon dioxide partial pressure changes
caused by biological processes (pCO2bio) and net ecosystem production (NEP) were calculated
using a mass balance model and used to determine the relative contribution of biological processes
(including the release of CO2 from organic matter degradation by microbes and CO2 uptake by
phytoplankton) to the CO2 flux in the Changjiang River estuary plume. Results show that seawater
in the near-shore region is a source of atmospheric CO2, and the front and offshore regions generally
serve as atmospheric CO2 sinks. In the mixed layer of the three regions, pCO2bio has an overall
positive feedback effect on the air–sea CO2 exchange flux. The contribution of biological processes
to the air–sea CO2 exchange flux (Cont) in the three regions changes to varying extents. From west
to east, the daily means (±standard deviation) of the Cont are 32% (±40%), 34% (±216%), and 9%
(±13%), respectively. In the front region, the Cont reaches values as high as 360%. Under the mixed
layer, the daily means of potential Conts in the near-shore, front, and offshore regions are 34% (±43%),
8% (±13%), and 19% (±24%), respectively. The daily 24-hour means of NEP show that the near-shore
region is a heterotrophic system, the front and offshore regions are autotrophic systems in the mixed
layer, and all three regions are heterotrophic under the mixed layer.

Keywords: biological processes; air–sea CO2 exchange flux; net ecosystem production; potential CO2
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1. Introduction

The Changjiang estuary plume is a typical marginal sea with a coastal continental shelf that has
large spatial and temporal variations in carbon sinks/sources. In summer, the East China Sea generally
acts as a carbon sink for atmospheric CO2 (−4.6 ± 1.3 mmol m−2 day−1) [1–3]. The influence of physical
processes, such as strong winds, and the large amount of dissolved inorganic carbon produced by
respiration under the mixed layer turns the region into an atmospheric carbon source [4]. The water
mass compositions in the mixed layer of the Changjiang River estuary plume are determined primarily
by the Changjiang Diluted Water and the Kuroshio Surface Water. However, the originally deep
(50 m) subsurface water of the Kuroshio [5] will rise and form an upwelling around 123◦ E, where
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there is a trough [6]. On shorter time scales (e.g., 24-h), the complicated physical (upwelling, wind,
tidal mixing, etc.) and biogeochemical (including the release of CO2 from organic matter degradation
by microbes and CO2 uptake by phytoplankton) effects on the coastal and shelf ecosystems lead
to complex transitions between carbon sinks and sources [7]. Thus, observations at high temporal
resolutions are urgently needed to study the effects of biological processes on carbon sinks and sources.

The difference between gross primary production (GPP) and respiration (R) in an ecosystem
is defined as the net ecosystem production (NEP) [8]. Negative NEP indicates that the ecosystem
is heterotrophic, and positive NEP indicates that it is autotrophic; therefore, NEP can be used
as an indicator of the trophic status, which is an important factor in the assessment of a specific
ecosystem [9,10]. For example, Li [11] estimated the nutrient flux, primary production, and NEP in
the Changjiang River estuary in the four seasons using the budget box model. Xu [12] used in situ
sampling data and the “muddy” LOICZ (land–ocean interaction in the coastal zone) model to evaluate
the tropical status of the Changjiang River estuary plume in summer and winter. NEP is also used
to distinguish biogeochemical controls from other controls of carbon sinks and sources in marginal
environments [13,14]. For instance, Borges established the relationship between mixed-layer NEP and
air–sea CO2 flux in order to detail the function of biogeochemical processes in European coastal seas [15].
Studies of NEP in the Changjiang River estuary plume have mostly applied the biogeochemical budget
model on a seasonal scale. However, the contributions of biological processes to the impact of air–sea
CO2 flux using continuous monitoring data have rarely been reported. In addition, the quantification
of potential CO2 flux under the mixed layer using NEP remains to be studied in depth.

In this study, data from 24 hours of continuous monitoring in the Changjiang River estuary plume
in summer were used to further explore these processes. The diel variations in parameters such as
carbon dioxide partial pressure (pCO2) and NEP in the near-shore, front, and offshore regions were
calculated by a mass balance model to separate the controlling processes of pCO2. We differentiated the
air–sea CO2 exchange flux associated with physical and biological processes and then quantified the
contribution of biological processes to the total air–sea CO2 exchange flux in the mixed layer. We also
attempted to calculate the quantitative potential CO2 emission under the mixed layer. Moreover,
the NEP vales of the three regions were compared to assess the trophic statuses of the different
ecosystems. The results demonstrate the importance of biological processes in the regulation of
estuarine carbon sources and sinks, and they also show the gradients of trophic statuses that are
influenced by Changjiang-diluted water in the Changjiang River estuary plume.

Our research on the carbon sinks and sources and assessment of the trophic statuses is based
on a 24-h dataset. Although this maybe a shorter period than the timescale at which pCO2 variation
occurs in a carbonate system because of the buffer capacity of seawater, this study is meaningful from
the perspective of the steady state over several months in summer in the Changjiang River estuary
plume [16].

2. Materials and Methods

2.1. Study Area

Changjiang-diluted water has a strong influence on the Changjiang River estuary plume by virtue
of a water discharge of about 944 × 109 m−3 year−1 [17] that carries a large amount of nutrients and
sediments [18]. The eutrophic Changjiang-diluted water enters the upper estuary area, resulting in
phytoplankton blooms that can absorb a substantial quantity of atmospheric CO2 [19]. At the same time,
fluvial carbon input [20], as well as the decomposition and regeneration of organic matter in primary
production, causes the estuary to release CO2 into the atmosphere [21]. In addition, the Changjiang
River estuary plume has a regular semidiurnal tide [22], which results in periodic changes in sea
surface temperature and salinity. The largest monthly water discharge at Datong Station, which is
624 km from the river mouth, occurred in July, with the second largest occurring in August [23].
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2.2. Sampling Collection

Samples from M4-1 (122.13◦ E, 31.04◦ N), M4-8 (122.97◦ E, 31◦ N), and M4-13 (124.01◦ E, 31◦ N)
were collected on 26–27 July, 13–14 August, and 14–15 August in 2006 during cruises on the Changjiang
River estuary plume (Figure 1). No tropical cyclones, typhoons, or rainstorms occurred during the
sampling period [24]. Although the sampling period spanned nearly 17 days because the three stations
are regulated by regular semidiel tides, we considered the water properties of each station to be
quasisynchronized within almost one month, so each station is representative of a typical summer
in a specific location. This is consistent with approaches used by other studies in summer [25–27].
The water depths at each station were 6, 52, and 37 m, respectively. Samples from the surface layer
(2 m), depths of 5, 10, 30, and the bottom layer (with a height of 2 m above the seabed) were collected
every three hours for 24 hours. In particular, we collected 5 m when the high slack tide impacted the
M4-1 station and 4 m otherwise. In this study, M4-1, M4-8, and M4-13 denote the near-shore, front,
and offshore regions, respectively.

Water 2019, 11, x FOR PEER REVIEW 3 of 16 

 

2.2. Sampling Collection 

Samples from M4-1 (122.13°E, 31.04°N), M4-8 (122.97°E, 31°N), and M4-13 (124.01°E, 31°N) 
were collected on 26–27 July, 13–14 August, and 14–15 August in 2006 during cruises on the 
Changjiang River estuary plume (Figure 1). No tropical cyclones, typhoons, or rainstorms occurred 
during the sampling period [24]. Although the sampling period spanned nearly 17 days because the 
three stations are regulated by regular semidiel tides, we considered the water properties of each 
station to be quasisynchronized within almost one month, so each station is representative of a 
typical summer in a specific location. This is consistent with approaches used by other studies in 
summer [25,26,27]. The water depths at each station were 6, 52, and 37 m, respectively. Samples 
from the surface layer (2 m), depths of 5, 10, 30, and the bottom layer (with a height of 2 m above the 
seabed) were collected every three hours for 24 hours. In particular, we collected 5 m when the high 
slack tide impacted the M4-1 station and 4 m otherwise. In this study, M4-1, M4-8, and M4-13 
denote the near-shore, front, and offshore regions, respectively. 

 
(a) (b) 

Figure 1. Map of Changjiang River estuary plume (a) and sampling stations (b): stations M4-1, M4-8, 
and M4-13 denote the near-shore, front, and offshore regions, respectively. 

2.3. Hydrographic Measurements 

Seawater samples were collected using a rosette water collector. Temperature, salinity, and 
depth data were measured in situ with a Hydro-bios® MWS6 conductivity-temperature-depth 
(CTD) recorder. The data were recorded every three hours and monitored continuously for 24 hours. 
pH was measured with an ORION Ross-type combination electrode, which was calibrated on the 
NBS scale. The measurement precision was ±0.01 pH units. Total alkalinity (TA) was calculated 
using the TA–salinity relationship (equation 1), which was acquired by averaging the slopes and 
intercepts of the TA–salinity relationships in Table 1. The partial pressures of CO2 (pCO2) and 
dissolved inorganic carbon (DIC) were calculated from pH and TA using the program CO2SYS [28]. 

TA (μmol kg−1) = (13.38 ± 0.15)S + (1788.40 ± 32.63) (1) 

  

Figure 1. Map of Changjiang River estuary plume (a) and sampling stations (b): stations M4-1, M4-8,
and M4-13 denote the near-shore, front, and offshore regions, respectively.

2.3. Hydrographic Measurements

Seawater samples were collected using a rosette water collector. Temperature, salinity, and depth
data were measured in situ with a Hydro-bios®MWS6 conductivity-temperature-depth (CTD) recorder.
The data were recorded every three hours and monitored continuously for 24 hours. pH was
measured with an ORION Ross-type combination electrode, which was calibrated on the NBS scale.
The measurement precision was ±0.01 pH units. Total alkalinity (TA) was calculated using the
TA–salinity relationship (equation 1), which was acquired by averaging the slopes and intercepts of
the TA–salinity relationships in Table 1. The partial pressures of CO2 (pCO2) and dissolved inorganic
carbon (DIC) were calculated from pH and TA using the program CO2SYS [28].

TA (µmol kg−1) = (13.38 ± 0.15)S + (1788.40 ± 32.63) (1)

Table 1. Summary of correlation between total alkalinity (TA, µmol kg−1) and salinity.

Sampling Date Sampling Area Correlation Reference

27 August 2013 31–31.5◦ N, 121.5–124◦ E (with a
salinity of 5.17–34.26) TA = 13.3507S + 1797.39 [7]

August 2009 31◦ N, 122.5–125◦ E (Transect C) TA = 13.2S + 1744.7 [29]

8–27 April and 2–7 May 2007 30.0–31.8◦ N, 122.5–123.5◦ E (with
a salinity of 13.00–34.49) TA = 13.5875S + 1823.1 [30]
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2.4. Mass Balance Model Based on Separating pCO2-Controlling Processes

The volumetric flow equation [31] was used to calculate the air–sea CO2 exchange flux:

FCO2 = k × K0 × (pCO2water − pCO2air) (2)

where pCO2air and pCO2water are the partial pressures of CO2 in the atmosphere and surface water
(µatm), respectively; pCO2air was 380 and 377 µatm in July and August 2006, respectively (ftp://aftp.
cmdl.noaa.gov/data/trace_gases/co2/flask/surface/co2_tap_surface-flask_1_ccgg_month.txt). FCO2 is
the air–sea CO2 exchange flux (mmol m−2 day−1), where FCO2 > 0 indicates that seawater releases CO2

into the atmosphere, and FCO2 < 0 means that seawater absorbs atmospheric CO2. K0 is the solubility
coefficient of CO2 in seawater [32], and k is the gas transfer velocity. For short-term wind, k was
calculated using the empirical formula proposed by Wanninkhof [33] and revised by Sweeney [34]:

k = 0.27 × U10
2
× (Sc/660)−0.5 (3)

Sc = Sc0 × (1 + 3.14S/1000) (4)

Sc0 = 0.0476T3 + 3.7818T2
− 1.201T + 1800.6 (5)

where U10 is the wind speed (m s−1) at a height of 10 m above the sea surface (Remote Sensing Systems,
CCMP Wind Vector Analysis Product, http://www.remss.com/measurements/ccmp/); Schmidt number
(Sc) is expressed as a function of temperature (T, Celsius) and salinity (S, psu) [33,35].

We chose to use the mass balance method [36,37] that was modified for the calculation of NEP.
At the initial time (t1), the sea surface temperature (SST), sea surface salinity (SSS), and carbonate
system parameters, including dissolved inorganic carbon (DIC), total alkalinity (TA), and pCO2, are T1,
S1, TA1, DIC1, and (pCO2)1, respectively. At time t2, the above parameters are change to T2, S2, TA2,
DIC2, and (pCO2)2.

∆pCO2 = (pCO2)2 − (pCO2)1 = ∆pCO2tem + ∆pCO2a-s + ∆pCO2mix + ∆pCO2bio + ∆pCO2non (6)

∆DIC = ∆DICa-s + ∆DICmix + ∆DICbio (7)

The subscripts “tem”, “a-s”, “mix”, and “bio” of the specific parameter denote temperature,
air–sea exchange, mixing, and in situ biological processes (including the release of CO2 from organic
matter degradation by microbes and CO2 uptake by phytoplankton), respectively. “∆” refers to the
change in a particular parameter within a certain period of time (from t1 to t2). On a short timescale
(three hours or each day), the nonlinear term (∆pCO2non) is essentially zero. The four different factors
in Equation (6) were calculated as described below.

First, the thermal effect on ∆pCO2 was calculated by Equation (8).

∆pCO2tem = (pCO2)1 × exp (0.0423 × (T2 − T1)) − (pCO2)1 (8)

where 0.0423 is the temperature dependence coefficient of pCO2 presented by Takahashi [38].
Second, air–sea CO2 exchanges only change DIC and pCO2 but have no effect on TA.

∆DICa-s = −FCO2 × ∆t/(ρ ×MLD) (9)

(DIC2)a-s = DIC1 + ∆DICa-s (10)

∆pCO2a-s = f ((DIC2)a-s, TA1, S1, T1) − (pCO2)1 (11)

where ρ is seawater density (kg m−3), MLD is the mixed-layer depth, and (DIC2)a-s is the DIC
concentration at time t2 and is affected only by the air–sea exchange from t1 to t2. The functions
f ((DIC2)a-s, TA1, S1, T1) were calculated using the CO2SYS program [28], and the dissociation constants

ftp://aftp.cmdl.noaa.gov/data/trace_gases/co2/flask/surface/co2_tap_surface-flask_1_ccgg_month.txt
ftp://aftp.cmdl.noaa.gov/data/trace_gases/co2/flask/surface/co2_tap_surface-flask_1_ccgg_month.txt
http://www.remss.com/measurements/ccmp/
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were taken from Dickson et al. [39].The evaluation of the mixed-layer depth (MLD) was based on the
sigma-t criterion proposed by Sprintall [40], and it was calculated as follows:

σt,MLD = σt,0 + ∆T × (∂t/∂T) (12)

σt = ρ − 1000 (13)

where σt,0 is the σt value in the surface layer. ∆T is the desired temperature difference, and ∆T = 0.5 ◦C
in this study. The coefficient of thermal expansion (∂t/∂T) was calculated from the surface temperature
and salinity.

Third, using the interaction with the above-mentioned Kuroshio current, the original sources
of the three end-member water masses were determined to be Changjiang diluted water (CDW),
Kuroshio surface water (KSW), and Kuroshio subsurface water (KSSW) (Figure 2). The equations and
characteristics of the three end-member mixing model are as follows (Table 2).

mCDW + mKSW + mKSSW = 1 (14)

mCDW × SCDW + mKSW × SKSW + mKSSW × SKSSW = S (15)

mCDW × θCDW + mKSW × θKSW + mKSSW × θKSSW = θ (16)

where the subscripts CDW, KSW, and KSSW denote the three end-member water masses CDW, KSW,
and KSSW, respectively; mCDW, mKSW, mKSSW respectively denote the proportion of three end-members
water masses; SCDW, SKSW, SKSSW and θCDW, θKSW, θKSSW denote the salinity and bit temperature of the
three-terminal element, respectively; S and θ denote the measured salinity and potential temperature,
respectively. From this calculation, the theoretical values of total alkalinity (TA2)mix and dissolved
inorganic carbon (DIC2)mix due to mixing during a given time period (from t1 to t2) can be determined.
Further, ∆pCO2mix can be calculated. The equations are

mCDW × (TA2)CDW + mKSW × (TA2)KSW + mKSSW × (TA2)KSSW = (TA2)mix (17)

mCDW × (DIC2)CDW + mKSW × (DIC2)KSW + mKSSW × (DIC2)KSSW = (DIC2)mix (18)

∆pCO2mix = f ((DIC2)mix, (TA2)mix, S2, T1) − (pCO2)1 (19)

where (TA2)CDW, (TA2)KSW, (TA2)KSSW and (DIC2)CDW, (DIC2)KSW, (DIC2)KSSW denote the TA and DIC
concentrations of the three end-member at time t2, respectively.

Table 2. Three end-member characteristics of water mass from measurements obtained during cruises
in July and August 2006.

Sampling Date θ (◦C) S TA (µmol kg−1) DIC (µmol kg−1)

CDW 27.76 ± 0.20 7.88 ± 0.28 1898 ± 3.6 1863 ± 3.6
KSW 29.49 ± 0.10 33.22 ± 0.33 2232 ± 4.4 1808 ± 0.6

KSSW 19.48 ± 0.09 34.11 ± 0.05 2244 ± 0.6 2105 ± 13

Finally, the pCO2 changes caused by biological processes (∆pCO2bio) were calculated from the
other DIC changes. Thus,

∆DICbio = ∆DIC − (∆DICa-s + ∆DICmix) (20)

(DIC2)bio = DIC1 + ∆DICbio (21)

∆pCO2bio = f ((DIC2)bio, TA1, S1, T1) − (pCO2)1 (22)

where (DIC2)bio is the theoretical value of DIC at time t2 due to biological processes that occurred
during a given time period (from t1 to t2).
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According to the definition, the NEP calculation formula is

NEP = −∆DICbio/∆t (23)

The NEP values in or under the mixed layer (mmol C m−2 day−1) were calculated using the
integral of the NEP over different water layers (mmol C m−3 day−1).

Finally, we calculated the CO2 flux caused by biological processes and its contribution to the
air–sea CO2 exchange flux as

FCO2bio = k × K0 × ∆pCO2bio (24)

FCO2non-bio = FCO2 − FCO2bio (25)

Cont = (FCO2bio/FCO2) × 100% (26)

where FCO2bio is the change in CO2 flux caused by biological processes (mmol m−2 day−1) and
FCO2non-bio is the change in CO2 flux caused by other processes. FCO2bio > 0 indicates that biological
processes, such as the degradation of organic matter by microorganisms, cause seawater to release
CO2. FCO2bio < 0 indicates that biological processes, such as absorption of CO2 by phytoplankton
photosynthesis, cause seawater to absorb CO2 from the atmosphere. Cont is the contribution of
CO2 flux changes caused by biological processes to the air–sea CO2 exchange flux. Cont > 0 means
that the variation in CO2 caused by biological processes has the same direction as the variation in
air–sea CO2 exchange, which indicates a positive feedback progress; Cont < 0 indicates a negative
feedback progress.

Under the mixed layer, potential pCO2 and pCO2bio were evaluated with the CO2SYS program
using DIC2, TA2, S2, T2 and (DIC2)bio, TA1, S1, and T1, respectively. *FCO2 and *FCO2bio for each
depth were calculated using Equations (1) and (23), and then the potential carbon flux (*FCO2) and the
potential carbon flux caused by biological processes (*FCO2bio) in the three regions at each time point
were integrated for the water layers beneath the MLD.
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diluted water (CDW), Kuroshio surface water (KSW), and Kuroshio subsurface water (KSSW). Isoclines
of potential density are shown in this figure.
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2.5. Error Analysis

The uncertainty in pH arose from the pH measurement process. The uncertainty in TA is from the
measured salinity and the TA–S Equation (1). The uncertainty in (TA2)mix and (DIC2)mix is introduced
during the determination of the three endmembers. The uncertainty in DIC, pCO2water, pCO2bio,
potential pCO2, and pCO2bio originates from CO2SYS with the equilibrium constants established by
Mehrbach et al. [41] and refit by Dickson and Millero [39] (i.e., with carbonic acid dissociation constants
omitted from calculations). The uncertainty in FCO2, FCO2bio, *FCO2, and *FCO2bio arises from the
calculation using the daily gas transfer velocity (k) and deviations in pCO2water and pCO2bio. In this
study, we used error propagation formulas to estimate the uncertainties [42].

Assuming that the errors of the variables X, Y, and Z are δX, δY, and δZ, respectively, for linear
sum functions, the error of R is

R = X + Y + Z (27)

δR = δX + δY + δZ (28)

For multiplication and division, the error of R is

R = (X × Y)/Z (29)

(δR/R)2 = (δX/X)2 + (δY/Y)2 + (δZ/Z)2 (30)

Overall, the uncertainty in the salinity-based TA calculation is less than 3%; the uncertainties in
(TA2)mix and (DIC2)mix are ~0.4% and ~0.8%, respectively; the uncertainty in k is ~13%; the uncertainty
of FCO2, FCO2bio, *FCO2, and *FCO2bio is ±1.61, ±2.10, ±2.61, and ±0.86 mmol m−2 day−1, respectively.

3. Results

3.1. 24 Hourly Variations in Temperature and Salinity

The trend of the surface temperature in the three regions was offshore > near-shore > front,
and the bottom temperature showed a trend of near-shore > offshore > front (Figure 3a–c). The trend
of salinity in the surface and bottom layer showed a distribution trend of offshore > front > near-shore
(Figure 3d–f). The difference between the surface and bottom temperature in the front region was the
largest, followed by the offshore region, and the temperature difference in the near-shore region was the
smallest. The temperature and salinity changes in the near-shore region fluctuated with a semidiurnal
frequency. The temperature and salinity at 06:00 and 18:00 both had extreme values (Figure 3a,d).
The relative standard deviation of surface salinity changes was as high as 25.82% in 24 hours. In the
front region, the relative standard deviation of the temperature variation at 10 m reached 8.90%, and the
salinity variation at 5 m was as high as 21.01%. In the offshore region, the temperature and salinity
changes were small in 24 hours: the relative standard deviation of the temperature at 10 m was 5.15%,
and the relative standard deviation of the changes in salinity at the surface in 24 hours was 1.01%;
the others were less than 1%.
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3.2. Variation in pH, TA, DIC, and Sea Surface pCO2 within 24 Hours

In the near-shore region, the surface daily averages (standard deviations in brackets) of pH
increased from 7.92 (±0.02) to 7.95 (±0.02) at the bottom (Figure 4a), TA increased from 1936.06 (±40.21)
to 1993.43 (±15.01) µmol kg−1 at the bottom (Figure 4d), DIC increased from 1889.75 (±28.04) to 1919.82
(±9.35) µmol kg−1 at the bottom (Figure 4g), and pCO2 decreased from 996 (±71) to 868 (±53) µatm at
the bottom (Figure 4j).

In the front region, the surface daily averages (standard deviations in brackets) of pH decreased
from 8.33 (±0.11) to 7.94 (±0.03) at the bottom (Figure 4b). TA increased from 2157.80 (±34.17) to 2244.12
(±0.68) µmol kg−1 at 30 m and then decreased to 2244.06 (±0.50) µmol kg−1 at the bottom (Figure 4e).
DIC increased from 1833.97 (±68.63) to 2102.68 (±12.88) µmol kg−1 at the bottom (Figure 4h), and pCO2

increased from 283 (±87) to 735 (±59) µatm at the bottom (Figure 4k).
In the offshore region, the surface daily averages (standard deviations in brackets) of pH decreased

from 8.38 (±0.03) to 8.05 (±0.02) at the bottom (Figure 4c), TA increased from 2229.48 (±4.72) to 2240.15
(±0.53) µmol kg−1 at the bottom (Figure 4f), and DIC increased from 1791.73 (±24.87) to 2018.65 (±13.21)
µmol kg−1 at the bottom (Figure 4i). Daily average pCO2 was 227 (±23) µatm at the surface, and it
decreased to 226 (±32) µatm at 5 m and then increased to 566 (±38) µatm at the bottom (Figure 4l).

Overall, from the vertical distribution of the water column, pH was generally highest at the surface
and lowest at the bottom. On the contrary, TA, DIC, and pCO2 were generally lowest at the surface and
highest at the bottom. Spatially, pH and TA generally increased from the near-shore to the offshore
region. On the contrary, DIC and pCO2 generally decreased from the near-shore to the offshore region.
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3.3. Variation in NEP within 24 Hours

In the near-shore region, there were negative NEP values, and the NEP at the bottom was slightly
larger than that at the surface (Table 3). The minimum NEP value was −0.36 mmol C m−3 day−1 at 12:00
at the surface, and the maximum value was 0.13 mmol C m−3 day−1 at 15:00 at the bottom (Figure 5a).

Table 3. Minimum, maximum, mean, and standard deviation of NEP in the three regions in summer
(mmol C m−3 day−1).

Regions Depth Minimum Maximum Mean Standard Deviation

Near-shore
Surface −0.36 0.09 −0.12 0.16
Bottom −0.34 0.13 −0.17 0.18

Front

Surface −0.04 1.89 1.07 0.62
5 m 0.19 1.26 0.65 0.38
10 m −0.32 0.28 −0.05 0.20
30 m −0.15 0.21 −0.01 0.12

Bottom −0.16 0.11 −0.08 0.09

Offshore

Surface −0.14 0.43 0.16 0.19
5 m −0.08 0.52 0.22 0.17
10 m −0.54 0.28 −0.08 0.31

Bottom −0.31 0.03 −0.09 0.12
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In the front region, the maximum NEP value (1.89 mmol C m−3 day−1) was observed at 03:00
at the surface, and the minimum value (−0.32 mmol C m−3 day−1) was observed at 21:00 at 10 m
(Figure 5b). In the vertical direction, the daily variation in the surface NEP was slightly larger than
that at the bottom. In the front region, the daily mean NEP from the surface to the bottom generally
decreased, and the 24-h variation in NEP in the mixed layer (Table 3) was larger than that under the
mixed layer (Table 4).

Table 4. Mixed layer depth (m) at each measurement time within 24-h in three regions.

Regions 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00

Near-shore 2.73 2.14 2.06 2.06 2.72 2.09 2.06 2.09
Front 8.49 2.94 2.18 2.36 2.83 2.07 5.11 2.35

Offshore 3.29 6.03 8.84 5.03 3.05 2.45 6.67 3.44

In the offshore region, the maximum NEP (0.52 mmol C m−3 day−1) was observed at 09:00 at 5 m,
while the minimum NRP (−0.54 mmol C m−3 day−1) was observed at 10 m (Figure 5c). The largest
variation in NEP within 24-h was at 10 m, and the smallest variation was at the bottom (Table 3).
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4. Discussion

4.1. Variations in FCO2bio and FCO2 in the Mixed Layer

FCO2 is strongly positive in each timeslot (Figure 6a), indicating that this region acts as a source of
atmospheric CO2 [43,44] because the near-shore region is affected by the CDW [45] which has abundant
pCO2 [25,26]. FCO2bio is strongly positive most of the time (Figure 6a), meaning that heterotrophic
respiration releases CO2 to the atmosphere for most of the day in the near-shore region. Because
this study region is located in the largest turbid zone of the Changjiang River estuary plume [46,47],
we infer that the mixing effect and extremely limited light may reduce the primary production by
phytoplankton photosynthesis and that planktonic community respiration may dominate the biological
processes, which maintain a high pCO2 value in the near-shore region.Water 2019, 11, x FOR PEER REVIEW 11 of 16 
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The 24-h FCO2 in the front region is almost negative (Figure 6b), indicating that the front region
acts as a sink for atmospheric CO2. The 24-h FCO2bio in the front region is also almost negative which
indicates the biological processes absorb CO2 (Figure 6b). Because of the high values of NEP (Figure 5b,
Table 3) and Chl a [6] in this region, we infer that the front region has a great capacity for biological
productivity and that a large amount of CO2 is fixed in the surface water by phytoplankton.

Most FCO2 values in the offshore region are mostly slightly less than 0 (Figure 6c), indicating that
the offshore region acts as a sink for atmospheric CO2. This finding is in agreement with the study by
Song et al. [2]. FCO2bio in the offshore region was mostly slightly less than 0 (Figure 6c), indicating that
the photosynthesis rate of fixed CO2 by phytoplankton is higher than degradation rates of organic
matter releasing CO2 by microbial action in the offshore region.

4.2. The Contribution of Biological Processes to the Air–Sea CO2 Exchange Flux in the Mixed Layer

FCO2 in the mixed layer of the three regions shows that the near-shore region acts as a strong source
of atmospheric CO2 (Figure 6a) and that the front and offshore regions act as sinks for atmospheric CO2

(Figure 6b,c), similar to the results of other studies [1,48,49]. The daily average Cont in the mixed layer
shows that the biological processes have a positive feedback effect on air–sea CO2 exchange in the
near-shore, front, and offshore regions (Table 5). This agrees with the conclusion of Borges et al. [15].
The air–sea CO2 flux is inversely proportional to the NEP in the mixed layer, indicating that the
contribution to the variation in air–sea CO2 flux in these coastal waters is dominated by biological
processes during a diel cycle. However, the average Cont in the offshore region is lower than that
in the near-shore and front regions. This could be related to the fact that primary production in the
offshore region is very low, even in summer, and other effects such as wind, temperature, and water
mixing may play more important roles in controlling air–sea CO2 flux.
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Table 5. The contribution of CO2 flux variation caused by biological processes to FCO2 (Cont) in the
mixed layer.

Regions 00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 Mean

Near-shore 96% 42% −16% −6% 90% 39% 5% 4% 32%
Front 360% 63% 79% −269% −341% 126% 78% 175% 34%

Offshore 19% 13% 15% 25% 1% −20% 1% 19% 9%

4.3. Potential Carbon Sources under the Mixed Layer

Under the mixed layer (Table 4), the water column is determined to be a potential carbon source
of atmospheric CO2 in the three regions (Figure 7a–c). The variations in *FCO2 and *FCO2bio show that
the near-shore, front, and offshore regions could be potential atmospheric carbon sources, and a large
amount of CO2 produced by biological processes (e.g., respiration) is stored under the mixed layer
(Figure 7). Although the surface water in the front and offshore regions acts as a sink for atmospheric
CO2, respiration under the mixed layer will result in the degradation of organic matter with substantial
CO2 release, which could be observed when vertical mixing occurred [27]. Hence, the CO2 sink region
in the Changjiang River estuary plume will become a source region when there is a tropical storm
or an upwelling process. In a relevant study of the East China Sea, Chen et al. [4] also proposed that
phytoplankton and planktonic bacteria could store dissolved inorganic carbon in the subsurface and
might affect the surface air–sea CO2 flux. Further, the daily means (standard deviations in brackets)
of the potential contribution of biological processes to air–sea CO2 exchange flux in the near-shore,
front, and offshore regions are 34% (±43%), 8% (±13%), and 19% (±24%) in 24 hours, respectively,
indicating that local respiration accounts for a large part of the total potential CO2 release under the
mixed layer. Other factors probably include KSSW intrusion, temperature elevation, and so on, which
need further exploration.
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4.4. Trophic Status Assessments and the Relationship between Cont and NEP

The mixed layer in the front and offshore regions is an autotrophic system (Table 3), but that in
the near-shore region is a heterotrophic system. On the whole, we consider the Changjiang River
estuary plume to be an autotrophic ecosystem in summer, similar to the conclusion of Li et al. [11],
in August 2006. The daily mean NEP values of the study region are negative under the mixed layer,
indicating that they are heterotrophic systems, which is in agreement with Chou et al. [27]. However,
the positivity or negativity of the NEP values changes throughout a 24-hour period, and the trophic
status of the same region varies as well. The Changjiang River estuary plume has a complex current
structure featuring multiple eddies [50] or low salinity water detachment (LSW) [16]; however, eddies
and LSW are on the mesoscale in terms of time and space (e.g., a couple of weeks and hundreds
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of kilometers). In 24 hours, eddies and LSW have little effect on the variation in water properties.
Therefore, we suggest that trophic statuses in a day are regulated by the tide.

In order to explore the influences of trophic status on Cont, we compared the Cont and NEP in
the mixed layer in the region (Figure 8). The significant correlations between Cont and NEP in the
mixed layer in the near-shore and offshore regions show that trophic status can be used as an index
of the contribution of biological process to the air–sea CO2 flux. Cont in the near-shore region has a
significantly negative correlation (r2 = 0.94, p < 0.05) with NEP, indicating that the more heterotrophic
the system, the greater the influence on the contribution of biological processes (e.g., organic matter
degradation by microorganisms) to FCO2. When there is no biological contribution to FCO2 (Cont = 0),
the NEP background value is −0.003 mmol C m−3 day−1. In the front region, the correlation between
Cont and NEP is not significant (Figure 8c). This could be because there are opposing processes causing
the trophic status on the east and west sides of the front region, the west side of the front region is
dominated by the degradation of organic matter, while the east side is dominated by the absorption of
dissolved inorganic carbon. When the tide has a continuous impact on the front region, the NEP in
the front region would present a large fluctuation. The NEP of offshore region was significantly and
positively correlated with Cont (r2 = 0.94, p < 0.05), indicating that the more autotrophic the system,
the greater the contribution of the biological processes (e.g., primary production) to FCO2. Assuming
that there are no biological processes in the offshore region (Cont = 0), the background value of NEP
was also 0.03 mmol C m−3 day−1 (Figure 8c). In addition, the slopes of NEP and Cont show that the
biological processes have a stronger influence on the variation in the air–sea CO2 exchange flux in
the near-shore region than that in the offshore region when the two systems have an equal trophic
status level.
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5. Conclusions

Using a mass balance model, we calculated the NEP, FCO2bio, and FCO2 at eight time-points per day
in the near-shore, front, and offshore regions of the Changjiang River estuary plume in summer. Then,
we calculated the contribution of biological processes to FCO2 in the three regions. In the mixed layer,
both FCO2 and FCO2bio significantly varied at different times within the 24-h period. The near-shore
region was found to be a source of atmospheric CO2, and the offshore region is a sink for atmospheric
CO2. The front region is a sink for atmospheric CO2 on the whole, but it transforms between a source
and a sink from time to time. The biological processes in the mixed layer in the three regions were
shown to have an overall positive feedback effect on the variation in the air–sea CO2 exchange flux.
Within the 24 hour period, the mean values of FCO2 and FCO2bio were both positive in the near-shore
region, indicating that CO2 was being released into the atmosphere, and microbial degradation of
organic matter accounted for a large part of this. In the front and offshore regions, the daily mean values
of FCO2 and FCO2bio were both negative, indicating that these areas absorb CO2 from the atmosphere
and that phytoplankton also fixes CO2 from the atmosphere into the ocean. The daily averages of Cont
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of stations from west to east were 32% (±40%), 34% (±216%), and 9% (±13%), respectively. Cont reached
360% in the front region. Under the mixed layer, the near-shore, front, and offshore regions could
be potential carbon sources for the atmosphere. Therefore, the CO2 sink region might become a
source when there is a tropical storm or upwelling process that overturns the water from the deep.
Under the mixed layer, the daily means of the potential contribution of biological processes to air–sea
CO2 exchange flux were 34% (±43%), 8% (±13%), and 19% (±24%) within the 24-h period, respectively.
In addition, in the mixed layer, the near-shore region was shown to be a typical heterotrophic system,
while the front and offshore regions are both autotrophic systems. Conversely, in all three regions,
under the mixed layer is heterotrophic. However, at different time points, the trophic statuses change,
even in the same region.

At a short timescale or in a steady-state environment, these conclusions can accurately represent
the influence of biological processes on the variation in air–sea CO2 exchange flux and can be used
to assess the trophic statuses in the Changjiang River estuary plume in summer. Nevertheless,
the biochemical and hydrological conditions in coastal regions constantly change at high frequency;
thus, the use of data with high spatial and temporal resolutions is necessary to study the contribution
of biological processes to the air–sea CO2 exchange flux and to more accurately quantify the potential
carbon stock of deep water bodies. Further, variations in long-term trophic statuses require additional
exploration, especially in coastal waters, given the intensity of human activities and quickly progressing
climate change.
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